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ABSTRACT 
 
 
JASON KENDRICK MARMON. Light–matter interactions in semiconductor 
nanowires:  Light–effect transistor and light–induced changes in electron–phonon 
coupling and electrical characteristics. (Under the direction of DR. YONG ZHANG) 

 

This dissertation explores three related embodiments of light–matter interactions at 

the micro– and nano–scales, and is focused towards tangible device applications. The 

first topic provides a fundamentally different transistor or electronic switch mechanism, 

which is termed a light–effect transistor (LET). The LET, unlike exotic techniques, 

provides a practical and viable approach using existing fabrication processes. Electronic 

devices at the nanoscale operate within the ballistic regime, where the dominate source 

of energy loss comes from impurity scattering. As a LET does not require extrinsic 

doping, it circumvents this issue. Electron–phonon coupling, however, is the second 

largest source, and it is a pertinent and important parameter affecting electronic 

conductivity and energy efficiency, such as in LETs. The third topic is laser writing, or 

the use of a laser to perform post–growth modifications, to achieve specific optical and 

electrical characteristics.  

A LET offers electronic–optical hybridization at the component level, which can 

continue Moore’s law to the quantum region without requiring a FET’s fabrication 

complexity, e.g., physical gate and doping, by employing optical gating and 

photoconductivity. Multiple independent gates are therefore readily utilized to achieve 

unique functionalities without increasing chip space. LET device characteristics and 

novel digital and analog applications, such as optical logic gates and optical 

amplification, are explored. Prototype cadmium selenide (CdSe) nanowire–based LETs 

show output and transfer characteristics resembling advanced FETs, e.g., on/off ratios 

up to ~1.0x106 with a source-drain voltage of ~1.43 V, gate-power of ~260 nW, and a 
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subthreshold swing of ~0.3 nW/decade (excluding losses). The LET platform offers new 

electronic–optical integration strategies and high speed and low energy electronic and 

optical computing approaches.  

Electron–phonon coupling is typically studied as an intrinsic property, which is 

particularly important for electronic transport properties at the nanoscale, where 

controversy and even contradictory experimental and theoretical findings still persist. 

Zinc telluride (ZnTe) has important uses in optical or laser refrigeration, and the existing 

studies do not consider extrinsic effects, such as laser–forming tellurium–based species. 

Nanostructures, with their large surface–to–volume ratios, are more susceptible to 

extrinsic perturbations that ultimately effect coupling. In this dissertation, ZnTe is 

studied in bulk, thin film, and nanowire forms with primary focus on the latter. Raman 

spectroscopy under near resonant excitation is used to extract electron–phonon coupling 

strengths, which is obtained through the ratio of the first and second order Raman peaks, 

R = I2LO/I1LO (and is proportional to the Huang–Rhys factor). Laser–formation of 

tellurium–based species on ZnTe nanowires dynamically altered the ratio R from ~6-7 

to 2.4 after laser processing, while tuning the (532 nm) laser power from a few 

microwatts to 150 microwatts (with constant optical exposure time) did not significantly 

impact the EPC strength. Other explored effects include size dependence, chemical 

effects (methanol exposure), and interface effects (e.g., at a gold–nanowire junction). 

The findings suggest that the previously reported size dependence in ZnTe was extrinsic 

in nature. Tunable coupling strengths also suggest the possibility of novel electronic and 

optoelectronic devices. 

The electrical characteristic of CdSe nanowire M-S-M devices are shown to be 

tunable with laser illumination. As with any semiconductor material, sufficiently low 

optical powers produce stable and reproducible electrical properties, while higher optical 
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powers and exposure times can induce laser modifications of the material. Drastic 

modification of electrical characteristics were observed, such as from converting an 

ohmic response (linear slope change) to rectified characteristics, and modification of 

both forward and reverse currents. Results suggest the potential to laser write 

wavelength–specific electronic functions that could be used in applications requiring 

wavelength discrimination, such as with night vision products. Using a combination of 

laser modification and device fabrication processes provides the ability to offer a menu 

of electrical behaviors using the same materials and fabrication processes.   
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CHAPTER 1:  AN EMERGING ELECTRONIC–OPTICAL DEVICE ERA 
 
 

“Science and technology revolutionize our lives, but  
memory, tradition and myth frame our response.” 

Arthur M. Schlesinger, Jr., 1986 In New York Times Magazine 
 
 

1.1 Time to Change Paradigms 

Our daily lives, from financial data to communications, are entangled in sequences 

of zeros and ones. The electronic heartbeat of modern electronics is the field–effect 

transistor (FET), which cycles between electrically insulating (“off”) and conductive 

(“on”) states. Despite significant improvements in FET technology, computational 

performance has remained relatively stagnant since about 2005 due to physical 

limitations [1-4] imposed by its operation mechanism, such as random dopant 

fluctuations [5] and gate fabrication complexities [6]. Transistor improvements since 

then occurred primary through increased transistor densities resulting from reduced 

gate dimensions, but as their sizes approach the quantum scale, they are plagued by the 

need for ever greater fabrication complexity and atomically precise doping control [5, 

7-10]. Various new technologies [11], such as FinFETs [7, 12], and tunnel–FETs [13], 

have been developed in recent years to enable the continuation of Moore’s law [14], 

but further development with current technologies are uncertain [15]. This void 

prompted exploration of other alternatives [16] that include semiconductor nanowire 

(SNW) –based FETs [17-19], band–to–band tunneling [20, 21], FETs comprised of 2D 
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materials [22, 23], and FETs with sophisticated gate structures [24], such as multiple 

independent gates [8, 10] or a gate with embedded ferroelectric material [25]. These 

possibilities remain within the conventional FET framework, and therefore offer no 

clear solution to the physical limitations. More exotic approaches, such as all optical 

and quantum computing, require substantial fundamental research. As a result, no 

viable and practical rival technology currently exists as FETs approach the end of their 

contribution to Moore’s law [26, 27]. 

1.2 More Than Moore 

At the Solid State Circuits Conference held in San Francisco (from 31 Jan. – 5 Feb. 

2016), Mr. William Hold, Intel’s Executive Vice–President, announced the end of 

Moore’s law. This sparked the publication of several theses and opinions in Nature 

journals [28, 29], and even an article in The Economists “Technology Quarterly” (12 

March 2016). But such media attention was observed at least four to five times in the 

past. Is Moore’s law really approaching its end with conventional transistor 

technologies? Although the rate for reducing the oxide thickness has been slowing 

recently [30], this statement may seem dubious. This is because modern transistors are 

a relatively mature technology that have endured many material advances, such as 

strained silicon and high–κ dielectric gates, and changes in geometry (e.g., FinFETs) 

and gate configuration (e.g., gate–all–around [31, 32]) to the same basic structure for 

decades [33]. Their result is the impressive 14–nm–node technology, or minimum 

feature size such as the device width,, which requires ArF immersion photolithography 

with multiple patterning [26, 34]. Current doubts regarding continued miniaturization 

stem from the future transition from 10–nm to 5–nm node technology, which requires 

moving from deep to extreme ultraviolet photolithography (e.g., a reduction of λ from 
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193 to 13.5 nm). Power, throughput, and especially mask defects, which are currently 

below ~50 nm, are critical factors, where for instance, continued reduction in mask 

defects is required before extreme ultraviolet photolithography could be considered 

realistic [34]. The method for implementing such drastic changes are unclear and may 

certainly slow if not cease Moore’s law with conventional transistor technologies, but 

this is not a doom’s day prophesy. Rather, it leads to slowed progress in increasing 

device densities, with negligible improvements to switching performance and increased 

leakage currents [33]. A shift to a More than Moore strategy, which focuses on creating 

new functionality at external interfaces using existing technologies, is a stopgap 

measure for continuing performance increases until the next–generation, transistor 

technology is identified and implemented. The International Roadmap for 

Semiconductors (ITRS), which is a technological roadmap decided upon by panels of 

industry experts, has projected the end of Moore’s law by the 2020s followed by Moore 

than Moore [26]. It is generally expected that a practical and viable next–generation, 

transistor technology will be available after the year 2030, which could potentially 

resume Moore’s law once again. Finding an alternative solution is becoming more 

critical as, stated in a joint call for proposals between the National Science Foundation 

and the Semiconductor Research Corporation, “evolutionary [FET] approaches … are 

becoming increasingly ineffective” and must be overcome with a “truly holistic … 

approach” [35]. A majority of transistor candidates, however, remain within 

conventional frameworks. While this could lead to improvements that may briefly 

extend Moore’s law with conventional technologies, it will not overcome inherent 

physical limitations or fabrication issues. When considering a drastically different 
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approach that provides a practical and viable solution to these challenges, it is helpful 

to consider the reasons behind the transistor’s success. 

1.3 Transistor Development 

While FETs have undoubtedly contributed to developing our digital societies, they 

are but a single link in a technological chain that must eventually be replaced. The 

number of switching events per second has increased almost exponentially since the 

introduction of electrical modulation with electromechanical relays in 1835 [16]. Since 

then, technology has evolved from electromechanical relays to vacuum tubes, early 

transistors, and finally, to modern integrated circuits incorporating advanced FETs. 

Transistors replaced vacuum tubes primarily due to their ability to amplify current, 

which is why thermal switching (e.g., thermistors) [36-38] did not succeed vacuum 

tubes. Furthermore, their comparatively lower switching speeds and reduced power 

consumption were well suited for the rapidly evolving telephone communications 

industry [37, 38]. In other words, vacuum tube limitations were swapped for those 

related to FETs because FETs surpassed vacuum tube capabilities in critical areas. 

Interestingly, FET adoption partially resulted from historical rather than physical 

reasons. In 1928, Edgar Lilienfield [39, 40] introduced the concept of field–effect 

conductivity using a thin aluminum foil as an uninsulated gate to modulate current 

between two conductors, but difficulties with passivating the surface of copper (I) 

sulfide semiconductors, which lead to a high density of interface states, resulted in 

irreproducibility and low performance [37, 41-43]. The transistor is credited to W. 

Shockley, J. Bardeen, and G.L. Pearson [36, 44], who shared the 1956 Nobel Prize in 

Physics for their reproducible work, that after several configurations, resulted in 

employing a metal gate to electrostatically modulate current in a p–n junction [45]. 
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Then in 1958, Atalla et al. [46, 47] demonstrated excellent surface passivation of 

silicon with silicon dioxide, which marked the beginning of modern, silicon–based, 

metal–oxide–semiconductor FET technology, although silicon dioxide surface 

passivation would later be replaced by high–κ dielectrics and metal gates [33]. It is 

worth noting that the work of J. Shive [48] proved that electron transport occurred 

primarily through the body (rather than the surface). Meanwhile, the superior 

performance of p–n junctions stemmed from improving material quality, such as 

reducing bulk defects, where post–growth cooling caused boron and phosphorous 

impurities to diffuse to opposite ends of a silicon ingot [49, 50]. Improved material 

quality, naturally, yielded superior transistor performance. Growth of high quality 

materials, for example, is possible down to the quantum scale (e.g., 1–7 nm) for silicon 

nanowires [51], where the large surface–to–volume ratios of structures with highly 

reduced dimensions are excellent platforms to exploit surface properties. Why, then, is 

the same electrostatic paradigm still used when readily available technological tools 

can overcome the challenges that led to early transistor (p–n junction) adoption?  

1.4 Next–Generation Transistor:  Electronic–Optical Devices 

Just as FET limitations were swapped for vacuum tube deficiencies, a supplanting 

technology must excel in critical areas that will overcome the physical limitations that 

lead to a relative stagnation of FET performance. The next link in the technology chain 

will likely be driven by the ever increasing demand for faster processing speeds, ideally 

at light speed, the need for further reductions in energy consumption, and a continuation 

of Moore’s law to its physical limit (e.g., the quantum scale). IBM [52] and other  
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Figure 1.1  An artist’s rendition of IBM’s silicon nanophotonic transceiver and 
receiver currently under development. (a) The transceiver unit contains:  a red 
photodetector on the lower left side of the cube, an incoming optical beam with optical 
modulator represented by the blue box on the right side of the cube, and the yellow 
rectangles represent electronic transistors integrated into its nine conducting layers 
embedded within the silicon. (b) The receiver contains optical waveguides (blue lines), 
copper conductors to the electronic components (yellow grids). Courtesy of 
International Business Machines Corporation, © International Business 
Machines Corporation.  
 
companies have adopted electronic–optical devices, which is termed complementary 

metal–oxide–semiconductor (CMOS) integrated silicon photonics [53], as the next 

generation transistor technology, Figure 1.1, for two reasons:  guided light enables 

vastly larger data transfer and processing speeds, and electronic–optical devices 

provide an optical interface that drives electronic functions. As conventional transistors 

are miniaturized to their limit, they generate enormous (ohmic) heat [54], while their 

performance is limited by parasitic capacitance from connecting (coper) wires [55] that 

could support an operating frequencies of, at most, 20 GHz [56, 57]. In principle, 

optical interconnects [58, 59] or nanophotonic elements [60-62] could overcome these 

limitations [63, 64], although these concepts requires substantial additional research to 

realize. The beauty of electronic–optical interfaces is that they provide a natural 

transition from purely electronic to all–optical computing frameworks. This transition 

allows development and implementation of new technologies that often require 
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substantial improvements in multiple supporting industries. Although a single chip 

microprocessor, which combines electrical and photonic signals, was demonstrated 

using standard fabrication methods [65], this statement best illustrated by considering 

the conceptual realization of an electronic–optical circuit.  

In realizing computer operation, it is likely that different interfaces for converting 

an electromagnetic frequency to an electronic signal will be, such as for transitioning 

between internal and external forms of optical communication. For external 

communication, high–speed data transmission over long distance communication, such 

as telecommunications or the internet, could eventually occur with sub–terahertz and 

terahertz (THz) signals [66], which begin at 300 GHz and are between the microwave 

and infrared bands, although their propagation distance is currently limited to ~20 mm. 

External communication could employ on–chip lasers to illuminate a photomixer (sold 

commercially by the Japanese company NTT–NEL), which produces a THz signal 

equivalent to the frequency difference between the two illuminating lasers. The same 

company also sells non–cavity–based, wavelength conversion modules for visible, and 

near– and mid–infrared radiation. It may be possible to extend the range to the THz, in 

which case, such a module could act as a receiver and enable rapid conversion between 

external and internal optical communication frequencies. Within the computer’s 

architecture, a major challenge is integrating global communication, such as board–to–

board and chip–to–chip optical interconnects, using ~10–μm–diameter optical fibers 

with intra–chip communication using waveguides with diameters of ≤0.5 μm [67, 68]. 

A common method is to use a holographic lens as a fiber–to–waveguide coupler using 

either on– or off–chip lasers as optical sources [67]. 
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1.5 Dissertation Outline 

The intention of this dissertation is to explore next generation switch concepts 

capable of terahertz switching and beyond with physical (device) dimensions scalable 

to the quantum regime. The primary focus is on the photoconductive–based, switch 

mechanism. The ability to tune both optical and electrical behaviors is particularly 

important for potential implementation in electronic–optical devices, where Appendix 

I highlights additional merits of a nanowire’s large surface–to–volume ratio. 

Accordingly, this dissertation provides an overview of an intuitive theoretical model 

based upon N–body theory, which is found in standard solid–state physics textbooks 

[69-71], to support the feasibility of the photoconductive and phonon concepts and to 

establish the theoretical basis for Raman spectroscopy (Chapter 2). Fundamental 

concepts behind light–matter interactions, such as enhanced absorption that produces 

optical amplification, are discussed in Chapter 3. The light–effect transistor (Chapter 

4) demonstrates the power of the photoconductive mechanism in a CdSe–nanowire–

based device, and its ability to provide functionality not available in either a FET or a 

photo–diode, e.g., optical logic gates and optical amplification. In Chapter 5, the 

intrinsic and extrinsic nature of electron–phonon coupling in ZnTe nanowires is 

explored with continuous wave resonant Raman spectroscopy. The controversial nature 

of exciton–phonon coupling at the nanoscale requires a thorough investigation to yield 

additional insight, while other multidimensional ZnTe systems are included to serve as 

an experimental basis for verifying the accuracy of theoretical results. Demonstrating 

the dynamic tuning of exciton–phonon coupling could yield novel device applications, 

and allows for future investigation into its feasibility as a switch mechanism. Chapter 

6 demonstrates laser processed tuning of optical and electrical properties in CdSe–
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nanowire–based, M–S–M devices, such as altering an ohmic response (e.g., linear 

slope), converting from nearly linear to rectified characteristics, or modifying the 

forward current. The source of these electrical changes are explored optically. Finally, 

Chapter 7 concludes this dissertation, while Chapter 8 provides an outlook into 

extending and developing this work into other interesting and novel applications. 



CHAPTER 2:  THEORETICAL FOUNDATIONS 
 
 

“To say that science is logical is like saying that a painting is paint.” 
Leon Cooper, 1992 In the Palaces of Memory 

 
 

2.1 Introduction 

Electronic–optical devices ultimately interface both optical and electrical properties. 

Chapter 2 reviews an intuitive model that links these properties and provides a 

theoretical foundation for Raman spectroscopy, which is used to probe electron–

phonon coupling, while Chapter 3 focuses on device fundamentals, such as carrier drift 

and recombination involved in the photoconductive mechanism. N–body theory is a 

semi–quantitative treatment of a translationally invariant lattice by decomposing it into 

a sum of one–electron wave functions, where very different material properties result 

from changes in atomic locations, bond angles, and interatomic forces (Section 2.1). 

Adiabatic and other approximations transform hydrogenic–like spatial and force 

descriptions (Section 2.2) into two electron groups, e.g., core and outer electrons, which 

results in the creation of three terms that describe electronic, vibrational (phonon), and 

electron–phonon coupling (Sections 2.3–2.5 respectively). While these terms generally 

provide numerical values that are correct within an order of magnitude, the primary 

advantage of this model is the intuition it provides in predicting electrical, optical, and 

electron–phonon behavior. For example, defects alter one–electron Hamiltonians and 

could introduce symmetry breaking geometries, where altered carrier mobilities 

manifest themselves through electrical behavior, and through the appearance of 

forbidden Raman modes. An important disadvantage of this model is a lack of intuitive 
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prediction regarding the effect of surface layers. A brief discussion is provided in 

Section 2.6, while the model’s versatility and limitations are outlined in Section 2.7.  

2.2 Wurtzite and Zinc–Blend Crystal Lattices 

Most II-VI semiconductors crystallize in either hexagonal wurtzite (WZ) or cubic 

zinc–blende (ZB) lattices at room temperature and pressure [72-74]. Ideal WZ and ZB 

lattices both possess four tetrahedrally coordinated atoms per unit cell, and for the same 

material, they only differ in their second–nearest neighbor bond angles [69, 70]. This 

seemingly small change manifests itself through very different material properties. For 

example, Raman measurements on WZ and ZB GaAs nanowires revealed different 

allowed scattering modes (selection rules), polarization dependencies, and strain effects 

[70, 72, 75], while theoretical investigations corroborated the presence of different 

electrical, optical, and elastic properties [76]. Figures 2.1A–B respectively illustrate the 

subtle atomic differences between WZ (left side) and ZB (right side) lattices:  (1) left 

and right “handedness” or chirality, (2) eclipsed and staggered dihedral conformations, 

and stacking in the (111) direction showing (3) two interpenetrating hexagonal close-

packed lattices with AaBb stacking and two interpenetrating face–centered cubic 

lattices shifted by one quarter length diagonally into the lattice with AaBbCc stacking, 

where capital and lower case letters represent alternating planes of group II and VI 

elements [70, 72]. The sum of these differences may be expressed globally in terms of 

Hermann–Mauguin (Schoenflies) notation, where WZ lattices belong to space group

4

6C v (P63mc), and ZB lattices are assigned to space group F43m ( 2

dT ) [70, 72]. Bond 

distances in a unit cell are represented in each lattice dimension with a, b, and c, while 

W (ZB) lattices are composed of two (one) unique lattice parameter(s):  a and c (only  
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Figure 2.1  Differences between wurtzite (WZ) and zinc blende (ZB) lattices. The red 
and cyan atoms respectively represent group II and VI atoms, e.g., Cd and Se or Zn and 
Te for WZ and ZB lattices respectively. For WZ and ZB lattices respectively, the figure 
illustrates (a–b) the right (R) and left (L) handedness of the fourth interatomic bond, 
(c–d) “eclipsed” and “staggered” dihedral conformations, and (e–f) layer stacking 
along the (111) direction.  
 
= 4.30 and c = 7.01 Å (a = 6.10 Å) [77]. For reference, an ideal WZ structure has a c/a 

ratio of 1.633, while WZ CdSe has a value of 1.630 [70, 78]. Unit–cell vectors describe 

the spatial location of atoms within a unit cell. ZB and WZ structures have the 
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following respective unit–cell vectors:  a= (0,1/2,1/2)a, b


= (1/2,0,1/2)a, and c= 

(1/2,1/2,0)a; and a= (1/2,√3/2,0)a, b


= (1/2,–√3/2,0)a, and c= (0,0,c/a)a [70, 72]. 

Spatial differences between WZ and ZB structures result in different net forces that 

produce very different material properties. 

2.3 Electronic States and Interface Models 

The electronic states in a perfect crystal are described by the many–body 

Hamiltonian (H) in Eq. 2.1. Additional details [69, 71, 79, 80] and a purely quantum 

treatment [78] may be found elsewhere. The terms are, respectfully, the electron and 

nuclei kinetic energies, interaction energies between two nuclei and between nuclei and 

electrons, the electron–electron interaction potential energy, and the spin–dependent 

electronic energy (HS) that includes spin-orbit interactions, where Σ′ indicates 

summation over pairs with non–identical indices. The electronic states are perturbed 

by changes in Coulomb interactions and interatomic separation distances, where ri, 

represents the position of the i–th electron, and RI is the I–th nucleus with atomic 

number ZI. Other variables include:  p and P are the electron and nucleus momentum 

operators respectively, ε0 is the vacuum permittivity, e is the electronic charge, m (M) 

is the carrier effective mass of the electrons and nuclei respectively, and the value 4πε0 

converts from centimeter–gram–seconds (cgs) to standard international (SI) units. Eq. 

2.1 is not easily solvable; thus, several approximations, as derived in standard solid–

state physics textbooks [69-71], bring meaning to this lengthy equation.  
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The adiabatic approximation in Eq. 2.2 separates the electronic states into vibronic, 
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core electronic (I) and outer (valence) electronic (i) contributions:  He (Hions) is a 

Hamiltonian describing electron (nuclei) motion (first, fourth, and fifth terms for the 

former, and second through third terms for the latter in Eq. 2.1), and the He-ions 

Hamiltonian contains changes in electronic energy from nuclei displacement relative 

to equilibrium (which is described interactions between the previous two terms), e.g., 

electron–phonon interactions [69, 79]. For mathematical convenience, core electrons 

are assumed to move rigidly, interact through pseudopotentials [81], and display a 

time–averaged electronic potential [69, 70]. 

( ) ( ) ( ), ,e i I ions I e ions i I SH H r R H R H r R Hδ−= + + +         (2.2) 

The adiabatic approximation is justified in textbooks by realizing that, upon 

application of equal force, ions are much heavier and move more slowly than displaced 

electrons. The approximation implies that electrons move solely through the outermost 

atomic orbitals, which can be shown through binding configurations from pure 

elements to II–VI compounds:  

( ) ( )10 2 2 4 +2 10 0 -2 2 6II 1 VI II 1 VIn d ns ms mp n d ns ms mp       − + → − +        , where n = 5 

(4) for Cd (Zn) and m = 2, 3, 4, and 5 for O, S, Se, and Te respectively [82]. The 

superscript on each orbital represents the number of electrons occupying each orbital 

energy level. If perfect iconicity is assumed, then ZnTe and CdSe have respective II-2–

VI+2 binding configurations of 3d104s0+5p6 and 4d105s0+4p6. Roughly speaking, free 

electrons (holes) in II–VI semiconductors occupy a cation’s lowest empty s–like 

(anion’s highest occupied p–like) energy level [83-85]. Considering only core and outer 

electronic contributions, rather than each orbital energy, produces values that are within 

an order of magnitude of experimental results [73]. Despite these limitations, the model 

provides a qualitative means to correlate structural, electrical, and optical properties. 
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2.4 Electronic (He) Term 

The N–body He Hamiltonian may be solved in a perfect, periodic crystal lattice as 

a sum of one–electron Hamiltonian. The mean–field approximation is applied to the He 

Hamiltonian, Eq. 2.3, to describe electron motion, and assumes, among other 

conditions, that a constant potential V(r) is equally applied to every electron in a 

periodic lattice [69, 79]:  

2

, , ,
0

ˆ
( ) ( ) ( ) ( )

2e n k n k n n k
pH r V r r E r
m

 
Ψ = + Ψ = Ψ 

 
 .        (2.3) 

This model is capable of describing several different interactions:  (1) covalent bonds 

resulting from excess charge screening repelling two ions, which results in a stable 

binding energy; (2) anti–bonding stems from an absence of electrons; (3) ionic 

interactions occur from electrostatic interactions between ions, with their respective 

wave functions centered on each ion core, which decreases the binding energy; and (4) 

metallic behavior is described by reducing the potential to the nearly free electron 

approximation, e.g., V(r)→  0. This model can also describe more complex structures. 

For example, V(r) = V(r + nx) could describe superlattice heterojunctions, where x is 

usually 10–20 times larger than the lattice constant [86]. 

Describing each unit cell as a sum of wave functions can be computationally 

demanding, especially when summing single particle wave functions in a large crystal 

(e.g., with >1023 electrons per cubic centimeter [69]), but local details must be retained 

to sufficiently describe the electronic states. Theoretical models often employ first 

principles [87] or ab initio [88], and density functional theory (DFT) methods within 

the local density approximation [89, 90] (LDA). The results are typically expressed in 

atomic orbital terminology, and are used to describe band gaps and their offsets. This 
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language expresses aggregated lattice conditions in terms of interactions between s, p, 

and d atomic orbitals (which are collectively referred to as valence electrons). This 

treatment accounts for interactions between valence electrons. Figure 2.2A graphically 

illustrates differences for two different group II cations (A and B) with the same group 

VI anion (X), which are generically represented as AX and BX. In this case, bonding 

interactions use valence bands with similar cation and anion symmetries, e.g., Γ15v. The 

cation’s d–orbital energies are below the anion’s p–orbital energies (not shown), which 

repels the valence band maximum (VBM) upwards energetically. The energy difference 

between AX and BX, ΔEVBM, is the primary result. Increasing the anion’s 

electronegativity (e.g., from Te to S) increases the p–orbital energy, which strengthens 

p–d repulsion to produce an energetically up shifted VBM and shortened bond lengths 

[73, 87]. Most II–VI compound semiconductors possess similar cation and anion 

energies and bond distances, which manifest themselves in relatively small valence 

band offsets [73, 87]. The conduction band minimum (CBM) results primarily from 

changes in the cation’s s–orbital energies, while changes in bond distances, such as 

through applied strain [91-94], can also greatly alter the CBM energy [73, 87]. Figure 

2.2B graphically represents band gaps and offsets (relative to vacuum) for bulk CdSe 

and ZnTe [95]. The resulting band gap energy and lattice constant for common II–VI 

semiconductors appear in Figure 2.2C. Note that nanowire values can vary significantly 

from bulk values. 

Reciprocal or real lattices, Figure 2.2D, are commonly used in semiconductor 

physics to visualize a material’s electronic structure because its simple representation 

of three–dimensional symmetry conveniently enables band diagram construction. 

Reciprocal lattices use k and physically represent inverse or reciprocal “real” distances 
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in a lattice. Convention dictates that high symmetry points and lines within the first 

Brillouin zone are denoted with Greek letters, while points on the surface use Roman 

letters, and Γ represents the zone center [69]. Although beyond the scope here, other 

symmetry points denote higher order features; for example, M represents a saddle point. 

A highly symmetric crystal, which assumes translational invariance, allows one to 

represent the electronic states in a reduced zone scheme from –π/a to –π/a. This turns 

out to be important as k is only conserved for “nearly free” electrons over a multiple of 

2π/R, where R is the translational period and a is the lattice constant along k [69, 70]. 

The vertical axes in Figures 2.2E–F are both energy. Frameworks for expressing energy 

changes range from molecular orbital (MO) theory [96-99] for single and small 

molecules to band diagrams [87, 100] for systems with a continuum of states. Band 

diagrams may be obtained from Eq. 2.2.3 by plotting energy differences across the 

reciprocal lattice using convention to denote high symmetry features. For example, the 

[111] direction of an fcc lattice includes the Γ, Λ, and L points [69, 70]. Each allowed 

electronic state is a direct consequence of electron interactions. Bulk band diagrams for 

WZ CdSe and ZB ZnTe appear in Figures 2.2E–F, where a major electronic difference 

is that WZ does not produce the triply degenerate valence band edge found in ZB [76]. 

Both WZ CdSe and ZB ZnTe are direct gap semiconductors, because their VBMs and 

CBMs are directly over each other (at the Γ point), with respective bandgaps of 1.74 

and 2.254 eV for bulk CdSe and ZnTe [77]. Their shape on a plot of energy vs. k is  
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Figure 2.2  Role of d orbitals in determining band offsets, which then contribute to 
different energy levels, lattice constants,  and band gaps. (a) Role of the cation’s d 
states in determining energy level offsets for two generic binary semiconductor 
heterojunctions labelled as A–X and B–X (after Ref. [73] using the tight–binding 
approach). (b) Band gaps and band offsets for bulk CdSe and ZnTe after Refs. [87, 101, 
102], where relative band offsets primarily result from differences on anion p–orbitals, 
while p–d repulsion is a secondary contribution, e.g., Ref. [102]. (c) Room–temperature 
lattice constants of common wide–bangap, II–VI semiconductors plotted against their 
zinc–blende and wurtzite bandgaps. The lines are to guide the eye and bulk values are 
from Refs. [103] and [104]. (d) Reciprocal lattice constructed through a Fourier 
transform of its corresponding Wigner–Seitz lattice. This figure was released into the 
public domain, e.g., see first Brillouin zone at Wikipedia.org. (e–f) Band structures for 
bulk CdSe and ZnTe respectively calculated using the first–principles orthogonalized 
linear–combination–of–atomic–orbitals (OLCAO) method within the local–density 
approximation (see Ref. [100] for additional details). Copyright 1993 by The 
American Physical Society. 
 
often assumed to be perfectly parabolic, which is a mathematically convenient 
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assumption used to describe electron and hole motion. It is important to realize that this 

assumption only applies to a small region in k space near a high symmetry point [69, 

105]. 

Within the one–dimensional, parabolic band approximation, the force, F, 

experienced by a free carrier is obtained through the derivative of energy, E. Assuming 

identical carrier relaxation times, the relationship is F∂x = Fvd ∂t , F = ℏ ∂k/∂t, where ∂x 

is displacement in the x direction, and vd is group velocity (or electron “flow”). This 

simple expression has significant implications. Carrier movement is strongly affected 

by the crystal lattice and material purity. The time interval and distance travelled by a 

charge carrier between scattering events are respectively referred to as the mean free 

time, τ = ∂t, and the mean free path, l where l = vd τ, assuming that a carrier starts from 

rest or the ground state, and are typically dominated by collisions with other charge 

carriers, impurities, lattice imperfections, and lattice vibrations (phonons). The total 

force represents the sum of internal and external forces acting on the crystal structure. It 

is generally difficult to account for internal forces, so a charge carrier’s effective mass, 

m*, is used to represent their collective effect. Both E and k are related by m* through 

1/ℏ2 ∂2E/dk2 = 1/m*. Under the parabolic assumption, an electron near the bottom (top) 

of the conduction band will have a negative (positive) acceleration, a= –eE/m*, ( a= –

eE/–m* = eE/m*). This assumption permits determination of the total system energy by 

simply summing the number of atoms present, where only purely kinetic energy is 

necessary to account for a particle with constant mass. An interesting result of the 

parabolic band assumption are energy–dependent density of states (DOS). 

The varying dimensions of nanostructures bridge the gap between molecules and 

bulk materials, where a structure’s dimensionality directly affects its available DOS,  
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Figure 2.3  (a) Energy dependent density of states (DOS) for 0–3D structures, e.g., 
bulk, thin films or quantum wells, quantum wires, and quantum dots respectively. Ec is 
the conduction band edge. (b) Their respective equations are represented generically as 
g(E)nD, where n = 0–3. These equations assume that carrier motion within a lattice can 
be described as a sum of sine and cosine waves, and that E ≥ Ec, where ℏ is Planck’s 
constant and δ is the Dirac delta function. Image adapted from Ref. [106]. Copyright 
2010 by Oxford University Press. 
 

Figures 2.3A, and their distribution. The increasingly quantized energy of available 

states is a direct consequence of increased quantum confinement or the transistion from 

a continuum to quantized states. Figures 2.3B demonstrates this point through their 

respective DOS equations, g(E), as commonly derived in standard solid–state text books 

[69-71]. Progressing from 3– to 0–D systems, the DOS are proportional to, respectively, 

E1/2, E0 (constant), E–1/2, and δ(E), where δ is the Dirac delta function. The constant 

energy found in 2D systems implies an abundance of available electronic states at the 

top of an energy gap. Logically, the systematic E1/2 change from 1– to 3–D systems 

suggests that a unit length along each dimension contributes an equal number of states. 

Constant energy also allows carrier populations in filled and unfilled electronic states to 
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be determined by the temperature–dependent, Fermi–Dirac distribution, f(E), given by 

1/(1+exp[(ε–μ)/kBT]), where ε is the single electron energy, μ is the chemical potential 

(equivalent to the Fermi energy at absolute zero), kB is Boltzmann’s constant, and T is 

the temperature in Kelvin (K). For 3D (1D) systems, μ/ε decreases (increases) with 

increasing temperature, and this indicates that a relatively larger number of filled states 

exist for 1D systems compared to their 3D counterparts (for the same material and 

temperature), which is consistent with Figure 2.3A. 

At an intermediate energy/temperature and for the same material, the 3D DOS, for 

instance, slowly increases with energy, while about half of the 2D states are occupied. 

As a practical example, implementing photoconductive mechanisms in a device, such 

as for photodetectors and solar cells, could be realized at reduced laser powers as 

dimensionality is reduced. As a result, quantum wires would perform with greater 

energy efficiency than thin film devices [107-110]. This statement obviously neglects 

optical absorption, which is discussed in Chapter 3. Nonparabolic bands, as is often the  

case, would complicate the matter mathematically. 

2.5 Vibrational (Hion) Term 

The harmonic approximation – also relying upon adiabatic assumptions – describes 

Hion interactions in terms of H′(ukl), Eq. 2.5 [69]. This Hamiltonian accounts for 

changes in ion k displacement in unit cell l, ukl, with mass Mk as ion(s) in another unit 

cell, uk’l’, remain spatially fixed. In Eq. 2.5, Φ(kl,k′l′) represents the force constant 

between ions kl and k′l′, and the ½ terms accounts for equal distribution over both ions. 

The force term accounts for both direct ion–ion interactions from Coulombic repulsion 

and indirect interactions mediated by valence electrons. This equation is then used to 

calculate the phonon dispersion using the dynamic matrix, |Dkk’(q) – ω2δkk’|, which is 
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obtained from a mass–modified Fourier transform of the force constant [69].  

( )
2

' '
' '

1 1'( ) , ' '
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k l
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 = + ⋅Φ ⋅ 
 

∑         (2.5)  

Performing a Taylor series expansion decomposes the Hamiltonian into a sum of 

symmetric (strain), eij, and antisymmetric, fij, second–rank tensors. The antisymmetric 

tensor describes crystal rotations; therefore, vibrational modes arise solely from the 

strain tensor, where the electronic band shifts from ion displacement, R, as δEn,k/δR. 

Strain tensor matrices always reduce to a sum of irreducible representations. In the case 

of ZB structures, the three representations are Γ1, Γ3, and Γ4 (also called Γ15). A matrix 

with Γ1 symmetry results in lattice volume dilation because the lattice’s strain pattern 

is equal to the fractional volume change, and Γ3 (Γ4) symmetry describes lattice 

shearing from uniaxial stress applied along the [100] ([111]) direction [69]. Phonons in 

these matrices can yield longitudinal and transverse modes, where δR is, respectively, 

parallel or perpendicular to the phonon propagation direction, q. Note that these modes 

couple electrons to the atomic displacement gradient only when q ~ 0, which is the 

result of Fourier transforms within the long wavelength limit [69].   

To more clearly illustrate the meaning of Eq. 2.5, standard solid–state physics 

textbooks [70] reduce this expression to represent nearest–neighbor atomic interactions 

for a crystal with one atom in its primitive cell, Mk (∂2us/∂t2) = C (us+1 + us–1 – 2us), 

where C is the force constant and s and s±1 denote, respectively, the displaced atomic 

plane and its nearest neighboring planes, Figure 2.4. Note that assuming a periodic 

lattice enables reduction to first–order terms without loss of accuracy [78]. This 

problem is normally solved with a traveling wave solution, us±1 = u · exp(iska)exp(±ika). 

The resulting  
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Figure 2.4  Longitudinal and transverse phonon modes result from the displacement 
of atomic planes parallel and perpendicular to the propagation direction, k, respectively. 
The blue and green circles represent group II and group VI atoms respectively, while 
the grey circles represent their original (unperturbed locations). 
 
phonon dispersion is given as ω2 = 2C/Mk [1 – cos (ka)], which describes the relation 

between a wave vector and its vibrational frequency, ω. The temperature–dependent, 

phonon–frequency change or Raman shift, Δω(T), is the sum of lattice thermal 

expansion, ΔωE(T), and anharmonic or “self energy,” ΔωE(T), terms [70]. In this 

simplification, thermal expansion is an anharmonic or higher order effect that only 

alters frequencies through the volume–dependent force constant C, while the self–

energy shift is a function of temperature at constant volume. Note that neither this 

simplification or Eq. 2.5 well describe lattice thermal expansion below the Einstein 

temperature around 200 Kelvin [69, 70, 78]. 

2.6 Electron–phonon (He–ions) Term 

The He–ion Hamiltonian describes electron–phonon interactions. Quantized 

vibrational mechanical energy, or phonons, are typically associated with heat, and result 

in inelastic Raman interactions between photons and the lattice. Raman scattering (RS) 

produces a phonon with a frequency shifted from the incident photon, which contrasts 

Rayleigh scattering, where a scattered photon has the same energy as the incident 

photon. Historically, RS was first discovered for liquids in 1928 by C.V. Raman and 

K.S. Krishnan [111], who were awarded the 1930 Nobel Prize in Physics [112], while 
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later that year, Gr. Landsberg and L. Mandelstam [113] reported the phenomenon in 

crystals. The primary role of RS is to probe the perturbation of electronic susceptibility 

through changes in atomic polarization, where Raman scattering [69, 114], as 

illustrated in Figure 2.5, involves:  (1) absorption of an incoming photon, ℏωi, exciting 

an electron to a virtual state |a>; (2) emission (absorption) of a phonon changed to a 

state |b>; and (3) return to ground state resulting in photon emission, ℏωs [115]. 

Resonant RS [116-123], where the incident photon energy is near the material’s band 

gap, is a sensitive, noncontact, and nondestructive technique for probing both 

vibrational and electronic features [124-127]. Resonant excitation involves higher 

order scattering that manifests itself through (n–LO) phonon replicas, and physically 

represent increased inelastic scattering events between an electron with n phonons. This 

is possible because, at room temperature, phonon lifetimes are generally a couple 

orders of magnitude below that for electrons (e.g., a few ps compared to ~100 ps). It is 

important to realize that resonant RS requires the sum of wave vectors (q) be near zero, 

while non–resonant conditions probe only q ~ 0 contributions [69]. As implied in 

Figure 2.5, Raman peak intensities and their LO–peak energy separations (ΔωLO) 

directly probe a material’s electronic spectrum. Electron–phonon interactions, then, 

require a holistic view of both excitons and phonons. Their interactions have significant 

device implications, where increased electron–phonon interactions increase electrical 

resistance but improve laser refrigeration [128]. A classical treatment [69-71] of RS is 

first presented before returning to electron–phonon coupling. 
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Figure 2.5  Diagram illustrating resonant Raman spectroscopy using an optical 
electromagnetic frequency, ω0, near the material’s band gap. The processes are 
described in the text. 
 

RS is typically viewed as a sinusoidal electromagnetic field, Eq. 2.6, interacting 

with an isotropic medium, where E(r,t) is the electric field strength, Ei(ki,ωi) represents 

its amplitude, ki is the incident wave vector, and ωi is the incident phonon frequency. 

The isotropic assumption allows the electric susceptibility, χ – a second rank tensor – 

to be treated as a scalar for mathematical convenience.  

E(r,t) = Ei(ki,ωi) cos(ki · r – ωit)            (2.6) 

Photoexcitation induces sinusoidal polarization, P(r,t), within the medium as shown in 

Eq. 2.7. The polarization is directly proportional to the electric field’s amplitude and 

even possesses the same frequencies and wave vectors as the incident radiation. 

Meanwhile, the χ is a dimensionless factor relating the two terms.  

P(r,t) = Pi(ki,ωi) cos(ki · r – ωit) = χ(ki,ωi) Ei(ki,ωi)        (2.7) 

The vibrating medium produces phonons, which Eq. 2.8 represents as atomic 

displacements, Q(r,t), with frequency ωm and phonon wave vector q. Thermal or light–

induced vibrations will alter the χ, and as a result, RS measures changes in a material’s 

polarizability. The adiabatic approximation enables expansion of the χ with the Taylor 
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series, Eq. 2.9, which assumes that vibrational amplitudes are typically small compared 

to the lattice constant, and that electronic frequencies determining χ are much larger 

than the medium’s intrinsic phonon frequencies. The first term in the expanded 

equation denotes the intrinsic electronic susceptibility (e.g., without thermal fluctuation 

effects), while the second and higher order terms describe the oscillatory perturbation 

of the susceptibility by the lattice wave, Q(r,t).  

Q(r,t) = Q(q,ωm) cos(q·r – ωmt)            (2.8) 

χ(ki,ωi,Q)Q(r,t) = χ0(ki,ωi) + (∂χ/∂Q)0 Q(r,t) + …        (2.9) 

Polarization is more clearly expressed by substituting Eq. 2.9 into Eq. 2.7, which yields 

the mediums polarization, P(r,t,Q), resulting from all allowed vibrational modes, Eq. 

2.10, where the second and higher order terms express polarization–induced vibrations 

in phase with the incident radiation. This relation directly reveals that changes in 

incident photon energy or wavelength will alter the medium’s polarizability, and by 

extension, the induced phonon population. Phonon occupation is described by the 

Bose–Einstein distribution function, Nph(ℏω) = {exp[ℏω/(kBT) – 1]–1}, where ℏω is the 

quantized energy of the phonon oscillator. Furthermore, the electric field’s amplitude 

has a non–linear effect on the polarizability. Expanding Eq. 2.10 reveals a square 

dependence on both the incident electromagnetic wave’s energy and frequency. This is 

because virtual transitions only need to conserve wave vector (rather than energy) [69]. 

The second and higher order terms in this equation are collectively represented as 

Pphi(ki,ωi) and are expressed through Eq. 2.11 to reveal two intriguing features.  

P(r,t,Q) = {χ0(ki,ωi) + (∂χ/∂Q)0 Q(r,t) + …}{Ei(ki,ωi) cos(ki · r – ωit)}   (2.10) 

Pphi(r,t,Q) = ½ (∂χ/∂Q)0 Q(q,ωm) Ei(ki,ωit) × 

   {cos[(ki + q) · r – (ωi + ωm)t] + cos[(ki – q) · r – (ωi – ωm)t]}  (2.11) 
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First, interaction with a single phonon produces two sinusoidal waves, which 

correspond to Stokes (ks = ki – q) and anti–Stokes (kAs = ki + q) shifted wave vectors. 

This implies that q ~ 0 or that only zone center (Γ) phonons are involved. The truncated 

higher order terms contain the Stokes and anti–Stoke shifted wave vectors for higher 

order phonon modes, except again, only the sum of wave vectors must be 

approximately zero. Second, phonons are only induced by electromagnetic radiation in 

Raman active materials or when (∂χ/∂Q)0 ≠ 0; otherwise, the modes are termed silent.  

 The scattered Raman intensity, Is, is given by Eq. 2.12, where ei and es are the 

polarization of incident and scattered radiation, andℜ is the Raman tensor described 

by (∂χ/∂Q)0 Q(ωm). Finally, assigning a unit wave vector, Q̂ = Q/|Q|, parallel to the 

phonon displacement results in Eq. 2.13, where the Raman tensor is a second rank 

tensor with complex elements including the χ. A subtle result is that Raman scattering 

can determine both the frequency and symmetry of zone–center phonons. 

Is ∝ |ei·ℜ ·es|2               (2.12)  

   ℜ = (∂χ/∂Q)0 Q̂ (ωm)              (2.13)  

It should now be clear that more vigorous lattice contractions produce larger Raman 

intensities, where Raman active modes are determined by ei and es and the scattering 

geometry. These are called selection rules. Returning to ZB structures as an example, 

such as ZnTe, its irreducible Γ1, Γ3, and Γ4 contributions may be generally assigned as 

X, Y, and Z respectively, whose respective Raman tensors appear in Eq. 2.14 [69]. 
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ZB structures are described by a third rank tensor, due to the presence of  
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Table 2.1  Selection rules for cubic structures under backscatter geometry (refer to 
text). Additional selection rules are contained in Ref. [69]. 

Scattering Geometry Selection Rules 
 TO phonon LO phonon 

( , )x y y x ; ( , )x z z x  0 0 
( , )x y z x ; ( , )x z y x  0 |dLO|2 

( ', ')x y z x ; ( ', ')x z y x  0 0 
( ', ')x y y x ; ( ', ')x z z x  0 |dLO|2 

 
electromechanical tensors, and has only one linearly independent, non–zero component 

denoted as dTO and dLO respectively for transverse optical (TO) and longitudinal optical 

(LO) phonons [69]. Scattering geometries are composed of a linear combination of X, 

Y, and Z components, and are generically represented as A(BC)D, where A (D) is the 

propagation direction of incident (scattered) radiation, and B (C) is the polarization 

direction of incident (scattered) radiation. In the common backscatter configuration, 

the incident (x) and scattered ( )x directions for the radiation are taken as perpendicular 

to the medium’s surface. It should be noted that these selection rules stem directly from 

group theory and were rigorously derived by Loudon [129-131] for cubic structures. 

Table 2.1 summarizes the selection rules for backscatter configuration, while selection 

rules for additional scattering geometries may be found in Ref. [69]. An intriguing 

result is that TO and LO modes are rarely both active. In backscatter configuration, TO 

modes are forbidden, while only LO modes are expected. 

While several theories [69, 132-134] exist for electron–phonon coupling, their 

contributions to the symmetric strain tensor (e.g., eij in the previous section) are usually 

described in terms of Fröhlich coupling and deformation potentials. As TO modes are 

forbidden in ZnTe, LO modes will be the primary focus. Fröhlich coupling describes 

carrier interactions with longitudinal optical (LO) phonons through macroscopic 

polarization expressed through Coulombic forces. These forces arise from relative 
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displacements of oppositely charged ions within a unit cell, Figure 2.6A, and should be 

partially screened by excitons whose opposite charges provide some cancellation [135]. 

Mathematically, Eq. 2.15 describes a phonon–induced electric field F and its potential 

to couple with photons, while Eq. 2.16 represents the oscillating polarization created 

by the electric field, ELO, assuming a polar crystal with two atoms per unit cell. In these 

equations, uLO is the phonon amplitude and is defined as the displacement of the 

positive ion relative to the negative ion, N is the number of unit cells per unit volume 

in the crystal, μ is the reduced mass given by 1/M1 + 1/M2 where M1 and M2 are the 

masses of each atom in the primitive cell, and ωLO is the LO phonon frequency (e.g., 

which is calculated or measured using Raman spectroscopy).  

 F = –[4πNμ(ωLO)2 (1/ε∞ – 1/ε0)½] (4πε0)–½           (2.15) 

ELO = –F uLO                (2.16) 

The Fröhlich Hamiltonian, HFr, is formally defined as the interaction between an 

electron with charge |–e| and the macroscopic Coulombic potential, φLO. The 

mathematical expression is given in Eq. 2.17. Logically, greater changes in phonon 

amplitudes, or changes in the polarizability, enhances Fröhlich coupling. Other 

interactions, such as piezoelectric electron–phonon interactions, are excluded but may 

be treated similarly. 

HFr = (–e) φLO = (ieF/q) uLO            (2.17) 

A more explicit statement is obtained by combining the HFr with ELO. The result appears 

in Eq. 2.18, where cq+ is a creation operator for the interaction, c.c. is the complex 

conjugate, CF is defined in Eq. 2.19, and V is the primitive cell’s volume. This 

relationship reveals a dependence not only upon the excitation energy and wavelength,  
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Figure 2.6  Schematic illustration of electron–phonon interactions:  optically 
induced Fröhlich interactions and deformation potentials in a lattice. Grey circles and 
bonds indicate equilibrium positions, while green and blue circles induced the 
perturbed and the purple bonds represent altered bond distances. The different sized 
circles represent alternating planes of group II and IV elements. (a) Fröhlich 
interactions result from the relative displacements of oppositely charged ions within a 
unit cell, P∆



. The resulting momentum changes alter Coulombic forces from their 
equilibrium values to induce macroscopic polarization within the lattice (blue and green 
circles). (b) Deformation potentials, which are more prominent in nonpolar crystals, 
result from indirect electron interactions with the altered lattice bond angles and 
distances, ionV∆



. (c) Interactive strengths as a function of wave vector k. Images adapted 
from Ref. [135]. Copyright 2012 by The American Physical Society.  
 
but also upon the crystal volume. This relationship has found its way into several 

theoretical treatments, which assume a vanishing HFr with decreasing nanoparticle 

diameter [136]. Dielectric constants also affect HFr, which suggests that changing the 

supporting substrate could also have an effect. 

HFr = 
q
Σ (iCF/q){cq+ exp[i(q·r – ωLOt)] – c.c.}        (2.18) 

CF = e [2πℏωLO/(NV) (1/ε∞ – 1/ε0)]½          (2.19) 

A more subtle result of the above two equations is that HFr diverges as q approaches 

zero. 

Deformation potentials stem from local perturbations in bond lengths and angles, 

Figure 2.6B, and may be induced through increased surface strain [69, 135]. The 
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deformation potential Hamiltonian describes electron–optical–phonon interactions, He–

OP = Dn,k (u/a0), where Dn,k is the optical phonon deformation potential for energy bands 

indexed with n and k, and u is the optical phonon displacement. Because this short 

range interaction arises from changes in bond lengths and angles, it does not depend 

upon the phonon’s wave vector, but it does affect TO–LO splitting in terms of d. As 

illustrated in Figure 2.6C, deformation potentials have a relatively constant, finite value 

of ~10 eV because no potentials exist between conduction–band electrons and optical 

phonons [137, 138]. In contrast, Fröhlich interaction strengths decrease with increasing 

wave vector or shorter wavelengths because atoms in the (reciprocal) unit cell are 

polarized less effectively. Similar trends are observed experimentally, where the 

deformation potential term demonstrates temperature independence, while Fröhlich 

interactions result in a reduction of carrier–LO interactions with increased temperatures 

[135]. Chapter 5 explores electron–phonon interactions experimentally. 

2.7 Surfaces and Interfaces 

While bulk semiconductor surfaces contain fewer available electronic states, such 

as N2/3 surface states for N bulk states with, for instance, Nbulk = 1023 atoms per cm3 

[78], the large surface–to–volume ratio found in nanostructures provide abundant 

surface states that could be exploited for device applications. Surface states also play 

significant roles in nanostructure properties. Many semiconductors are covered in an 

amorphous layer or a shell material, such as with oxygen–based surface species [139-

142] or core/shell structures [143] respectively. The mechanism behind thin oxide 

layers is still debated, because neither standard model, such as interfacial defects [50] 

or metal–induced gap states [144-146], adequately explain all experimental results. 

Surfaces are typically treated as an ordered, 2D “superlattice” (not to be confused with 
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repeating quantum well structures) with lattice parameters shifted from the bulk or 

“substrate” lattice (not to be confused with the supporting substrate). These shifts are 

represented generically as X(hkl)(x×y)Rφ, where X(hkl) is the substrate lattice, x×y 

represents a superlattice, sa , shifted by x relative to the substrate’s lattice, a , given as 

sa xa=  , R is the superlattice’s periodicity, and φ is the superlattice’s rotation relative to 

its substrate lattice [78]. Treating the crystalline surface layers as a translated lattice 

results in very different electronic states being formed near the surface. Their main 

effect is to produce electronic and vibrational states in a material’s forbidden energy 

gap [78]. In other words, reconstructed surface states, even those composed of the same 

material, can act similarly to defects that allow electronic states within a bandgap. 

Explicit mathematical treatments may be found elsewhere [69-71, 78]. Queisser and 

Haller [50] reviewed the underappreciated importance of defects and their ability to 

modify device properties – even in very positive ways. Important examples include 

controlling electrical conductivity and carrier lifetimes. However, N–body theory is not 

particularly useful for describing amorphous systems, and therefore, has predictive 

limitations. 

2.8 Versatility and Limitations of the N–body Approach 

This simple model for electronic states in a perfect crystal intuitively correlates 

fundamental, first–order device physics with optical and electrical properties in 

homogenous, semiconductor crystals. Supporting examples are provided. First, 

extrinsic doping [147, 148] replaces lattice atoms – with very different atomic sizes and 

numbers compared to the host – that alters local carrier mobilities, which is reflected 

in altered one–electron wave functions in the He and Hions Hamiltonians. A sufficiently 

large dopant concentration could be observed at the macroscopic level, where the 
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altered electronic states yield very different electrical properties compared to undoped 

devices [149-151]. A similar argument applies to stoichiometric differences in, for 

instance, CdxSe1-x nanobelts [152], where alterations in group II and VI atomic 

quantities could affect the electrical performance of nanowire–based transistors [153] 

and sensors [154]. Second, one could properly reason that the reduced number of 

electronic states in confined nanostructures would alter optical properties, such as 

through band structure changes [155-157]. As the diameter or thickness is increased in 

nanostructures with reduced dimensions, red–shifted absorbance [156-158] is typically 

observed, which one could view qualitatively as atoms, with global neutrality but local 

charge, minimizing Coulombic repulsion through maximized bond distances [159]. 

Section 2.3 covered this topic more explicitly. Third, the He–ions Hamiltonian suggests 

that electron–phonon coupling (EPC) can be altered by perturbing the lattice, which is 

not always realized in the literature. This sometimes results in reporting an assumed 

“intrinsic” electron–phonon coupling strength that was actually perturbed extrinsically. 

This not only hints at the possibility of utilizing currently unrealized EPC strategies to 

produce interesting devices, but literature’s typical focus on exciton [82, 160] 

contributions hints at the potential for further discovery. Extrinsic influence is 

supported by literature. For example, laser cooling [128] studies on CdS nanobelts 

suggest that EPC strengths could be dynamically tuned. Chapter 5 investigates both 

intrinsic and extrinsic methods for tailoring EPC.  

 Although N–body theory is quite robust, it lacks intuitive prediction and ease of 

computational implementation regarding (1) surface contributions, (2) geometry–

dependent parameters, and (3) resonant features in optical spectra. For example, surface 

contributions can dominate a nanostructure’s optical and electrical properties [161, 
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162], yet it is not intuitive to predict how surface oxygen species, which are thought to 

markedly improve the performance of nanowire–based photodetectors [107, 108], will 

affect the material’s properties. This particular example is further complicated by the 

dynamic chemical process of oxygen desorption under sufficient photo–excitation 

power densities. An example regarding (2) are geometry–dependent band gap values 

[163]. Again, an intuitive prediction is not possible and requires computational 

assistance. As for (3), resonant absorption and photoluminescence features are difficult 

to unambiguously interpret without theoretical analysis. The frequency–dependent 

strength of light–matter coupling for interactions among N–1 particles produces an 

inaccurate interpretation of, for example, photoluminescence stemming solely from 

bound–exciton recombination (while neglecting ionized–exciton interactions) [164, 

165]. Chapter 3 presents a more intuitive illustration of the physical processes involved 

in light–matter interactions. 

2.9 Summary 

N–body theory provides the logical framework for this dissertation by relating 

interacting forces within a lattice to a material’s optical and electrical properties. The 

adiabatic and other applied approximations yield three terms that are the sum of one–

electron wave functions throughout a homogenous lattice demonstrating translational 

symmetry. The resulting He, Hion, and He–ion Hamiltonians describe the electronic, 

vibrational (phonon), and electron–phonon coupling contributions, where each term is 

probed experimentally in this dissertation. The theoretical foundation for Raman 

spectroscopy, in particular, was discussed. Section 2.7 discusses the usefulness and 

limitations of this semi–quantitative model. For example, the model provides an 

intuitive framework to predict electrical and electron–phonon coupling changes from 
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defects, although computational assistance is required for more complicated examples, 

such as the effect of surface layers and geometry. Theory, however, is constantly 

evolving. Chapter 5 demonstrates that conventional EPC theory must be further 

developed to well–describe ZnTe systems, while Chapter 3 presents the fundamentals 

behind light–matter interactions.  



CHAPTER 3:  THE LIFEBLOOD OF ELECTRONIC–OPTICAL DEVICES 
 
 

“The science of today is the technology of tomorrow.” 
Edward Teller, 1991 Conversations on  

the Dark Secrets of Physics 
 
 

3.1 Fundamental Building Blocks 

A strong foundational knowledge of light–matter interactions is required to 

engineer complex device behavior or to design novel functions. Solid–state matter 

forms the conceptual heart, where electronic–optical devices may use light absorption 

to produce electrical properties. Light is absorbed when it is in resonance with the 

electronic structure (Section 3.1), and can experience optical amplification, such as 

through guided modes [166-168] or stimulated emission [169, 170]. Like devices, 

matter also possesses loss mechanisms, which result from the different carrier 

generation and recombination pathways described in Section 3.2. Examples of loss 

mechanisms include non–radiative recombination (e.g., light–emitting diode), or 

electrical degradation from defects (e.g., FETs). Phonons also represent losses in the 

form of heat (e.g., thermoelectric devices), or through reduced electrical performance 

from enhanced electron–phonon coupling. Incorporating these concepts into a device 

is the final step. Metal–semiconductor interfaces, which are the backbone of 

semiconductor physics, are described in Section 3.6, prior to summarizing the chapter 

in Section 3.7.
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3.2 Free Carrier Photogeneration and Recombination 

Light absorption is a form of optical perturbation [171], where typically above band 

gap light waves couple to the lattice to form either highly localized (with respect to the 

unit cell), Frenkel excitons [172, 173] or more extended, Wannier–Mott excitons [174]. 

Local photogeneration of free carriers through laser illumination, as illustrated in Figure 

3.1A, produces an exciton consisting of an electron–hole pair, where the electron (hole) 

is excited to the conduction (valence) band. The electric field separates an exciton into 

a free electron and hole. The photoinduced carrier gradient in the semiconductor induces 

carrier diffusion, which is dependent upon carrier kinetics, and the laser’s penetration 

depth and illumination wavelength/power. The general diffusion current density is 

Jdiffusion = –qD ∂N/∂x, where N may be replaced by n or p using the relevant electron or 

hole diffusion coefficient, De/h. The diffusion gradient, e.g., ∂n/∂x or ∂p/∂x, obviously 

increases with a larger number of localized free carriers and decreases with their 

delocalization along, for example, a nanowire’s length (assuming perpendicular 

illumination). Specific details are extracted from device models, which usually 

incorporate the surface–recombination velocity [175] to describe trap states, either in 

the bulk part of the material or surface defects, or absorbed surface species. This model 

is briefly described before inclusion into a slightly more sophistocated description of 

∂N/∂x. In the case of an n–type CdSe nanowire, the kinetic model illustrated in Figure 

3.1A (from Ref. [176]) assumes single electron and hole trap states relative to the CBM 

and VBM for electrons and holes respectively. This model neglects deep–level traps, 

and appears in Figure 3.1B, where (1) photo–generation creates free carriers along 

pathway G that may subsequently experience:  (2) bimolecular radiative 

recombination with rate kr ~ 103 cm s-1; (3) free electrons combining with trapped holes 
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at rate kn ~ 3.2x102 cm s-1, (4) free electrons trapped in shallow defects with frequency 

kteNe ~ 107 s-1; (5) holes being trapped in shallow defects with rate kthNh ~ 1011 s-1; and 

(6) trapped electrons recombining with trapped holes according to kS ~ 10 cm s-1 [176]. 

Recombination of free holes with trapped electrons is excluded because it occurs on a 

much faster time scale than electron trapping. This model assumes that:  (1) carrier 

photo–generation is limited to the excitation area, where laser excitation is described 

with a Gaussian intensity distribution, (2) charge carriers are at least partially 

independent compared to bound excitons, and that (3) time–dependent carrier diffusion 

is described by the Smoluchowski equation [177], which includes Coulomb interactions 

experienced by charges from, for example, impurities during diffusion [178, 179].  

The rate of photo–generated free carriers, G, is given by Iexc σabs/hv, where Iexc (σabs) 

is the excitation intensity (absorption cross section), and hv is the photon energy for 

monochromatic (single wavelength) illumination [178]. Using single parameters to 

represent Iexc and σabs is misleading. Iexc follows a Gaussian intensity distribution that 

well describes the positive charge profile in Figure 3.1A, while σabs is wavelength 

dependent. The only straight forward variable here is the photon energy, which has an 

inverse (1/x) decay from higher to lower excitation frequency (where x is the carrier 

displacement). For illustrative purposes, one can imagine carrier buildup through 

localized photo–generation followed by diffusion from higher concentration at the 

illumination location to lower carrier concentration further away. The time–dependent 

carrier concentrations (and diffusion profiles) are described by Equations 3.3–3.4 

respectively [178]. In these equations, values for electrons and holes are denoted with 

subscript e and h respectively, where ∂N/∂t describes the rate of change in their 

respective carrier concentrations. Furthermore, bulk mobilities yield De and Dh values 
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of 18.31 and 1.91 cm2 s-1 respectively [180], while W is the potential energy, Iexc(x) 

describes the spatially dependent laser intensity, R is a general parameter describing 

carrier recombination using the previously discussed rates, ε0 (εr) is the vacuum 

(relative) permittivity, r is the nanowire radius, and the indices j and i respectively 

represent the total number of nanowire segments and the segment illuminated under 

constant, stationary illumination. Note that Ref. [178] only considered the case when R 

= krecNeNh although it could, in principle, be generalized to include other recombination 

pathways. 
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Recombination under continuous wave (CW) illumination, or constant laser 

intensity, represents a long time scale relative to carrier recombination, where steady 

state carrier generation is assumed, or where a new carrier is generated as soon as one 

recombines. A steady state assumption, however, does not imply constant 

recombination rates due to competition between kr and trap state recombination 

pathways. Recombination may be measured through the photoluminescence emission 

intensity, Iem, relative to the excitation intensity, Iex. In principle, direct recombination 

(without trap states) relates these two variables through Eq. 3.5, where Pabs is the 

probability of absorbing an incident photon, Prel is the probability that a photo–excited 

exciton relaxes to its emitting state (which may not necessarily be the ground state), and 

Pem is the probability of radiative recombination after relaxation [69]. These ideal 
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photoluminescence conditions produce a Lorentzian spectral shape, IPL(ℏω), given in 

Eq. 3.6, where ℏω is energy of the emitted photon [69]; obviously, it is only valid for 

above band gap excitation (e.g., ℏω > Eg). Laser heating [181], among other factors, can 

introduce peak asymmetries that result from a carrier bottleneck, while Prel is strongly 

influenced by electron–hole pair energies, which is influenced by the laser–power–

dependent carrier concentrations [69]. Iem is assumed to collectively represent all 

recombination pathways and their respective rates. 

Iem = Pabs Prel Pem Iex                 (3.5) 

IPL(ℏω) = (ℏω – Eg)½ exp[–( ℏω – Eg)/(kBT)]          (3.6) 

Equations 3.7–3.10 approximate carrier recombination at the conduction and valence 

band edges, which are solved explicitly in Ref. [176] to provide Iem values proportional 

to G2, G1.5, and G for low, moderate, and high laser powers respectively as shown in 

Table 3.1. These values appear as slopes on the log–log plot of the nanowire’s Iem versus 

Iex as shown in Figure 3.1C. The slope reduction with increasing laser power indicates 

trap state saturation, and subsequent enhancement of direct recombination or kr. 

Consider a small bucket. Once the bucket is filled, water can only flow out of it. 

Similarly, once trap states are completely filled, radiative recombination increases in  

Table 3.1  Slopes obtained from log–log slopes of the photoluminescence emission 
intensity, Iem, as a function of the excitation intensity, Iex, and the rate constants 
proportional to Iem for low, intermediate, and high laser powers. 

CW Intensity Regime Log–log Iem–Iex slope Iem ∝ 

low ~2 krG2/kteNekthNh 

intermediate ~1.5 krG1.5/kthNh√kn 

high ~1 G 
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Figure 3.1  Laser–power–dependent photoconductivity is a direct result of the 
available recombination pathways, e.g., especially trap states, along a nanowire’s length, 
L, and to a much lesser degree, along either of its diameter directions, dx/y. (a) Optical 
(laser) illumination, P(λ), induces a charge gradient, where, in the case of CdSe, holes 
collect predominately under the laser spot, while electrons diffuse away from the 
illumination area. Additional details are contained within Ref. [178]. (b) Photogenerated 
carriers, G, may recombine through several pathways (refer to text), where each 
pathway has its respective first–order rate constant under steady–state illumination. (c) 
Three laser power regimes are apparent on a log–log plot of the illumination emission 
intensity, Iem, plotted as a function of the excitation intensity, Iexe. The slopes, denoted 
as m, are equivalent to the average rate constant under each illumination condition. (b–
c) were adapted from Ref. [176]. Copyright 2011 by The American Physical Society. 
 
probability. It is also possible that carrier relaxation to a trap state results in radiative 

emission less than kr or the material’s bandgap, but this plays a smaller role in high 

purity materials. Notably, this model excludes interactions between ionized excitons, as 

well as, other relaxation pathways. Electron–phonon coupling, for example, is small in 

CdSe and may be neglected in a first approximation, while this would not be true for 

other materials, such as ZnTe. Electron–phonon coupling will be discussed further in 

Chapter 5. 
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3.3 Electrical Resistance:  Phonons and Thermal Effects 

 Light–matter interactions produce carriers that, in the context of devices, are 

described in terms of their carrier mobility, μ. The carrier mobility is a material quality 

measure, where multiple recombination pathways produce an averaged value; reduced 

mobilities, for instance, manifest themselves through increased material resistance. Both 

the light–effect transistor [182] and resistive memory [183-185] concepts operate by 

switching between high (“off”) and low (“on”) resistance states, which are described by 

changes in the device’s net carrier mobilities. A higher mobility implies fewer scattering 

events, such as on a smooth nanowire surface [186], which yield a larger τ and an 

increased drift velocity, vd = μE where E is the electric field. This allows more carriers 

to be collected at the drain contact. Two dominate, temperature–dependent forms of 

scattering are phonon or lattice scattering, μphonon ∝ T-3/2, and ionized impurity scattering, 

μionized ∝ T3/2 [69]. A material’s total inverse mobility is the inverse sum of each 

component or 1/μ = 1/ μphonon +1/ μionized. While both scattering mechanisms alter carrier 

motion, phonon scattering is an energy relaxation mechanism that couples exciton 

energy into a phonon wave, which differs from the Coulombic or charge interactions 

involved with ionized impurity scattering. This type of impurity is termed a deep 

impurity and demonstrates a highly localized effect that requires computational 

assistance to estimate within the N–body framework [69]. High quality growth 

minimizes these effects, although in a device, laser–induced diffusion of the electrode’s 

metal ions into the semiconductor material could turn this into a very real concern if 

caution is not exercised [150]. Phonons are the most likely source reducing carrier 

mobilities, and as demonstrated in Section 2.5, are unavoidable. While minimizing these 

sources of resistances is possible, a holistic view could allow development of novel 
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devices that utilize these contributions for positive effects, which contrasts the 

conventional view as a negative effect. For example, phonons are similar to electrons 

and photons, where wave vectors must be matched for a phonon to traverse across a 

heterojunction [187]. A photo–conductive device could illuminate a thin material that 

minimizes phonon transfer to the rest of the device, which could assist with thermal 

management strategies. However, the relative newness of this field [54, 186] means that 

such concepts are not yet well explored (or even proposed). 

3.4 When Carriers Meet Barriers:  Metal–Semiconductor Interfaces 

Given a short enough nanowire channel, some carriers will diffuse across the entire 

channel. Metal contacts are placed on each nanowire end to create a metal–

semiconductor (M–S) interface to extract the current. N–body theory presented in 

Chapter 2 properly suggests that such a heterojunction will alter the electrical properties. 

The light–effect transistor (Chapter 4) employs indium (In) contacts on a CdSe nanowire 

to form In–CdSe MS junctions at each nanowire end; therefore, this structure will serve 

as an illustrative example here. Figures 3.2A–B contain, respectively, In and n–type, 

CdSe energy levels prior to and after forming a contact. In principle, the work function 

difference between these two materials (ΦIn = 4.09 eV and ΦCdSe = 4.9 eV relative to the 

vacuum level) should produce more ohmic–like than rectified characteristics, as a 

rectified response requires a large work function difference to form a Schottky barrier 

[188]. Experimental measurements, however, produce both ohmic and rectified 

behavior (e.g., see Chapter 6). It is likely that a native surface oxide or amorphous layer 

also plays a role, such as a thin SeOx layer (x = 2–3) [189] at the In–CdSe junction, 

although further investigation is required.  
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Figure 3.2  In and CdSe energy level diagrams (a) before contact, (b) after contact, (c) 
under forward bias, and (d) fundamental current–voltage characteristics found in 
resistors (ohmic), diodes (rectified), and transistor–like behavior. 
 

Photo–generation and carrier recombination occurs in the band energy diagrams in 

Figure 3.2B, although these processes were not duplicated from Figure 3.1 for brevity 

and clarity. The green lines represent surface states at the In–CdSe interfaces, which 

strongly influences the M–S interface’s energy barrier [190]. An ohmic response 

possesses far fewer surface states compared to a rectified device, while a rectified device 

would also possess dissimilar interface state concentrations in order to produce 

asymmetric characteristics. Increasing surface charges or removing these states, such as 

through photo–excitation [191] or laser annealing [192] respectively, would alter the 

M–S barrier, and for reversible processes, a recovery of the electrical processes could 

be observed. Altering these states, either temporarily (reversibly) or permanently 

(irreversibly), would alter local potentials, which manifest themselves through altered 

carrier densities and mobilities. In other words, modifying these states directly alters 

carrier dynamics and recombination, and if performed in an ideal manner, it could 

+ 
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enhances a device’s collection efficiency [193]. The result is observed through the bulk 

conductance, G = Ids/Vds, where Ids and Vds are the source–drain current and voltage 

respectively (e.g., see Chapter 4). In fact, surface states were manipulated to produce a 

significantly enhance gain in a zinc–oxide–nanowire–based transistor [108]. Changes in 

the bulk conductance occur by altering the bulk carrier concentration, n, as described in 

Equation 3.7, where μ is the carrier mobility, and w, t, and L are the nanowire’s width, 

thickness, and length [194]. The unit of bulk conductivity are siemens, S, which is 

equivalent to inverse resistance (ohms). 

G = nqμwt/L                                         (3.7) 

Although a nanowire’s dimensions contribute to the conductivity, such as by possessing 

additional contributing surface and bulk states, these parameters are held constant when 

examining gentle laser heating of the same device. Therefore at the M–S interfaces, 

increased carrier mobilities result from reduced trap states, and produce an increased 

bulk conductance. Thermal annealing of the device can form grain “necks” or 

connections that restrict bulk current flow, which affects the bulk conductivity. 

Figure 3.2C demonstrates the effect of applied bias on the band structure. The 

positive side attracts electrons and is termed the drain and can be thought of as an 

electron collection point. Meanwhile, the negative side provides the electrons and is 

called the source. The vertical energy axis represents increasing electron energy; 

therefore, the source or negative bias will increase the energy level relative to positive 

bias. Reverse bias simply reverses the side of the source and drain to produce the mirror 

image of the illustrated energy level diagram. Figure 3.2D demonstrates possible current 

versus voltage, Ids–Vds, where the d and s subscripts refer to electrical measurements 

made across the source and drain contacts. An ohmic response (gray line) is linear, while 



46 
 

 
 
 

 

a rectified response (green line) begins with a relatively low current followed by a 

drastic Ids increase. The double plateau structure (purple line) illustrates what Mott and 

Gurney [195] term the “primary” and “secondary” photo–conductivity region, where 

the former is discussed in the next section. 

3.5 Photoconductivity Model 

In the primary photoconductive region, the electron collection efficiency, Ψ, is 

equivalent to the quantum efficiency, ηQE, assuming 100% absorption efficiency, and 

can be described with either Equations 3.8 or 3.9 for focused or uniform illumination 

respectively. The purpose is to demonstrate potential electrical (output) characteristic 

changes from altering the illumination position along a nanowire. Focused (uniform) 

illumination is when a single point (the entire length) of the nanowire is illuminated. In 

Equation 3.10, x0 is the illumination site measured from the anode (cathode) when the 

carriers are electrons (holes), L is the conducting channel’s length, and w is the electron 

(hole) mean free path and is related to the applied electrical field, F, or voltage, V, 

through w = μFT = μVT/L. The variables μ and T are the carrier mobility and carrier 

lifetime, respectively. Eqs. 3.8 and 3.9 may be compared to provide additional insight 

into the two typical operation modes. 

0

1
x

ww eL
− Ψ = − 

 
                                       (3.8) 

( )1 1
L

ww w eL L
− Ψ = − −  

                                (3.9) 

This theory suggests a continuous photocurrent increase from Vds = 0 until saturation at 

a sufficiently large Vds to produce w >> L and Ψ → 0.5. This model considers only one  
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Figure 3.3  Electron collection efficiency, Ψ, or quantum efficiency, ηQE, after Mott & 
Gurney [195], as a function of applied bias for (a) different electron lifetimes, T, when 
L = 5.5 µm, and for (b) different nanowire lengths, L , when T = 1 ns, was plotted for 
focused illumination with x0/L = 0.5 (dashed lines) and uniform illumination (solid 
lines) conditions as described by Eqs. 3.14 and 3.15 respectively. Lengths of 5.5 and 
10. µm correspond to SNW lengths for two devices used in Chapter 4 (referred to as 
device 2 or D2 and device 1 or D1 respectively). 
 
carrier type, e.g., electrons, which have an upper efficiency limit of 50%, where ηQE is 

minimized at the anode, but the equation also holds for holes with the exception that ηQE 

is maximized at the anode. Figure 3.3 plots ηQE or focused (dashed lines) and uniform 

(solid lines) illumination conditions as a function of applied voltage with (A) varying T 

in a realistic carrier lifetime range, e.g. 0.1-100 ns [196], when L = 5.5 µm (the same as 

D2), and with (B) varying nanowire length from L = 0.1 to 10 µm, assuming T = 1 ns. 

For focused illumination, x0/L = 0.5 is assumed. A typical bulk CdSe mobility value 

[196] of 660 cm2 V-1 s-1 is used. Figure 3.3 also indicates that these two illumination 

modes yield comparable efficiencies, and as a result, either focused or broad–area 
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illumination could be reasonably implemented into a device, depending on the specific 

application need. In Figure 3.3A, increasing the electron’s mean free path by increasing 

the mean carrier lifetime resulted in reaching a higher efficiency more rapidly, which 

suggests the ability to control current production at low applied bias. Figure 3.3B 

indicates that nanowire length may also control the low bias current, where shorter 

nanowire devices produce larger currents. Mott & Gurney’s classical equations are able 

to qualitatively reproduce observed LET trends in the low bias region, but this model 

does not describe (1) the device characteristics in the higher bias region or the second 

plateau, (2) the ability of surface trap states to alter the τ, or (3) the source–drain voltage 

offsets (x–axis) in a transistor’s output characteristics, e.g., refer to Figure 4.3 in Chapter 

4. 

Devices are also characterized by their quantum efficiencies, such as their external 

quantum efficiency (EQE) and internal quantum efficiency (IQE). Both the EQE and 

IQE describe the number of charge carriers collected, which is represented by the 

device’s drain current divided by the charge of a single electron. The two are related 

through EQE = ηabs(λ) IQE = ηabs(λ) ηgen ηcoll, where ηabs(λ) is the wavelength–dependent 

light absorption efficiency, ηgen is the quantum yield for charge carrier generation, and 

ηcoll is the photo–generated charge carrier collection efficiency, such as Ψ from the 

photoconductivity model [197]. The EQE is generally smaller than the IQE.  

3.6 Summary 

Engineering effective next–generation, electronic–optical devices requires 

enhancing absorption by coupling the external radiation into the device, and careful 

consideration of recombination pathways. As a result, the illumination wavelength and 

power will play direct roles in determining a device’s photoconductive response, such 
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as with the light–effect transistor in Chapter 4. This response is also partially 

determined by the M–S interface details, such as the existence of a native oxide or an 

amorphous layer. A holistic view of device fabrication and the involved processes are 

required to develop electronic–optical devices that could far exceed FET capabilities. 



CHAPTER 4:  LIGHT–EFFECT TRANSISTOR 
 
 
“You never change things by fighting the existing reality. To change 
something, build a new model that makes the existing model obsolete.” 

R. Buckminster Fuller, 1982 Critical Path 
 
 

4.1 Next Generation Transistors 

As basic electronics building blocks, a field-effect transistor’s (FET’s) primary 

switching function is widely used in both logic and memory chips. A typical FET is a 

three–terminal device consisting of source (S), drain (D), and gate (G) contacts – where 

the S–D conductivity is modulated to realize on and off states by applying a voltage or 

an applied electric field through G [198]. Although FETs have evolved structurally 

from early planar to their current 3D geometries in parallel with the continual shrinkage 

of its lateral size, the basic operating principle remains the same. This has led to ever 

greater fabrication complexity, and ultimately to challenges in gate fabrication and 

doping control [5, 7-10]. Various new technologies, such as FinFETs [7, 12], and 

tunnel–FETs [13], have been developed in recent years to enable the continuation of 

Moore’s law [14], but further development with current technologies are uncertain [15]. 

Other options are being explored as alternatives, which include semiconductor 

nanowire (SNW) based FETs [17-19], FETs comprised of 2D materials [22, 23], and 

FETs with sophisticated gate structures [24], such as multiple independent gates [8, 10] 

or a gate with embedded ferroelectric material [25]. There is, however, no clear 

pathway for overcoming a FET’s intrinsic physical limitations [1-3] dictated by its 

operation mechanism, such as random dopant fluctuations [5] and gate fabrication 

complexities [6], and no viable rival technology currently exists. We offer a competitive 
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alternative with additional unique functionalities. The light–effect transistor (LET) is a 

two-terminal device composed of a metal–semiconductor–metal (M–S–M) structure, 

where each M–S junction serves as either the S or D contact, and the two contacts are 

separated by a nanostructure–based channel. Figure 4.1 contrasts SNW–based LET and 

FET structures to reveal the apparent structural simplicity offered by a LET – no 

physical gate is required. A LET’s operation mechanism is distinctly different from a 

FET in two regards:  (1) the S–D conductivity is solely modulated by light or an 

optical frequency electromagnetic field, which contrasts a FET’s electrostatic control 

through an applied DC voltage, and (2) current carriers are generated through optical 

absorption rather than by thermal activation of dopants. In other words, a LET employs 

optical gating based upon the well–known photoconductive mechanism [195] that has 

typically been of interest in photo–detection. Inherent advantages stem from a LET’s 

simplistic architecture, which include (1) eliminating gate fabrication complexity, and 

(2) avoiding difficulties with doping control. These attributes remove the two primary 

challenges or intrinsic limitations for down scaling conventional FETs to the quantum 

regime [199], and they offer the potential for reduced fabrication costs. While a LET’s 

most basic application emulates a FET when it operates under single beam illumination 

(as in a photo-detector), it offers functions not readily achievable by either a FET [200] 

or a photo-detector [108, 201], when it operates differently than a typical photo-detector 

(e.g., when responding to multiple independent light beams). 

Light–induced electrical conductivity changes are a well–known phenomenon 

typically used for photo–detection. In fact, SNW devices structurally similar to our 

LET have been investigated as photo-detectors [108, 201]. At first glance, it may 

appear that a LET simply employs a photo–detector’s switching function to emulate a  
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Figure 4.1  Schematic comparison between a semiconductor–nanowire–based 
(SNW-based) field–effect transistor (FET) and a light–effect transistor (LET). (a) A 
FET is a three terminal device where the source–drain, S–D, current, is driven by an S–
D voltage and may be modulated through a gate (G) voltage applied through its G 
contact. (b) A LET is a two terminal device where the S–D current is modulated with 
one or multiple independently controlled light beams fused together through an optical 
combiner. Color codes are SNWs in red, S and D contact in green, G contact in yellow, 
and the gate dielectric (under the G contact) in blueish–gray. The blue–colored SNW 
tips past the S and D contacts indicate different FET doping types along the conducting 
SNW channel. It is assumed that these devices are resting upon an insulating substrate. 
 
FET. In reality, most photo–detectors lack desirable FET-like characteristics and are 

therefore unsuitable for LET use. It is therefore important to understand the differences 

between a photo–detector, LET, and FET to appreciate the LET’s novelty. Photo–

detection typically relies upon a p–n–junction–based device, because it usually offers 

superior performance over a simpler M–S–M device based on the photoconductive 

mechanism. This arises from the M–S–M structure typically requiring a larger bias to 

drive carriers through the S region [195, 198]. Note that a p–n–junction–based photo–

detector has a distinctly different I–V characteristic under illumination than a 

photoconductive-based one, and only the latter can offer a light I–V resembling that of 

a FET with gate voltage on. The photoconductive mode’s disadvantage is eased through 

reduced device dimensions, as demonstrated by SNW–based photo–detectors [108, 

201], and the LET application in this work. Its structural simplicity should provide 

further advantages at the genuine nanoscale. We note that photo–detector structures 

that are difficult to dope may also employ an M–S–M structure [195, 198]. Therefore, 
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a LET does not employ a new device structure or mechanism. Its novelty stems from 

its stringent electrical and optical characteristics that can (1) replicate the basic 

switching function of the modern FET with competitive (and potentially improved) 

characteristics, and (2) enable new functionalities not available in modern FETs nor 

offered by conventional photo–detectors. While under single–beam illumination, a 

LET yields a high on/off ratio under optical gating, which resembles a FET under gate–

voltage control or a photo–detector with high photoconductive gain. Despite this 

similarity, a LET should be characterized with a pertinent FET parameter known as 

“subthreshold swing,” which measures how much gate action is required to turn the 

device on, and is normally not of interest in photo–detection applications. Under 

simultaneous multi–beam illumination, which is usually irrelevant for photo–detection, 

the multiple independent gating capability enables a LET to demonstrate previously 

unreported functions, such as optical logic (AND and OR) gates and optical 

amplification as an analog application. In contrast, multiple independent gating has 

been a very challenging task for FETs [8]. These unique functionalities are of great 

interest for optical computing and novel optical detectors. To summarize, LET novelty, 

in comparison to photo-detectors, is two–fold. First, LETs are characterized electrically 

in a very different manner than photo–detectors, as photo–detectors are not typically 

explored for the electronic functions found in a FET. Second, LETs utilize their multi-

beam response while a photo–detector does not. In comparison to FETs, a LET’s gating 

mechanism is distinctly different from a FET’s, which easily enables a LET’s multi–

gate capability, and allows a LET to offer functions beyond those in a typical FET. 

Furthermore, a LET’s frequency response or switching speed is limited by the carrier 

transit time through its conducting channel. While this effect is shared with a FET, a 
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FET’s response is limited by its gate capacitance. 

In this chapter, CdSe SNWs [95, 143] are employed to demonstrate the LET 

concept and functions (Appendix II contains additional information). First, the material 

and devices are characterized. Then, single–beam optical gating effects are explored 

with different wavelengths and laser powers, e.g., Pg(λg), which are manifested in both 

output characteristic (Ids–Vds) and transfer characteristic (Id–Pg). Finally, LET 

operation is demonstrated by applying multiple independent beams to demonstrate 

novel device functions, which are not achievable in conventional FETs, such as, optical 

logic gates and optical amplification. 

4.2 Nanowire and Device Characterization 

Figure 4.2 provides material and device characteristics. Figure 4.2A displays an 

SEM image of a 10–µm–long, CdSe SNW (device 1 or D1) with indium (In) contacts 

forming M–S junctions at each end. The uniform single-crystalline CdSe SNW was 

grown in wurtzite phase along the [0001] axis with a diameter of ~80 nm, as revealed 

by the low magnification transmission electron microscopy (TEM) image in Figure 

4.2B, with the selected area diffraction pattern (SADP) as inset, and Figure 4.2C’s 

high–resolution TEM (HRTEM) image showing a 0.69 nm inter-planar spacing. The 

gold catalyst at the SNW end (Figure 4.2B) suggests the vapor–liquid–solid growth 

mechanism [202]. The CdSe–SNW’s laser–power–dependent photoluminescence (PL), 

Figure 4.2D, shows a strong emission peak at 1.78 eV that matches CdSe’s bandgap 

energy [103]. The inset overlays a PL map upon an optical image to demonstrate 

relatively homogenous SNW emission, and by extension, homogenous material quality 

across the SNW channel. In Figure 4.2E, the output characteristic, S–D current Ids vs. 

S–D voltage Vds, is demonstrated for the device with and without light illumination  
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Figure 4.2  LET characterization. (a) SEM image of a typical In–CdSe–In device (2 
µm scale bar). (b) TEM (100 nm scale bar) with SAED inset, and (c) HRTEM image 
(2 nm scale bar) of a representative CdSe nanowire. The TEM results indicate single 
crystalline CdSe with well-ordered lattice plane spacing of 0.69 nm along the [0001] 
growth direction. (d) PL spectra obtained under 442 nm excitation at different powers 
(P0 = 1.5 µW). Inset contains PL map overlaid upon an optical image of D1 (4 µm scale 
bar). (E) Source–drain current, Ids, as a function of source–drain voltage, Vds, under 
dark (black line) and halogen light illumination (orange line) conditions. 
 
using a halogen light, where illumination optically modulates or “gates” the electrical 

conductivity between dark (“off”) and illuminated (“on”) states. The Ids vs. Vds curves 

for these two states clearly resembles those of a FET’s off and on states [198], 

respectively, especially when Vds < ~7 V. 

4.3 Output and Transfer Characteristic 

Results for two devices, device 1 (D1) and device 2 (D2) with lengths of ~10 and 

~5.5 µm and similar diameters (~80 nm), are presented to illustrate general LET 

properties, and to demonstrate the potential for characteristic tuning and optimization. 

The two devices were fabricated in essentially the same way. 
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Device dark currents reveal negligible reverse bias current and rectification (diode-

like behavior) under forward bias, e.g. Figure 4.2E. LET operation occurs under 

forward bias for both devices. Rectification is indicative of asymmetric In/CdSe 

contacts for both devices, where one M–S junction is close to ohmic and the other forms 

a Schottky contact [203]; large asymmetric contacts are desired as they drastically 

reduce the dark current or off state and thereby improve the on/off ratio. The Schottky 

barrier largely determines the turn–on voltage, VD,on, which is ~8 V for D1 and > 21 V 

for D2. For instance, D2 shows nearly resistive behavior up to Vds = 21 V with Ids 

reaching only ~15 pA, compared to D1’s range from ~1 nA to ~4 µA over 1-21 V. The 

vast difference between the two devices might stem from a thin SeOx layer (x=2–3) 

[189] at the In–CdSe interface, although the details require further study. These results 

hint that dark or off state parameters can be controlled through M–S contact 

engineering.  

Representative LET output characteristics are shown in Figures 4.3A–D for D1 

and in Figures 4.3E–F for D2, respectively, to exemplify how LET performance 

depends on the gate power/wavelength, illumination condition, and device variation. 

D1 exhibits two well–separated plateaus, respectively, starting at Vds ~ 4–5 V and ~14–

18 V depending on the gate wavelength and power. For example, the second plateau’s 

onset is at ~14–15 V for 633 nm illumination but shifts to ~16–18 under 442 nm 

excitation. Two tunable plateaus can potentially offer two distinct, customizable on 

states. For D2, the first and second plateau are comparatively not well separated, and 

both 532 nm and halogen illumination have their first plateau at ~2 V with respective 

power–dependent, second plateaus at ~6–7.5 V (532 nm) and ~5–5.75 V (halogen). 

Each plateau appears at respectively lower Vds values than in D1, and because of the  
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Figure 4.3  LET output characteristics:  Source–drain current, Ids, as a function of 
the applied source–drain voltage, Vds with varying gate power, Pg, and wavelength, λg, 
for two devices (D1 and D2). (a–d) are for D1 under 633, 532, 442, and 325 nm 
illumination with P0 values of 1.40, 2.07, 2.38, and 2.25 µW respectively, while (e–f) 
are for D2 under 532 nm and halogen excitation with respective P0 values of 1.38 and 
69.1 µW. The dark current is represented as black lines. 
 
extremely low dark current, the long second plateau extends to the highest Vds measured. 

For D1, the maximum on/off ratios typically occur at Vds < 5 V, and vary from 102 to 

104 depending on the gate power and wavelength. For instance, Figure 4.3B contains 

on/off ratios of ~5x104 and ~2x104 at Vds = 1.43 and 4.95 V, respectively, when 

Pg(532nm) ≈ 2 µW. The on/off ratios for D2 in Figure 4.3E are ~1.0x106 and ~1.1x106 

at Vds = 1.43 and 4.95 V when Pg(532nm) ≈ 2.6 µW. When Pg(halogen) ≈ 69 µW in 

Figure 4.3F, the on/off ratios are ~6x105 and ~1x106 at Vds = 1.43 and 4.95 V, 

respectively. 
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Differences between D1 and D2 indicate that a LET’s characteristics may be tuned 

and optimized through material and device engineering. A large M–SNW contact 

barrier is generally desirable for producing small off state currents over the operation 

range, and can be optimized to maximize the on/off ratio. Note that current levels for 

different “gate” wavelengths in Figs. 3A–D showed considerable variations, which is 

fundamentally due to wavelength–dependent, light–matter interaction effects, e.g. 

absorption and carrier dynamics, and illumination conditions, e.g., power density and 

beam size. This feature offers the unique LET advantage of flexibility in achieving gate 

functions compared to FETs. 

The transfer characteristics allow extraction of several performance metrics. A 

FET’s threshold gate voltage, VT, and subthreshold swing, SFET, are respectively defined 

as the onset of a linear region in the Ids–Vg curve (i.e. voltage-controlled resistor 

behavior), and as the inverse linear slope on a semi-log Ids–Vg plot [7]. Their physical 

interpretations, respectively, are the gate voltage required for device operation and the 

gate voltage increment to induce an order of magnitude current change below VT. A 

small SFET value implies a small energy or power consumption to turn on or operate a 

FET. Figure 4.4 contains D1’s and D2’s transfer characteristics, which in general, 

resemble a FET’s transfer characteristics, e.g., increasing Ids as the gate power Pg 

increases under constant Vds, except a LET replaces Vg with Pg. A LET’s threshold gate 

power, PT , then, corresponds to the onset of a linear Ids–Pg region for a given λg, and 

SLET is its subthreshold swing. Significantly, FETs usually do not operate in the 

“subthreshold swing” region, while a LET can employ this range to realize optical logic 

gates and for an interesting optical amplification effect. Taking D2’s Ids vs. Pg curves, 

Figure 4.4E, with λg = 532 nm as examples, typical PT and SLET values at dsV = 1.43  
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Figure 4.4  LET transfer characteristics:  Source–drain current, Ids, as a function of 
laser power under different source–drain voltages, Vds. (a-d) are for device D1, while 
(e-f) are for device D2 using the same conditions as in Figure 4.3. 
 
(4.98) V are, respectively, ~30. (~30.) nW, and ~2.8 (~2.5) nW/decade. For reference,  

advanced FETs have respective VT and S parameters of 100–200 mV, and ~70–90 

mV/decade [204]. At Vds =1.43 V, Pg = 0.11 µW yields Ids ≈ 0.35 µA, and a LET 

dynamic power consumption of ~0.5 µW, which is comparable to advanced FETs [205]. 

A LET’s off–state energy consumption can be very low. For instance, the dark current 

is ~1 pA at Vds = 1.43 V with a corresponding off power consumption of ~1.5 pW, 

which is lower than a FET of similar length [205]. Section 4.6 provides additional 

comparison and discussion of transistor metrics. 
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4.4 Application Demonstrations 

LET transfer characteristics are used to illustrate the underlying principles for a 

few important applications. D2’s 532 nm illumination characteristics, Figure 4.4E, are 

re–plotted on a double log scale in Figure 4.5A, with only Vds = 1.43 and 4.98 V shown 

for clarity, to more clearly portray the three major operating regions:  super–linear 

(dark gray region), linear (medium gray), and sub–linear/saturation (light gray). 

Different regions can offer different unique applications, as the examples highlighted 

below. 

(1) AND logic gate and Voltage amplifier:  Figure 4.5B demonstrates single beam 

illumination as a hybrid AND logic gate, which replicates the most basic FET logic 

function [198, 206], using electrical input A = Vds and optical input B = Pg with output 

denoted as AxB. This is achieved when Vds = 5V and Pg is modulated between 0 and 

2.60 µW. One–beam operation could also act as a current source or voltage amplifier 

when operating in the output characteristic’s saturation region, or even when utilizing 

a LET’s two distinct on states (e.g. the first and second plateaus in Figure 4.3B) to 

realize two–level logic gate and voltage amplifier functions. Furthermore, two LET 

devices may be combined in parallel or series to respectively create universal NOR and 

NAND logic gates, as shown in Figure AIII.1 with their corresponding truth tables. 

(2) Multi–independent–gate capability:  An important LET advantage is multi–

independent–gate operation, where optical gates do not increase device dimensions. As 

an example, two–beam operation is demonstrated with independently controlled 

uniform illumination with halogen light and focused illumination from a 532 nm laser, 

denoted as Pg1 and Pg2 respectively. Illumination by either individual light beam 

produces its corresponding transfer characteristics, e.g. Ids vs. Pg in Figure 4.4, while 
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two–beam illumination results in a 3D Ids vs. (Pg1,Pg2) plot (Figure AIII.2A). However, 

the two–beam response fundamentally reflects the linearity of the single–gate response 

shown in Figure 4.5A. To more clearly show this effect, a current enhancement factor 

R is introduced by converting Ids(Pg1,Pg2) to R(Pg1,Pg2), where R = Ids(Pg1,Pg2) /[ Ids(Pg1) 

+ Ids(Pg2)]. Figure AIII.1A’s data were converted with this definition and the 

corresponding R values are displayed in Figure 4.5C’s contour plot. Using the LET 

response characteristics in Figure 4.5A and Figure 4.5C, we demonstrate a few 

distinctly different LET functions that are not readily achievable using a FET, and can 

be realized with a single LET device. Figures 4.5D–G demonstrate dual–gate 

applications in three important R(Pg1,Pg2) regions illustrated in Figure 4.5C. 

Additionally, the nonlinear response under 633 nm is also extended to two beam 

illumination with the addition of halogen light (Figure AIII.3). 

(2a) Optical amplification: This occurs in Figure 4.5A’s super–linear or 

subthreshold swing region and yields a region where R >> 1, for instance, R ≈ 9–11 in 

Figure 4.5C. Figure 4.5D yields single–beam–induced currents of Ids, 532nm ≈ 11 nA 

(dark cyan line) and Ids, halogen ≈ 37 nA (orange line), while simultaneous illumination 

produced ~11 times their sum with a Ids, 2beam ≈ 525 nA (royal blue line). If the laser 

beam is viewed as a weak optical signal to be measured, and the halogen light (~1.6 

µW) as a gate signal, an amplification factor of m ≈ 48 is obtained. Optically–induced 

amplification of a LET’s electronic signal replicates three–terminal photo–transistor 

function, e.g. a bipolar transistor with a semi–transparent electrode [207], where a small 

base–emitter bias leads to photo–current amplification. This feature may find broad 

application in weak optical signal detection.  
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(2b) Optical AND logic gate:  Results shown in Figure 4.5D can also be used for 

important optical logic operations, such as that in Figure 4.5E. Two individually applied 

optical gates, with inputs of A and B respectively, produce two low current or off states 

represented as (1,0) or (0,1) in addition to the (0,0) off state (not shown for clarity). 

Only under simultaneous illumination does output C produce the on or (1,1) state. 

LET–enabled optical logic operations could lead to new optical or quantum computing 

approaches [208]. 

(2c) Optical summation:  Sum operations can be realized in Figure 4.5C’s linear 

response region, e.g. R = 1, as illustrated in Figure 4.5F. In this figure, Pg1,532nm and 

Pg1,halogen generate two independent signals of 2.00 and 0.32 µA, while simultaneous 

illumination produces a current of 2.43 µA, approximately their numerical sum. This 

region is convenient for producing multiple states, such as for memory devices. 

(2d) Optical OR logic gate:  Current saturation is achieved when R = ½, and can 

function as an optical OR logic gate, Figure 4.5G. When A = Pg1(532nm) = 0.63 µW 

and B = Pg2(halogen) = 69.1 µW, individual illumination as (1,0) and (0,1) states or 

dual illumination as the (1,1) state all produce comparable Ids values; all three on states 

contrast the off state with pA–level Ids denoted as (0,0) (not shown for clarity). A single 

LET could perform more complex logic functions concurrently by combining Vds 

control with dual optical gate ability, such as a three–terminal AND gate with output 

AxBxC, or with simultaneous AND and OR gates with Ax(B+C) output. Truth tables for 

these logic operations and their proposed symbols are provided in Appendix III (Figure 

AIII.4). It is significant that a single LET can realize complex logic functions that 

typically require multiple FETs, but could require fewer devices to perform identical 

or enhanced functionality. Thus LETs offer an additional pathway for achieving high  
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Figure 4.5  Selected LET functionality demonstrations using D2. The axes are source–
drain current, Ids, vs. source–drain voltage, Vds, except where noted otherwise. (a) Log–
log plot of Ids vs. Pg curves under 532 nm excitation with Vds values of 1.43 and 4.98 
V, where the three shaded areas are visual guides for distinguishing the super–linear 
(dark gray), linear (medium gray), and saturation (light gray) regions used to 
demonstrate LET behaviors and applications in (b–h). (b) Optically modulated AND 
logic gate where A= Vds (5.00 V) and B=modulated Pg(532nm) (up to 2.60 µW in 
amplitude). Dark line:  Vds = 5 V and Pg = 0; green line:  Vds = 5 V and Pg is modulated. 
(c) Various operation regions, according to ratio R (see text for definition), achievable 
with two-beam illumination under a fixed Vds of 5.0 V. (d) A typical R >> 1 operation 
point, with Pg1(532nm) = 2 nW and Pg2(halogen) = 1.57 µW, used as a demonstration 
of optical amplification; and (e) contains the same data as (d) but used as a 
demonstration of an optical AND gate instead. (f) A typical R ≈ 1 operation point, with 
Pg1(532nm) = 0.63 µW and Pg2(halogen) = 0.7 µW, used as a demonstration of 
summation operation. (g) A typical R ≈ ½ operation point, with Pg1(532nm) = 0.63 µW 
and Pg2(halogen) = 69.1 µW, used as an optical OR logic gate. (h) LET operation under 
electrical modulation of Vds(t), while varying Pg (P0 = 2.60 µW). The outputs Ids(t) were 
measured through a sampling resistor. The input is shown in gray (normalized to the 
black Pg = 0 output curve). 
 
device densities on a single chip.  
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(3) Differentiator and Optically gated phase tuner:  Complementary to the above 

mentioned functions, LETs can also be used as a differentiator under zero or low Pg, 

and as a phase tuner as Pg is increased. Figure 4.5H shows the Ids(t) vs. Vds(t) curves 

for different Pg values, where Vds(t) is a sine wave modulation with an amplitude of 5.0 

V and a DC offset to remove the negative portion. The Ids(t) curve exhibits a 90° phase 

delay with respect to Vds(t) when Pg = 0, which indicates that the device functions as a 

differentiator by converting a sine wave into a cosine wave; increasing Pg results in a 

tunable phase shift that gradually approaches zero, e.g. at Pg = 2.6 µW. This effect can 

be understood as changing the LET’s impedance by varying the gate power. 

4.5 LET Operation Mechanism 

The Ids–Vds curves in Figure 4.3 may be understood qualitatively with the photo–

conductivity model proposed by Mott and Gurney [195]. The first plateau could be 

associated with the “primary photoconductivity” which produces current as a result of 

photo–generated electrons and holes flowing through the nanowire under applied bias. 

A steady state condition is formed when just enough external carriers entering the 

nanowire through the electrodes replenish those leaving the device. Under single point 

illumination and uniform illumination, the collection efficiency, Ψ, is approximately 

described by Equations 3.14 and 3.15 respectively. It is worth restating that this theory 

suggests a continuous photocurrent increase from Vds = 0 until saturation at a 

sufficiently large Vds to produce w >> L and Ψ → 0.5 (see Figure 3.5 for simulated Ψ 

vs. Vds curves). If all photons are absorbed, the sum of the collection efficiencies of 

both electrons and holes will yield a quantum efficiency, ηQE, defined as Iph/(eNph), 

where Iph is the photo-induced current, and Nph is the number of absorbed photons. 

When current saturation occurs, ηQE = 100%. For instance, absorbing 2 µW of 620 nm 
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light with ηQE = 100% yields a 1 µA current. As Vds approaches VD,on, a major Schottky 

barrier reduction [203, 209] allows excess carriers to enter the nanowire through the 

electrodes, which then produce a drastic Ids increase that allows ηQE >> 1. The detailed 

operation mechanism is likely much more complex than that described by the simple 

photoconductive mode, and deserves further investigation.  

Significantly, the collection efficiency is expected to improve drastically at low Vds 

with nanometer–length devices (Figure 3.5), which should further reduce the static 

power consumption and provide lower Vds than those demonstrated here. The 

maximum applied laser power is about 3 µW and corresponds to a power density of 

~0.60 W/mm2, which is less than that delivered by an efficient light–emitting diode 

[210]. The gate power actually used is only about 10% of the applied power because 

the laser spot size is considerably larger than the nanowire diameter (see Appendix III 

for energy loss estimates). Reducing the beam size closer to the SNW’s diameter could 

reduce Pg by at least a factor of 10 [211], and as is well established in FET devices, 

reducing the channel length can further reduce the required Vds (Figure AIII.5). 

Enhanced efficiency and reduced energy consumption could significantly reduce 

thermal issues plaguing nanoscale FET-containing electronics devices. We note that 

FETs possess a thermal dynamic limit of SLET ≥ (kT/q) ln(10) = 60 mV/decade at 300 

K, whereas for LET, SLET is extrinsic in nature through w’s dependence on the carrier 

density, which in turn depends on the defect density. Thus, SLET can be significantly 

improved by shortening the conduction channel, perfecting the material quality, and by 

choosing materials with strong absorption.    
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4.6 Pathways to Further Miniaturization and Integration 

A LET’s structural simplicity removes potential obstacles that FETs face for further 

down scaling. A LET shares the same limit of a FET, that is, the nanostructure 

dimensions practically achievable, e.g. 1–7 nm for Si nanowires [51], but LETs do not 

require complex and sophisticated fabrication steps for physical gates and doping. In 

general, ballistic transport theory suggests that commercially viable currents could be 

achieved in quantum structures [212]. Quantum conductance, which limits 1–D 

ballistic transport, is given by G = nG0, where G0 = 2e2/h is the minimum conductance 

and n are integers representing quantized energy levels. This equation [213] yields a 

maximum quantum impedance for the conducting channel of Z0 = 1/ G0 = 12.9 kΩ. The 

on-state energy consumption could be as low as ~13 nW/LET when dsI = 1 µA, and 

the required minimal dsV  would only be 13 mV (not including the voltage drop over 

the M–S junctions). Given the highly localized nature of the 1–D energy density of 

states, LET conductivity is expected to be quantized, and thus, tunable using different 

photon energies. 

Industry may employ at least two basic illumination modes in an integrated LET 

circuit depending on the application:  (1) uniform, broad–area illumination over a 

high–density, LET array with SNWs, or (2) separated light beams directed to individual 

or small groups of LETs through, for instance, sharp fiber tips or nanoscale emitters 

embedded on the same chip. For either mode, multiple light sources of the same or 

different wavelength(s) and/or intensities can be combined into one beam but 

controlled independently. Because so little light is actually absorbed by nanostructure–

based devices, as will be discussed in the next section, engineering enhanced optical 

absorption is important for developing next generation electronic–optical devices.  
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4.7 Major Electrical Advances and Novel Functionality 

A LET’s contribution is two–fold:  it not only represents a major electrical 

advance for application of the photo–conductive phenomenon to an electronics device, 

but it also offers functionality not available in either FETs or photo–detectors. The 

former is highlighted through direct comparison of LET with FET and photo–detector 

performance metrics in Table 4.1. Photo–detector architectures can employ an M–S–

M structure, which possess a large dark current typically on the order of 100 nA [214, 

215]. For example, an on/off ratio of 104 would require high current (1 mA) and 

illumination power (2 mW) [215]. As a result, photo–detectors are typically explored 

only in the linear responsivity regime rather than as a transistor, and thus, threshold 

power and subthreshold swing parameters are not applicable to these devices. While, 

at first glance, all LETs may appear to function as photo–detectors, the differences 

between photo–detector and LET dark currents manifest themselves through drastic 

differences in electrical performance. For example, an n–type, GaAs:Fe photo–detector 

with M–S–M architecture requires 2 mW of optical power to produce an on/off ratio of 

~104, while in comparison, a LET (D2) only required 30 nW of applied power or ~3 

nW of absorbed power to produce an on/off ratio of 6x105–1.1x106 at Vds = 1.43 (4.98) 

Table 4.1  Comparison of important transistor metrics between photo–detectors [215, 
216], LETs [182], and advanced FETs [26, 204]. LET values were obtained from D2 
using Pg(532nm) = 1.28 μW and Vds = 1.43 (4.98) V. For LETs, the upper value is for 
the “applied power,” while the lower value, or the actually absorbed power, is estimated 
in Appendix III. FET subthreshold swings, S, are the theoretical limits for conventional 
and FinFET devices respectively. 

Parameter Photo–detector LET FET 
on/off ratio ~104 ~105–106 ~106 

Vt/Pt NA 30. (30.) nW (applied) 
~3 nW (actual) 

100–200 mV 

S NA 2.8 (2.5) nW/decade 
~0.3 nW/decade 

~70–90 mV/decade 
(limits) 
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V. Appendix III provides additional details and parameters for these estimates, and for 

convenience, Table 4.1 reproduces the previously stated FET parameters. 

Comparing switch energies or the amount of energy needed to perform a switching 

event is another important metric. In this case, carriers are being switched between 

insulating off states and conductive on states through either electrostatic or photo–

conductive gating in FETs and LETs respectively. The measurement system prevented 

a direct measurement of the switching time, although it may be reasoned that LETs can 

have lower switching energies than modern FETs. Most direct band gap 

semiconductors possess room temperature carrier lifetimes on the order of 100 ps 

without an applied bias e.g., Ref. [217], where applying a bias, especially for a short 

conducting channel length, reduces the transit time by more quickly wiping out free 

carriers. CdSe has a maximum or saturation velocity similar to gallium arsenide 

(approximately 2x107 cm/s [218]) which is a factor of 5 smaller than graphene. 

Graphene, however, does not possess a bandgap and cannot be turned off. The potential 

to operate as low as 13.5 mV/LET (see Appendix III) with picosecond times scales 

suggest that semiconductor–based, M–S–M, LET technology could function as a 

“millivolt switch” [219] with a THz (1012) clock frequency that is more than 100 times 

faster than the current technology [219]. More impressively, estimates based upon D2’s 

performance suggest this function could be implemented with lower total switch 

energies, by up to 4–5 orders of magnitude, than found in advanced FETs. 

The fraction of laser power actually absorbed by a nanostructure is estimated 

through the ratio of nanowire diameter to the light’s spot size (or projected area). In the 

case of an optical microscope, the spot size is estimated by the optical diffraction limit 

of 1.22λ/N.A., where λ is the excitation wavelength and N.A. is the numerical aperture 
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of the microscope’s objective lens. As a numerical example, a 50x long working 

distance (LWD) objective lens (N.A. = 0.55) has an area of ~279 μm2 (although a laser 

may only illuminate a much smaller area), while a CdSe nanowire with an 80 nm 

diameter and 10 μm length has an aspect ratio (width/length) of ~0.008. Illumination 

under 632.8, 532.0, and 441.6 nm results in actual power absorption estimates of 5.18, 

6.16, and 7.43% respectively. For 441.6 nm light, this implies that a nanowire could 

absorb only 74.3 nW from an “applied power” of 1.00 μW; this estimate ignores 

potential reflection from transparent oxide layers on a thick substrate (e.g., ~300 thick 

SiO2 on Si). Accounting for a laser’s Gaussian intensity distribution, rather than 

assuming a uniform distribution, would further reduce these values.  

Table 4.2 compares the switch energy from optical action, which only applies to 

photo–detectors and LETs, and the electrical contribution – assumptions and 

parameters are discussed in Appendix III. A photo–detector’s large dark current makes 

it an impractical transistor requiring a large total switch energy of 70. fJ/switch to 

produce a low on/off ratio. They cannot compete with advanced FETs capable of 

delivering a 106 on/off ratio with total switch energies ranging from 0.1 to 1.0 fJ/switch 

[26]. A LET’s (D2’s) pico–amp–level dark current yielded up to a 106 on/off ratio while 

only requiring 0.061 fJ/switch or 61 aJ/switch (atto = 10-18). It is remarkable that the 

unoptimized LET devices explored here produced comparable metrics to advanced 

FETs while requiring far less energy. The vast majority of the total switch energy in D2 

stems from the electrical action, which can be reduced through device optimization, 

such as by further reducing the channel length and optimizing the contacts. When 

considering a LET’s potential, it is useful to consider two cases. The first uses quantum 

conductance theory, while the second is based upon optical efficiency and represents 



70 
 

 
 
 

 

Table 4.2  (Total) switch energy comparison from optical and electrical action are 
provided for photo–detectors (with M–S–M architecture), advanced FETs, and LETs. 
Assumptions and parameters are discussed in Appendix III.  
Parameter Photo–detector LET FET 
on/off ratio ~104 ~105–106 ~106 

Vt/Pt NA 30. (30.) nW (applied) 
~3 nW (actual) 

100–200 mV 

S NA 2.8 (2.5) nW/decade 
~0.3 nW/decade 

~70–90 mV/decade 
(limits) 

 
the lower limit. Quantum conductance theory from the previous section suggests that a 

LET could be operate with as little as 2.6 aJ/switch using readily available fabrication 

technologies. In considering the lower limit, one could imagine optically gating a 

ribbon–like structure with (x,y,z) dimensions of (20nm, 2 nm, 10 nm). The assumptions 

from Chapter 1 yield δEL = 2.30 zJ (zepto = 10-21), which when combined with the 

electrical action given by δEds = Ids2Z0 τ = 0.13 zJ, produces a total switch energy of 

2.43 zJ. This represents 6–7 orders of magnitude improvement over that offered by 

advanced FET technologies, but further advances could be made. A value of G = 1,000 

was obtained from D2 (Figure AIII.7), but it is likely that an optimized device could 

yield an even higher gain. As the gain increases, the total switch energy will continue 

to decrease (PL ∝ Eph/G). It is also useful to note that the optical source will also alter 

the total switch energy through η, which is dependent upon CdSe’s wavelength–

dependent, absorption coefficient. 

A LET also offers functions not readily achievable by either a FET [200] or a 

photo–detector [108, 201] when it operates differently than a typical photo–detector 

(e.g., when responding to multiple independent light beams). Example applications 

were presented in Section 4.3. The addition of multiple optical beams is a significant 

advancement because LETs easily achieve multi–gate capability that has been difficult 

for FETs to achieve. Although additional optical gates do not consume valuable chip 



71 
 

 
 
 

 

real estate, further research is required to implement them onto a chip. Chapter 1 

provided three possible scenarios:  an a–NSOM array, matching nanoscale emitters, 

and modification of holographic optical interconnect technology. The potential of the 

LET platform make these endeavors worth pursuing. As a final note, a CdSe/ZnTe 

structure may further improve LET performance while lowering the total switch energy. 

Ref. [143] demonstrated enhanced photo–currents for CdSe/ZnTe nanowire arrays, 

while Figure 8.2 clearly show minute dark current changes. This suggests that a 

CdSe/ZnTe–based LET could be capable to achieving on/off ratios far greater than 106, 

while the associated increase in gain would further reduce the total switch energy. 

4.8 Conclusions 

The LET concept presents a drastically different approach for FET–based IC 

technologies by using an all optical, rather than a physical gate mechanism. A LET 

explores the well–known photoconductivity attribute of a semiconductor that is 

naturally and commonly used for photo–detection. Digital and analog applications are 

demonstrated, which are typically only achievable with transistors, and provides 

functions that FETs cannot achieve. Most significantly, the LET gate function can 

provide much greater flexibility than a FET, including tunable gate properties and 

multiple independent gates. Notably, a LET can continue Moore’s law without the FET 

complications and limitations associated with gate fabrication and doping control 

through:  (1) a simple device architecture to potentially reduce fabrication costs; (2) 

feasible down scaling to the quantum level; (3) efficient, multi-functional ability in a 

single device; and (4) operation at low energy consumption, which negate thermal 

issues plaguing nanoscale electronics devices. The general LET operation principle is 

independent of a particular material system, thus, when applied to silicon, the existing 
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silicon–based, microelectronic and photonic technologies can be readily adopted by 

LET technology. The LET concept can also be extended to develop other light–effect 

devices.



CHAPTER 5:  ELECTRON–PHONON COUPLING IN MULTIDIMENSIONAL 
ZnTe SYSTEMS 

 
 
“The most exciting phrase to hear in science, the one that heralds new 
discoveries, is not ‘Eureka!’ (I found it!) but ‘That’s funny …’.”  

Isaac Asimov, 1992 Attribution in UNIX “Fortune” software 
 
 

5.1 Introduction 

The first and most important step is to address the common misperception that EPC 

is purely an intrinsic material property [220] – what I call the intrinsic mantra – despite 

the long known extrinsic effects of impurities in semiconductors [134, 221-223], and 

thermal heating in molecules [224-227]. Extrinsic effects, such as the presence of Te–

based surface aggregates on ZnTe nanowires [142], are typically excluded during 

analysis of EPC. Logically, impurities modify the electronic spectrum by altering the 

potential experienced by a free electron traversing a crystal lattice, which also changes 

the force constants within the Hookean framework used to derive phonon dispersion 

curves. The EPC “strength” is typically reported in terms of the Huang–Rhys parameter 

(S), which, like the Hirsch index [228], is a single value composite but related to the 

dimensionless displacement between ground– and excited–state potential energy 

minima (Δ). Typically, S = Δ2/2 (at low temperature) [229]. The Δ term is strongly 

affected by Fröhlich interactions in polar semiconductors [230], and ultimately arises 

from lattice perturbations, such as changes in bond distances, bond angles, and 

interatomic forces that alter coupling and overlap between electronic and vibrational 

wave functions. Although vibrational states are less sensitive to dimensional change 
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than the well–known, quantum–confinement–induced, band–gap shifts [231-235], they 

too should produce dramatically different vibrational spectrums for different lattice and 

surface conditions [69, 70, 84]. Limited experimental investigations suggest that EPC 

could be influenced by stoichiometric ratio [236-238], surface and bulk defect 

concentrations [134, 221, 239], laser power (e.g., photo-generated carrier concentration) 

[240, 241], thermal/laser heating [224-226, 239, 242-244], geometry or dimension 

[245], size [246], strain [247-251], polarization [252], and surface modifications and 

interface additions [253-259]. These many contributing factors suggest that numerous 

potential methods exist for tailoring EPC–based device behaviors.  

Inconsistent optical measurements [136, 260] and contradictory theoretical 

frameworks [235, 260-267], which are typically verified against experimental results, 

have only sustained the murkiness enveloping EPC at the nanoscale. The second step 

is the careful design and systematic experimental investigations into the actual intrinsic, 

EPC strength, but especially in regards to size dependence. Widely studied CdSe 

nanocrystals, for example, produced conflicting theoretical and experimental reports of 

size–dependent [268, 269], inverse size–dependent [258, 270, 271], and size–

independent [262, 272] EPC strengths [136]. Khambhampati et al.[269] attributed these 

conflicting results to using different experimental and theoretical methods to measure 

and calculate EPC strengths [260, 269]. Theoretical issues are discussed subsequently. 

Continuous–wave (CW) –based methods, such as resonant Raman spectroscopy (RRS) 

[116-123], are thought to more accurately resolve longitudinal–optical (LO) phonon 

modes, which yield slightly larger S values (e.g., the I2LO/I1LO is increased by a few 

tenths), while femtosecond (fs) –based methods, such as time and frequency domain 

pump–probe measurements, better resolve high frequency acoustic and intrinsic modes 
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[136, 260, 273]. The reasoning is that CW–based techniques primarily probe 

extrinsically photo–generated, charge–trapped excitons, while the shorter time scales 

involved with fs–based methods exclude this extrinsic effect, and primarily yield 

information on intrinsic LO phonon modes [260, 274-276]. One may naturally question 

the plausibility of this statement. It is well–known that laser illumination of intrinsically 

n–type, CdSe nanowires produces a small hole concentration under the laser beam, 

while electron populations decreases further away from the illumination site [178]. 

While exciton concentrations are controllable, to a degree, through laser power, the 

accumulation of charge–trapped excitons will be minimized at sufficiently low laser 

powers, and could yield nearly intrinsic values. Meanwhile, both CW– and fs–based 

techniques likely possess some similarities. For example, heating–induced phonon peak 

asymmetries could, in principle, alter the EPC strength obtained with either technique 

[225, 277-282]. Both techniques are also susceptible to laser–induced damage, which 

is often ignored during EPC strength analysis but it could have an effect. This 

possibility may be evaluated by assuming that nanowires experience higher excitation 

densities (due to smaller volumes) and lower thermal conductivities that produce 

increased laser–induced temperatures, as demonstrated with silicon nanowires [225, 

280, 281], which could result in partial phase changes [283]. Logically, laser–induced 

phase changes should alter the measured EPC strength. It appears that the potential of 

laser–based methods are greatly underappreciated for their potential to probe extrinsic 

EPC behavior, such as by varying the laser power. For example, Fröhlich interactions 

[69, 284] were altered through both temperature, which is controllable through laser 

power, and different dielectric materials incorporated into an organic–based, field–

effect transistor [285]. This also implies that a sufficiently low laser power could 
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measure (nearly) intrinsic EPC strengths. CW RRS, which is the focus here, is a fast, 

highly sensitive, and nondestructive technique [286-289] affected by vibrational [290], 

thermal [291, 292], and carrier [293-295] behaviors, and should therefore be susceptible 

to influences beyond charge–trapped excitons. This technique could carefully probe a 

system to provide comprehensive and accurate measurements of both extrinsic and 

intrinsic EPC contributions at the nanoscale.  

Third, a comprehensive, multidimensional study on a prototypical system would 

provide experimental verification for theoretical approaches. A general lack of 

consensus manifests itself through either employing very different frameworks, such as 

the configuration coordinate (CC) and momentum conservation (CM) models [132, 

296], or by incorporating different assumptions to describe similar physical systems. 

Widely studied CdSe quantum–dot models are an excellent example, where the model 

by:  (1) Schmitt–Rink, Miller, and Chemla [264] supports size–dependent EPC 

behavior by assuming hole localization on each ion while ignoring valence–band 

mixing; (2) Nomura and Kobayashi [263] accounts for moderate EPC strengths by 

including valence–band mixing and nonparabolicity but they also employ an 

independent phonon model; and (3) Klein and group [262] demonstrates size–

independence with the common adiabatic approximation. These frameworks are 

usually validated against experimental data, which, as previously discussed, contains 

its own set of issues that contributes to these very different theoretical frameworks. All 

of these models, however, possess inherent deficiencies compared to a first–principles 

approach, which predicts more realistic electronic and phononic structures along with 

their coupling [297, 298]. While first–principle methods are readily available [299-304], 

it has yet to be applied to semiconductor nanostructures, while semiconductor systems 
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[305-308], in general, have received only infrequent and limited attention. And the 

existing theoretical EPC investigations are spread across very different material 

systems, e.g., different doping conditions and geometries, which undoubtedly limits 

insight into the underlying physical processes and has even contributed to producing 

contradictory findings. Relative to other compound semiconductors, zinc telluride 

(ZnTe) systems are ideal for exploring EPC–related phenomenon due to their relatively 

large S parameter [82, 142], which makes measuring EPC strength variations less 

ambiguous. Several reports exist for ZnTe material systems, and consist of superlattice 

[309-326], quantum dot/well [242, 326-335], nanowire [142, 336, 337], thin 

film/epilayer [243, 244, 312, 338-347], and bulk [348-352] structures and 

heterostructures [353, 354]. The many different conditions further highlights the need 

for a consistent, multidimensional study on a single material system. Furthermore, 

ZnTe’s diverse optoelectronic applications could potentially enable widespread EPC 

optimization, such as in core–shell photovoltaic devices [95, 143, 355], lasers [356, 

357], light–emitting diodes [358-360], and electro–optic detectors [361] and terahertz 

emitters [362].  

For the first time, CW RRS probes extrinsically tunable EPC in multidimensional 

ZnTe systems – namely bulk, thin film, and nanowire samples – and (less ambiguously) 

investigates intrinsic size–dependence in ZnTe nanowires. Bulk, thin film, and 

nanowire samples are characterized structurally and optically before intrinsic EPC 

values are determined. Then, EPC is intrinsically altered through different 

stoichiometric ratios, laser heating and ablation, and surface and interface modifications, 

while non–ablative laser heating, strain, polarization, and size dependencies had no 

discernable influence. Laser ablation produced Te–based surface aggregates that tuned 
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EPC over a factor of 2.4, where the exclusion of this effect likely resulted in a previous 

report [142] claiming that ZnTe nanowires display size–dependent EPC strengths. 

Methanol exposure and interface effects, such as an Au–ZnTe junction, altered EPC 

strengths, and demonstrate the potential for optical bar codes and cross–reactive (e.g., 

chemical) sensors [363-365] based upon this concept. 

5.2 Reducing Dimensionality:  Structural and Optical Characterization 

While multidimensional ZnTe systems were probed optically, the primary focus 

of this work is on nanowires, which are characterized in Figure 5.1. The uniform, 

single–crystalline ZnTe SNW was grown in zinc–blende phase along the [210] axis 

with a diameter of ~280 nm, as revealed by the low magnification TE image in Figure 

5.1A. The SADP as inset and Figure 5.1B’s HRTEM image, which displays a 0.35 nm 

inter–planar spacing, indicate high quality, single crystalline material. Elemental 

analysis was performed on a similar nanowire with a 500 nm diameter in Figure 5.1C, 

where elemental maps of Si, Zn, and Te, in Figures 5.1D–F respectively, indicate the 

presence of ZnTe that distinctly contrasts the underlying silicon (Si) substrate (with an 

~300–nm–thick, silicon dioxide layer). The elemental maps were collected with the 

energy dispersive x–ray capability in a SEM. This same technique was also used to 

measure the stoichiometric ratios of samples (as shown in Figure 5.3), and has typical 

uncertainties of ±1-2% (depending upon surface roughness). Samples B2-B4 were sent 

out for analysis with Rutherford Backscattering Spectrometry (RBG performed at EAG 

Laboratories). This technique has a 1% uncertainty for Zn and Te and a 0.5% 

uncertainty for Cd. Samples B2-B3 were found to have 1:1 stoichiometric ratios, which 

is consistent with dispersive x-ray capabilities. Both techniques yielded a consistent Cd 

impurity concentration of ~2.5%.  
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Figure 5.1  Structural characterization of an ~200 nm diameter ZnTe nanowire with 
TEM and SEM. (a–b) TEM image with diffraction pattern as inset. An oxide or 
amorphous layer is visible on the nanowire’s surface. (c) SEM image of a different 
nanowire, and elemental analysis showing (d–f) Si (blue), Zn (green), and Te (yellow). 
 
Table 5.1  Bulk ZnTe and thin film sample summary including the Zn/Te ratio 
measured with energy–dispersive spectroscopy in SEM (SEM) and Rutherford 
Backscattering Spectrometry (RBG) (obtained from EAG Laboratories for B2-B4 
only). Thin film parameters include the FWHM measured with x–ray diffraction, 
growth/nucleation temperatures.  

Sample Comment Zn:Te 
SEM/RBG 

FWHM 
(arcsec) 

Nucleation/Growth 
Temperature (ºC) 

B1 Raman 
Standard 

1.0 –– –– 

B2 ZnTe(100) 0.97/1.0 –– –– 
B3 ZnTe(100) 0.94/1.0 –– –– 
B4 ZnTe(110) 

~2.4% Cd 
0.97/0.95 –– –– 

TF1 ZT022411N 0.95 72.0 300/280 
TF2 ZT022811N 0.96 74.0 300/320 
TF3 ZT030211N 0.92 79.0 300/340 
TF4 ZT030311N 0.94 86.0 300/360 
TF5 ZT030711N 0.94 85.0 300/260 
TF6 ZT031611N 0.93 83.0 320/300 
TF7 ZT031711N 0.92 83.0 280/300 
TF8 ZT031811N 0.93 83.0 340/300 

 
Defects [221, 239] and stoichiometry [237, 238] are known to alter PL and Raman 

spectra from that of high quality or intrinsic ZnTe. Four (4) bulk, nine (9) thin film, and 
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many nanowire structures were characterized structurally and optically, but only 

representative samples are included in this section for visual clarity. These bulk samples 

are meant to probe stoichiometric differences induced by defects or, for one bulk 

sample (B4), by cadmium (Cd) impurities. Representative PL and RRS spectra for 

ZnTe in bulk, thin film, and nanowire forms are plotted in Figures 5.2A–B, 5.2C–D, 

and 5.2E–F respectively. Samples are summarized in Table 5.1. As the bulk number 

increases (e.g., B1 to B4), so does the number of defects or impurities, while the thin 

film spectra are grouped by growth conditions, where either the growth or nucleation 

temperature was held constant while varying the other temperature. These spectra were 

collected with 1.62–2.64 μW of 532 nm light, which is far below the typical laser 

powers employed for ZnTe (e.g., 170 μW for similarly sized ZnTe nanowires), where 

size–dependent EPC was reported [142]. While, as a general note, the Raman shifts are 

provided on the figures, Appendix IV contains additional Raman information for the 

displayed spectra, such as the Raman peak positions, integrated intensities, and the full 

width at half maximum (FWHM) values. In Figure 5.2, exciton emission at 2.25 eV did 

not shift appreciably among the different ZnTe systems explored, and the emission 

intensity was increasingly quenched as dimensionality was reduced. Quenched 

emission likely stems from reduced optical interaction volumes as dimensions shrink, 

although defects could play a role in the bulk samples, while strong quantum 

confinement is unlikely due to relatively weak shifts in the peak energies overall, e.g., 

< 15 meV, which is especially supported by negligible shifts in peak energies among 

the nanowires in Figure 3E (with diameters of 84, 223, and 340 nm). The nanowires 

were measured on a TEM grid to mitigate potential substrate effects. In contrast, the 

Raman spectra yielded appreciable shifts, which will be discussed subsequently.  
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Figure 5.2  PL and Raman characterization of ZnTe in (a–b) bulk, (c–d) thin film, and 
(e–f) nanowire forms respectively. Bulk and thin film samples are summarized in Table 
5.1. The Raman spectra (right column) were obtained by subtracting the PL 
contribution from spectra in the left column. Spectra were collected with 1.62–2.64 μW 
of 532 nm light; the nanowires are on a TEM grid. 
 
Generally, the I2LO is dominate followed, in order of decreasing intensity, by the I3LO, 

I1LO, and I4LO peaks. The exception is the bulk sample with 2.46% Cd impurities, which 

demonstrates the classic impurity signature [134, 222, 223] with a dominant I1LO with 

decreasing intensities as follows:  I2LO, I3LO, and I4LO. Bulk ZnTe Raman peaks are 

expected at 205, 410, 615, and 820 cm-1 [352]. The bulk Raman spectra in Figure 5.2B 

demonstrated a Raman shift of the 1LO peak from 209.1 cm-1, for high quality bulk 

with an ~1:1 Zn:Te ratio (sample B1), to 206.9 cm-1 for samples containing bulk defects 

(B3 with a 0.94:1 Zn:Te ratio), such as substitutional and interstitial defects. 

Introduction of ~2.5% Cd impurities yielded a 0.97:1 Zn:Te ratio (B4), which further 

down–shifted the 1LO peak to 205.5 cm-1. Recall that these values are consistent with 
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the RBS ratios of 1:1 for B1–B3 and 0.95:1 for B4. Similar Raman trends were also 

observed for the 2–4 LO peaks as observed in Figure 5.2B. The thin film samples 

altered growth parameters to produce the stoichiometric ratio rather than relying upon 

defects and impurities alone. Their Raman spectra in Figure 5.3D shows some variation 

in Raman shift, but a clear trend in a particular direction was not observed. These thin 

film samples have Zn:Te stoichiometric ratios of 0.95, 0.93(9), and 0.94(4) for TF2, 

TF3, and TF4 samples respectively. The nanowire spectra in Figure 5.2F also 

demonstrated mostly negligible Raman shifts. Overall, Figure 5.2 highlights the impact 

of stoichiometric ratio on Raman peak positions, which ranges from minor for high 

quality samples (e.g., B1) to drastic for defect and impurity containing samples (e.g., 

B2–4).  

Figure 5.3 plots the I2LO/I1LO as a function of stoichiometric ratio for bulk and thin 

film samples. The dark cyan and blue circles represent thin films grown while varying 

the growth and nucleation temperatures respectively (see Table 5.1). Raman spectra 

were collected on both the front surface and cleave–edge of B1 (B1–FS and B1–CE 

respectively). The mean values, with error bars represented by the standard deviation 

from the mean value, decreased in the following order:  B1–FS (10.8±2.5) > B1–CE 

(7.7±0.6) > B2 (3.7± 2.0) > B3 (2.0±0.2) > B4 (0.8±0.5). These are composite values 

for N = 5 measurements collected at five different sample locations (refer to Appendix 

IV for averages at individual measurement sites), and therefore represent sample 

inhomogeneity, such as from spatial variations in defect concentrations. Using B2 as 

an example, one measurement location generated a low I2LO/I1LO uncertainty (e.g., 

2.5±0.1 or 4.0%), while the composite value over five different spatial locations was 

much larger (3.7± 2.0). For reference, Figure AIV.1A demonstrates an ITO/I1LO of  
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Figure 5.3  Stoichiometric dependence of I2LO/I1LO for bulk ZnTe and ZnTe thin films. 
For comparison purposes, stoichiometric ratios obtained with x-ray dispersive 
capabilities are shown. Only thin film samples with varied growth temperature are 
shown, while those that varied the nucleation temperature produced identical results 
within the shown error bars. Raman spectra were collected with 1.62–2.64 μW of 532 
nm light. The mean values, with error bars represented by the standard deviation from 
the mean, decreased in the following order:  B1–FS (10.8±2.5) > B1–CE (7.7±0.6) > 
B2 (3.7± 2.0) > B3 (2.0±0.2) > B4 (0.8±0.5). Composite values from N = 5 
measurements collected at five different sample locations (see Appendix IV for 
individual site means and ranges). B1 was obtained from N = 10 measurements at the 
same measurement location. 
 
1.5±0.05 (N = 30) for a prototypical sample (GaP) under similar conditions. Note that 

B2’s I2LO/I1LO uncertainty at each measurement site is similar to that measured for the 

prototypical sample. An exception must be noted for B1–FS, where its I2LO/I1LO value 

was obtained from N = 10 measurements at the same measurement location. The 1LO 

is expected to be nearly forbidden based on an excitonic theory treating free–exciton–

phonon coupling [134] for a perfect crystalline sample, where a small perturbation can 
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result in a large deviation from the intrinsic value that is very difficult to measure 

accurately. B1’s error bars could reflect this possibility or the effect of the polished 

front surface, and the difficulty in extracting the peak area of its strongly forbidden 

1LO peak (Figure AIV.1B), while B4 highlights the impact of defects and impurities 

on the integrated peak area ratios (Figure AIV.1C). It is well–known [134] that 

impurities increase the I1LO at the expense of the I2LO. Figure IV.1C not only 

demonstrates this point, but its associated table also indicates an impact on higher order 

ratios. The origin of the large I2LO/I1LO range requires additional investigation with a 

larger range of defect and impurity types and concentrations, where exploring 

additional impurity types is important, as other impurities can impact the I2LO/I1LO [366] 

very differently than for the Cd impurities observed in B4. 

The effect of defects in bulk samples suggests that nanowires should be similarly 

impacted. Figure 5.4 contains PL and Raman spectra for ZnTe nanowires supported by 

a TEM grid. The shoulder may be from surface optical (SO) phonons [142], although 

this is beyond the scope of this dissertation. The PL intensity and similarity in Raman 

shoulders allow differentiation, rather broadly, into groups with similar and different 

optical characteristics. Figures 5.4A–B reproduces Figures 5.2E–F for convenience. 

Again, these three nanowires, with diameters of 84, 223, and 340 nm, display similar 

PL and Raman shapes with negligible Raman shifts. Figures 5.4C–D contain nanowires 

with similar diameters of 75, 225, and 335 nm, although the 2LO shoulders are very 

different. The shoulder contribution analysis are a topic of further study (beyond this 

dissertation). Different SO contributions to the 2LO peak corresponds with appreciable 

differences in peak position, such as the 1LO of the 75 and 335 nm diameter nanowires 

being positioned at 206.7 to 207.1 cm-1 respectively, and very different coupling  
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Figure 5.4  PL and Raman characterization of ZnTe nanowires with (a–b) similar, and 
(c–d) dissimilar surface optical phonon contributions to the 2LO peak. Spectra were 
collected with 1.62–2.06 μW of 532 nm light. (e–f) PL and Raman spectra of two 
different diameter nanowires, which collected under 25.2 μW (wine and dark cyan lines) 
and 186.0 μW (reddish–orange and gray lines) of 532 nm light respectively, indicate 
that laser heating the same nanowires drastically alters the PL peak energy, Raman 
shifts and the ratios of integrated phonon peak areas (e.g., I2LO/I1LO). All nanowires are 
supported by a TEM grid. 
 
strengths. For example, the dissimilar group had I2LO/I1LO values of 7.43 (75 nm), 8.45 

(225 nm), and 6.41 (335 nm), while the similar group had relatively consistent values 

of 7.27 (84 nm), 7.25 (223 nm), and 6.90 (340 nm). Although these nanowires were 

grown using chemical vapor deposition after Ref. [367] and then dispersed in methanol, 

defect variation from growth or through different degrees of surface passivation from 

methanol exposure could contribute to the observed optical differences. A method to 

further evaluate the effects of altered surface states is through the laser–formation of 

tellurium–based species [140, 141, 243]. Figures 5.4E–F provide respective PL and 

Raman spectra for two nanowires with 29 and 219 nm diameters both measured under 
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25.2 and 186.0 μW of 532 nm light. Under the lower laser power, the 219 nm nanowire 

displays red–shifted PL emission (by < 50 meV) relative to emission collected under 

~2 μW, while the Raman shifts are similar to the 335 nm diameter nanowire in Figure 

5.4D. Increasing the laser power strongly red–shifted the PL emission outside of the 

measured range. A similar effect was produced by Te clusters in ZnSe [368], while 

surface conditions are known to alter the optical properties of these clusters [369]. The 

Raman shifts showed tremendous down–shifts, such as a decrease of the 1LO from 

207.1 to 202.3 cm-1 (for the 219 nm diameter nanowire) and large reductions in the 

integrated peak areas and their intensity ratios (refer to Appendix IV for values). This 

certainly cautions against using only Raman shifts in size–dependent EPC strengths, 

e.g., Ref. [142]. 

The ability for surface conditions to strongly modify the integrated Raman 

intensity ratios implies that EPC strengths possess both intrinsic and extrinsic 

contributions. It is reasonable to investigate the intrinsic value for ZnTe nanowires. 

Figure 5.5 measures the integrated Raman intensity ratios as a function of nanowire 

diameter from 29 to 390 nm, where the nanowires are supported by a TEM grid or 

silicon (Si) substrate (with an ~300–nm–thick, silicon–dioxide, surface layer). The 

different supports enable investigation into substrate effects, which is important as the 

impact of the surrounding dielectric environment is infrequently investigated, e.g., Refs. 

[370, 371]. The Raman spectra were collected with low, 532 nm laser powers (e.g., 

1.62–2.06 μW) to avoid laser forming surface species. Although different surface 

conditions, such as defects, contribute to the scattered values, consistent averages are 

observed with only minor differences between nanowires on the TEM grid and Si 

substrate. The average I2LO/I1LO, I3LO/I2LO, and I4LO/I3LO values for nanowires supported  
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Figure 5.5  Integrated phonon peak areas, e.g., I(n+1)LO/InLO, as a function of wire 
diameter with different supporting materials. I2LO/I1LO, I3LO/I2LO, and I4LO/I3LO when 
supported by grid (a, c, e) a TEM and (b, d, f) silicon (Si) substrate respectively. Spectra 
were collected with 1.62–2.06 μW of 532 nm light. The average I2LO/I1LO, I3LO/I2LO, and 
I4LO/I3LO values for nanowires supported by a TEM grid/Si substrate are 
6.2±1.3/7.4±1.5, 1.2±0.3/0.9±0.2, and 0.37±0.32/0.08±0.03 respectively.  
 
by a TEM grid/Si substrate are 6.2/7.4, 1.2/0.9, and 0.37/0.08 respectively. The slightly 

higher I2LO/I1LO values for nanowires on the Si substrate could be closer to intrinsic 

values, where nanowires possessed fewer defects as a whole. Relationships between 

higher order integrated intensity ratios are usually not explored, and experienced 

greater differences than the I2LO/I1LO values. For example, the I3LO/I2LO was a factor of 

5.2/8 smaller than the I2LO/I1LO for nanowires supported on the TEM grid/Si substrate 

respectively, while the I4LO/I3LO was a factor of 15/7.5 smaller than the I3LO/I2LO. Overall, 

a clear size–independence was observed over a broad range of nanowire diameters. In 

principle, normalizing each integrated peak area by a nanowire’s square diameter 

should yield a slope with an identical value. Figure AIV.2 plots, for example, I2LO/d2 as 
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a function of I1LO/d2 along with the higher order ratios, where the slope should match 

the average value in Figure 5.5. While values for nanowires on the TEM grid yielded 

similar results as those shown in Figure 5.5, very different values were obtained for the 

nanowires on Si substrate. The I2LO/I1LO, I3LO/I2LO, and I4LO/I3LO values for the Si 

substrate/TEM grid in Figures AIV.2B–C (under 2.05/1.62 μW of 532 nm light 

respectively) are 9.7/0.9, 0.8/4.0, and 0.070.18, while nanowires on Si substrate in 

Figure AIV.2C, which were measured under a higher laser power (25.2 μW), produced 

values of 7.8, 2.2, and 0.13 respectively. Further investigation is required to ascertain 

the origin of these differences. A point of future study is to determine if diameter 

normalization is a more sensitive measure of surface conditions and substrate effects 

and to verify findings with a larger sample population (especially at lower diameters). 

The higher order intensity ratios, however, do not change appreciably for many of the 

effects that will be explored, and thus, these values are placed in Appendix IV. 

5.3 Laser Heating Effects 

Laser–power–dependent effects on EPC strengths are not usually explored, and 

existing investigations typically yield information for bulk [372, 373] and surface [373-

376] contributions for below bandgap (transparent) or ablative illumination conditions. 

These reports do not relate laser heating to EPC strength, e.g., Refs. [243], [244], [282] 

and [373]. The laser powers used in CW–based techniques are typically justified when 

an estimated surface temperature is below the bulk melting temperature. This simple 

justification may be inadequate. For instance, Uzan et al.[377] demonstrated strong 

surface decomposition on CdTe crystals well below the bulk decomposition 

temperature (e.g., decomposition occurred at 850 K instead of at the bulk value of 1314 

K). Their results are quite illustrative despite neglecting, at least directly, carrier and  



89 
 

 
 
 

 

 
Figure 5.6  Power–dependent EPC strengths obtained with 532 nm light. (a) Power–
dependent PL spectra that result in modification of (b) peak energies and emission 
intensities. (c) Raman spectra at low power demonstrate undulating peak intensities as 
indicated with the black wave above the 2LO peak. (d) Power–dependent I2LO/I1LO 
values demonstrate undulations at low laser power and become more linear at higher 
laser powers, e.g., > ~100 μW. 
 
surface strain contributions [282, 376, 378, 379]. To address this literature gap and to 

reveal important effects, laser–power–dependent effects are explored using high quality 

B1. Figure 5.6 uses nearly resonant (532 nm) excitation to yield PL and Raman spectra 

in Figures 5.6A–B respectively. PL emission shows a linear increase in intensity with 

increasing laser power, while the peak energy red–shifted slightly. The Raman spectra 

reveals relatively linear intensity changes at higher laser powers, while at the lower 

powers shown in Figure 5.6C, undulating Raman intensities are observed (as illustrated 

by the black line above the 2LO peaks). This behavior directly impacts the coupling 

strengths graphed in Figure 5.6D. The 532 nm laser powers are steady with fluctuations 

within 0.27% across the optical power range used. For example, three different power 
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measurements (N = 10) yielded 2.00±0.005, 29.78±0.08, and 153.72±0.41 μW, while 

for silicon, peak area variations of < 3–4% were measured. For high quality ZnTe, 

however, I2LO/I1LO uncertainties of ±0.6 were observed for the unpolished, B1–CE. 

Although further investigation is required, it is possible that power fluctuations alone 

may not entirely account for the observed oscillatory behavior at very low optical 

powers. 

Laser heating effects under low and higher laser powers are performed in ambient 

and under nitrogen gas flow to explore the impact of heating on coupling strengths. 

Sample B2 is chosen to avoid the large coupling strength variations observed in ZnTe 

RS for B1–FS. In Figure 5.7, B2 is first measured with 2.60 μW of 532 nm laser light 

to establish a baseline, followed by 194.4 μW, and measured again under 2.60 μW to 

examine spectral recovery in both ambient and nitrogen atmospheres. Dark cyan and 

wine lines represent the initial conditions in Figure 5.7A- B, for nitrogen and ambient 

conditions respectively, while the gray and reddish–orange lines were collected after 

laser heating. Heating times are reported in terms of the number of successive 100 s 

spectra collected (with the external shutter closing briefly every 10 s). The spectra were 

measured consecutively, where the next was initiated immediately after the previous 

one finished. In Figures 5.7A–B, both environments produced a 0.7 cm-1 Raman down 

shift after laser heating relative to the initial values (all collected with 2.60 μW), while 

the absolute Raman and PL emission intensities did not show appreciable variation. 

Measurement sites under ambient and N2 conditions were collected very near each 

other, but the slight spatial difference may account for the minor difference in peak 

energy and emission intensity between the two sites. While Figure 5.6 suggests the 

possibility of heating effects at low optical powers, Figure 5.7C displays only benign  
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Figure 5.7  Laser heating’s impact on EPC strength. (a–b) Raman and PL spectra 
under ambient and flowing nitrogen (N2) gas conditions during initial measurement 
with 2.60 μW of 532 nm light (wine and dark cyan lines). After laser heating with  
194.4 μW of 532 nm light, the spectra were collected again under 2.60 and 29.8 μW. 
(c–d) I2LO/I1LO and PL emission intensity as a function of the number of 100 s spectra 
collected. Spectra were collected with 2.60 μW for spectra numbers 1–8 and 17–24, 
while 29.8 μW was for spectra numbers 9–16 for nitrogen and ambient conditions (dark 
cyan and wine colored lines respectively). 
 
changes in the I2LO/I1LO. The I2LO/I1LO was 4.0±0.2 (N = 10 measurements). Thermal 

effects do not appear to play a significant role at these low optical powers.   

Exploring the effects of higher optical powers, such as laser–forming Te–based, 

surface aggregates, and the subsequent impact on coupling strength is also useful. The 

optical image for a large, 1.3–μm–diameter wire appears in Figures 5.8A. Raman 

spectra are collected under 157.5 μW of 532 nm light, heated for t = 5 s with 2.53 mW, 

and then measured again using 157.5 μW. Higher optical powers are acceptable as 

larger diameter wires possess higher thermal conductivities, although 2.53 mW is about 
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an order of magnitude higher than the ~0.1 mW required to laser–form Te in bulk CdTe 

(see Figure IV.4). This cycle of low power measurements followed by laser heating is 

repeated for an elapsed heating time of 125 s. PL emission in Figure 5.8B reveals 

negligible changes in the peak energy. This could imply the presence of a small amount 

of laser-formed Te relative to the interaction volume. The quenched emission results 

from a reduced material volume, e.g., from ablation and laser–formed, Te–based 

species. As shown in Figure 5.8C, these Raman changes stem from a drastic I1LO 

reduction coupled with a less severe I2LO decrease, and corresponded with the 

appearance of Te–related Raman peaks [139-141, 380] that shifted from 137.9 to 143.7 

cm-1. While the 2– and 3–LO peaks present a stable up–shift in peak position with 

increased heating times, the 1– and 4–LO peak positions fluctuated in opposite 

directions. Interestingly, the fluctuating Raman peak positions appear to correspond 

with reduced integrated peak areas, while the stable shifts occurred with increasing 

peak areas. Using t = 110 and 125 s as an example, the Te–related peak area (at ~141 

cm-1) increased from 43.3 to 47.0 cm-1 cps, while the 1– and 2–LO peak areas 

respectively decreased from 108.3 to 54.0 cm-1 cps and from 246.7 to 141.0 cm-1 cps. 

Subsequent heating (t > 110 s) forms stable, Te–based, surface deposits, which is 

supported by stable I2LO/I1LO values, and broadening of the Te–related peak, which is 

expressed through a decreased peak area from 211.8 to 154.5 cm-1 cps (at ~161 cm-1). 

The extracted I2LO/I1LO values are plotted in Figure 5.8D. Laser heating varied the 

I2LO/I1LO by ±1 until t < 90 s. After t ≈ 90–110 s, the I2LO/I1LO reduced from 6.2±0.91 (N 

= 21 measurements) to 2.4±0.2 (N = 4). An intermediate data point exists with an 

I2LO/I1LO of 4.3. Reduced coupling strength at t > 110 s is consistent with an unrecovered 

PL intensity. As for an underlying mechanism, it is quite possible that the drastic  
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Figure 5.8  Modulating EPC strength through laser formation of Te–based species on 
a large ZnTe wire with a diameter of 1.3 μm. (a) Optical image of the large wire (2 μm 
scale bar). (b) I2LO/I1LO as a function of 5 s heating intervals under 2.53 mW of 532 nm 
light, while initial and post laser–heated, Raman measurements were obtained with 
157.5 μW of laser power. Temporal evolution of (c) PL and (d) Raman spectra with 
laser heating.  
 
modulation results from laser–formation of Te–based species that experience partial 

ablation during the formation process from t = 90–110 s. After this time, the surface 

deposit becomes stable, which is signaled through a broadened Te–related peak. This 

is also when the I2LO/I1LO reduces below its initial value (of ~6-7) to ~2.4. Interestingly, 

this value is similar to that reported for size–dependent values in ZnTe nanowires with 

diameters ranging from 90 to 250 nm [142]. The results in Figure 5.8 demonstrate that 

not accounting for extrinsic effects, such as the laser–formation of surface species, can 

lead to erroneous conclusions regarding size–dependence. This is because smaller 

diameter wires possess reduced thermal conductivities compared to larger ones, which 
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could produce an erroneous size dependence from laser heating different wire 

diameters (to varying degrees) using the same laser power and heating times. If the 

I2LO/I1LO can indeed be taken as a reliable measure of the electron–phonon coupling 

strength, this result indicates a relatively simple way to tune this property by a large 

magnitude, and more surprisingly, without the need for nanoscale dimensions. 

5.4 Strain and Polarization 

Strain and polarization could be practical methods for modifying EPC coupling, 

such as by bending a flexible substrate or by inserting a polarizer into the illumination 

path. Relatively few reports, however, explore the impact of strain [248-250] and 

polarization [252] on EPC strength, although one example applied elastic strain to 

preferentially enhance the I2LO in ZnO nanowires [249]. Figure 5.9A displays a bent 

ZnTe nanowire with a diameter of 300 nm and a bend radius over 34 μm. Various sites 

were measured from the nanowire end to the bend near its center. The numbered 

measurement sites are proxy values for the nanowire’s radius of curvature (induced by 

the bend), which is related to strain, because extracting this parameter from optical 

images introduced unnecessarily large uncertainties. In a future study, an SEM image 

will be employed to extract this parameter. Regardless, Figure 5.9B shows strain 

independence of the I2LO/I1LO term (where higher order ratios are included in Appendix 

IV). Raman measurements were collected with polarized, 532 nm light with and 

without a polarizer, while no appreciable changes were observed in coupling strengths 

between the two conditions. The polarizer measured an electric field that is vertical 

with respect to the optical image in Figure 5.9A and is referred to as “vertical 

polarization.” The Raman and PL spectra in Figures 5.9C–D respectively show that 

vertical polarization does, as expected, reduce the absolute intensities, while the ratio  
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Figure 5.9  EPC strength dependence on both strain and polarization. (a) Optical 
image of the bent ZnTe nanowire (2 μm scale bar). It possesses a 300 nm diameter, a 
bend radius over 34 μm with a 23º bend relative to the vertical axis. (b) I2LO/I1LO as a 
function of the measurement site ranging from the nanowire end to the bend at its center. 
Representative (c) Raman and (d) PL from site number 11. Light blue and wine lines 
represent values obtained with and without a vertical polarized laser in the beam path. 
The laser is vertically polarized with respect to the optical image, which when 
combined with the bent nanowire, varies both the curvature (strain) and polarization.. 
Raman spectra were collected with 0.354 μW of 532 nm light. 
 
of integrated peak areas is not significantly altered. A more conclusive, future study 

will examine:  (1) both the vertical and horizontal polarization components, and (2) a 

greater range of bend curvatures and nanowire diameters. But for now, it appears that 

EPC strengths may be both polarization and strain independent in ZnTe nanowires.   

5.5 Interface and Surface Effects 

Sensitivity to laser–formed, Te–based species suggests that EPC strengths may 

also be extrinsically tuned in other ways. This section explores the effect of Au–ZnTe 

junctions and the impact of methanol exposure on EPC strengths. Figures 5.10A–B  
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Figure 5.10 Raman and PL spectra measured at the Au sphere, Au–ZnTe interface, and 
ZnTe nanowire body for two different nanowires. Left (right) column for nanowire 1 
(2). (a–b) PL emission and (c–d) Raman spectra for Au–ZnTe junctions with similar 
and dissimilar PL spectra. Spectra were collected with 24.3 μW of 532 nm light. 
 
contain PL spectra for two different nanowires that demonstrate two distinct behaviors:  

similar and dissimilar peak energies measured for the two different nanowires in 

Figures 5.10A–B respectively, which suggests, respectively, the presence of a high 

quality nanowire and a nanowire containing a relatively larger defect concentration. 

The similar spectra show very little shift in the peak energies (e.g., up to ~10 meV), 

while the dissimilar spectra displayed shifts up to ~20 meV (relative to each other). For 

the similar spectra, the nanowire body (wine line) and the Au–ZnTe junction (light 

brown line) had identical peak energies, while energy. Conversely for the dissimilar 

spectra, all three measurement locations displayed different peak energies (see figure 

for values). The corresponding Raman spectra are in Figures 5.10C–D respectively. 
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The higher quality sample demonstrates negligible 1– and 2–LO Raman shifts, while 

the two highest order LO peaks were up shifted relative to the Au–ZnTe interface. Very 

different I2LO/I1LO values were measured at the Au sphere, Au–ZnTe junction, and ZnTe 

body, which were 4.7, 14.8, and 7.5 respectively. The higher order ratios of integrated 

intensities, however, did not change much across these sites. For the dissimilar group 

in Figure 5.10B, Raman up shifts were observed for the Au–ZnTe junction and the 

nanowire body relative to the Au sphere. Interestingly, no significant changes in any of 

the ratios of integrated peak areas were observed across these three locations. The 

I2LO/I1LO for the Au, Zu–ZnTe  and ZnTe sites for the similar/dissimilar groups are 

4.7/4.9, 14.8/4.2, and 7.5/4.7 respectively. While the enhancement at the Au–ZnTe 

junction suggests electromagnetic enhancement of first and second order phonon 

interactions, the latter results suggest that the mechanism is likely more complex. 

Further investigation is required to unravel its intricacies. 

Meanwhile, methanol exposure probes the sensitivity of coupling strength to 

surface conditions. Figures 5.11A–B plots PL emission and Raman spectra respectively 

before and after exposing B1 to methanol. Methanol not only quenched PL emission 

(without inducing a shift in peak energy), but it also upshifted the first three LO peaks, 

while the 4LO was down shifted by 0.1 cm-1. For example, the 1LO peak was shifted 

from 206.1 to 206.5 cm-1. Methanol also drastically reduced the I2LO/I1LO from 11.4 to 

1.9, while the higher order ratios did not change appreciably. These findings highlight 

the ability to tune EPC strengths at material interfaces and surfaces, which have 

tangible applications, such as optical bar codes and sensors, respectively. 
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Figure 5.11  Impact of methanol exposure on EPC strength. (a) PL emission and (b) 
Raman spectra before and after exposing high quality bulk ZnTe (RS) to methanol. 
Spectra were collected with 2.31 μW of 532 nm light. 
 
 

5.6 Discussion 

The standard model [132, 133], which is used to calculate or extract EPC strengths 

from experimental measurements, yields Eq. 5.1, which relates S to the I2LO/I1LO. In this 

equation, Eex (μ) is the electronic transition energy (dipole transition), ω0 (n ωLO) is the 

emitted photon (n–LO phonon) energy, and Γ is the electronic state’s homogenous 

linewidth (typically assumed to minimally impact S) [132, 133]. Using material 

parameters in Appendix IV, Eq. 5.1 yields a calculated Sbulk value of 3.2 [142], which 

corresponds to an I2LO/I1LO of ~1.6. This model, which is routinely applied to nanowire 
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systems [142, 246, 270, 381], does not adequately describe the high quality ZnTe 

systems explored here. 

( )
( )

2 2
02

2 2
1 0

2 2
ex LOLO

LO ex LO

EI S
I E

ω ω

ω ω

+ − +Γ
=

+ − +Γ

 

 

               (5.1) 

The high quality bulk sample (B1) demonstrated a high mean I2LO/I1LO value with a 

large range, (e.g., 12.9±10.0 and 17.9±9.7), while the high quality thin film and 

nanowire systems possessed average I2LO/I1LO values ranging from 7.14–15.6 and ~5–

9. Defects and impurities were able to drastically reduce these values. For example, 

bulk values experienced a reduction in I2LO/I1LO to 1.5–3.5, while one thin film sample, 

which was not presented here, displayed the classic impurity signature and yielded an 

I2LO/I1LO of 1.43. Figure 5.8 even demonstrated the ability to change the I2LO/I1LO from 

7 to 3 by laser–forming surface species. These altered values more closely reflects the 

value calculated for high quality bulk ZnTe (e.g., S = 3.2). This is an important and 

significant finding that warrants a revisiting of theoretical frameworks and a 

reinterpretation of previous experimental findings. Appendix IV provides an extended 

discussion regarding the standard model including limitations potentially contributing 

to the discrepancy between theoretical and experimental coupling strengths. 

The S factor derived experimentally using Eq. 5 .1 is often compared to the 

theoretical value S = ∆2, where ∆2 can be evaluated using the formula below only when 

Fröhlich interactions are considered:  the EPC constant, δ2, given in Eq. 5.2, where μ 

is the reduced mass and ℏΩLO is the n–LO phonon energy [134].  
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An alternative theory, which accounts for the exciton kinetic energy, suggests that LO 

scattering in bulk ZnTe is nearly forbidden, while the 2LO scattering is relatively much 

stronger, because the 2LO is independent of the exciton kinetic energy [134]. The 

theory also implies that the breakdown of the crystal translational symmetry by the 

defects can significantly enhanced the 1LO scattering. Although this understanding 

could explain the reduction in the I2LO/I1LO ratio, the strong enhancement observed in 

Figure 5.8 cannot be explained by this theory. As no theory currently accounts for EPC 

at interfaces, interpreting the laser–formation of Te–based species is not clear. These 

systems also displayed drastic Raman shifts that further imply a change in the coupling 

constant. For example, laser heating the 29–nm– and 1.3–μm–diameter wires produced 

1LO shifts from 207.1 to 201.8 cm-1 and from 206.9 to 206.4 cm-1 respectively. The 

different degrees of change could imply a concentration dependence but this possibility 

requires further exploration. Methanol exposure and an Au–ZnTe interface also altered 

the coupling strength, which according to this theoretical framework, implies the ability 

to alter interactions with intermediate Raman scattering states.  

The relative intensities of nLO are temperature dependent. These dependencies for 

the 1LO and n–LO modes (with n > 2) are given by S1 = I1LO/I2LO ∝ T(L1–L2) and Sn = 

InLO/I2LO ∝ Bn(1+1.5γnT), where:  T is the crystal lattice temperature, L is an exponent 

describing the probability of the nth order phonon–assisted annihilation, and Bn  and γn 

are constants [134]. Laser induced heating could potentially contribute to the observe 

variation in I2LO/I1LO , but apparently inadequate to explain the large change as shown 

in Fig. 5.8(b). An extension of this work could involve exploring the thermal influence 

of EPC on the ratio of integrated areas for the 1LO anti–Stokes and Stokes peaks, which 

is a commonly used method to determine local temperatures [279].  
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While this work is an important guide that demonstrates several methods for 

extrinsically perturbing EPC strengths in multidimensional ZnTe systems, an accurate 

theoretical analysis is needed to unveil the complexities of the underlying physical 

mechanisms. Such a study would greatly assist in opening interesting pathways for 

engineering EPC strengths for device (or other) applications. Furthermore, the ability 

to extrinsically modify coupling strengths extends beyond ZnTe systems. Appendix IV 

demonstrates coupling strength tuning for CdSe nanowires.  

5.7 Conclusions 

At the nanoscale, EPC strengths are controversial and even yield contradictory 

theoretical and experimental results. This investigation employed CW resonant Raman 

spectroscopy using a 1.60 μW to 0.25 mW of 532 nm light to explore nearly intrinsic 

and extrinsic contributions to coupling strengths in multidimensional ZnTe systems. 

Size–independent EPC strength were revealed for the investigated bulk, thin film, and 

nanowire samples, although extrinsic influences enabled the tuning of this parameter. 

For example, laser–forming Te–based species on ZnTe nanowires altered the I2LO/I1LO 

from an initial value of ~7 to ~32, and after sufficient Te was formed, the value was 

reduced to ~3. This observation explains the supposedly size–dependent EPC strengths 

previously reported for ZnTe nanowires, where the erroneous size–dependence likely 

results from each diameter possesses a different thermal conductivity and rate of Te 

formation.  Defect concentration in bulk and thin film samples also altered the EPC 

strength. Laser power also had an effect, where undulations in I2LO/I1LO were observed 

below ~200 μW of 532 nm light, and demonstrates the ability to quickly and 

reproducibly tune EPC strengths. Other effects were also explored. Methanol exposure 

modified the coupling strength, while an enhanced coupling strength was measured at 
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Au–ZnTe interfaces compared to the same nanowire’s body. Both strain and laser 

polarization had negligible effects on coupling strength, although a more thorough 

investigation is required. 



CHAPTER 6:  LASER PROCESSED TUNING OF SEMICONDUCTOR 
NANOWIRES 

 
 

“An experiment is a question which science poses to nature,  
and a measurement is the recording of Nature’s answer.” 

Max Planck, 1949 The Meaning and Limits of Exact Science  
(Science, Vol. 110, Issue 2857, pgs. 319-327) 

 
 

6.1 Introduction 

Lasers are widely used in materials processing. Examples include laser cutting, 

scribing, welding and laser machining [382-384], while laser modification or 

“processing” with both pulsed [385, 386] and continuous–wave (CW) [387] lasers in 

the ambient environment or under a gaseous atmosphere are employed to create 

embedded devices and circuits with stable, laser–patterned electrical properties [388]. 

Two general effects are observed during laser modification:  (1) material ablation that 

may also alter the crystal structure at the illumination site, or (2) laser–induced 

transformation of the crystal structure without ablating the material [389-391]. Ablative 

methods include material removal or transfer, such as by laser–etching surface material 

[392] (e.g., laser micromachining), and material transfer from source to substrate [393-

395]. Laser–induced transformations could be used to laser process, for instance, 

graphene on a (single or multi–layer) sheet of graphite oxide [396]. Important material 

systems include transforming silicon from an amorphous to a polycrystalline structure 

[389] or even to single crystalline material  [390, 397], and converting silicon carbide 

to graphene [391]. Ablative processes tend to require high optical power densities, such 

as above megawatts per square centimeter. Similarly, laser processing performed of 
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nanostructures typically use sub–10–mW powers, which produce similar power  

densities because of tight focusing, and are investigated using limited laser wavelengths, 

such as in the ultraviolet regime [398] or in visible wavelengths for limited material 

systems, e.g., Ref. [399]. Investigations with very low laser powers, such as sub–

milliwatt and microwatt powers, are limited, e.g., Ref. [192], but further study is 

required to enhance and expand this technique’s capabilities [398, 400], such as by 

enabling the laser modification of a variety of surface geometries (e.g., form factors). 

Low laser powers yield a third laser processing regime where the (3) “gentle” alteration 

of semiconductor surface states [401-403] does not alter the underlying crystal 

structure, and can be accomplished through, for example, modifying the surface defect 

concentration or configuration via laser annealing. This regime effectively expands the 

laser processing concept to semiconductor surface states [404], and offers the potential 

to dynamically tune a material’s electronic and optical properties through spatially 

controlled, laser–induced temperature changes. The primary focus here is on the gentle 

regime although partial surface ablation on SNW’s will be briefly explored.   

Fabricating electronic devices continues to be divided between high spatial 

resolution and high throughput techniques. For example, conventional 

photolithography [405] and electron–beam lithography [406] both offer sub–10–nm 

spatial resolutions, but these techniques employ masks and vacuum systems that result 

in high costs. Other methods were developed to reduce costs – such as imprint 

lithography [407, 408], soft lithography [409], dip–pen lithography [410, 411], micro–

contact printing [412, 413], and inkjet printing [414] – but these methods typically 

require masks or contaminate device surfaces [415]. In contrast, maskless and inkless 

laser processing offers a robust, cost–effective, and high throughput technique with low 
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laser exposure times, rapid laser positioning, and sub–micron spatial resolution [398, 

416]. The laser processing effects in (1–3) can be evaluated for device applications. 

Laser ablation is not typically used in device applications, although partial ablation 

should provide permanent changes in electronic characteristics. Obviously, ablative 

processes are not suitable in device applications requiring reprocessing capabilities as 

the device would eventually be destroyed. “Laser pruning” [417], or slight surface 

ablation, controllably removed surface layers, which also altered the stoichiometric 

ratio (in the illuminated area). This process increased rectification of the electrical 

characteristics while also increasing the reverse current, which is not desirable in, for 

example, transistor applications. Another common example of laser ablation is oxygen 

incorporation [243, 418] into the surface layer, where laser–formed, oxygen–based 

surface species [139-141, 419] alter both optical and electrical properties, e.g., Ref. 

[417]. Meanwhile, gentle laser treatments have been exploited for tangible electronics 

applications. Examples of altering the electronic performance of nanowire– [192] and 

thin–film–based [420, 421] transistors include increasing the source–drain current 

[192], and reducing the threshold voltage [192] and leakage current [422, 423]. In 

general, both laser processing regimes are of interest for laser modification of electronic 

characteristics for specific device applications.  

A critical and necessary improvement for advancing laser processing is the ability 

to laser process multi–component systems using effects in (1–3) to provide a menu of 

electrical responses that could potentially emulate both simple and complex functions. 

Progressing towards this goal ultimately involves generalizing the underlying 

mechanisms behind ablative and gentle laser processing beyond the limited materials 

systems and dimensions investigated, which include semiconductor oxides [424], 



106 
 

 
 
 

 
 

multi–ferroic thin films [422], graphene sheets [417], and ternary II–VI semiconductor 

nanowires (SNWs) [418]. Cadmium selenide (CdSe) is an ideal candidate for two 

reasons. First, it is one of the few demonstrated SNW’s with a low dark current [182], 

which is important for achieving desired functions in optically addressable devices. 

Second, it provides an opportunity to study a complex native surface oxide or 

amorphous layer (e.g., SeOx where x = 2–3 [189]), which contrasts binary oxides, such 

as zinc oxide [192], which are typically explored with gentle laser processing. Findings 

could be quickly incorporated into broad, CdSe–based applications, such as solar cells 

[95, 425-427], photodetectors [143], lasers [428], field–effect transistors [429, 430], 

and light–effect transistors (LETs) [182]. In this work, ablative and gentle laser 

processing is demonstrated to provide static and dynamically tunable optical and 

electrical characteristics for an optically addressable, M–S–M devices employing CdSe 

SNWs [95, 143]. Findings may also be applied to other material systems with reduced 

dimensionality, such as ultrathin films. More specifically, gentle laser processing 

demonstrates the potential to temporarily alter electrical properties, while ablative 

processing not only alters the dark current, but it further probes the relationship 

between the crystal structure, native oxide layer, and optical and electrical properties. 

Gentle laser processing is demonstrated with and without bias–assistance under two 

different illumination sources to demonstrate the versatility of laser processing with 

low laser powers. The altered optical and electrical properties are correlated with 

structural changes to unravel the underlying mechanisms.  

6.2 Laser Modified Electrical Characteristics 

As with any semiconductor–based device, low optical powers produce stable and 

consistent optical and electrical measurements as observed in Figure 4.3. A LET’s 
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electrical functionality may be laser modified and depends on the optical source’s 

wavelength and power, and the exposure or illumination time, Pw(λw,t). Note that the g 

and w subscripts clearly differentiate optical gating from laser processing functions. 

The exact power threshold between optical gating and laser processing functions 

depends upon the material quality, nanowire diameter, and laser parameters. For 

example, the material quality can play an important role in material ablation [431]. 

Laser modification of the surface, such as by laser annealing surface trap states [432], 

can also alter laser–power–dependent carrier kinetics [176] that manifest themselves in 

altered electronic characteristics [176]. The flexibility offered by laser processing stems 

from a combination of device fabrication, as discussed in Section 3.5, and laser 

processing conditions. Given In’s and CdSe’s similar work functions, an In–CdSe 

interface should, in principle, produce an ohmic response [198]. However, varied 

electrical responses [190] are possible and result from variations in M–S junction 

details [190] and oxidation [433]. In this work, the nanowire body is laser processed to 

produce a large menu of electronic functions. Figure 6.1A contains a 3D, device 

schematic illustrating laser modification on the conducting channel (CdSe SNW). Two 

different laser power effects are observed:  (1) the lower or “gentle” optical powers 

reversibly modifies the optical and electrical properties through modifying the SNW’s 

suface, while not altering its underlying crystal structure; while (2) higher optical 

powers irreversibly alters the optical and electrical properties, because sufficiently high 

powers or prolonged exposure times, even at lower powers, could lead to material 

ablation. In other words, gentle laser processing produces transient responses that 

eventually recover to near their initial values, while irreversible processing produces  
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Figure 6.1 Demonstration of irreversible laser processing of output or Ids–Vds 
characteristics. (a) Pw(λw,t) conditions are chosen to laser write the conducting channel 
composed of a CdSe nanowire. The SNW is in red, and the S and D contacts are in 
green. Dark current changes were achieved through partial ablation of the CdSe SNW 
channel in three different In–CdSe–In devices. Modifications in electrical behavior 
include: (b) increasing the ohmic response (e.g., the linear slope), (c) converting nearly 
ohmic behavior to a rectified response by reducing the reverse current, and (d) 
increasing the forward current. Although the dark current was altered in these 
demonstrations, similar but recoverable photo–currents are achievable with lower laser 
powers (while dark current changes are negligible).  
 
permanent changes. Figure 6.1B–D offers a few demonstrations of irreversible 

modifications, although this chapter will primarily focus on reversible modifications. 

The dark current (Ids–Vds) modifications were performed through a 50x long–working– 

distance objective lens (N.A. = 0.50) using (B) Pw = 2.98 mW (t = 10 s), although 

similar results were obtained on a different device (not shown) with = 20.20 mW (t = 

six, 10 s pulses), (C) Pw(532nm) = 0.366 mW, (t = four, 100 s pulses), and (D) exposure 

to Pw = 3.82 μW for several minutes (e.g., 5–10 min.). The SNW channel was 

illuminated near its center in each case, while care was taken to avoid modifying the 
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M–S junction. While the dark current changes in Figure 6.1 resulted from lightly 

ablating the SNW channel on three different devices, similar photocurrent 

characteristic changes are also observed, with negligible dark current modification, for 

laser processing with gentle optical conditions. Gentle conditions are the primary focus 

here. Figure 6.1 demonstrates the flexibility offered by laser processing M–S–M 

structures, which include:  (1) altering the ohmic response (linear slope change, Figure 

6.1B), (2) conversion of an ohmic response to rectified characteristics, such as through 

reduction of the reverse current (Figure 6.1C), and (3) enhanced forward current 

(Figure 6.1D). This flexibility, which is obtained from the same materials and 

fabrication processes, offers the possibility of low–cost device fabrication for a broad 

array of electronic applications. 

Gentle laser processing of a LET highlights important device effects that are 

displayed in Figure 6.2. These consist of:  (1) the nearly complete reversibility of the 

device’s output characteristics; (2) bias–assisted laser processing, or the simultaneous 

application of gentle laser processing with applying electrical bias or voltage with a 

low sweep rate (e.g., ~500 ms/mV), produces very different output characteristics than 

processing with only an optical source; and (3) the ability to laser–process wavelength–

dependent, electrical responses. The flexibility of laser–modified and bias–assisted 

devices are illustrated in Figures 6.3A–B with operation under halogen and 532 nm 

light respectively. The gray lines represent the dark currents, which do not change 

appreciably, even after gentle laser processing (not included in Figure 6.2B for clarity). 

In Figure 6.2A, LET operation with Pg(Halogen) = 36.1 μW before gentle laser 

processing is represented with the orange line, while the dark orange line demonstrates 

the enhanced current obtained immediately after laser processing with Pw(532 nm) = 
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3.5 μW (changes occur on the order of seconds). The blue line represents a nearly 

complete recovery to initial values, which was collected using the same Pg(Halogen) 

value a few minutes after laser processing. The initial or pristine response (orange line) 

demonstrates a single slope leading to a current plateau, while the laser–modified 

response produced two distinct slopes leading to the first plateau, which shortened the 

current plateau. As a result, the plateau’s Vds onset shifted from ~2.25 to ~9.75 V. These 

changes affect device operation. For example, the two slopes indicate little to negligible 

Ids enhancement at low operating voltages, e.g., Vds ≤ 3.5 V, while a near doubling and 

tripling of the Ids was observed at Vds = 3.82 V (from 1.04 to 2.00 μA) and Vds = 9.04 

V (from 1.05 to 3.48 μA) respectively. The reverse current also increased from –0.16 

to –0.50 μA at Vds = –1.48 V. The stable, laser–processed response demonstrates near 

recovery of the Ids–Vds “shape” (blue line), or a transition from two slopes back to only 

one, which also lengthened the current plateau. After recovery, the current plateau is 

slightly shorter than the initial response, and it also possesses a slightly enhanced 

forward current, e.g., from 1.04 to 1.58 μA and from 1.05 to 1.66 μA at Vds = 3.82 and 

9.04 V respectively, and a reduced reverse current, e.g., from –0.16 to –0.12 μA at Vds 

= –1.48 V. As will be shown later with photoluminescence measurements, the 

incomplete recoverability likely stems from laser–annealing deep–level defects. 

Gentle, bias–assisted laser processing is demonstrated in Figure 6.2B, where the 

same Pw(532nm) = 3.5 μW is employed while sweeping Vds from –21.00 to + 21.00 V 

at a low sweep rate (~500 ms/mV). The Ids–Vds “shape” transition from a double to a 

triple plateau is attractive for devices requiring multiple Ids operation points, such as in  
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Figure 6.2  Demonstration of gently (or reversibly) laser–processing a LET’s output 
characteristics. (a) Optical gating with Pg(Halogen) = 69.1 μW before (orange line), 
immediately after (dark orange line), and several hours after (blue line) modification 
with Pw(532nm) ≈ 3.5 μW, where electrical changes were observed after seconds of 
exposure to 532 nm light. The picoamp–level dark current (gray line) was not 
appreciable altered by laser processing. (b) Bias–assisted laser modification using the 
same Pw as (a) but with Pg(532nm) = 2.60/2.22 μW before/after laser processing, while 
Vds was swept from -21.00 to 21.00 V at a rate of ~500 ms mV–1. Output characteristics 
for the same pristine and laser–processed device was collected using (c–d) Pg(532nm) 
= 2.60/2.22 μW and (e–f ) Pg(Halogen) = 69.1/69.1 μW before/after laser processing 
with Pw(532nm) ≈ 3.5 μW respectively. Although the optical gate powers before and 
after modification differ slightly, the same fractional P0 values are used before and after. 
 
multi–level memory and logic applications. The Ids–Vds curves were measured 

immediately after (bright green line) and 10 min. after (cyan line) laser processing the 

device’s CdSe SNW. After 7–8 hours in air, a reproducible response (blue line) was 

observed that is qualitatively similar to the (bright green) curve measured immediately 

after laser processing the device. The long stabilization times, and conversion from a 

triple plateau, to highly rectified behavior, and back to a triple plateau could result from 

oxygen desorption [434]. Bias–assisted laser processing is demonstrated to illustrate 
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the potential to laser–tune different electrical response from that obtained with only 

laser illumination, but it will not be investigated further. Figures 6.3C–F explore the 

potential of gently laser processing a device to display specific, electrical 

characteristics when optically gated with 532 nm and halogen light. The effects of laser 

tuning LET output characteristics in Figures 6.3C–D and Figures 6.3E–F, respectively, 

were obtained with Pg(532nm) = 2.60/2.22 μW and Pg(Halogen) 36.1/36.1 μW 

before/after gentle laser modification with Pw(532nm) ≈ 3.5 μW. LET operation with 

532 nm light demonstrated altered output characteristics from two current plateaus to 

highly rectified after laser processing, although these values nearly recovered to their 

initial values after 7–8 hours in air (e.g., see Figure 6.2A for halogen recovery). The 

laser–modified curves in Figure 6.2D presented a small, first plateau at ~2 V, which 

was similar to the pristine device’s Vds onset of its current plateau, but with a greatly 

reduced Ids relative to the pristine device. For example, the Ids decreased from 1.50 to 

0.17 μA and from 4.56 to 0.60 μA at Vds = 1.43 V and 4.93 V respectively. A decrease 

in the reverse bias was also observed, where the Ids experienced a three–fold reduction 

from –0.35 to –0.11 μA when Vds = –1.48 V. Halogen operation, which illuminates a 

broader device area, produced both similar and contrasting features. When Pg(halogen) 

= 63.1μW before/after laser processing, as displayed in Figures 6.3E–F respectively, 

the Vds onset of halogen’s first plateau also did not shift appreciably after laser 

processing, while the second plateau’s Vds onset shifted to ~9.75 V. As before, this 

reduced (increased) the Ids slightly at relatively low (high) voltage, where Vds ≈ 3.5 V 

served as an approximate threshold between these effects. This trend is also apparent 

in device operation. As examples, the Ids relative to pristine operation decreased from 

6.97 to 6.09 μA at Vds = 1.43 V and increased from 1.67 to 1.96 μA when Vds = 4.93 V. 
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A tripling of the reverse bias was also observed, e.g., from –0.12 to –0.43 μ A at Vds = 

–1.48 V. The relatively weak changes under halogen illumination primarily results from 

broad–area illumination of the SNW, where only one spot was gently modified with 

the 532–nm laser. This explains the negligible Ids–Vds differences at low optical powers, 

while at the highest power, the origin of a second slope is unclear, but it is a result of 

laser modification.  

The differences between LET operation with 532 nm and halogen sources in 

Figures 6.3C–F demonstrate combined wavelength– and illumination–area dependent 

changes in LET operation before and after laser processing. To decouple wavelength 

and illumination–area effects, LET operation was performed on a different device, with 

a 10. μm long SNW, before and after gentle laser processing using λg = 633, 532, and 

442 nm (Figure AV.2). These finding generally support those observed in Figure 6.2, 

where either increased rectification or altered first and second current plateaus were 

observed, e.g., a change in the Vds onset and Ids values. This implies that 532 nm light 

operation, as shown in Figures 6. 3C–D, is representative of focused optical sources, 

although different illumination sources, as previously demonstrated in Ref. [182], can 

tailor the current plateau’s Vds onset, and the on/off ratios through Ids changes. An 

interesting observation was obtained with λg = 633 nm in Figure AV.2, where a 

transition from non–linear output characteristics to a more linear laser–power 

dependence was observed after laser processing the SNW with Pw(532nm) = 3.6 μW 

(and similar Pg operation before and after laser processing). Relationships between 

Pg(λg)–dependent photoluminescence (PL) emission for the devices appear in Figure 

AV.3. As expected, an increased Ids (at Vds = 0 V) resulted in reduced PL emission, 

which stems from trap filling and free carrier diffusion from the measurement location; 
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however, no direct correlation was observed between the non–linear electrical behavior 

and the relatively linear, laser–power–dependent, PL emission for λg = 633 nm. 

Additional investigation, which is beyond the scope of this dissertation, is required to 

determine the source of this behavior.  

A LET’s output responses also manifest themselves in transfer characteristics 

(Figure AV.4), or Ids vs. Pg(λg) as an analog to a FET’s Ids vs. gate voltage (Vg) curves, 

and a LET’s unique multi–optical–gate functionality, such as when two optical beams 

are used to simultaneous gate a LET (Figure AV.5). The relationship between output 

and transfer characteristics are straightforward, where an increase in Ids for a given Vds 

increases the on/off ratio. Laser–processed electrical responses; however, are more 

complex for multi–gate behavior. Dual optical gating with Pg,1(532nm) and 

Pg,2(Halogen) drastically altered the multi–gate function (Figure AV.5). A current 

amplification ratio, R, was obtained by taking the ratio of the current measured under 

both optical sources to that of the summed current produced through independent 

illumination with each optical source. The pristine device demonstrated optical 

amplification at low laser powers with a maximum R of ~10, which yielded an implied 

gain of ~15 [182], while the amplification factor decreased to near zero as the power 

of either optical gate was increased. After laser processing the device with Pg(532nm) 

≈ 3.5 μA, the maximum R was reduced by about one order of magnitude to ~1.5, while 

optical amplification was observed over a smaller power range. This implies that multi–

optical–gate functionality can may be modified, although an enhancement is preferable. 

This concept could be extended to laser processing a photo–detector’s responsivity, 

which could be useful in night vision and other applications requiring performance 
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discrimination of select, low–power optical frequencies, while minimizing effects from 

background frequencies.  

6.3 Unraveling the Mechanisms:  Laser Modified Optical Properties 

The electronic changes created through gentle and irreversible laser processing 

also altered optical properties, which can yield mechanistic information or function as 

optical feedback in a manufacturing environment. Figures 6.4 presents PL and Raman 

spectra obtained after gentle and irreversible laser processing of single CdSe SNWs 

through a 100x objective lens (N.A. = 0.9). While both gentle and irreversible laser–

processing regimes did not alter PL peak energies appreciably, laser processing did alter 

the PL intensity and Raman features. PL showed increased and decreased exciton 

emission intensities, which hints at the possibility of two different mechanisms. Figure 

6.3A shows initial PL emission collected with P0 = 167.6 μW of 532 nm light, where 

the PL emission intensity was altered with Pg(532nm) = 397 μW after 300 s and 900 s 

of elapsed laser heating (in 100 s intervals). The PL intensities increased up to a 

maximum of 300 s (elapsed time), while the fourth, 100 s series marked a reduction in 

intensity, which eventually dropped below its initial value after 600s of elapsed heating. 

Further heating continuously reduced PL emission to 1200 s of elapsed exposure, at 

which point, the emission experienced nearly complete quenching. Negligible deep 

level emission (~1.5 cps) was observed ranging from ~1.33–1.53 eV, but this feature 

will be discussed subsequently. In Figure 6.3B, a CdSe SNW was gently illuminated 

using Pw(532nm) = 0.366 mW (t = 0.5 s), while the PL spectra was collected with 2.07 

μW of 532 nm light. The PL intensity increased by ~1000 cps (from 3,894.5 to 4,885.7 

cps), while the peak energy displayed negligible change and remained centered around  
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Figure 6.3  Optical investigation into laser processed single CdSe and CdSe/ZnTe 
SNWs. (a) PL emission as a function of the number of t = 100 s exposures to Pw(532nm) 
= 0.397 mW, while PL emission was collected with 167.6 μW of 532 nm light. (b) 
Enhanced PL emission from a single CdSe SNW using Pw(532nm) = 0.366 mW (t = 
0.5 s), while the PL spectra was collected with 2.07 μW of 532 nm light. The Raman 
spectra (not shown) displays negligible peak shifts and intensity changes. (c–d) PL and 
Raman spectra were collected for the same pristine and irreversibly laser–processed, 
CdSe SNW using Pw(532nm) = 0.366 mW, while the optical spectra were collected 
with 2.07 μW of 532 nm light. The laser–processed PL and Raman spectrum were 
collected after t = 0.25 s and four, 100 s exposures to Pw respectively. To gain additional 
insight, (e–f) an all–wurtzite, CdSe/ZnTe SNW [95] was laser processed using 
Pw(532nm) = 0.366 mW (t = 0.25 s) for both PL and Raman spectra.  
 
1.74 eV. Figure AV.6 demonstrates the reproducibility of the measurements and 

indicates that this intensity change is significant. Deep–level emission was also 

observed at ~1.4 eV, which is magnified for convenience in Figure AV.7, and displayed 

undulations with spacing of ~20 meV under 532 nm excitation. The oscillatory PL 

emission has been observed in silicon, and was removed after laser annealing [401, 

403]. While their origin is still being debated, surface phonons may be involved. Figure 

AV.8 explores ultraviolet illumination of different semiconductor systems, where 
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undulations with spacings of 50–60 meV were observed in different material systems. 

The observed generalized PL behavior could imply the presence of common origins. 

Gentle laser processing (annealing) in Figure 6.3A not only completely dampened the 

oscillations, which simultaneously produced enhanced exciton emission, but the 

dominate ~1.4 eV peak transformed into two peaks located at 1.42 and 1.49 eV. This 

double peak structure was previously observed in CdSe quantum dots and is attributed 

to surface states [435]. Altering the peak structure and intensity of the deep–level 

emission peak, while simultaneously enhancing exciton emission, both hint at the laser 

modification of defect states or configurations. The corresponding Raman spectra was 

not collected on this SNW, but similar spectra reveal negligible changes at such low 

laser powers. 

Ablative laser processing is explored next, where its contrast with gentle laser 

processing yields additional mechanistic insight. A single CdSe SNW was partially 

ablated with four, 100 s exposures to Pw(532nm) = 0.366 mW (t = 100 s), while the 

optical spectra were collected with 2.07 μW of 532 nm light. Figures 6.4C–D contain 

the respective Raman and PL spectra for this SNW. While laser ablation reduced the 

exciton PL emission in Figure 6.3C, which stems from a reduced material volume, no 

change was detected in either the exciton peak energy at 1.72 eV or the nature of the 

deep–level PL emission, e.g., in terms of peak structure or its oscillatory behavior. The 

pristine Raman spectra displayed in Figure 6.3D reveals a broad peak at 170.4 cm-1, as 

well as, CdSe’s first and second order, longitudinal optical (1– and 2–LO) phonon 

peaks at 203.3 and 413.3 cm-1 respectively. Irreversible laser processing shifted the 

broad peak to 176.7 cm-1 and the two LO peaks to 206.4 and 416.5 cm-1 respectively. 

To understand the Raman spectra in Figure 6.3D, bulk CdSe modes (at 300 K) are 
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provided for reference, and include two transverse optical (TO) phonon modes located 

at 166 and 169 cm-1 respectively, whereas the 1LO peak is located at 209 cm-1, while 

the anisotropy typically found in nanostructures allows weak observance of the 

normally forbidden, 2LO peak at ~419 cm-1 [69, 436]. Experimental measurements [95] 

collected on a CdSe thin film revealed down–shifted 1LO and 2LO peaks at 205.8 and 

411.9 cm-1 respectively. Interestingly, laser processing CdSe’s 1LO phonon peak 

resulted in significant enhancement of its 1LO peak as its (typically assigned) TO peak 

completely disappeared. Laser–removal of the broad feature defies expectation:  both 

single crystalline and polycrystalline CdSe are expected to contain similar Raman 

peaks but with different TO and LO intensity ratios [189]. The reproducibility of this 

result was explored in the partially ablated device in Figure 6.1C. Raman spectra were 

collected across this device (Figure AV.9), where spectra obtained at pristine and lightly 

ablated sites were similar to those in Figure 6.3D. These findings correlate optical and 

electrical properties, while structural changes were examined for a partially ablated 

SNW using TEM (Figure AV.10). The main finding is the laser–induced formation of 

a polycrystalline surface layer with the same lattice spacing as the underlying single 

crystalline material. As only the nanowire body (and not M–S junction) was modified, 

it is likely that trapped charges in grain boundary “necks” or connections restrict carrier 

flow [194], and could produce the enhanced rectification observed in Figure 6.1C.  

The optical spectra in Figures 6.3A–D raise important questions:  (1) what is the 

origin of the broad Raman feature, and (2) why does the broad peak’s disappearance 

enhance CdSe’s 1LO peak? While it is difficult to answer these questions based solely 

upon these optical spectra and structural investigation, laser processing a CdSe/ZnTe 

(core/shell) SNW yields additional information. Note that the CdSe core templates shell 
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growth so that a ZnTe shell with wurtzite structure is formed instead of its typical zinc–

blende structure [95]. The CdSe/ZnTe SNW was laser processed with Pw(532nm) = 

0.366 mW (t = 0.25 s), while the optical spectra were collected with 2.07 μW. Structural 

investigations using TEM revealed no surface damage or alteration of the crystal 

structure (Figure AV.11), although optical changes could possibly occur from surface 

state modification or altering the ZnTe spheres on the SNW surface. The PL spectra in 

Figure 6.3E revealed enhanced PL emission at 1.75 eV after laser processing. The 

overall intensity is less than half of the CdSe core, which cannot be explained solely 

by differences in SNW size and laser power. The ZnTe shell was previously found to 

enhance carrier separation and reduce exciton emission relative to the bare CdSe core 

[95], which would increase the number of carriers diffusing away from the 

measurement site. The PL spectra revealed no change in deep–level emission at ~1.4 

eV in regards to the oscillatory peak spacing or peak structure, which contrasts the 

results achieved with gentle laser processing. This suggests some protection by the 

ZnTe shell, while intensity reduction of the ~1.4 eV with a simultaneous increase 

exciton emission suggests that defect states were laser annealed. The corresponding 

Raman spectra appears in Figure 6.3F, where up to only the 2–LO peak was observed. 

As both CdSe and ZnTe have similar Raman peak positions, it is not straightforward to 

decouple their individual contributions. The lack of 3– and 4–LO peaks are probably 

due to the very thin (~1 nm) ZnTe shell, and a dominate CdSe contribution to the 

Raman signal. The 2LO peak shifted from 411.3 to 412.1 cm-1, while the 1LO peak did 

not shift. Other interesting occurrences were also observed. First, the broad feature 

moved to a lower Raman shift or from 164.2 to 161.1 cm-1. While the broad peak did 

shift, its peak shape and size were unaltered, which further suggests that the ZnTe shell 
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offered some protection from laser processing. Second, three new peaks appeared. The 

two peaks at 121.8 and 141.0 cm-1 resulted from laser–forming tellurium–based species 

[140, 141, 243]. This attribution is supported by the dominant 1LO Raman intensity 

relative to the 2LO intensity observed after laser processing, which is a well–known, 

resonant Raman signature for detecting impurities [134, 380]. The 252.0 cm-1 peak 

could originate from laser–formed, amorphous selenium [437]. While the Raman shifts 

suggests that the broad feature is sensitive to surface features, this hypothesis may be 

further evaluated at another interface. 

Figures 6.4A–B respectively compares Raman spectra of CdSe and CdSe/ZnTe 

SNWs either at the middle (wine line) of the SNW body or at the Au–SNW interface 

(light green line). The Raman spectra were collected with 207.5 μW of 532 nm light. 

The CdSe SNW displays the broad feature and the 1LO peak at 166.9 and 196.7 cm-1 

respectively. At the Au–CdSe interface, the broad feature was not observed, while the 

1LO up–shifted to 207.8 cm-1. A similar effect is observed for the CdSe/ZnTe SNW, 

where the ZnTe shell provides a greatly enhanced Raman signal. The broad peak 

appears at 164.7 cm-1 with the 1– and 2–LO peaks at 206.0 and 410.4 cm-1 respectively, 

while at the Au–CdSe/ZnTe interface, the broad feature was not observed, and the 1– 

and 2–LO peaks drastically up–shifted to 237.4 and 481.4 cm-1 respectively. The source 

of this up shift is not known and requires further investigation (e.g., see Chapter 5), 

while Figure AV.13 demonstrates reproducible measurements for Au–CdSe/ZnTe 

SNWs. Surface sensitivity is further supported by laser processing CdSe and 

CdSe/ZnTe SNWs, which produced similar Raman features but with the broad feature 

shifted in the opposite directions. Figures 6.3–6.4 demonstrates that this broad peak is 

sensitive to surface conditions, which include the presence of a shell material, thermal  
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Figure 6.4  Raman effect of the SNW body and at the Au–SNW junction for (a) CdSe 
and (b) CdSe/ZnTe SNWs. The Raman spectra were collected with 207.5 μW of 532 
nm light. 
 
oxide, ablation, and laser–formed surface species. The oscillatory deep–level (PL) 

emission may suggest that the broad peak results from the presence of oxygen, where 

Au or polycrystalline layers prevent oxygen passivation, although the origin could be 

more complex. Furthermore, a holistic view of Figures 6.3–6.4 highlights optical 

relationships that can be correlated to electronic changes. A practical implementation 

is as optical feedback to indicate when the desired electrical changes have been 

achieved, while further investigation is required to develop this finding into interesting 

applications. For example, reversibly tuning this peak could enable a dynamic 

switching function that enables wavelength–selective electrical characteristics. It may 

also be possible to laser process circuit functions. One could imagine processing 

material shapes with and without this broad peak for transistor–like and rectified 
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electrical behaviors. If other fundamental electronic characteristics could also be 

developed, then it would be, in principle, possible to laser process circuit behavior 

using the same materials and fabrication processes. This is indeed a profound 

implication that deserves continued exploration. 

6.4 Conclusions 

Laser processing is a fast, cost–effective, and high–throughput technique capable 

of modifying electrical responses for a variety of devices and form factors. Two general 

mechanisms are used to laser modify SNWs:  optical powers that produce what is 

termed here as gentle (e.g., reversible and non–destructive) and irreversible changes in 

electrical properties. These effects were explored structurally, optically, and electrically 

in LETs. As previously demonstrated, these devices have wavelength–dependent, 

output characteristics in terms of their on/off ratios through Ids changes, and Vds onsets 

of their current plateaus. Gentle laser processing provided another means to 

dynamically tune these parameters, which produce increased rectification under 

focused illumination, or enhanced Ids with increased Vds onsets for broad–band and 

uniform illumination (with halogen light). It is important to note that gentle laser 

processing did not appreciably alter the dark current. Their electrical responses 

experienced near complete recovery to initial values after several minutes, where the 

unrecovered component results from laser annealing defect states or configurations. 

This conclusion is supported by two observations. First, reduced deep–level PL 

emission at ~1.4 eV occurred with simultaneous enhancement of exciton emission at 

~1.7 eV (with constant peak energy before/after laser processing). Second, deep–level 

emission displayed oscillatory behavior with a peak spacing of ~20 meV, where gentle 

laser processing transformed the peak structure from a single dominant peak at 1.41 eV 
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to two dominate peaks with the second at 1.49 eV. Both of these finding, as previously 

mentioned, are linked to surface state effects. Raman spectra revealed little change after 

exposure to such low laser powers (e.g., 3.2–3.6 μW) and did not yield additional 

information. Irreversible laser processing was permanently achieved through laser 

ablation, which drastically altered the dark current, which include altering the ohmic 

response or linear slope, conversion from ohmic to rectified behavior, and alteration of 

the forward dark current. Structural investigations reveal laser–formation of a 

polycrystalline CdSe layer with an identical lattice spacing as the underlying single 

crystalline material. The polycrystalline structure could trap charges at grain 

boundaries or “necks,” which accounts for the altered dark currents (e.g., see Section 

3.5). PL spectra revealed decreased exciton emission from reduced material volume, 

while the nature of the deep–level emission was unaltered. The corresponding Raman 

spectra revealed complete laser–removal of a broad Raman feature at ~160–170 cm-1, 

and occurred with simultaneous enhancement of the 1LO peak. This defies expectation, 

where the TO and LO modes in single and polycrystalline CdSe are expected to produce 

different intensity ratios. Furthermore, assignment as a TO mode does not explain the 

preferential 1LO enhancement resulting from surface damage. In order to yield 

additional information, an all–wurtzite, CdSe/ZnTe SNW was laser modified. While 

CdSe’s exciton emission increased at the expense of quenched deep–level emission, 

which once again supports the laser annealing of defects, no oscillatory behavior was 

observed. Furthermore, Raman spectra revealed the appearance of peaks related to 

laser–formed Te (from the ZnTe shell) at 121.8 and 141.0 cm-1. Amorphous selenium 

was also observed after laser heating at 252.0 cm-1. Structural investigations revealed 

no surface damage or alteration of the underlying crystal structure. Interestingly, the 
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size and shape of the broad Raman peak did not change, which implies some protection 

from the ZnTe shell. Furthermore, its Raman shift was in the opposite direction of the 

ablatively modified CdSe SNW. It appears that the broad feature is sensitive to surface 

conditions, which include the presence of a shell material, thermal oxide, ablation, and 

laser–formed surface species. These findings suggest that the broad peak may be related 

to surface phonons rather than TO modes. Finally, changes in optical properties could 

be used as an optical feedback mechanism in a fabrication process. The optimal choice 

is PL emission because this technique is generally much quicker than Raman 

spectroscopy. 

 



CHAPTER 7:  CONCLUSIONS 
 
 

“Some people do not like to think. If one thinks, one must reach conclusions.” 
Helen Keller, 1967 In Helen Keller: Her Socialist Years 

 
 

7.1 Towards an Electronic–Optical Device Era 

 This dissertation revealed conceptual foundations that, when viewed holistically, 

demonstrate important aspects for device operation, fabrication, and design. In general, 

the following concepts were illustrated:  (1) the ability to perform practical and viable 

electrical switching based upon the photoconductive phenomenon for optically driven 

analog and digital applications; (2) modulation of electron–phonon coupling strengths 

over broad ranges to enhance nanoscale device performance, which could lead to novel 

devices and applications; and (3) laser processed tuning of specific optical and 

electrical properties on a nanowire–based device, which provides a robust pathway for 

inexpensively and reliably fabricating integrated devices and circuits.  

The LET concept presents a drastically different conceptual approach to FET–

based IC technologies by using an all optical, rather than a physical gate mechanism. 

A LET utilizes the well–known photoconductivity attribute of a semiconductor that is 

naturally and commonly used for photo-detection. Not only is LET function 

competitive with FET performance, and offers digital and analog applications typically 

only available with transistors, but it also provides functions not achievable in FETs.  

A LET’s most significant feature is its multi–optical–gate, which can provide much 
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greater flexibility than a FET, such as tunable gate properties and multiple independent 

gates that enable further increases in chip density. A LET could potentially operate in 

the ballistic transport regime by overcoming limitations associated with a FET’s gate 

fabrication and doping control, which suggests that it could continue Moore’s law to 

the quantum scale. These features are achieved through:  (1) a simple device 

architecture that potentially reduces fabrication costs; (2) feasible down scaling to the 

quantum level; (3) efficient, multi–functional ability in a single device; and (4) 

operation with low energy consumption or total switch energy, which minimizes 

thermal issues plaguing nanoscale electronics devices. Prototype CdSe–nanowire–

based LETs demonstrated output and transfer characteristics resembling advanced 

FETs, e.g., on/off ratios up to ~1.0x106 with a source–drain voltage of ~1.43 V, gate-

power of ~260 nW, and a subthreshold swing of ~0.3 nW/decade (excluding losses). 

This work offers new electronic–optical integration strategies and electronic and 

optical computing approaches. LET operation principles are independent of a particular 

material system, thus, when applied to silicon, existing silicon–based microelectronic 

and photonic technologies can be readily adapted for LET technology. The LET 

concept can also be extended to develop other light–effect devices and circuits. 

Electron–phonon coupling is typically assumed to be a static material property that 

greatly affects electronic transport at the nanoscale. Despite continued investigation, 

controversy and even contradictory experimental and theoretical findings are still 

reported, which stem from different theoretical assumptions and experimental 

techniques. Resolving these issues could improve device optimization. As examples, a 

high coupling strength has great potential in laser cooling applications, while a low 

coupling strength reduces energy losses and improves efficiency in electronic devices, 
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while tunable coupling strengths suggest the ability to realize novel electronic and 

optoelectronic devices. Electron–phonon coupling strength were obtained through the 

ratio of the second to first order Raman peaks, R = I2LO/I1LO (proportional to the Huang–

Rhys factor), which were collected from Raman spectra under nearly resonant 

conditions. Although coupling strength modulation was observed for zinc–blend, ZnTe 

bulk, thin film, and nanowire structures, the dynamically tunable range was greatest for 

nanowires. This is expected as a nanostructure’s larger surface–to–volume ratios are 

more susceptible to extrinsic perturbations that ultimately effect the coupling strength. 

Laser–formation of tellurium–based species on ZnTe nanowires, which was ignored in 

a previous diameter–dependent study on ZnTe nanowires, dynamically altered R from 

7 to an impressive 32 on the same nanowire! R was eventually reduced to 5 after 

forming a sufficient Te concentration, while tuning the (532 nm) laser power from a 

few microwatts to 150 microwatts yielded a more modest dynamic range of 7 to 11. 

Other explored effects include size dependence, chemical effects (methanol exposure), 

and interface effects (e.g., at a gold–nanowire junction). These findings suggest 

potential use as sensors and bar codes, where, for instance, a bar code could be 

comprised of alternating gold and ZnTe nanowire segments. The ability to tune a 

material’s coupling strength has significant and far reaching implications. For example, 

by assuming that the observed changes are an intrinsic, nanoscale effect, then 

interpreting coupling strength as a static material property is inappropriate for ZnTe. 

This work also prompts a revisiting of conventional theoretical frameworks and a 

reinterpretation of previous experimental findings.  

 Laser processed tuning of specific optical and electronic properties for 

nanostructure–based device properties provide an inexpensive, flexible, and high–
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throughput technique, where the same materials and device fabrication processes could 

provide a menu of device function. Laser modification of optical and electrical 

properties in a LET’s metal–semiconductor–metal (In–CdSe–In) structure was 

explored. While LETs offer reproducible operation with optical gate powers ranging 

from a few picowatts to ~3 microwatts, higher optical powers, as with any 

semiconductor material, induces optical and electrical changes that enables the laser 

modification of specific device properties. Intermediate powers produced reversible 

output characteristics, while higher powers produced irreversible structural changes, 

which respectively correlate with either transient or permanent modifications of the 

device’s optical and electrical properties. Drastic irreversible modification of the 

electrical characteristics included converting an ohmic response (linear slope change) 

to rectified characteristics, and modification of both forward and reverse currents. No 

structural changes were observed after reversible (gentle) laser processing. Meanwhile, 

irreversible changes permanently altered both the dark and photo–currents, and 

corresponded with the laser formation of polycrystalline CdSe at the ablation site. 

Optically, both deep–level photoluminescence (~1.4 eV) and a Raman peak at ~160–

170 cm-1 disappeared while “sharpening” CdSe’s first order longitudinal optical (1LO) 

phonon peak. The optical characterization power densities, which are low compared to 

typical milliwatt values for similarly sized nanowires, revealed, for the first time, these 

features in single–crystalline, CdSe nanowires, and merits further investigation.  

 In this dissertation work, first, the conceptual foundations for a new device era 

(e.g., electronic–optical devices) was demonstrated with the LET, which illustrates the 

viability and competitiveness of the photoconductive phenomenon. Second, the LET 

platform not only mimics a FET’s electronic characteristics using a lower total switch 
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energy, but it also provides novel functionality, such as optical logic gates and optical 

amplification, not found in either photo–detectors or FETs. Third, a combination of 

defect and dynamically tunable electron–phonon coupling strengths minimizes 

impurity scattering and phonon interactions respectively. This implies that a LET could 

operate effectively at the quantum scale. Fourth, laser processed tuning of electronic 

and optical characteristics enables flexible device and circuit design using the same 

materials and fabrication processes, although this technique could potentially be 

extended to other material systems and fabrication processes. Finally, a glance into 

device functionality potentially offered by electronic–optical devices is briefly 

discussed in Chapter 8. This chapter’s purpose is to inspire further discovery and 

innovation. Perhaps this dissertation could inspire changes that manifest themselves 

though an altered technological reality, where one day, our modern computers will be 

viewed as ancient relics of an age relying upon the binary modulation of electrical 

signals.



CHAPTER 8:  OUTLOOK – REALIZING AN ELECTRONIC–OPTICAL DEVICE 
ERA 

 
 

“Never underestimate the power of thought; it is the greatest path to discovery.”  
Idowu Koyenikan, 2016 Wealth for All: 

Living a Life of Success at the Edge of Your Ability 
 
 

8.1 Inspiring the Future 

Even with a long, constantly evolving, scientific body of knowledge – with books, 

journals, and online repositories serving as storage media – nature’s complexity ensures 

that there is indeed more to discover. While this dissertation has directly challenged 

conventional thinking, the intention of this last chapter is to motivate further scientific 

and technological development, and to inspire novel concepts. Natural questions are to 

inquire into the next steps for research, and perhaps, to ponder how a mere dissertation 

can assist in realizing a very different reality than the one enveloping us now. These 

questions will be addressed by considering multi–level logic, extended laser–processed 

tuning, and progressing towards all–optical computing through contactless, 3D devices 

and circuits. Additionally, Appendix VI contains additional work on piezoelectric–

related devices, which could also be implemented as electronics devices. 

8.2 LET–based Logic Applications 

The LET concept could be further developed immediately by using multiple 

devices to construct universal logic gates, e.g., the NOR and NAND logic gates shown 

in Figure AIII.1, which when combined, can mimic any existing logic gate function. 

Logic gates are general purpose, Boolean–based devices used to construct circuits that 

http://www.goodreads.com/author/show/8559992.Idowu_Koyenikan
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can be used in applications ranging from controlling water sprinklers to providing an 

automated emergency shutoff function. A LET also has other immediate applications. 

A single LET could function as either a conventional (Boolean) or non–Boolean adder. 

The addition of bits, or 0’s and 1’s, is the core principle behind Boolean logic. 

Conventional adder circuits employ several transistors in a rather intensive process. 

Despite a LETs very different operational principles, it is electrically similar to n–type, 

metal–oxide–semiconductor (MOS)FETs, and could leverage these existing circuits to 

reduce the number of required transistors and computation times [438]. This is 

particularly advantageous as large and complex transistor networks, which are required 

for binary switches, produce slower raw switching speeds [439, 440]. A more 

interesting direction, however, is multi–level logic, which vastly increases data 

processing capability. This requires a shift in thinking from transistor density, where 

each device performs binary switching, to considering the computational density of 

multi–level switching. The primary impediment to realizing multi–level switching is 

the lack of a true multi–state device, where only limited successful implementations 

have been realized, e.g., current–mode CMOS devices [439]. A LET offers multi–level 

logic functions by merely changing the optical gate power, and again, it may be 

implemented in existing circuits designed for n–type MOSFETs [441].  

8.3 Laser–processed Tuning of Electrical and Optical Properties 

Chapter 6 demonstrated laser–processed tuning of CdSe’s electrical and optical 

properties and their subsequent modulation with light. Ohmic and rectified 

characteristics, which form two fundamental electronic elements, were demonstrated. 

In terms of technological development, the next step is to use laser processing to 

achieve more complex electrical behavior in a single nanowire device, such as a LET, 
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and to correlate electrical and optical behavior to obtain foundational knowledge 

beyond that in Chapter 6. This dissertation demonstrated the ability to laser process a 

single spot on a nanowire, while laser processing multiple spots could produce more 

complex electrical characteristics. The next phase would extend these results to an 

ultrathin film, which could be thought of as a 2D circuit board for applying and 

extending the 1D carrier behaviors observed in nanowires. The ultrathin film’s surface 

could be portioned into different regions, where each region is laser processed to 

perform an assigned electronic function. This is conceptually similar to wiring 

conventional electronic elements, but with carrier diffusion length replacing metallic 

leads. It would be interesting to observe how these different regions modify carrier 

behavior both under dark and illuminated conditions. Carrier behavior could be 

investigated optically with μ–Raman, μ–PL, μ–reflectance, μ–transmission, and μ–

LBIC (laser beam–induced current). Figure 8.1 demonstrates these techniques in a thin 

film solar [442], where correlative imaging of a surface feature reveals defect different 

types of defects from the different forms of spatially–resolved, characterization 

techniques. These techniques will highlight differences that produced different PL 

intensities in Chapter 6, while collaborations could be established to quantify carrier 

behavior through relevant parameters [443], investigate near–field effects [444], or to 

perform additional characterization on a device, such as with scanning probe 

microscopy [445, 446]. This research trajectory has important potential applications:  

(1) contactless, 3D, optoelectronic integrated circuits with potential for significantly 

enhanced device densities (e.g., Refs., [447, 448]), (2) optoelectronic bar codes and 

sensors (e.g., Refs. [363, 449, 450]), (3) photo–conductive, neuromorphic devices (e.g., 

Ref. [451, 452]), and (4) further progression towards all optical computing. 
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Figure 8.1  Demonstration of correlative, spatially–resolved, characterization 
techniques performed on a CZTS thin–film solar cell [442]. (a) Optical image, (b) SEM 
image, (c) reflectance mapping, (d–e) Raman mapping, and (f) LBIC mapping of a 
surface feature.  

 
If the second research phase could be achieved, then laser processing can produce 

simple and complex electrical characteristics, e.g., (1–2) above. From a fundamental 

perspective, a bar code represents spatial signal variations, which could be achieved 

through gentle (reversible) and irreversible laser processing of ZnTe nanowires. For 

example, irreversibly laser–forming tellurium–based species alters both the Raman 

spectra and ZnTe’s electron–phonon coupling strength. Forming an alternating pattern 

of ZnTe and Te–based surfaces could modulate the optical properties similar to a bar 

code. Applications require the encoding of more complex information could combine 

PL and Raman peak positons, integrated line intensities, and electron–phonon coupling 

strengths. Correlated tuning of the optical and electronic properties could also yield a 

practical sensor. Sensors are typically not very selective, and thus, unique 

optotelectronic signal patterns could be used as a fingerprint to identify specific 
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chemical and biological signatures (e.g., Refs. [363, 449, 450]). 

Completion of the second research phase could also realize neuromorphic circuits 

that mimic the current spikes found in neurological systems such as the human brain, 

and are used, for example, in event–driven computing applications. The LET can act 

as a differentiator, where the derivative of a square wave produces spikes on each edge 

of the square. Sufficient optical power can return the wave form to its original square 

shape, while lower powers can reduce or completely remove the current plateau 

connecting the two spikes. While a LET operating under dark conditions provides a 

rather “rough” imitation of a neuromorphic circuit, it does illustrate proof of concept. 

Exploring the effects of laser processing on time–dependent electronic effects (as in 

Figure 4.5H) could reveal improved neuromorphic mimicry. Finally, if the last research 

phase is realized, then optical–electrical–optical conversions enables receipt, electrical 

processing, and transmission of optical signals without metallic contacts limiting 

device or circuit performance [447]. This would represent a major advancement 

towards all–optical computing. The emitted optical signal strength, however, would 

determine the success of such a circuit. For example, PL emission is typically much 

stronger than Raman emission in most materials. Imagine patterning an arbitrary array 

of semiconductor material, where each array element possesses a different electrical 

function represented in Figure 8.3. These elements absorb light and convert it to an 

electrical signal, perform electrical processing, followed by converting the electrical 

signal to light through carrier recombination and phonon–assisted luminescence. The 

optical signal could be reabsorbed by a neighboring element to form a circuit. The 

foundations for this concept are in literature. For example, a molecule–based, FET 

demonstrated light–emission [453]. However, no correlated study between optical and 



135 
 

 
 
 

 
 

electrical behavior exists, which is necessary to determine mechanisms to optically 

encode and transmit electrically processed signals. 
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APPENDIX I:  THE CONTEXT FOR NANOWIRES 
 
 
“My greatest concern is that the emergence of [nanotechnology] without the 
appropriate public attention and international controls could lead to an unstable 
arms race.” 

K. Eric Drexler, 2013 Radical Abundance:  
How Nanotechnology Will Change Civilization 

 
 

AI.1 Public Awareness and Literature Landscape 

For years, most Americans, as well as the world, were largely unaware of what 

nanotechnology actually is or of its impact in our global society [1-8], which scant 

media coverage may have played a role [9], although nationally funded nanotechnology 

centers are combating this problem [10]. Researchers are now better informed on the 

issue [6], and even cite Dr. Feynman’s 1959 speech on “Plenty of room at the Bottom” 

[11] as the origin of the nanoscale vision, but they still highlight the term’s ambiguity 

[12]. Few may know of the pioneering work on metallic whiskers by Cobb and by Bell 

Laboratories Staff in 1946 and 1951 respectively [12, 13]. Whiskers are 1–5 microns 

in diameter and 1–500 microns in length [14] and were the precursor to nanowires. 

Nanowires are identical to nanowhiskers, except that their radius is usually within the 

1–100 nm range, although a less common definition exists where the aspect ratio is 

below 100. Whisker research created the pathway to lead–free electronics [13-15], and 

to a world where nano–based devices appear in integrated chips aiming for tetrahertz 

processing speeds [16]. The concept of whiskers has appeared in literature since the 

1940s, while one–dimensional (1D) nanowires were prevalent in literature for about 

the past 20 years. Web of Science’s citation reportTM, which was conducted on 24 April 

2016, shows the number of publications by topic as shown in Table AI.1. Note the 

almost exponential increase in the number of citations from the mid–1990s until now, 

with a subtle decline since the 2000s. Metallic nanowires increased the earliest and 

http://www.goodreads.com/author/show/8559992.Idowu_Koyenikan
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most abruptly. Before the mid–1990s, there were occasional articles on this topic, while 

II–VI nanowires did not occur frequently until the early 2000s. While the source of the 

decline in total publications has not been explored, one explanation is changing 

terminology. For example, specifically mentioning insulating or semiconducting may 

be necessary to highlight novel growth strategies or devices. After the technique or 

application becomes common knowledge, the general term of “nanowire” (30,000+), 

“whiskers” (14,000+), or “nanowire arrays” (11,000+) may be used. These terms were 

not included in Table AI.1 because citation reports could not be generated for such a 

large number of results. Similarly, “quantum nanowires,” “organic nanowires,” and 

“one–dimensional nanowires” were not included for similar reasons and respectively 

generated 15,303, 10,457, and 11,622 records respectively. Regardless of the reason, it 

is clear that II–VI nanowires are relatively under–investigated compared to other 

nanowire materials, e.g., little was published about defects. As a result, II–VI 

nanowires could yield further insights and are worth additional investigation. While 

strong quantum confinement affects are typically observed for diameters below a few 

nanometers [17], a nanowire’s large surface–to–volume ratio may result in altered 

optical and electrical properties that are distinctly different from their molecular, thin 

film, and bulk counterparts (refer to Chapter 2). The large surface–to–volume ratio is 

ideal for chemical adsorption/surface passivation, which may be used in gas/chemical 

[18-22], force– [23], and bio–sensors [18, 24-26]. The large surface area may be 

passivated with chemical species or a semiconductor–based shell in order to alter 

optical properties [21, 22, 27]. Other properties may also be effected, such as 

polarization–dependence [28-30], electrical properties [21, 22, 31-33], diameter– 

dependent, thermal conductivities [34], and the potential for tunable super currents [35]. 
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Table AI.1  Total articles, number of citations without self-citations, average citations 
per article, and h-index values for different keywords used to generate Web of 
ScienceTM’s citation reports generated on 24 April 2016. The h–index indicates that n 
articles have at least n citations, e.g., an h–index of 20 means that at least 20 articles 
have at least 20 citations. 

Category Total 
Articles 

Citations Average 
Citations 

h–index 

II–VI Nanowires 521 12661 25.00 58 

III–V Nanowires 1312 22591 25.43 80 

Inorganic Nanowires 1956 62273 32.87 111 

Insulating Nanowires 849 16700 19.92 60 

Nanowhiskers 1423 23053 19.64 77 

Organic Nanowires 9574 78483 24.53 140 

Semiconducting Nanowires 2100 70591 34.87 110 

 
It should be noted that substrate preparation, nanowire density and diameter, catalyst, 

and other growth conditions also play a role in altering these properties [36-43], where 

a major role is played by the defect configuration and density [44-49]. For example, 

oxide layers play important roles in transistor performance [50]. 

Nanowires are used in a number of applications including:  batteries [51, 52], lasers 

[22, 53-56], light–emitting diodes (LEDs) [22, 57, 58], nano–generators [22, 59, 60], 

optical switches [61], photo–detectors [61, 62], photonic applications [63-65], 

piezoelectric and piezo–phototronic devices [22, 66-68], solar cell/photovoltaic devices 

[22, 69-75], thermoelectric applications [76, 77], transistor applications [20, 23, 25, 31, 

46, 78, 79], and as optical waveguides [56]. These nano–sized devices have the potential 

for smaller grain boundaries, and for example, increased electron mobilities [80]. A 

significant research direction is the integration of these devices into more complex 

structures [81-84], such as nanowire circuits [85]. Such devices will be in need of 

thermal management. Large laser cooling, perhaps from an integrated optical source, 

could drastically cool the system, e.g., up to a 40 K reduction was reported [86].   
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Applications for nanowires are numerous and are continually expanding in research 

focus. Every few years, new observations are published. This is an exciting field that, 

despite about 20 years of sustained investigation, still has much insight to yield.   
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APPENDIX II:  CHARACTERIZATION TECHNIQUES AND 
EXPERIMENTAL DETAILS 

 
 
“To acquire knowledge, one must study; but to acquire wisdom, one must observe.” 

Marilyn vos Savant, 2001 In Courage:  The Heart and  
Spirit of Every Woman:  Reclaiming the Forgotten Virtue 

 
 

AII.1 Appendix Information Summary 

Table AII.1 highlights the advantages and disadvantages of techniques used in this 

dissertation. In general, laser spot sizes are the limiting factor for optically 

characterizing single nanoparticles. Submicron laser spot sizes are generally found in 

Raman spectroscopy, which can characterize small diameter (e.g., ~30 nm) nanoparticle 

diameters with some difficulty. There are currently no ideal optical techniques for very 

small nanoparticles. In theory, large spot sizes could be used, but small nanoparticles 

are more prone to laser heating due to their lower thermal conductivities. Lowering the 

laser power reduces signal intensity and may require greatly increased collection 

parameters (which requires additional collection time per spectrum). And a large spot 

size increases the amount of non–sample being measured, e.g., substrate, which may 

obscure weak Raman peaks. Small laser spot sizes would be ideal but are governed by 

the optical diffraction limit, d = λ/(2 N.A.). Here, 𝑑𝑑 is the diffraction–limited laser spot 

size or lateral resolution, 𝜆𝜆 is the laser’s wavelength, 𝑁𝑁.𝐴𝐴. is the numerical aperture 

and is equivalent to n sin(φ), where n is the refractive index and φ is angle needed to 

focus the  laser spot. For example, if N.A. = 0.9 (100x objective lens) for λ = 180 nm,  

then the diffraction–limited spatial resolution is ~200. nm. The current smallest 

commercial wavelength is 193 nm (ArF), although development of photolithography 

using 13.5 nm is underway. Even if laser technology was improved to 5 nm (extremely 

unlikely), optical microscopes would still have relatively poor resolution, which makes  

it difficult to focus on nanoparticles with diameters of only a few nanometers. However, 
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other methods are being employed to develop microscopes that could potentially offer 

atomic spatial resolutions [87]. In research, instrument limitations are expanded when a 

need arises. Very small nanowires require excellent stabilization of the optical table and 

mechanical stability (e.g., of the stage and related gears). Lasers may be positioned over 

very small nanoparticles by observing laser scattering in order to counter poor optical 

resolution and a large laser spot size. 

Electrical and some structural techniques are capable of single nanoparticle 

measurements. The problem with electrical measurements is the enormous time 

investment to create electrical contacts, say, for a single nanowire. It could take a week 

to create one chip with several devices, and after removing the mask required for 

electrode deposition, the nanowires could be accidently removed during the lift–off 

process. Electrical measurements in standard setups, where electrodes are placed at each 

end of a nanowire, are averaged values that depend on numerous factors including defect 

configuration and density, structural homogeneity (e.g., inclusions vs. occlusion), and 

passivation. And some electrical methods combine problems with optical 

characterization. Photocurrent, for example, requires optical stimulation of the 

nanoparticle to measure the current output.   

Structural characterization has its own issues. X–ray diffraction (XRD) measures 

large sample areas, whereas, high–resolution tunneling electron microscopy (HRTEM) 

has sub-atomic resolution and a much, much smaller sample chamber. XRD allows 

determination of grain size via Scherrer’s formula, and crystallographic determination, 

while the latter’s sub–atomic resolution and diffraction pattern capability collect the 

same information in addition to identifying structural faults. TEM’s and scanning 

electron microscopy’s (SEM’s) electron–dispersive spectroscopy (EDS) allows 
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quantitative determination of atomic percentages of each element in the electron beam’s 

interaction volume with the sample. Although the SEM’s maximum resolution is only 

on the order of tens of nanometers, it lacks the ability to collect crystallographic 

information. 
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AII.2 Nanowire Growth, Device Fabrication, and Characterization Information 

AII.2.1 Making Nanowire Synthesis and Device Fabrication 

All samples investigated in this dissertation were obtained from other sources. Bulk 

ZnTe samples were purchased from commercial vendors, while thin film and wires 

were provided through respective collaborations with the Army Research Laboratory 

(ARL) and the Haitao Zhang group in the Department of Mechanical Engineering and 

Engineering Sciences at UNC–Charlotte. CdSe nanowires and related devices were 

provided by the Weilie Zhou group in the Advanced Materials Research Institute at the 

University of New Orleans. CdSe nanowire growth and related device fabrication are 

briefly outlined below. 

CdSe nanowires were grown in a vertical array through gold–catalyzed chemical 

vapor deposition, as described elsewhere [109], and were then dispersed in alcohol and 

drop cast onto a Si/SiO2 chip, which consists of Si substrate coated with a 300–nm thick 

SiO2 layer. After dispersal onto a chip, a thin poly–methyl methacrylate (PMMA) layer 

was spin coated onto the chip, followed by electron–beam lithography to open channels 

at a nanowire’s ends. Exposed PMMA was removed by developing the chip. 

Afterwards, the chip was transferred to a thermal evaporator (Cressington–308R) for 

indium metallization (30 nm), followed by lift–off in acetone to obtain a finished device. 

The other end of the indium wire end was bonded to a large gold pad used for placement 

of a gold–coated electrical probe. The samples were air stabilized for at least a week 

prior to testing.  

AII.2.2 Light–effect transistor (LET) Characterization 

Optical gating through Pg(λg) has two basic control parameters:  wavelength, λg, 

and power level, Pg, under one–beam CW operation, but it can be readily extended to 
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other operation modes. For instance, multiple independent beams and pulsed 

illumination may be represented as Pg(λg1, λg2,…,λgN) and Pg(t,λg1, λg2,…,λgN) 

respectively. We fully characterize LET output and transfer characteristics under one-

beam CW operation with two illumination conditions:  (1) illuminating the center of 

the SNW with a focused CW laser (“focused illumination”) with an optical diffraction-

limited spot size at wavelengths of 633, 532, 442, or 325 nm; and (2) illuminating the 

LET uniformly with “white light” from a halogen lamp (“uniform illumination”). 

The novel LET concept requires performance metrics for evaluation and 

comparison against FETs; thus, FET figures of merit are adapted, such as the two 

important input–output relationships:  (1) “output characteristics” or Ids vs. Vds under 

a constant illumination condition Pg(λg), which is equivalent to the FET’s output 

characteristic under a constant gate voltage Vg; and (2) “transfer characteristics” or Ids 

vs. Pg(λg) under a constant Vds, which is equivalent to a FET’s Ids  vs. Vg under a 

constant Vds. A FET’s gate voltage, Vg, is replaced by a LET’s gate power Pg(λg), which 

not only serves the same function of modulating S–D conductivity but it also offers an 

avenue to achieve novel functions beyond those in a FET. Characteristic (i) is shared 

by both LET and photo–detection applications, while characteristic (ii) is required for 

LETs and FETs as a measure of turn–on energy, and in particular, for LETs to realize 

novel functions. 

AII.2.3 Optical and Electrical Measurements  

Figure AII.1 displays an instrument schematic that illustrates the ability to collect 

optical and electrical measurements. CW lasers consisted of 532, 441.6, and 325 nm 

ported through a Horiba LabRAM HR800 confocal Raman system with an internal 

632.8 nm laser (that traversed the same beam path shown in Figure AII.1), while 
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halogen light was introduced through the microscope’s white–light illumination port. 

Characterization of ZnTe systems and single CdSe nanowires used a 100x objective 

lens with a numerical aperture (N.A.) of 0.9, which yielded a laser spot size is ~0.72 

μm, and a spatial resolution equivalent to about half the spot size. Due to limited probe 

spacing for electrical measurements on CdSe–based devices, all illumination sources 

were focused through a 50x long working distance (LWD) objective lens (N.A. = 0.50), 

except 325 nm, which went through a 10x MPLAN objective lens (N.A. = 0.25). Laser 

powers in Chapter 4 (e.g., the LET) were limited to absolute powers of ~3 µW, as 

measured on the sample side of the microscope lens, to avoid potential laser–induced 

material modifications, while Chapters 5 and 6 indicate the optical powers used. The 

total power of the halogen light was estimated to be 69.1 µW. The optical powers were 

measured with a Thor Labs PM100D power meter, and six and ten averaged 

measurements were used for D1 and D2, respectively, to calculate average powers. 

Laser powers were altered through a combination of a standard, neutral–density filters 

in the Raman system and an adjustable, neutral–density filter in the laser path.  

The optical beams are in backscatter configuration, relative to the sample surface 

(Figure AII.1; see Section 2.6 for Raman selection rules). A notch filter removes laser 

contributions before the PL and Raman signals are focused to the confocal aperture, 

dispersed by a spectrometer, and detected by a charge–coupled detector (CCD) array. 

Micro–PL (μ–PL) and μ–Raman, where μ typically represents the near diffraction–

limited, laser spot, are fundamentally different but complementary optical techniques 

affected by material conditions (e.g., impurities and defects), wavelength-dependent 

light-matter interactions (e.g., absorption and carrier dynamics), and illumination 

conditions (e.g., power density and beam size). The primary role of Raman 
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Figure AII.1  Schematic of instrument with ability to collect optical and electrical 
measurements. See this section for additional details.  
 
spectroscopy, as discussed in Section 2.5, is to probe the perturbation to electronic 

susceptibility through changes in atomic polarization, while PL is directly impacted by 

free carrier recombination and diffusion [19, 183]. 

Two gold plated probes, which were used to conduct current from the device, 

enabled measurement of the photo–current or the laser–beam induced current (LBIC). 

(Electrical) Ids vs. Vds measurements were collected with a Keithley© 2401 low voltage 

sourcemeter® that was remotely operated with LabTracer v2.9 software via a GPIB 

connection. For currents below ~1 nA, a Stanford Research System SR570 current pre-

amplifier was used in conjunction with the Keithley©. For sine wave modulation, e.g., 

Figure 4.5H, the laser was modulated with a mechanical chopper, and the photo–current 

was measured by an SR830 lock–in amplifier with a SR570 low noise current pre–

amplifier.  

AII.2.4 Estimation of Actual Power Absorbed 

The laser spot size is estimated by the optical diffraction limit formula 1.22λ/N.A., 

where N.A. is the numerical aperture of the microscope lens. The fraction of the laser 
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power actually absorbed is estimated by taking the ratio of the nanowire diameter to 

the laser spot size. The estimated ratios for the 632.8, 532, 441.6, and 325 nm lasers 

are 5.18, 6.16, 7.43, and 10.1% for a nanowire with an 80 nm diameter (device D1). 

For halogen illumination, the fraction of actual absorbed light is estimated using the 

ratio of the nanowire’s cross section to the total illumination area. For the 50x LWD 

(10x MPLAN) objective lens, the illumination area is ~279 (~1450) µm2. The ratio for 

the 80 nm wide/10 µm long nanowire (D1) is ~3.2 10-6, and the power estimation for 

light actually absorbed is ~0.22 µW (which is comparable to that for the focused laser 

beam). All the illumination powers mentioned in this dissertation were “applied 

powers,” unless an actually absorbed power was explicitly stated.
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APPENDIX III:  SUPPORTING INFORMATION FOR THE LIGHT–EFFECT 
TRANSISTOR 

 
 

“Every great advance in science has issued  
from a new audacity of imagination.” 

John Dewey, 1929 The Quest for Certainty 
 
 

AIII.1 Appendix Information Summary 

Section AIII.2 contains universal NOR and NAND logic circuits constructed using 

two LETs and their respective truth tables. Section AIII.3 provides LET transfer 

characteristics with two beam illumination using 532 nm and halogen illumination. 

Figure AIII.3A contains the individual data points used to create the contour plot in 

Figure 4.5C, while Figure AIII.3B clearly demonstrates the extrapolation of the super–

linear, linear, and saturated regimes from single to two beam illumination. Section 

AIII.4 illustrates the non–linear, dual–beam LET transfer characteristics with 633 nm 

and halogen illumination. Single beam illumination with 633 nm demonstrated non–

linear behavior, which was also present under two beam illumination with halogen light. 

Section AIII.5 presents the proposed truth tables and symbols for three–terminal, AND–

AND and AND–OR logic gates obtained using a single LET device. The three inputs 

are Vds and two light beams. Proposed symbols are also suggested and their origins are 

described. Section AIII.6 provides parameters and assumptions used to estimate the 

(total) switch energies in Chapter 4. Finally, Section AIII.7 plots LET (D2) output and 

transfer characteristics in both current and gain (or quantum efficiency). 

AIII.2 Proposed NOR and NAND Gate Construction and Truth Tables 

NOR and NAND logic gates are universal, which means that they can be used to 

construct most other logic circuits. Because a LET behaves similarly to an n–MOSFET, 

similar NOR and NAND logic circuits and truth tables may be constructed as illustrated 

in Figure AIII.1. Logic inversion is possible given the high resistivity of an  
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Figure AIII.1  Diagrams for (a) NOR and (b) NAND logic gates constructed with two 
LETs. Their respective truth tables are provided in (c) and (d) respectively, where off 
(“0”) and on (“1”) states are measured at the output port.  
 
unilluminated LET (off state). In this case, the drive voltage, VDD, goes directly to the 

output port. For the parallel LET devices in the NOR logic gate, Figure AIII.1A, 

illumination of either or both LET device(s), labelled as A and B, allows current to 

travel to ground, and yields an off state (“0”) at the output port. An on state (“1”) is 

only possible when both LET devices are off or unilluminated. A NAND logic circuit, 

on the other hand, contains two LET devices in series. Illumination of either LET 

device is insufficient for current to travel to ground, which results in an on state at the 

output port. Illuminating both devices, however, produces an off state at the output port. 

Truth tables for both of these gates are given in Figure AIII.1C and Figure AIII.1D 

respectively. 

 



201 
 

 
 
 

 

AIII.3 LET Transfer Characteristics with 532 nm and Halogen Illumination 

LET transfer characteristics under two–beam (532 nm and halogen) illumination. 

Individual data points used to create the contour plot in Fig. 4.5C are plotted in Figure 

AIII.2A, while Figure AIII.2B provides additional data that clearly show extrapolation 

of the three operating regimes observed for single beam illumination to dual–beam 

conditions. The data in Figure AIII.2A consists of only three (four) measurements 

under combinations of 532 nm (halogen) illumination; this data was chosen for Figure 

4.5 due to their high R values. Finally, halogen illumination produced greater current 

modulation than through laser power alone and is a direct result of the optical powers 

explored. 
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AIII.4 Non-linear Dual Beam LET Transfer Characteristics with 633 nm and 
Halogen Illumination 

 
Contour plot for dual–beam LET (D2) illumination demonstrating non-linear 

behavior using 633 nm and halogen beams. R is defined in Section 4.3. The non–linear 

behavior produced by 633 nm illumination allows for additional, interesting 

functionality beyond that offered by shorter wavelengths, e.g., 532 nm. Instead of 

switching between different laser powers, one only needs to modulate Vds. For example, 

modulating Vds at a constant power of 1.06 µW allows dynamic switching between all 

three regimes or functionalities. This, in principle, simplifies the operational principle. 

 

Figure AIII.3  Dual–gate LET transfer characteristics, represented as a contour plot, 
for Pg1(633 nm) and Pg2(halogen) at Vds = 4.98 V. Two beam conditions produced non–
monotonical behavior for both D1 (Figure 4.3A), and for D2 (this figure’s data with 
Pg2(halogen) = 0). 
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AIII.5 Proposed Truth Tables and Symbols for AND-AND and AND-OR Logic 
Gates 

 
Truth tables are in Figures AIII.4A–B and their proposed symbols are in Figures 

AIII.4C–D for hybrid electrical–optical devices employing three–input, AND and 

AND–OR logic gates (see Section 4.2). Changing between two logic functions simply 

requires altering both optical gate powers from the super–linear region to the saturation 

region, which was demonstrated in Figure 4.5A. 

 

Figure AIII.4  Truth tables (a) and (b) and their proposed symbols (c–d) for hybrid 
electrical–optical, three–input logic gates AxBxC (AND) and Ax(B+C) (AND–OR), 
respectively, which are achieved using three inputs consisting of A dsV= , B 1gP=
(beam 1), and C 2gP= (beam 2). Straight lines represent electrical inputs or outputs, 
curved lines for optical inputs, and OR inputs are grouped.  
 

AIII.6 (Total) Switch Energy Estimates 

Section 4.6 provided switch energy estimates for photo–detectors (with M–S–M 

architecture), FETs, and LETs. Typically, only the switch energy is reported for FETs, 

where the values in Chapter 4 were obtained from Ref. [1]. Given the addition of an 

optical gate, terminology was altered to optical and electrical switch energies and their 

sum or total. The total switch energy provides a proper number for comparing these 

different devices. Experiments, however, often measure the power, such as the optical 
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or electrical power, where the latter is obtained by multiplying the Ids and Vds. Power is 

converted to time with Energy = Power x time, where time represents the average 

carrier lifetime.  

 Photo–detectors posses large dark currents typically on the order of 100 nA. As a 

result, large, often non–monotonical increases in optical power are required to increase 

the collected current by an order of magnitude (or decade of change). Ref. [2] provides 

representative results for an n–type, GaAs:Fe photo–detector with M–S–M architecture. 

The interdigitated finger electrodes possess identical finger widths and spacings of 3 

μm. The optical power required to produced one, two, three, and four decades of change 

in the collected current, relative to the dark current, were 1.8 μW, 22 μW, 222 μW, and 

2 mW respectively [2]. Assumming a typical carrier lifetime of 20 ps at room 

temperature, the corresponding optical switch energies are 0.04, 0.44, 4.44, and 40. 

fJ/switch (where femto = 10-15). Due to this variability, an average value of 0.5 

mW/decade (2 mW/4 decade) was assumed in the estimate reported in Chapter 4, and 

yields an average optical switch energy of 10. fJ/switch. The electrical switch energy 

was estimated next. The beginning of the current plateau occurred at Vds = 3 V and was 

multiplied by the current (Ids = 10-3 A) to derive a value of 60. fJ/switch. The total 

switch energy is 70. fJ/switch. Obviously, typical photo–detectors are not ideal 

transistors, which highlights the significant electrical advances offered by a LET. 

LET values were obtained from the champion device (D2) in Chapter 4 (or Ref. 

[3]), where Pg = 0.11 μW at Vds = 1.43 V produced Ids ≈ 0.35 µA. Most semiconductors 

possess a typical carrier lifetime of 100 ps at room temperature, and was assumed here. 

Furthermore, a LET only absorbs about 6.16% of the “applied power.” This value stems 

from taking the ratio of nanowire diameter to laser spot size (see Section AII.2.4 in 
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Appendix III). The optical and electrical switch energies are 0.011 and 0.050 fJ/switch 

respectively, which yields a total switch energy of 0.061 fJ/switch. Finally, a LET’s 

potential may be estimated using quantum conductance, G, which limits 1–D 

(electronic) ballistic transport (at the quantum scale) [4]. G = nG0, where n are integers. 

The quantum impedance, Z0, or AC resistance is 1/G0 or the inverse conductance, and 

yields Z0 = 12.9 kΩ. Assuming Ids = 1 μA, then Vds = Z0 x Ids yields a minimum Vds of 

13 mV. The required optical gate power, or on–state consumption energy, is P = Vds x 

Ids = 13 nW per LET device. Both the optical and electrical switch energies are 0.0013 

fJ/switch, which yields a total switch energy of 0.0026 fJ/switch or 2.6 aJ/switch (atto 

= 10-18).  

AIII.7 Output and Transfer Characteristics Plotted in Current and Gain 

LET (D2) output and transfer characteristics plotted with both current and gain (or 

quantum efficiency) appears in Figure AIII.5. There is no reason to suspect that the 

gain is limited to 1,000 in this unoptimized device (D2). 
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Figure AIII.5  Output and transfer characteristics of a CdSe–nanowire–based LET.  
(a–b) output characteristic plotted in current and gain. (c–d) transfer characteristic 
plotted in current and gain. In the gain plots, the estimated, laser powers used are the 
“applied powers.” The gain was calculated with the estimated laser power actually absorbed 
by the nanowire channel, which was about 6.2% of the “applied power” (see estimation of 
actual power absorbed in Appendix II). 
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APPENDIX IV:  SUPPORTING INFORMATION FOR ELECTRON–PHONON 
COUPLING IN MULTIDIMENSIONAL ZnTe SYSTEMS 

 
 

“The good thing about science is its true whether or not you believe in it.”  
Neil deGrasse Tyson, 2011 Real Time with Bill Maher (Episode 201) 

 
 

AIV.1 Appendix Information Summary 

Section AIV.2 contains integrated peak area ratios for gallium phosphide (GaP) 

with low nitrogen doping, a prototypical sample used in electron–phonon coupling 

investigations, and bulk ZnTe samples. Section AIV.3 plots ratios of integrated peak 

areas normalized by square diameter for nanowires on silicon substrate and a TEM grid. 

Section AIV.4 contains higher order ratios of integrated peak areas for their lower order 

counterparts included in Chapter 5. Section IV.5 explores the laser power required to 

form Te–related compounds in bulk CdTe, which is used for comparison to laser–

forming similar aggregates on a ZnTe wire. Section IV. 6 contains tabular summaries 

of PL and Raman spectra displayed in Chapter 5. Section IV.7 further discusses the 

standard EPC strength model. Section IV.8 generalizes the findings in Chapter 5 to other 

II–VI semiconductor compounds.  

AIV.2 Integrated Raman Peak Intensity Ratios for GaP and Bulk ZnTe 

The intent of this section is to provide a general sense of how accurate one could 

calculate the ratio of the integrated intensities for two Raman peaks. This exercise is to 

confirm that the large variations in the ZnTe results are not simply because of the 

experimental uncertainty, including evaluating the integrated intensity. A GaP sample 

(with a low level of N doping) was used as a prototype sample. The room–temperature 

bandgap of GaP is 2.26 eV, which is very close to that of ZnTe. 532 nm excitation yields 

a resonant Raman spectrum as shown in Figure AIV.1A. The ratio of its ITO/I1LO peak 

areas yields a narrow distribution of 1.5±0.05 (N = 30) under 2.4 μW of 532 nm light. 
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Bulk ZnTe values were collected under 1.62–2.64 μW and 26.0 μW at five different 

sites across each sample (N = 5). The small ITO/I1LO range (3.3%) found for GaP is much 

smaller than for B1 (ZnTe), where its I2LO/I1LO mean and uncertainty were 10.8±2.5 

yields an uncertainty of 58.9% (N = 10). Figure AIV1.B plots two Raman spectra for 

B1 collected at the same measurement location under identical conditions, where the 

noise in the spectra resulted from subtracting out the PL contribution to leave only the 

Raman contribution. Peak integration clearly yielded very different I2LO/I1LO values, 

while graphically, the two spectra appear similar. Peak integration was carefully 

checked to ensure that the fitting parameter’s width matched the peak’s FWHM; 

however, the noisy 1LO will inevitably produce some variation. Impurities can also 

affect the I1LO. Figure AIV1.C plots two Raman spectra for B4 (with ~2.46% Cd 

impurities) under a comparable laser power (to B1 and GaP), where noticeable 

differences in the I1LO yield an I2LO/I1LO of 1.1±0.4 (N = 5). In contrast, samples B2 and 

B3 yield relatively consistent I2LO/I1LO values. The I(n+1)LO/InLO values for bulk ZnTe 

appear in Tables AIV.1 and AIV.2, where measurements were obtained at the same 

measurement locations from lower to higher laser powers. In general, the bulk ZnTe 

I(n+1)LO/InLO values (except B4) possessed relatively small uncertainties measured at 

individual measurement locations, while the composite or averages over five different 

measurement sites displayed greater uncertainty. This is because the values were not 

homogenous across different measurement sites, which could stem from local 

variations in defect densities. Site–to–site differences yield the relatively large, 

composite I(n+1)LO/InLO values reported in the “Avg.” column in Tables AIV.1–2. These 

two tables also indicate a reduction in the site and average I(n+1)LO/InLO values with  
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Figure AIV.1  Raman reproducibility of (a) low nitrogen–doped GaP and (b) B1 
collected under 2.4 μW and 2.06 μW of 532 nm light respectively. The wine and blue 
colored lines are for two different spectra collected at the same measurement location. 
The ratio of GaP’s (ZnTe’s) ITO/I1LO (I2LO/I1LO) integrated peak areas yielded a 
distribution of 1.5±0.05 (10.8±2.5) for N = 30 (N = 10). The noise in (b–c) is from 
subtracting the PL contribution. 
 
increasing laser power, which is consistent with Figure 5.7 (using a thin film sample). 

Table AIV.3 lists I(n+1)LO/InLO values collected under 1.62–2.64 μW of 532 nm light 

while laser heating with 10 s intervals under 155 μW; each measurement is performed 

after one, 10 s exposure at the same measurement location. It appears that laser heating 

with higher powers generally enhanced the mean I(n+1)LO/InLO (except for B3) relative to 

similar measurements collected prior to laser heating (e.g., see Table AIV.1), while the 

uncertainty demonstrated a small change (e.g., B3 and B4) or increased significantly 

(e.g., B2), where the latter could result from laser annealing defects. This is the first 

time that these findings have been reported, and further investigation is required to 
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determine their origin. 

Table AIV.1  Mean I(n+1)LO/InLO value with uncertainty derived from standard deviation 
from the mean (N = 5) for four different bulk ZnTe samples collected under 1.62–2.64 
μW of 532 nm light. B1 I2LO/I1LO values from N = 10, where most measurements did 
not yield strong 1LO and 4LO peaks. 

Sample Site 1 Site 2 Site 3 Site 4 Site 5 Avg. 
 I2LO/I1LO  

B1 10.8±2.5 –– –– –– –– 10.8±2.5 
B2 2.5±0.1 2.4±0.1 3.2±0.3 3.1±0.2 2.8±0.1 3.7±2.0 
B3 2.2±0.1 1.9±0.1 1.7±0.07 1.9±0.1 2.0±0.06 2.0±0.2 
B4 0.8±0.7 0.7±0.2 1.1±0.4 1.1±0.5 0.5±0.2 0.8±0.5 

 I3LO/I2LO  
B1 0.7±0.2 1.2±0.9 0.9±0.7 1.2±1.3 0.9±0.7 0.8±0.1 
B2 0.4±0.2 0.7±0.6 0.5±0.1 0.3±0.1 0.7±0.5 0.5±0.4 
B3 0.8±0.06 0.7±0.05 0.7±0.03 0.6±0.2 0.7±0.04 0.7±0.1 
B4 1.0±1.6 0.5±0.2 0.8±0.4 0.7±0.4 1.3±0.6 0.9±0.8 

 I4LO/I3LO  
B1 –– –– –– –– –– –– 
B2 –– –– –– –– –– –– 
B3 0.08±0.04 0.1±0.04 0.1±0.02 0.2±0.1 0.1±0.05 0.1±0.07 
B4 0.7±0.8 1.2±0.6 1.0±0.9 0.2±0.1 0.3±0.2 0.7±0.7 

 
Table AIV.2  Mean I(n+1)LO/InLO value with uncertainty derived from standard deviation 
from the mean for four different bulk ZnTe samples collected under 26.0 μW of 532 nm 
light.  

Sample Site 1 Site 2 Site 3 Site 4 Site 5 Avg. 
 I2LO/I1LO  

B1 9.7±6.9 14.0±9.8 9.5±9.8 9.2±4.1 6.6±2.1 8.1±1.3 
B2 3.4±0.2 3.3±0.1 4.0±0.7 3.6±0.2 3.1±0.1 3.0±0.3 
B3 1.8±0.2 1.6±0.05 1.4±0.1 1.6±0.06 1.7±0.1 1.6±0.2 
B4 1.1±0.8 1.1±0.7 1.1±0.5 0.8±0.25 0.7±0.2 1.0±0.5 

 I3LO/I2LO  
B1 2.2±1.8 0.7±0.6 0.7±0.1 1.3±0.7 2.8±3.0 0.8±0.15 
B2 0.5±0.1 0.6±0.1 0.5±0.1 0.5±0.06 0.5±0.25 0.4±0.05 
B3 0.8±0.1 0.8±0.04 0.7±0.08 0.8±0.06 0.8±0.06 0.8±0.07 
B4 0.3±0.1 0.7±0.4 0.3±0.15 0.4±0.2 0.5±0.4 0.4±0.3 

 I4LO/I3LO  
B1 –– –– –– –– –– –– 
B2 0.2±0.02 0.3±0.05 –– 0.1±0.1 0.5±0.26 0.3±0.2 
B3 0.2±0.03 0.1±0.01 0.1±0.02 0.1±0.02 0.1±0.02 0.14±0.02 
B4 1.0±0.7 0.4±0.26 0.7±0.2 1.0±1.2 1.1±0.9 0.8±0.7 
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Table AIV.3  Mean I(n+1)LO/InLO values with standard deviations (N = 5) collected under 
1.62–2.64 μW of 532 nm light after laser heating after 10 s intervals under 155 μW. 
Eeach measurement was collected under the low laser power after one, 10 s exposure 
to the higher power at the same measurement location. 

Sample I2LO/I1LO I3LO/I2LO I4LO/I3LO 
B2 6.7±4.4 0.4±0.1 –– 
B3 1.9±0.06 0.7±0.03 0.2±0.05 
B4 1.0±0.7 0.4±0.3 1.3±1.1 

 
AIV.3 Square Diameter Normalization of Integrated Peak Areas 

Figure 5.5 plotted the integrated peak areas as a function of diameter to extract EPC 

strengths. For convenience, the I2LO/I1LO is replotted as a function of nanowire diameter 

on Si substrate in Figure AIV.2. An alternative method, which should, in principle, yield 

a slope with an identical numerical value involves normalizing each integrated peak 

area by the nanowire’s square diameter, e.g., (I2LO/d2) vs. (I1LO/d2) = I2LO/I1LO. This was 

not true for nanowires on the Si substrate (Figure AIV.2B), while similar values were 

achieved with both methods for nanowires dispersed on a TEM grid (Figures AIV.2C–

D). The I2LO/I1LO, I3LO/I2LO, and I4LO/I3LO values for the Si substrate/TEM grid in Figures 

AIV.2B–C (under 2.05/1.62 μW of 532 nm light respectively) are 9.7/0.9, 0.8/4.0, and 

0.070.18, while nanowires on Si substrate in Figure AIV.2C, which were measured 

under a higher laser power (25.2 μW), produced values of 7.8, 2.2, and 0.13 respectively.  
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Figure AIV.2  Ratio of integrated peak areas for nanowires on Si substrate (a) for the 
I2LO/I1LO as a function of diameter, and (b) after being normalized the square diameter 
(2.06 μW). Nanowires on a TEM grid were also normalized using (c) 1.62 and (d) 25.2 
μW of 532 nm light. Dashed lines are to guide the eye. The I2LO/I1LO, I3LO/I2LO, and 
I4LO/I3LO values for the Si substrate/TEM grid in (b-c) are 9.7±0.2/0.9±0.2, 
0.8±0.03/4.0±0.5, and 0.07±0.005/0.18±0.02, while the corresponding values in (c) 
were 7.8±0.3, 2.2±0.04, and 0.13±0.009 respectively. 
 

AIV.4 Higher Order Ratios of Integrated Peak Areas 

Laser power, laser heating, and polarization dependencies of the I2LO/I1LO was 

graphed in Figures 5.6D, Figure 5.8B, and Figure 5.9B, respectively. Their higher order 

ratio of integrated peak areas, e.g., I3LO/I2LO and I4LO/I3LO, are plotted in Figure AIV.3. 
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Figure AIV.3  Higher order ratios of integrated peak areas demonstrating (a–b) laser 
power dependence (Figure 5.6D), (c–d)  elapsed heating time (Figure 5.8B), and   
(e–f) polarization dependence (Figure 5.9B). See text for additional details.  
 

AIV.5 Laser Forming Te in Bulk CdTe 

It is useful to compare the laser power used to form Te in ZnTe with that used for 

the same purpose with bulk CdTe. A 100x objective lens with N.A. = 0.9 was used to 

collected the measured Raman signal. Figure AIV.4A plots bulk CdTe Raman spectra 

under 65.1, 222, and 1,000 μW of 532 nm light. Initially, only CdTe’s 1LO mode 

appears, while an E(TeO) mode appears and eventually surpassed the 1LO as the laser 

power was increased. CdTe’s 1LO peak remained at 167.7 cm-1 until 222 μW, at which 

point, it down shifted to 164.5 cm-1 under 1,000 μW. CdTe’s 1LO peak experiences a 

Raman shifts from 165.9 to 161.4 cm-1 as the laser power is increased from 11.91 μW  
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Figure AIV.4  Laser power dependence of Te formationin CdTe. (a) Raman spectra of 
bulk CdTe collected under 65.1, 222, and 1,000 μW of 532 nm light. (b) Integrated 
peak area for CdTe LO, E(Te), and an unassigned peak at ~260 cm-1 as a function of 
(532 nm) laser power.  
 
to 3.13 mW of 532 nm, while the peak area increases from 0.4 to 649.5 cm-1 cps. At 

65.1, 222, and 1,000 μW, the peak shift (peak area) was 167.6 (0.5), 167.6 (12.5), and 

164.5 (56.1) cm-1 (cm-1 cps). The E(TeO) mode appeared under 120.3 μW, and resulted 

in Raman shift and peak area changes from 145.3 to 143.1 and 141.7 cm-1 under 222 

and 1,000 μW respectively, while its peak area changed from 6.6 to 10.8 and 137.5 cm-

1 cps respectively. Illumination with 12.72 mW yielded a peak shift and peak area of 

159.6 cm-1 and 328.7 cm-1 cps respectively. Not shown is an unassigned peak that 

appears at 270.3 cm-1 under 305 μW of 532 nm light, which down shifted to 266.3 cm-

1 under 1,000 μW; the peak shift continued shifting to 260.2 cm-1 under 19.8 mW. 

Figure AIV.4B plots integrated peak areas for CdTe’s 1LO, E(Te), and an unassigned 
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peak as a function of laser power. It shows that both the 1LO and E(Te) increase in 

integrated peak area with increasing laser power, with intensity increases occurring 

at~300 and 2,000 μW.  

AIV.6 PL and Raman Summary Tables 

This section contains PL and Raman summary tables for data displayed in figures 

in the main text.  
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Table AIV.4  Raman summary table for bulk, thin film, and nanowire systems 
displayed in Figure 5.2. Only one set of bulk ZnTe data out of two shown in Figure 5.3. 

 

Description n∙LO ZnTe Peak Position Peak Area FWHM 
  cm-1 a.u. cm-1 

Bulk     
 

ZnTe RS 
1 209.1 44.4 5.5 
2 415.2 544.8 5.3 
3 620.6 365.1 6.9 
4 826.9 25.1 7.4 

 
ZnTe(100) 
Orangish 

1 206.9 22.3 4.4 
2 412.6 77.8 5.3 
3 617.7 45.4 7.6 
4 824.1 4.9 12.0 

 
ZnTe(100) 

1 206.9 26.7 4.7 
2 412.6 68.8 5.4 
3 618.1 38.5 7.2 

 
ZnTe(110) 

1 205.5 45.3 6.1 
2 410.8 65.7 9.2 
3 614.7 19.5 6.7 

Thin Film     
 

022811 
1 205.6 18.8 5.0 
2 412.1 134.2 4.0 
3 617.7 127.6 5.3 
4 824.1 9.5 5.3 

 
030211 

1 206.0 8.8 3.0 
2 412.1 137.6 4.2 
3 617.7 132.9 5.8 
4 823.2 4.7 2.9 

 
030311 

1 204.7 3.4 1.2 
2 412.1 89.2 4.2 
3 618.1 89.1 5.9 
4 824.1 6.7 6.3 

Nanowire     
 

d = 84 nm 
1 205.5 46.0 4.0 
2 411.3 334.6 4.4 
3 617.3 441.5 6.5 
4 823.2 49.6 7.7 

 
d = 223 nm 

1 205.5 44.7 8.2 
2 411.2 325.4 4.4 
3 616.8 364.1 6.1 
4 824.1 14.6 5.9 

 
d = 340 nm 

1 205.5 28.6 4.1 
2 411.3 197.7 4.4 
3 616.8 246.3 6.0 
4 822.8 15.7 6.8 
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Table AIV.5  Tabular summary of integrated peak area ratios for bulk, thin film, and 
nanowire systems graphed in Figures 5.2 and 5.3. Only one set of bulk ZnTe data out 
of two shown in Figure 5.3. 

 
Table AIV.6  PL summary table for bulk, thin film, and nanowire systems shown in 
Figure 5.2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Description I2LO/I1LO I3LO/I2LO I4LO/I3LO 
 a.u. a.u. a.u. 

Bulk    
ZnTe RS 17.9 0.7 0.0(7) 
ZnTe(100) Orangish 3.5 0.6 0.1 
ZnTe(100) 2.6 0.6 –– 
ZnTe(110) 1.5 0.3 –– 

Thin Film    
022811 7.1 1.0 0.0(7) 
030211 15.6 1.0 0.0(3) 
030311 16.0 1.0 0.0(7) 

Nanowire    
d = 84 nm 7.3 1.3 0.1 
d = 223 nm 7.3 1.1 0.0(4) 
d = 340 nm 6.9 1.2 0.0(6) 

Description Peak 
Energy 

Intensity 

 eV Cts s-1 
Bulk   

ZnTe RS 2.26 956.27 
ZnTe(100) Orangish 2.26 57.70 
ZnTe(100) 2.26 3.6 
ZnTe(110) 2.26 –– 

Thin Film   
022811 2.26 77.57 
030211 2.26 68.30 
030311 2.26 20.42 

Nanowire   
d = 84 nm 2.27 11.7 
d = 223 nm 2.26 11.9 
d = 340 nm 2.26 12.3 



220 
 

 
 
 

 

Table AIV.7  Raman summary table for laser heating the nanowires in Figures 5.4E–
F. 

 
Table IV.8  Tabular summary of mean integrated peak area ratios for nanowires on Si 
substrate and a TEM grid (Figure 5.5).  

 
 
 
 
 
 
 
 
 
 

Description n∙LO ZnTe Peak Position Peak Area FWHM 
  cm-1 a.u. cm-1 
 

d = 29 nm 
(25.2 μW) 

1 207.1 295.9 4.6 
2 412.4 1,778.2 5.8 
3 617.5 1,943.0 7.5 
4 821.4 772.7 9.2 

 
d = 29 nm 

(186.0 μW) 

Te–related 140.8 9.1 4.8 
1 202.3 14.5 4.3 
2 406.8 119.5 10.8 
3 613.3 125.4 14.3 
4 811.6 74.1 20.0 

 
d = 219 nm 
(25.2 μW) 

1 207.1 88.5 4.8 
2 413.3 590.5 4.9 
3 618.3 722.9 6.4 
4 824.3 141.3 8.3 

 
d = 219 nm 
(186.0 μW) 

Te–related 139.5 42.1 3.0 
1 201.8 4.4 5.7 
2 409.8 16.7 9.3 
3 613.3 7.4 1.8 
4 818.1 3.8 1.3 

Description In+1LO/InLO Exp. mean Norm. slope b–value 
  a.u. a.u. nm-2 

Si substrate 
(2.06 μW) 

I2LO/I1LO 7.2 0.9 -3.6x1-5 
I3LO/I2LO 0.9 3.6 9.2x10-4 
I4LO/I3LO 0.12 0.2 -9.0x10-5 

TEM grid 
(1.62 μW) 

I2LO/I1LO 7.4 9.7 -2.4x10-3 
I3LO/I2LO 1.2 0.8 3.2x10-3 
I4LO/I3LO 0.08 0.07 1.0x10-4 

TEM grid 
(25.2 μW) 

I2LO/I1LO 6.2 7.8 -7.5x10-3 
I3LO/I2LO 1.2 2.2 -1.9x10-2 
I4LO/I3LO 0.4 0.1 7.5x10-3 
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Table IV.9  Raman summary table of laser heating data for the 1.3–μm–diameter wire 
presented in Figure 5.8. 

 
 
 
 
 

Description n∙LO ZnTe Peak Position Peak Area FWHM 
  cm-1 a.u. cm-1 
 

0 s 
1 206.3 391.0 70.4 
2 412.4 2690.2 547.1 
3 618.1 4751.0 646.3 
4 824.0 436.7 85.9 

 
 

90 s 

Te–141 cm-1 142.9 17.2 2.6 
1 206.5 91.8 18.0 
2 412.5 595.2 92.5 
3 618.1 568.4 71.6 
4 823.6 71.5 7.4 

 
 

95 s 

Te–141 cm-1 142.7 33.6 4.5 
1 207.5 19.5 3.3 
2 413.7 153.0 25.0 
3 619.3 162.2 19.8 
4 824.4 6.7 1.8 

 
 

100 s 

Te–141 cm-1 143.2 12.9 3.3 
1 207.6 19.0 3.3 
2 413.6 128.4 21.9 
3 619.3 148.2 17.4 
4 825.4 17.2 2.0 

 
 

105 s 

Te–141 cm-1 143.6 23.7 4.4 
1 208.0 30.0 3.0 
2 413.7 129.6 21.3 
3 619.4 134.3 16.7 
4 825.7 27.8 1.6 

 
 

110 s 

Te–141 cm-1 143.7 43.3 4.0 
Te–161 cm-1 161.4 211.8 5.4 

1 206.3 108.3 23.8 
2 412.7 246.7 33.6 
3 618.8 160.0 17.7 
4 823.9 13.9 2.0 

 
 

125 s 

Te–141 cm-1 145.0 47.0 3.2 
Te–161 cm-1 161.1 154.5 4.7 

1 206.6 54.0 11.9 
2 413.1 141.0 17.5 
3 618.8 110.2 12.4 
4 824.9 10.5 1.2 
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Table IV.10  Raman summary table from investigation into interface effects, such as 
at Au–ZnTe junctions, from Figure 5.10.  

 
Table IV.11  Tabular summary of integrated peak area ratios for the investigation into 
material interface effects, e.g., Au–ZnTe, contained within Figure 5.10. 

Location I2LO/I1LO 

(a.u.) 
I3LO/I2LO 

(a.u.) 
I3LO/I4LO 

(a.u.) 
Similar    

Au 4.7 0.9 0.08 
Au–ZnTe 14.8 0.8 0.07 
ZnTe body 7.5 0.9 0.05 

Dissimilar    
Au 4.9 0.7 1.0 
Au–ZnTe 6.3 1.2 0.8 
ZnTe body 4.78 1.4 0.1 

 
 
 

Description n∙LO ZnTe Peak Position Peak Area FWHM 
  cm-1 a.u. cm-1 

Similar     
 

Au sphere 
1 206.0 869.5 4.1 
2 412.1 4,049.7 4.4 
3 617.7 3,822.3 6.4 
4 823.2 314.9 7.3 

 
Au–ZnTe 
junction 

1 206.0 102.7 2.0 
2 412.1 1,523.2 4.3 
3 618.1 1,276.3 6.3 
4 824.5 95.5 7.3 

ZnTe 
nanowire 

body 

1 206.0 247.2 5.1 
2 412.1 1,844.8 4.6 
3 617.7 1,680.4 6.0 
4 823.6 89.3 4.0 

Dissimilar     
 
 

Au sphere 

1 204.2 165.2 5.6 
2 408.7 802.1 6.3 
3 612.2 547.9 8.5 
4 817.5 539.7 9.7 

 
Au–ZnTe 
junction 

1 204.7 345.1 5.6 
2 409.5 2,163.1 6.9 
3 614.7 2,526.7 9.2 
4 818.7 2,029.1 13.9 

ZnTe 
nanowire 

body 

1 205.6 476.0 4.1 
2 411.3 2,248.6 5.0 
3 616.0 3,228.1 7.4 
4 822.0 304.6 8.9 
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Table IV.12  PL summary table from investigation into interface effects, such as at Au–
ZnTe junctions, from Figure 5.10.  
 
 
 
 
 
 
 
 
 
 
 
 
Table IV.13  Raman summary table from methanol exposure graphed in Figure 5.11. 

 
Table IV.14  Tabular summary of integrated peak area ratios for methanol exposure 
(Figure 5.11). 

Location I2LO/I1LO 

(a.u.) 
I3LO/I2LO 

(a.u.) 
I3LO/I4LO 

(a.u.) 
Before 11.4 0.7 0.1 
After 1.9 0.6 0.1 

 
AIV.7 Standard Nanowire EPC Model:  Extended Discussion and Limitations 

Derivation of the standard EPC model [1, 2] is discussed and ZnTe parameters are 

provided prior to discussing potential limitations with this model. Eq. 5.1 (in the text) 

provides a simple formula relating the 2LO and 1LO intensity ratio to the EPC strength 

described by Huang-Rhys factor S. The formula is based on a resonant Raman model 

that can describe the relative intensities between n–LO Raman peaks, and was initially 

developed by Albrecht [3]. S is related to the relative lattice relaxation between the 

Description Peak 
Energy 

Intensity 

 eV Cts s-1 
Similar   

Au sphere 2.26 267.36 
Au–ZnTe junction 2.27 163.16 
ZnTe nanowire body 2.27 217.08 

Dissimilar   
Au sphere 2.23 565.69 
Au–ZnTe junction 2.24 248.00 
ZnTe nanowire body 2.25 821.60 

Description n∙LO ZnTe Peak Position Peak Area FWHM 
  cm-1 a.u. cm-1 
 

Before 
1 206.1 10.4 4.1 
2 412.2 118.6 19.3 
3 617.7 82.1 10.9 
4 822.0 8.3 1.0 

 
After 

1 206.5 27.2 5.0 
2 413.4 52.5 5.8 
3 618.9 33.3 2.9 
4 821.9 3.5 1.6 
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excited and ground state or the Δ term, Eq. AIV.1. Note that this equation is derived 

under the assumption that the hole is perfectly localized, while the electron is orbiting 

the hole with an effective Bohr radius a0 [4]. In this equation:  a0 is the Bohr radius, 

ωLO is the LO frequency, ε∞ and ε0 are the high frequency and static dielectric constants, 

w = (3π2)1/3 d/a0, d is the lattice spacing, [1, 4]. The resulting theoretical bulk ZnTe 

coupling strength, Sbulk, is 3.2 when:  Eex = 2.25 eV, ε∞ (ε0) = 7.28 (10.1), d (a0) = 6.1 

Å (5.2 nm), Γ = 65 meV (obtained from epilayer [5] measurements), and ωLO = 205 

cm-1) [6-9]. As discussed in the text, the theoretical value is much below those observed 

for high quality ZnTe samples. However, samples containing defects and impurities 

produced coupling strengths closer to this theoretical value. 

( )
( )

24 21/3 2
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40 2
0 0

224 1 1 1
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w

x
LO

x xe dx
a h w xπ ω ε ε =

∞

+  ∆ = −  
  + 

∫               (AIV.1) 

 Deviations from this model are available in literature. As examples, experimental 

nanowire [8] (microcrystal [10]) resonant Raman spectra, collected at room 

temperature (80 K), included up to second– (third–) order LO peaks. While both studies 

demonstrated decreasing I2LO with decreasing size/diameter, only the microcrystal 

spectra displayed non–monotonic changes in both I1LO and I3LO peaks as a function of 

particle size.) Third, thermal effects related to laser–induced heating were found to have 

a moderate effect. While the standard model does include temperature dependence, it 

is assumed to play a minor role, which contrasts the experimental observations 

presented in this dissertation. Further experimental exploration is required to lay the 

foundation for a generalized theory.  
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AIV.8 Electron–phonon Coupling 

Electron–phonon coupling strengths can be altered in systems beyond ZnTe, such 

as CdSe– and ZnO–based, core and core/shell systems. Figure AVI.5 plots I2LO/I1LO for 

ZnTe peaks and E2HI/E1LO for ZnO peaks in ZnO and ZnO/ZnSe nanowire arrays; the 

ZnSe nanowires are compared to bulk ZnTe. In Figure AVI.5A, the ZnO/ZnSe 

nanowires demonstrate undulations similar to those in Figure 5.6D and Figure 5.7D for 

nanowires and thin films respectively. In contrast, bulk ZnSe shows a slight increase in 

I2LO/I1LO with increasing laser power but does not display an oscillatory relationship. It 

may be interesting to investigate bulk ZnTe for further generalization. In Figure AIV.5B, 

both ZnO and ZnO/ZnSe nanowires display a sharp decrease in E2HI/E1LO, while the 

value is relatively constant at higher laser powers with the core/shell structure 

displaying a lower value than the core. No oscillations were observed.  

CdSe’s I2LO/I1LO can also be modified through a laser–induced, structural 

transformation. Raman spectra were collected as a function of laser power from 4.97 

μW to 2.67 mW of 532 nm light. Figure AIV.5A plots select spectra demonstrating 

changes. Each spectrum represents typical features observed over large power ranges, 

e.g., ~5–20 μW, >20–161 μW, and >161 μW –2.67 mW. At low laser powers, the 

I2LO/I1LO was 0.05, while this value increased to 0.10 and 0.30 at 260 μW and 2.67 mW 

(which represent factor of 2 and 6 enhancements) respectively (see Table AIV.12). The 

extrinsic perturbation of the electron–phonon coupling strength with laser power 

probably contributed to the experimental discrepancies reported for CdSe quantum dots, 

which range from 0.02 to 0.20 for high quality, single crystalline material [11]. More 

specifically, the 1– and 2–LO modes permanently shifted from 240.1 and 413.0 cm-1 to  
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Figure AIV.5  EPC strengths in other II–VI systems. (a) Laser–power dependent 
spectra representative of findings collected with 4.97 μW to 2.67 mW of 532 nm light. 
(b) Raman spectra collected with 260 μW before and after exposure to 1.55 mW. 
 
203.3 and 411.7 cm-1 respectively upon increasing the laser power, while the broad 

peak started at 169.6 and moved to 161.1 cm-1. While the broad peak is also positioned 

similarly to that for cadmium telluride (CdTe), its existence was excluded by carefully 

preventing growth chamber contamination, and analyzing nanowire lattice spacings 

and diffraction patterns collected with TEM. Furthermore, laser heating the CdSe 

nanowire in Figure 6.3D decreased the I2LO/I1LO by –0.00105 n + 0.50, where n = 0–2 

and represents the number of 100 s exposures to Pw(532nm), while subsequent 

illumination yielded stable I2LO/I1LO values. 

In Figure AIV.6, the broad feature, as demonstrated in Chapter 6, is sensitive to 

surface conditions, the 1LO shoulder at ~250 cm-1 was not previously reported for CdSe,  
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Figure AIV.6  Laser–induced Raman changes in a CdSe nanowire. (a) Laser–power 
dependent spectra representative of findings collected with 4.97 μW to 2.67 mW of 532 
nm light. (b) Raman spectra collected with 260 μW before and after exposure to 1.55 
mW. 
 
while the ~240 cm-1 peak has been attributed to the following:  thermal oxide [12], 

amorphous selenium (a–Se) [13, 14], and to cinnabar or wurtzite CdSe domains [15]. 

The small, 2LO shoulder at ~440 cm-1 matches the expected position for CdSe’s 

thermal oxide [12], while the 1LO shoulder at ~240 cm-1 appears present in Ref. [12] 

but it was not discussed. The 1LO shift in particular, e.g., from 240.1 to 203.3 cm-1, 

implies a structure transformation. The validity of the various literature assignments 

are briefly discussed. Assuming that the peak shift is from Se implies a photo– 

conversion process [16] involving excess selenium at macroscopic defects, such as at 

substitution and interstitial sites [17-19], but this assumption does not explain the 

absence of certain peaks, such as a CdSe–like, 1LO peak at lower laser powers, or the  
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Table AIV.15  I2LO/I1LO values for CdSe as a function of laser power (refer to Figure 
AIV.5). 

 

 

 

 

 

 
 

 
 
 
missing Se peak at ~140 cm-1. Furthermore, the appearance of either (rather than both) 

the ~140 cm-1 peak or the 1LO shoulder extending to ~240 cm-1 (with a higher order, 

2LO shoulder at 440 cm-1 that is difficult to observe visually) suggests that more than 

Se [13, 20] may be present. Assignment to thermal oxide is uncertain because it could 

not be decoupled from other effects. While Chapter 6 demonstrates that partial 

nanowire ablation removed both the broad feature and peak assigned to thermal oxide, 

the broad feature was sensitive to surface conditions, which suggested that it may not 

be related to the thermal oxide peak. Further investigation is required. A phase 

transformation may be a possible explanation for the large Raman shifts. As both 

wurtzite (WZ) and zinc–blende (ZB), CdSe crystal structures have similar free energies 

of formation [21], although ZB is the more energetically favorable configuration at low 

temperatures [22], a laser–induced phase transformation is not unreasonable. These 

hypotheses are tested with prolonged exposure to 1.55 mW of 532 nm light (Figure 

AIV.6B), which eventually forms a Raman peak at 143.2 cm-1, while the intensity of 

the ~240 cm-1 peak was drastically reduced with P (532nm) > ~0.5 mW. Raman spectra 

Laser Power I2LO/I1LO 
μW a.u. 

Before  
4.97 0.07 
19.3 0.05 
30.1 0.08 
55.8 0.05 

160.6 0.02 
260 0.10 
453 0.01 

1,554 0.07 
2,670 0.30 

After  
30.1 0.003 
260 0.31 

2,670 0.33 
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collected with 260 μW after exposure to high laser powers revealed 1– and 2–LO peaks 

at 207.3 and 402.2 cm-1 (compared to their initial values of 240.1 and 413.0) 

respectively. Raman spectra collected with 30.1 μW (not shown) presented 1– and 2–

LO peaks at 208.2 and 415.6 cm-1 respectively, and are more reasonable values for 

CdSe. The Raman spectra collected with 260 μW is shown because its 2LO position is 

rather interesting. It is unclear if the laser–induced phase transformation is still 

occurring. The lack of recoverability under 30.1 μW could result from a phase 

transformation [15] from zinc–blend CdSe, with its 1LO at ~250 cm-1, to wurtzite CdSe, 

while the continued presence of the 1– and 2–LO shoulders could stem from an 

incomplete removal of the thermal oxide. It is worth noting that the laser annealed 

peaks are “sharper” or more well defined, which implies an improved crystal structure 

such as through defect removal. Meanwhile, two new peaks appear at 125.4 and 144.1 

cm-1, where the 125.4 cm-1 peak is not resolved under higher laser powers. While both 

of these peaks are consistent with γ–Se [13], the dominate peak at ~245 cm-1 is clearly 

absent. Unfortunately, the origin of these two new remains unassigned.  
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APPENDIX V:  SUPPORTING INFORMATION FOR LASER PROCESSED 
TUNING OF SEMICONDUCTOR NANOWIRES 

 
 

“Discovery consists of looking at the same things as everyone else  
and thinking something different.” 

Albert Syent-Györgyi, Oct. 1985 Bridging the Present and the Future  
in IEEE Professional Communications Society conference record 

 
 

AV.1 Appendix Information Summary 

Sections AV.2–AV.3 respectively provide (1) additional information supporting 

wavelength–dependent device responses; and offers (2) supplemental optical and 

structural characterization supporting the laser processing of CdSe and CdSe/ZnTe 

SNWs in Figure 6.3. Wavelength–dependent electrical properties are first explored in 

Section AV.2, where two devices are investigated. The first device (D1) is different 

from that shown in Chapter 6 and possesses a 10.–μm–long, CdSe SNW. The second 

device (D2) is the device with a 10.–μm–long SNW used in Figure 6.2. First, 

wavelength–dependent behavior is investigated for a LET’s turn–on voltage, VD,on, or 

the Vds point where current begins to increase, output and transfer characteristics, and 

under optical gating with dual–beam illumination. The wavelength–dependence of the 

VD,on is plotted as a function of λg(Pg) in Figure AV.1 for pristine operation of D1 and 

D2, and is extracted from the output characteristics or Ids vs. Vds plots. The output 

characteristics are displayed in Figure AV.2 for D1 using λg = 633, 532, and 442 nm 

before and after gentle laser processing with Pw(532nm) = 3.2–3.6 μW, where Tables 

AV.1–AV.2 summarize their Ids and Vds onsets for the first and second current plateaus, 

e.g., primary and secondary photoconductivity. Figure AV.3 plots the PL emission for 

532 nm excitation for both D1 and D2. The PL emission intensity is altered by laser 

processing and generally correlates with the output characteristics, where a higher 

current correlates with reduced PL emission (presumably due to enhanced carrier 
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diffusion away from the measurement site). Figure AV.4 presents the transfer 

characteristics or Ids vs. Pg(λg) before and after laser processing for D1 and D2, where 

optical gating employed λg = 633, 532, and 442 nm for the former and λg = 532 nm for 

the latter respectively. While the relationship between output and transfer 

characteristics are straightforward, the wavelength–dependent effects resulting from 

illumination with multiple optical sources is more complicated. Figure AV.5 displays 

laser–written, multi–optical–gate function for dual–beam gating using Pg,1(532nm) and 

Pg,1(Halogen), and discusses its measure of optical amplification. R is defined in 

Section 4.3. 

Second, Section AV.3 provides additional optical and structural information that 

supplements the results displayed in Figure 6.3. Figure AV.6 reproduces Figure 6.3B 

with three pristine PL measurements to demonstrate reproducibility. This graph also 

indicates that the intensity change resulting from laser processing is significant. Figure 

AV.7 magnifies the deep–level emission portion of the PL spectra shown in Figure 6.3. 

Supplemental investigation into the oscillatory nature is briefly explored with 

ultraviolet (325 nm) excitation in Figure AV.8. Meanwhile, the complete laser removal 

of the broad Raman feature is significant, and the Raman data is summarized in Table 

AV.4. The observed Raman trends are reproduced across a CdSe–SNW channel in an 

In–CdSe–In device (Figure AV.9), where one spot was lightly ablated. Another partially 

ablated, single CdSe SNW is investigated structurally using TEM in Figure AV.10, and 

reveals the laser–formation of a polycrystalline CdSe layer on the ablated site. To gain 

additional insight into the broad Raman feature, a wurtzite CdSe/ZnTe SNW is 

investigated in Figures 6.4 E–F. Figure AV.11 structurally characterizes this core/shell 

SNW, and reveals an absence of surface damage. To compare Raman spectra between 
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different ZnTe crystal structures, gentle laser processing is performed on a zinc–blende 

ZnTe SNW in Figure AV.12; its pertinent Raman information is summarized in Table 

AV.5.  

AV.2 Supporting Information for Wavelength–dependent Electrical Responses 

Wavelength–specific, turn–on voltages, VD,on, are shown in Figure AV.1 for two 

pristine devices (D1 and D2). VD,on is obtained from the output characteristics and 

describes the Vds point where the current begins to increase; the output characteristics 

for D1 will be shown subsequently. The wavelength–dependent, Vds onset of the current 

plateau directly impacts this parameter, where D1 possesses higher VD,on voltages than 

D2. Wavelength–dependent output characteristics are also demonstrated in Figure AV.2 

using these two devices, where for D1, the device was allowed to recover in ambient 

conditions for at least one week between measurements with different λg. For D2, 

different λg conditions were measured consecutively before and after gentle laser 

processing. Both devices employed Pw(532nm) = 3.5 μW. In general, gentle laser 

processing resulted in negligible changes in the dark current, while the photocurrents 

were drastically altered. Figure AV.2A–B, Figures AV.2C–D, and Figures AV.2E–F 

respectively contain D1’s output characteristics (Ids–Vds) before and after laser 

processing, where the was optically gated with λg = 633, 532, and 442 nm respectively. 

The inset contains photoluminescence (PL) maps overlaid onto optical images of the 

same device. The PL measurements were performed before and after gentle laser 

processing and visually illustrate PL changes along the same SNW, where a clear 

reduction in PL intensity is observed at the site of laser modification. Note that a 

complete PL recovery did not occur, which could result from laser annealing defect 

states, although the PL intensity did drastically recover between each set of laser   
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Figure AV.1  Wavelength–tunable turn–on voltages, VD,on, were extracted from the 
output characteristics while operating two pristine devices:  D1 (open circles) and D2 
(solid squares). This parameter reflects the wavelength–dependent changes in the first 
current plateau’s Vds onset.  
 
processing experiments. Figure AV.2 reveals two common trends:  laser processing 

decreased the Ids, as illustrated in Table AV.1, and shifted the Vds onsets of the first and 

second plateaus typically to higher voltages as shown in Table AV.2. As previously 

demonstrated [1], different laser frequencies and wavelengths, Pg(λg), can tailor the 

relative Ids and Vds onset of the two plateaus. Figure AV.2 extends this concept to 

demonstrate that laser modification or processing of the SNW also plays a significant 

role. This could result from the laser annealing of defect states or even the native oxide 

or amorphous layer on the nanowire’s surface. Focused illumination increased 

rectification, while broad–band and broad–area illumination (with halogen light) 

altered the characteristics, such as through enhanced Ids. More specifically, λg = 532 nm 
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Figure AV.2  Wavelength–dependent output characteristics (from D1) collected from 
the same pristine and gently laser–processed device (with a 10–μm–long, CdSe SNW). 
The device was optically gated using λg = (a–b) 633, (c–d) 532, and (e–f) 442 nm with 
respective P0 values of 1.40/1.35, 2.08/2.14, and 2.38/2.81 μW before/after gentle laser 
processing. Laser processing was performed with Pw(532nm) ≈ 3.5 μW. The inset 
contains PL maps, collected with powers near P0, overlaid onto optical images. Gentle 
laser processing produced visible PL changes that did not damage the SNW surface or 
alter the local crystal structure (as investigated with TEM/HRTEM and diffraction 
pattern analysis). 
 
Table AV.1  Output characteristic summary from Figure AV.2. Ids is reported for 
specific Vds values before and after laser processing D1. Optical gating used the 
reported Pg(λg) conditions. 

Pg(λg)  Vds 

 
V 

Ids 

(before/after) 

μA  
λg = 633 nm 

Pg = 1.40/1.35 μW 
-1.42 
1.42 
4.98 

 

-0.014/-0.182 
0.027/0.149 
0.114/0.850 

 

λg = 532 nm  
Pg = 2.08/2.14 μW 

-1.45 
1.45 
4.96 

 

-3.11/-0.13 
4.45/0.26 
13.80/1.44 

 

λg = 442 nm 
Pg = 2.38/2.81 μW 

-1.45 
1.45 
4.96 

 

-0.83/-0.22 
0.96/0.27 
6.71/1.36. 
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Table AV.2  Output characteristic summary from Figure AV.2. Approximate Vds onsets 
of the first and second Ids plateaus are reported before and after laser processing D1 
using P0 for each listed λg condition. 

λg 
 

First Plateau’s Vds onset 
(before/after) 

V 

Second Plateau’s Vds onset 
(before/after) 

V 
λg = 633 nm ~2.75/~4.75 12–14.5/17.25–20. 
λg = 532 nm  1.75–42/2–3 13.25–16/15.5–19 
λg = 442 nm 3–4/2.5–3.5 15.5–18.5/13.25 to >21 

 
demonstrated transistor–like output characteristics in the pristine device, while gentle 

laser processing presented strongly rectified behavior, while for λg = 442 nm, the Ids 

was drastically reduced, but the current plateaus were still visible. An interesting 

feature for λg = 633 nm is the conversion from a non–linear, laser–power dependence 

to a more linear dependence after laser processing. A relationship between carrier 

recombination and electrical behavior is briefly examined in Figure AV.3, which plots 

the PL intensity as a function of laser power before and after gentle laser processing. 

In general, the PL peak intensity increased in slope with increasing laser power under 

532 and 442 nm light, while 633 nm light displayed an increase in exciton emission.  

Together, these results strongly imply that:  (1) wavelength–specific device 

responses may be laser processed for both optical and electrical signals; and (2) PL 

provides a quick and efficient means of optical feedback for laser processing electrical 

properties, which may be beneficial in a manufacturing environment. An example of 

gently laser–processed, wavelength–selective, electrical behavior involves switching 

λg from 532 nm to 442 nm to transition from diode–like to transistor–like output 

characteristics. This naturally leads one to question the possibility of selectively 

processing electrical behavior in the presence of multiple optical sources. But first, the 

transfer characteristics (Ids–Pg) are explored, which are the foundation of a LET’s 

multi–optical–gate function. 
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Figure AV.3  Laser–power–dependent PL intensities for pristine and laser processed 
devices (D1 and D2):  D1 was illuminated using λg = (a) 633 nm, (b) 532, and (c) 442 
nm light, while D2 used λg = 532 nm. Laser written PL intensities generally cover a 
larger power range as PL emission was collected during the laser writing process.  
 

Transfer characteristics for D1 using λg = 633, 532, and 442 nm, and for D2 with 

λg = 532 nm is shown in Figure AI.4 before (red) and after (blue) gently laser processing 

the device, using Pw(532nm) = 3.5 μW. The current changes reflect those in the output 

characteristics at these specific Vds points, which were chosen as Vds ≈ 1.4 and 5.0 V. 

As previously discussed, the oscillatory current under λg = 633 nm reflects non– linear 

behavior, while the relatively linear blue line represents the transition to a more linear 

power dependence. In general, laser processing enhanced the current at low voltages, 

except for 532 nm, which resulted in a decreased Ids. Both D1 and D2, using λg = 633 

and 532 nm respectfully, displayed large Ids increases after laser processing. The 

transfer characteristics support the output characteristics in that wavelength–selective, 

electrical behavior may be laser processed. The next step is to explore multi–gate– 
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Figure AV.4  Transfer characteristics were measured at Vds = 1.43 V (circles) and 4.98 
V (squares) before and after gentle laser processing using Pw(532nm) ≈ 3.5 μW. Device 
operation was performed as follows:  D1 used λg = (a) 633, (b) 532, and (c) 442 nm, 
while D2 was under λg = (d) 532 nm. 

 
functionality. To clearly demonstrate the effects, a current enhancement factor R is 

introduced by converting Ids(Pg1,Pg2) to R(Pg1,Pg2), where R = Ids(Pg1,Pg2)/[ Ids(Pg1) + 

Ids(Pg2)]. In other words, R is the current produced under simultaneous illumination 

normalized to the current produced under each independent illumination source. Figure 

AI.5 contains contour plots of R as a function of 532 nm and halogen power before and 

after laser processing the same device (D2). Before laser processing, a maximum R of 

~10 occurred at the lowest optical powers, and had an implied gain of ~15. After laser 

processing, the maximum R was reduced by about an order of magnitude to ~1.5, where 

this reduced optical amplification was observed over smaller power ranges. Obviously, 

enhancing optical amplification is more desirable. The UV illumination studies, which 

will be discussed later, suggest that Pw(325nm) may be one way to realize an increase.  



240 
 

 
 
 

 

Figure AV.5  Dual–optical–gate amplification measured with the current 
amplification factor, R (see text). The two optical sources were Pg1(532 nm) and 
Pg2(Halogen), while transfer characteristics were collected before and after laser 
processing with Pw(532nm) ≈ 3.5 μW. 
 

AV.3 Supplemental Structural and Optical Characterization 

Figure 6.3 compares optical spectra for gently and irreversibly laser–processed, 

CdSe SNWs, and for a CdSe/ZnTe SNW. Additional optical and structural 

characterization is provided and discussed. First, the reproducibility of the PL 

measurements is demonstrated in Figure AV.6, where the increased exciton emission 

after laser modification is significant. Deep–level PL emission from Figure 6.3 is 

magnified to reveal changes in peak intensity and structure. The features are discussed 

in Chapter 6. Given the scant literature reports on oscillatory PL emission, it is useful 

to first review relevant references. Uniform oscillation was previously observed in PL 

spectra for silicon illuminated with light ≤ 3.2 eV [2, 3], and were speculated to 

originate from surface phonons. The references varied either the oxygen pressure or the 

particle diameter (through laser ablation times) and studied PL bands from 1.8–2.1 eV,  
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Figure AV.6  Demonstration of PL reproducibility and that intensity changes in PL 
emission are significant. Three initial measurements were collected and possessed with 
identical laser powers. Laser processing induced a drastic intensity change of ~1000. 
cps.  
 
at ~2.55 eV, and at 3.2 eV. When the pressure of oxygen gas was altered during material 

growth, the 1.8–2.1 eV range was dependent upon the gas pressure and experienced 

intensity changes and peak shifts, while a broad peak at ~2.55 eV displayed negligible 

intensity and peak energy changes. The former was ascribed to confinement effects, 

while the latter to surface states. Laser ablation to form silicon oxide nanoparticles 

(with diameters of 1–10 nm) nanoparticles demonstrated an increase in emission at 3.2 

eV with increasing ablation times. The oscillatory deep–level emission was attributed 

to phonon–assisted processes. The peak spacing between the oscillations varied from 

97±9 meV when varying the oxygen partial pressure to 62±6 and 57±5 meV for the 3.2 

and 2.55 eV bands, respectively, during laser ablation. Figure AV.8 investigates PL  
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Figure AV.7  Magnification of deep–level emission from Figure 6.4 before and after 
(a) gently and (b) irreversibly laser–processing different CdSe SNWs, and (c) a 
CdSe/ZnTe SNW. 
 
emission as a function of laser power and exposure time to 325 nm light for four 

semiconductor systems:  ZnO SNW array, bulk ZnSe, a CdSe SNW, and a CdSe/ZnTe 

thin film. The bulk and thin film samples serve as references. In general, three PL bands 

are observed among all samples:  low, medium, and high energy peaks at ~1.8–1.7 eV, 

~2.3 eV, and ~3.1–3.2 eV respectively. A consistent peak spacing of ~50.–60. meV was 

observed for PL emission < ~1.75eV, although the oscillations were strongest in the 

CdSe samples. These values are near those reported for the silicon oxide nanoparticles 

formed through laser ablation, while interestingly, the peak spacing observed with 532 

nm light was only ~20. meV. Further investigation is required to determine if these 

results stem from material difference (e.g., diameter or stoichiometric ratio) or 

illumination conditions. 



243 
 

 
 
 

 

 
Figure AV.8  Investigating oscillatory PL emission with Pw(325 nm) = 2.976 mW (P0). 
Laser–power–dependent and exposure–dependent (t = 1 s intervals) PL emission for 
(a–b) a ZnO SNW array, (c–d) bulk ZnSe, (e–f) a CdSe SNW, and (g–h) a CdSe/ZnTe 
thin film. The bulk and thin film serve as reference samples. The ability to enhance the 
low energy PL peak in CdSe SNWs may provide a mechanism for improving transistor 
function, and should be investigated further. 
 

The ZnO and ZnSe systems provide useful insight and serve as samples containing 

and lacking an oxide in their respective material compositions. The ZnO SNW array   

exhibited a red shift of both low and high energy peaks as all three peaks increased in 

intensity with increasing laser power. Upon consecutive 1 s exposures to P0 = 2.976 

mW of 325 nm light, all three peaks experienced reduced intensities and peak 

broadening. For comparison, both the medium and high energy peaks in bulk ZnSe 

increased with laser power, while prolonged exposure enhanced the high energy peak 

at the expense of the medium energy peak. It is interesting that similar optical 

conditions produced very different results for these Zn–based, material systems. A 

single CdSe SNW was investigated next. Increasing laser power yielded a red shift of 
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all three peaks with enhanced deep–level emission below ~1.65 eV. Meanwhile, 

increasing its exposure to ultraviolet light actually increased the intensity of the low 

energy peak, while the other two peaks demonstrated negligible changes. For 

comparison, a CdSe/ZnTe thin film structure demonstrated no changes in PL emission 

when altering either the laser power or the exposure time. It is clear that CdSe SNWs 

are more susceptible to laser modification than their (relatively thicker) thin film 

counterparts, while the SNWs displayed different behavior from the ZnO SNW array 

and bulk ZnSe systems. While further investigation is required to better understand the 

origin of these changes, the similar peak energies and peak spacings hints that common 

origins may be shared between these material systems. As 325 nm illumination 

enhances deep–level emission, rather than removing it through laser annealing, a future 

step is to determine if Pw(325nm) can enhance a LET’s electrical performance. 

Ablative laser processing did not change the oscillatory peak of the deep–level 

emission peak, but it did, surprisingly, result in the laser removal of the broad Raman 

feature. The Raman spectra in Figure 6.3D are tabulated in Table AV.3. In general, the 

peak area and the full width at half maximum (FWHM) decreased until a saturation 

point was reached, which was marked by the complete laser removal of the broad 

Raman feature. The Raman spectra in Figure 6.3B were collected across an In–CdSe–

In device (Figure AV.9). The spectra were collected with 33.2 μW of 532 nm light after 

partial ablation with Pw(λw) = 20.20 mW (t = 1.0 s). The pristine sites demonstrated a 

broad feature with a relatively low Raman shift of the 1LO peak, while the laser 

processed spot displayed complete removal of the broad peak and a simultaneous 

“sharpening” or intensity enhancement of the 1LO peak. These results match the trends 

observed in Figure 6.D for an irreversibly laser–processed, single CdSe SNW, while  
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Table AV.3  Tabulated Raman data for the pristine and laser–processed CdSe SNW in 
Figure 6.3B. Laser processing was performed with four, 100 s intervals with Pw(532nm) 
= 0.397 mW, while Raman spectra were collected with 167.6 μW of 532 nm light. 
Values include peak position, peak area, and the full width at half maximum (FWHM) 
for CdSe’s 1– and 2–LO phonon peaks and the broad Raman feature.  

Exposure n∙LO CdSe Peak Position Peak Area FWHM 
n·100s  cm-1 a.u. cm-1 

 Broad peak 170.5 32.59 29.0 
0 1 203.3 30.24 22.7 
 2 411.7 1.33 1.1 
 Broad peak 171.8 4.28 8.2 
1 1 206.4 29.44 13.2 
 2 412.1 4.03 9.7 
 Broad peak 176.7 0.65 2.8 
2 1 206.4 37.09 8.9 
 2 416.5 14.37 12.4 
 Broad peak 177.1 1.90 –– 
3 1 206.4 43.06 10.3 
 2 414.3 15.65 11.6 
 Broad peak 176.7 2.46 6.2 
4 1 206.4 40.95 9.1 
 2 416.5 9.99 1.7 

 

Figure AV.9  Reproducibility of Raman trends observed in Figure 6.3D. Raman 
spectra were collected across an In–CdSe–In device using 33.2 μW of 532 nm light after 
laser processing with Pw(λw) = 20.20 mW (t = 1.0 s), which partially ablated the CdSe 
SNW (see optical image) and produced the electrical characteristics in Figure 6.1C. To 
the right, numbers on the optical image indicate the approximate spatial location of each 
measurement site. The ablated site corresponds to the blue spectra that does not possess 
a broad peak or “BP”.  
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pristine sites display the broad peak with a reduced 1LO intensity. It is interesting that 

this device does not demonstrate a Raman–shifted 1LO for the ablated site compared to 

the pristine site, which contrasts the results in Figure 4D. This suggests that the Raman 

shifted 1LO may result from other phenomenon, such as from differences in initial 

surface conditions. 

Laser ablation is investigated structurally for a CdSe wire that was irreversibly 

laser processed using Pw(532nm) = 0.378 mW (t = 30. s). This SNW has a diameter of 

~400 nm and is different than the one investigated in Chapter 6. The partially ablated 

SNW is structurally characterized with TEM (Figure AV.10) to reveal the formation of 

a polycrystalline CdSe layer at the ablation site. The bright field image in Figure 

AV.10C clearly reveals the structure, while the bright spots in the dark field image 

(Figure AV.10D) indicates the presence of polycrystalline CdSe. Figure AV10.E 

contains white lines that outline different polycrystalline regions at the ablation site, 

where the formation of polycrystalline material is consistent with the circular rings 

observed in the diffraction pattern in the inset of Figure AV10.B. In contrast, uniform 

lattice spacings are observed away from the ablation site (Figure AV10.F). 

Figure AV.11 structurally characterizes a CdSe/ZnTe SNW with TEM. The SNW 

has a diameter of ~250 nm, and was laser processed with Pw(532nm) = 0.366 mW (t = 

0.25 s). No structural damage was observed with TEM although a noticeable reduction 

in PL intensity (using both 633 and 532 nm lasers) was observed after laser processing 

the structure. Ref. [4] previously characterized this structure and determined that 

spheres on the SNW surface are composed of ZnTe. The insets in Figures AV.11A–B 

were collected away from and at the illuminated site and indicate the presence of single 

crystalline and polycrystalline material respectively. Meanwhile, the bright field image  
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Figure AV.10  Structural characterization of a partially ablated, CdSe wire with a 
diameter of ~400 nm. Ablation was achieved with Pw(532nm) = 0.378 mW (t = 30. s). 
TEM images were collected at (a) 8 k (500 nm scale bar) and (b) 40 k (100 nm scale 
bar) magnification at the ablated site. (c–d) Bright and dark field images of a “finger” 
in the ablated site (120 k magnification; 5 nm scale bar). (f–g) High resolution TEM 
images (120 k magnification) showing the same finger and where the finger meets the 
SNW body respectfully. Scale bars are 10 nm and 1 nm respectively. (f) Select 
polycrystalline regions are outlined with dashed white lines.  
 
in Figure AV.11C clearly resolves the structure, while the dark field image in Figure 

AV.11D indicates a homogenous material. The corresponding PL and Raman spectra 

appear in Figures 6.4E–F respectively, and indicate the formation of tellurium and a 

Raman peak at 252.0 cm-1, which may be from amorphous selenium. As a reminder, 

the all–wurtzite (WZ), CdSe/ZnTe SNW in Figure 6.3F did not experience a shift of  
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Figure AV.11  Structural characterization of a CdSe/ZnTe SNW with a diameter of 
~250 nm. Laser processing was performed with Pw(532nm) = 0.366 mW (t = 0.25 s). 
(a) TEM image of the SNW under 1 k magnification (10 μm scale bar). The two insets 
are diffraction patterns of the CdSe body (left) and of the ZnTe shell (right). (b) Optical 
image of the SNW with a PL map overlaid upon half of the structure (2 μm scale bar). 
(c–d) Bright and dark field images under 40 k magnification (100 nm scale bar) at the 
laser processed site. PL maps (with only relative intensity changes shown; 400 nm scale 
bars) were collected before and after laser heating using (f–g) 532 nm and (h–i) 633 
nm light respectively, which are above and near CdSe’s band gap respectively.  
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the 1LO peak, while only the 2LO peak was down–shifted by ~0.8 cm-1. Its higher 

order replicas were not resolved due to the thin (~1 nm) ZnTe shell. This peak shift is 

likely a combined effect from both CdSe and ZnTe components, where CdSe provides 

the dominant contribution. For comparison, Figure AV.12 contains Raman spectra for 

a laser–written, zinc–blende (ZB) ZnTe nanowire using Pw(532nm) = 0.243 μW (t = 

0.5 s). Raman spectra were collected using 2.68 μW from a 532 nm laser, while 

pertinent Raman data is tabulated in Table AI.4. Gentle laser processing enhanced the 

peak areas and FWHM values, while only the 1– and 4–LO peaks were down–shifted 

by ~0.5 cm-1 and ~0.6 cm-1 respectively. As expected, the Raman shifts for the ZB ZnTe 

SNW are very different from the WZ CdSe/ZnTe structure. 

 
Figure AV.12  Raman investigation into gently laser written zinc–blende ZnTe for 
comparison with wurtzite results shown in Figure 6.4F. Laser processing was 
performed with Pw(532nm) = 0.243 mW (t = 0.5 s), while the Raman spectra were 
collected under 2.68 μW or 532 nm light. 
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Table AV.4  Summary table of pertinent Raman parameters from Figure AV.12. The 
peak position, peak area, and FWHM are shown for all four of ZnTe’s LO phonon 
modes before and after laser writing. 

Exposure n∙LO CdSe Peak Position Peak Area FWHM 
0.5 s  cm-1 a.u. cm-1 

 
Pristine 

1 206.0 32.9 7.7 
2 411.7 177.9 4.7 
3 617.3 209.1 6.4 
4 823.2 19.2 28.7 

 
Laser 

Processed 

1 205.6 22.5 27.9 
2 411.7 129.0 27.7 
3 617.3 203.7 28.6 
4 822.8 13.6 28.7 

 
Raman shifts were also investigated at the SNW body and Au–SNW junction for 

CdSe and CdSe/ZnTe SNWs in Figure 6.4. While the Raman measurements were 

repeated for both structures, the shift in the core/shell structure is intriguing. It is 

therefore useful to demonstrate its reproducibility. Figure AV.13 plots the Raman 

spectra collected at the Au–CdSe/ZnTe junction for two different SNWs. The shown 

spectra demonstrate large intensity differences, while the shape of the 2LO does appear 

to have some variation between samples. An interesting finding is a drastically different 

I2LO/I1LO at the Au–SNW junction for both CdSe and CdSe/ZnTe SNWs. A CdSe SNW 

(not shown) displayed I2LO/ I1LO values at the SNW body and Au–SNW interface, 

respectively, of 0.001 and 0.015, while the CdSe/ZnTe SNWs in Figures 6.5 and AV.13 

yielded respective I2LO/I1LO values of 6.8 and 2.22 at the SNW body, which compares 

to respective values of 0.015 and 0.80 at the Au–SNW interface (light green and wine 

colored lines respectively). It appears that the gold interface drastically increased 

coupling strengths for the CdSe SNW, while it greatly reduces it for the CdSe/ZnTe 

SNW. 
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Figure AV.13  Raman spectra collected at the Au–CdSe/ZnTe junction for two 
different SNWs. The Raman spectra were collected with 207.5 μW of 532 nm light. 



APPENDIX VI:  ADDITIONAL RESEARCH WORK 
 
 

“Always do more than is required of you.”  
General George S. Patton, Jr., Speech given in England to  

the U.S. Third Army, 5th June 1944 
 
 

AVI.1 Appendix Information Summary 

Appendix VI contains additional research work on the piezoelectric and 

piezophototronic effects in CdSe– and CdSe/ZnTe–nanowire–based devices.  

AVI.2 Piezoelectric Devices 

Figure AVI.1 explores the piezoelectric effect in CdSe [5] and CdSe/ZnTe [6] 

nanowire arrays, where the latter templates the shell’s crystal structure [4]. CdSe and 

CdSe/ZnTe nanowire arrays are of interest because the former was demonstrated as a 

LET in Chapter 4, while the latter has photovoltaic applications and demonstrates the 

effect of a shell. Figure AVI.1A contains a device schematic, where the device’s 

sandwich structure consists of a quartz slide with silver paste acting as the top electrode, 

which contacts the top of the vertical nanowire array, while the bottom electrode is 

formed with mica substrate. Kapton tape is also used to provide additional insulation 

for the electrical leads. Weights are placed on the quartz slide on the end opposite the 

measurement location, where PL spectra are collected with 70.70 μW of 532 nm light. 

The mechanical stimuli, or applied weight or load in this case, displaces non–

centrosymmetric atoms in a wurtzite crystal structure, which produces the piezoelectric 

effect that manifests itself within an M–S–M device through altered M–S barrier 

heights [7, 8]. Figures AVI.1B–C plot output characteristics for the CdSe and 

CdSe/ZnTe nanowire arrays respectively. Although 532 nm and halogen light 

illumination and dark conditions were explored, similar results were obtained. This is 

because the relatively small illumination area (~1 μm spot size), compared to the much 
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Figure AVI.1  Piezoelectric–enhanced electrical and optical properties in CdSe and 
CdSe/ZnTe nanowire arrays. (a) Schematic of device and its optical measurement using 
a 50x long working distance (LWD) objective lens (N.A. = 0.50). (b–c) Output 
characteristics under different applied loads. (d–e) Exciton and deep–level PL emission 
at 1.72 eV and ~1.4 eV respectively. The CdSe array has a second defect peak at ~1.5 
eV. Measurements were collected with 70.70 μW of 532 nm light. (f–g) Exciton and 
deep–level (or defect) emission intensity, respectively, as a function of applied load on 
CdSe (solid circles) and CdSe/ZnTe (open circles) nanowire arrays.  
 
larger device area on the order of square centimeters, could not yield sufficiently large 

differences in current modulation. Therefore, only dark current conditions are shown 

in these plots; however, a future step could employ illumination over the entire device’s 

surface area similar to work performed for type–II, ZnO/ZnS nanowire arrays [9]. In 
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Figures AVI.1B, the CdSe array experiences an Ids increase until saturation is achieved 

with a 50 g weight, after which point, the current reduces and even goes below the 

initial (0 g) value when the 500 g weight is applied. This behavior is well–known in 

ZnO nanowires [10]. In contrast, the CdSe/ZnTe nanowire array in Figure AVI.1B 

demonstrates four orders of magnitude increase in current, while comparatively small 

currently modulation was achievable by applying weights. It is clear that a mechanical 

gate affect both optical and electrical properties in CdSe–nanowire–based devices, 

while mechanical stimuli applied to the CdSe/ZnTe–based device had negligible effects, 

which could arise from efficient charge separation provided by the core–shell structure. 

There may, however, be specialized applications that require the large current 

modulation offered by the piezoelectric–enhanced, CdSe–based devices. Examples 

include sensor and memory applications, where tunable threshold voltages, which 

extended over ~2 V and could be optimized to extend even further, are particularly 

attractive for energy–efficient, multi–level memory applications [11]. 

PL is also investigated in Figures AVI.1D–E to correlate mechanical, electrical, 

and optical behavior, which is termed the piezophototronic effect [7, 8]. Exciton 

emission for both devices occurs at 1.72 eV with deep–level emission for both devices 

at ~1.4 eV, while the CdSe nanowire array displays a dominate, second peak at 1.49 eV. 

CdSe/ZnTe has lower emission intensities due to enhanced carrier separation [4, 6]. 

Application of weights effectively modulated PL emission for CdSe, while negligible 

changes were detected for the CdSe/ZnTe nanowire array, which qualitatively matches 

their respective output characteristics. In Figure AVI.1D, application of weight 

increased exciton and deep–level emission that saturated with the 100 g weight, 

compared to 50 g in the output characteristics, while exciton emission was quenched 
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with subsequent weight. It is worth noting that the 500 g weight quenched emission 

below the initial value, which reflects its electrical behavior. Figures AVI.1F–G plot 

exciton and deep–level emission intensities as a function of the applied load for CdSe 

(closed circles) and CdSe/ZnTe (open circles) nanowire arrays. An interesting finding 

is that deep–level emission was reduced with increasing load while exciton emission 

was generally enhanced. The inverse relationship between deep–level and exciton 

emission could be used as optical NOT logic gate. The correlated optical and electrical 

data in Figure AVI.1 also suggests the possibility of combining optical and electrical 

transistor concepts into a single device. An application example is the use of optical 

and electrical signals in transistor applications. 
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