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ABSTRACT 

Spectroscopic Characterization of III-V Semiconductor Nanomaterials 

by 

Shanna Crankshaw 

Doctor of Philosophy in Engineering ς Applied Science & Technology 

And the Designated Emphasis in Nanoscale Science and Engineering 

University of California, Berkeley 

Professor Connie J. Chang-Hasnain, Chair 

III-V semiconductor materials form a broad basis for optoelectronic applications, 

including the broad basis of the telecom industry as well as smaller markets for high-

mobility transistors. In a somewhat analogous manner as the traditional silicon logic 

industry has so heavily depended upon process manufacturing development, 

optoelectronics often relies instead on materials innovations. This thesis focuses 

particularly on III-V semiconductor nanomaterials, detailed characterization of which is 

invaluable for translating the exhibited behavior into useful applications. Specifically, 

the original research described in these thesis chapters is an investigation of 

semiconductors at a fundamental materials level, because the nanostructures in which 

they appear crystallize in quite atypical forms for the given semiconductors. Rather than 

restricting the experimental approaches to any one particular technique, many different 

types of optical spectroscopies are developed and applied where relevant to elucidate 

the connection between the crystalline structure and exhibited properties.  
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In the first chapters, for example, a wurtzite crystalline form of the prototypical 

zincblende III-V binary semiconductor, GaAs, is explored through polarization-

dependent Raman spectroscopy and temperature-dependent photoluminescence, as 

well as second-harmonic generation (SHG). The altered symmetry properties of the 

wurtzite crystalline structure are particularly evident in the Raman and SHG polarization 

dependences, all within a bulk material realm.  

A rather different but deeply elegant aspect of crystalline symmetry in GaAs is 

explored in a separate study on zincblende GaAs samples quantum-confined in one 

direction, i.e. quantum well structures, whose quantization direction corresponds to the 

(110) direction. The (110) orientation modifies the low-temperature electron spin 

relaxation mechanisms available compared to the usual (001) samples, leading to 

altered spin coherence times explored through a novel spectroscopic technique first 

formulated for the rather different purpose of dispersion engineering for slow-light 

schemes. The frequency-resolved technique combined with the unusual (110) quantum 

wells in a furthermore atypical waveguide experimental geometry has revealed 

fascinating behavior of electron spin splitting which points to the possibility of optically 

orienting electron spins with linearly polarized lightτan experimental result supporting 

a theoretical description of the phenomenon itself only a few years old. 

Lastly, to explore a space of further-restricted dimensionality, the final chapters 

describe InP semiconductor nanowires with dimensions small enough to be considered 

truly one-dimensional. Like the bulk GaAs of the first few chapters, the InP nanowires 

here crystallize in a wurtzite structure. In the InP nanowire case, though, the 
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experimental techniques explored for characterization are temperature-dependent 

time-integrated photoluminescence at the single-wire level (including samples with 

InAsP insertions) and time-resolved photoluminescence at the ensemble level. The 

carrier dynamics revealed through these time-resolved studies are the first of their kind 

for wurtzite InP nanowires.  

The chapters are thus ordered as a progression from three (bulk), to two (quantum 

well), to one (nanowire), to zero dimensions (axially-structured nanowire), with the 

ǳƴƛǘƛƴƎ ǘƘŜƳŜ ǘƘŜ ŜƳǇƘŀǎƛǎ ƻƴ ŎƻƴƴŜŎǘƛƴƎ ǘƘŜ ǎŜƳƛŎƻƴŘǳŎǘƻǊ ƴŀƴƻƳŀǘŜǊƛŀƭǎΩ 

crystallinity to its exhibited properties by relevant experimental spectroscopic 

techniques, whether these are standard methods or effectively invented for the case at 

hand. 

   

Professor Constance J. Chang-Hasnain 
Dissertation Committee Chair 

 Date 
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1 Introduction  

Semiconductor nanostructures have provided a prolific playground in recent years 

for researchers of many different backgrounds, incorporating materials science, 

chemistry, engineering, and physics alike. The experimental research described in this 

work is the characterization of atypical crystalline forms of III-V types of 

semiconductors, GaAs- and InP-based specifically, ranging from fully bulk (3D) to fully 

quantum-confined (0D). The most basic textbook formulation of the difference in 

dimensionality follows from the modification of the energetic density of states available 

to charge carriers living in the relevant systems: () g

D EEE -´3r ,  

() ( )ä -Q´
n

n

D EEE2r , () ( )ä
-

-´
n

n

D EEE
2/11r , and () ( )ä´

n

n

D EE dr0 , where n 

indexes the confined subbands, Q is the usual Heaviside (step) function, and d the 

Kronecker delta. The chapters of this dissertation are organized in order of decreasing 

dimensionality.  

The first few chapters examine GaAs needles that crystallize in a wurtzite structure 

rather than the standard zincblende form. These have tips that are sharp down to the 

few-atom scale, but are still very much bulk three-dimensional materials since the 

crystals themselves have sizes on the scale of microns. A brief discussion of the 

relationship between zincblende and wurtzite crystals is presented, with the emphasis 

on the difference in expectations of exhibited properties between the two. Given the 

basic modification in symmetry from a cubic structure (zincblende) to a uniaxial 

hexagonal one (wurtzite), one immediately expects to find polarization-dependent 
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properties of the wurtzite crystal not present in the zincblende form. Chapter 2 presents 

the experimental investigation of one such material property ς namely, vibrational 

modes ς which are explored through polarization-dependent Raman scattering on single 

wurtzite GaAs needles, revealing a splitting of the zone-center phonons as expected for 

the uniaxial crystal structure. In Chapter 3, the focus shifts to the resonant 

enhancement of the phonon modes, allowing for the observation of multiple phonon 

overtones, and which combined with a tunable excitation source provides a resonant 

profile of the wurtzite GaAs longitudinal phonon further used to provide insight into the 

nature of the luminescence features observed. Chapter 4 details an experimental 

investigation of a nonlinear optical process of these same GaAs needles, demonstrating 

that the intensity of second-harmonic generation indeed follows the polarization 

dependence expected for a bulk wurtzite crystal.  

In Chapter 5, a different type of GaAs symmetry is explored in a two-dimensional 

(quantum well) regime. In these samples, the relevant change in symmetry is not 

defined by the crystalline form, but rather by the quantization direction ς along the 

zincblende (110) direction compared to the standard (001)-oriented quantum wells. The 

modification of the symmetry properties in this case is related to the suppression of a 

particular mechanism of spin relaxation for the (110) quantum wells, known 

theoretically for decades and more recently demonstrated experimentally via time-

resolved optical techniques. The originality of the research described in this chapter 

relies on both the experimental technique used ς spectrally rather than temporally 

resolved ς and the results obtained for the (110) waveguide geometry. The 
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experimental results for the electron spin coherence time obtained through this 

spectrally-resolved method are consistent with previous studies based on time-resolved 

techniques, but the spectrally sensitive approach can also be applied as a spectroscopic 

tool to measure the electron spin splitting in these (110) quantum well waveguides. 

Doing so [1] reveals the possibility of generating a spin-polarized population of electrons 

with only linearly polarized light, a manifestation of spin-orbit coupling properties 

modified by the quantum-confined (110) material system. The ideas central to this 

chapter draw from optical orientation [2], which is to say the generation and control of 

an electronic or nuclear spin polarization through the use of polarized photons, as well 

as from the fields of optically-pumped nuclear magnetic resonance and spin-orbit 

effects in semiconductor systemsτall independently very rich but related disciplines 

within semiconductor physics and chemistry. Some effort is therefore dedicated to 

developing the conceptual framework underlying the experimental results in the 

beginning of the chapter.  

Further reducing the dimensionality to 1D, in Chapter 6 the materials under 

investigation are InP nanowires whose radii are comparable to or smaller than the 

exciton Bohr radius of ~10 nm. Like the GaAs of Chapters 1-3, the InP here crystallizes in 

a wurtzite structure rather than its usual bulk zincblende form. In this chapter, though, 

most of the experimental attention is given to the dynamics of carrier recombination, 

explored systematically as a function of emission energy, temperature, and excitation 

fluence [3]. Complementary investigations of the narrow luminescence linewidths in 

these nanowires suggest that the observed biexponential decay dynamics result from 
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relaxation through multiple energy levels, rather than from a carrier-dependent 

flattening of a surface-pinned Fermi level as had been previously suggested [4]. Finally, 

in Chapter 6, some results on InP nanowires with axial InxAs1-xP sections are shown, 

where the observation of multiple energetic subbands in the temperature-dependent 

photoluminescence spectra allows a simple finite-barrier model to uniquely specify the 

physical parameters. 

Hence, as this introductory outline has just described, many laboratory methods 

were built up in order to investigate the GaAs- and InP-based semiconductor 

nanomaterials of this thesis, including micro-Raman and micro-photoluminescence 

techniques in conjunction with their associated excitation spectroscopies (resonant 

Raman and photoluminescence excitation), furthermore also incorporating time-

resolved or polarization-resolved variations. The three-level differential transmission 

technique as applied to the measurement of spin coherence and spin splitting in the 

semiconductor waveguide chapter itself represents a new type of resonant 

spectroscopy. Whatever the appropriate spectroscopic method, the emphasis and the 

uniting theme here is that the samples under investigation always occur in non-standard 

crystalline forms, whether resulting from a difference in atomic layer stacking that 

differentiates the wurtzite crystal compared to the zincblende or the quantization 

direction of reduced-dimensionality structures that affects electron spin properties. 
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2 3D nanomaterials:  wurtzite GaAs  Raman 
spectroscopy  

Driven by the substantial interest in producing technologies based on semiconductor 

structures with reduced dimensionality, researchers in recent years have dedicated 

significant effort to synthesizing semiconductor nanowires with various growth 

methods. From a materials perspective, one intriguing aspect of nanowire growth is the 

stability of a wurtzite crystalline phase of standard III-V semiconductors such as InP and 

GaAs, which in their bulk forms always adopt a zincblende crystal structure. This dual 

stability results in the unanticipated challenge of producing single crystals during the 

growth process, as well as in necessitating characterization of these new forms of 

otherwise well-known semiconductors in terms of basic bulk material properties. While 

wurtzite-zincblende polytypism is known for III-nitride semiconductors [5], among the 

III-arsenides and III-phosphides it is unique to the nanoscale under ambient 

temperature and pressure conditions [6]. For understanding exhibited linear and 

nonlinear optical properties, modeling the behavior of, or designing devices upon the 

nanostructures in which the wurtzite modification appears, the bulk material 

characterization is of both fundamental and applied interest. 

2.1 Wurtzite vs z incblende crystallography  

The wurtzite and zincblende crystal structures share many similarities in terms of 

atomic arrangements. In both cases, each atom has four nearest-neighbor bonds, and it 

is only the third-nearest neighbor geometry that distinguishes the two forms. In the 
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zincblende, the isotropic crystal makes every atom exactly tetrahedrally coordinated. In 

the wurtzite, the fourfold coordination is only exactly tetrahedral if the crystal has a 

ratio of its long c-axis to its twofold-degenerate a axis equal to 1.633. Most binary 

semiconductors crystallizing in the wurtzite form have a c/a ratio slightly smaller than 

this number, and thus the nearest-neighbor bonding is slightly distorted from an ideal 

tetrahedron. More obviously, though, in the third-nearest neighbors the difference in 

stacking sequence of atomic layers constitutes the difference between the crystal types.  

Whereas a zincblende crystal consists of two interpenetrating face-centered cubic 

sub-lattices, or in other words is cubic close-packed with a two-atom basis, a wurtzite 

crystal consists instead of interpenetrating hexagonal close-packed sub-lattices. The 

atoms of either type are at least approximately tetrahedrally coordinated, but differ in 

the layer stacking sequence along the [111] direction of the zincblende (staggered 

ABCABC) compared to the [0001] direction of the wurtzite crystal (eclipsed ABAB), as 

depicted in Fig. 2.1.  

Thus while the zincblende structure is cubic and therefore isotropic, the difference in 

 

Fig. 2.1. Adapted from Ref. [6]. The dark and open circles represent individual Ga and As atoms, 
respectively. Left, the atomic ordering of the zincblende crystal along the cubic [111] direction 
has a staggered ABCABC stacking pattern. Right, the wurtzite atomic ordering instead has an 
eclipsed ABAB stacking pattern. 



7 

layer stacking makes the wurtzite structure uniaxial, with characteristic c-axis and a-

axes, or in other words naturally anisotropic. This crystalline anisotropy necessitates a 

careful consideration of polarization dependences in experimental measurements with 

respect to the optical axis (i.e. the c-axis) of the wurtzite crystal. 

2.2 Wurtzite GaAs nanoneedle samples 

The samples under investigation in the studies here are single-crystalline wurtzite 

GaAs needles, grown by a low-temperature growth process by metal-organic chemical 

vapor deposition (MOCVD) [7]. The synthesis is described in detail in other articles and 

theses, but briefly, the 400°C MOCVD growth results in uniformly tapered structures 

with a hexagonal cross-section, as pictured in the scanning electron microscope image in 

Fig. 2.2. The tips of the crystals are only a few nm across, permitting high-resolution 

transmission electron microscope (HRTEM) imaging of the nanoneedles, as shown in Fig. 

2.3(a), without any type of sample-thinning preparation procedures.  

1 µm

50 nm

1 µm1 µm

50 nm50 nm50 nm

 

Fig. 2.2. SEM image of a GaAs needle adapted from Ref. [7]. The ultra-sharp tips make the 
needles suitable for TEM analysis as-grown. 
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Such HRTEM analysis shows that the growth direction of the needle is always along the 

c-axis of the wurtzite crystal, with a c-axis lattice spacing of 6.524 Å and a-axis spacing of 

4.031 Å determined from the corresponding diffraction patterns as in Fig. 2.3(b), for a 

c/a ratio of 1.618. The taper angle from the c-axis to a vertex of the hexagonal cross-

section is determined from TEM images to be ~4°. 

0001

-1010

0002

<0001> 
6.524 A

<10-10> 
3.491 A

a-axis 4.031 A

2 nm

<0001> 
6.524 A

<10-10> 
3.491 A

a-axis 4.031 A

2 nm

(a) (b)

0001

-1010

0002

0001

-1010

0002

<0001> 
6.524 A

<10-10> 
3.491 A

a-axis 4.031 A

2 nm

<0001> 
6.524 A

<10-10> 
3.491 A

a-axis 4.031 A

2 nm

(a) (b)

     

Fig. 2.3. (a) HRTEM image taken from a [1-210] zone axis near the tip of a GaAs needle and (b) 
corresponding Fourier transform pattern. The c-axis spacing is measured directly, having a value 
of 6.524 Å. The a-axis spacing equals that of the [-1010] �•�‰�����]�v�P���š�]�u���•���î�l�O�ï�U���}�Œ���ð�X�ì�ï�í�����X 

The anisotropy of the wurtzite crystal structure becomes manifest in the polarization 

properties of the material, such as the phonon modes that are described next. 

2.3 Raman spectroscopy  

This chapter focuses on the vibrational properties of wurtzite GaAs, of especial 

interest for the very fundamental relationship of Raman scattering efficiencies to 

electro-optic and nonlinear coefficients of the material [8,9]. The exact zone-folding 

relationship [10] of the zincblende [111] to the wurtzite [0001] implies additional 

phonon modes at the center of the wurtzite Brillouin zone from the L-point at the zone 

edge of the zincblende Brillouin zone. The extra modes resulting from this L(ZB) Ҧ 

G(WZ) folding may also be expected simply from the additional atoms present in the 










































































































































































































































