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ABSTRACT 

Growth and Characterization of III-V Nanowires and Nanoneedles 

by 

Michael Moewe 

Doctor of Philosophy in Engineering ς Electrical Engineering and Computer Sciences 

And the Designated Emphasis in Nanoscale Science and Engineering 

University of California, Berkeley 

Professor Connie J. Chang-Hasnain, Chair 

Integration of optoelectronic materials with silicon is an important area of study, 

which could enable silicon CMOS-integrated optical devices for chip-scale optical 

communication, with the potential for higher bandwidth and lower costs. However, 

optical-quality III-V thin-film growth on silicon is difficult due to the crystal lattice-

mismatch between the materials, and III-V growth typically requires growth 

temperatures of 600 °C, whereas silicon CMOS processes are limited to < 450 °C. 

In this work we present methods for overcoming these lattice-mismatched epitaxial 

limitations. Au-catalyzed vapor-liquid-solid nanowire growth is conducted via metal-

organic chemical vapor deposition, and material-dependent critical diameters are 

discussed. Experimental results are presented which support theoretical predictions of a 

critical nanowire maximum diameter for epitaxial growth. A model is developed which 

predicts the nanowire growth rate, and dependence of the crystal phase on the 

nanowire diameter observed in experiments.  
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We also present a new growth mode which produces III-V nanoneedles via metal-

organic chemical vapor deposition. The nanoneedles are catalyst-free, ultra-sharp GaAs-

based structures, with record narrow tip diameters of less than 1 nm, sharp 6-9° taper 

angles, and lengths up to 10 ˃ƳΦ The crystals are pure wurtzite phase crystal, free of 

zincblende phases, which is uncommon for GaAs. The nanoneedles grow on GaAs, 

silicon and sapphire substrates and exhibit bright room-temperature 

photoluminescence. The growths are conducted at 380 to 420 °C, making the process 

ideal for silicon-CMOS integration. The nanoneedles can also be large enough for device 

fabrication using top-down, standard processing techniques.  

Growth of ternary nanoneedles is also demonstrated, specifically, pure InGaAs 

nanoneedles. The InGaAs nanoneedles exhibit similar structural properties as the GaAs 

nanoneedles, being single-crystal, with bright photoluminescence and ultra-sharp tips. 

Core-shell heterostructure nanoneedles of InGaAs and AlGaAs are also demonstrated. 

InGaAs quantum well nanoneedles having near-band-edge emission tunable by 380 meV 

are also shown, with photoluminescence emission below the silicon absorption edge, 

facilitating use of integrated passive silicon devices. 

Transmission electron microscopy analysis of the nanoneedles is also presented. The 

results elucidate the uniform crystal phase and lattice constants, and show the ultra-

sharp tips of the nanoneedles of the different III-V nanoneedle compositions grown on 

the various substrates. 
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1 Introduction  

Integration of optoelectronic materials with silicon is an important area of research, 

which could enable CMOS-integrated optoelectronic devices for chip-scale optical 

communication, with potential for higher bandwidth and lower power devices. 

However, achieving optical quality III-V thin-film growth on silicon is difficult due to the 

crystal lattice-mismatch between the materials which causes defects. III-V growth also 

typically requires high growth temperatures of ~600 °C, whereas silicon-CMOS 

processes are limited to temperatures < 450 °C [1]. In this work, we present new growth 

techniques and nanostructures which have advantages over typical epitaxial growth, 

particularly those with the ability for integration with silicon-CMOS. 

We first present the growth of GaAs on the atypical ρρπGaAs substrate orientation, 

which has longer carrier spin coherence lifetimes than ππρ growth, which is 

advantageous for slow light devices. This work shows the interesting physical properties 

resulting from quantum confinement in atypical crystal orientations or structures. 

Next, III-V materials growth on lattice-mismatched substrates is presented. First, low-

temperature vapor-liquid-solid (VLS) nanowire growth is discussed. Experimental results 

of MOCVD-grown nanowires confirm predictions of a maximum epitaxial critical 

diameter which is inversely related to nanowire/substrate lattice mismatch. A growth 

model is developed which predicts the length-diameter dependence of the nanowires 

based on the Gibbs-Thomson effect, and also predicts the dependence of the crystal 

phase on the nanowire diameter observed in experiments. 
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We also present the growth of III-V nanoneedles via metal-organic chemical vapor 

deposition. The nanoneedles are catalyst-free, ultra-sharp GaAs-based structures, with 

record narrow tip diameters of less than 1 nm, sharp 6-9° taper angles, lengths up to 

4 ˃ ƳΦ The nanoneedles grow on GaAs, silicon and sapphire substrates under the same 

growth conditions, are free of the typical twinning defects seen in nanowires, and 

exhibit bright room-temperature photoluminescence. The growths are conducted at 380 

ς 420 °C, temperatures even lower than that of typical nanowires, making the process 

ideal for silicon-CMOS integration. The nanoneedles can also be large enough to 

facilitate device fabrication using top-down, standard processing techniques.  

Ternary nanoneedle compounds are demonstrated, such as pure InGaAs 

nanoneedles, as well as InGaAs and AlGaAs heterostructures. We show 

photoluminescence of quantum well nanoneedles with emission tunable by 380 meV, 

below the silicon absorption edge. 

2   GaAs Quantum Well Growth  for Slow 
Light Devices 

Most of the major work done in III-V epitaxy for optoelectronic devices has been on 

the ππρ crystal orientation in zincblende semiconductor substrates, due to the 

favorable growth conditions for this orientation. However, quantum wells grown on 

ρρπGaAs have been shown to have much longer spin relaxation lifetimes, compared 

with ππρGaAs, due to the suppression of the Dyakonov Perel (DP) effect which 

dominates at higher temperatures [2]. The DP effect treats the spin splitting of the 
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conduction band in zincblende semiconductors at finite wave vectors as equivalent to 

an effective magnetic field that causes electron spin precession [3]. For ρρπGaAs, the 

effective magnetic field ὄ Ὧ is always normal to the plane of the quantum well. 

Therefore if the initial electron spin is oriented along the growth direction, the 

scattering processes will not change the spin orientation. Ohno et al. [2] have shown 

that ρρπ quantum wells at room temperature can have spin relaxation times of as 

much as 2 ns, much longer than the 70 ps lifetimes exhibited for ππρ substrates. The 

ρρπ substrates also show an increasing dependence of spin relaxation lifetime vs. 

temperature, persisting up to room temperature [4], which makes this substrate 

orientation very suitable for practical devices which rely on spin coherence, such as 

quantum logic gates. 

2.1 Challenges for Growth on  Substrates 

Molecular beam epitaxy (MBE) is a common technique used for growth of high-

quality quantum wells. MBE uses extremely high purity source materials for deposition 

in an ultra-high vacuum chamber, typically heated pure metals in effusion cells blocked 

by shutters. The heated materials evaporate from the effusion cells and react upon 

reaching the wafer surface, growing smooth, high purity epitaxial layers. The ultra-high 

vacuum conditions limit undesirable background doping in the quantum wells, making 

MBE an ideal method for any semiconductor device dependent on optical transitions in 

III-V quantum wells. 

Typically MBE growth is conducted on the ππρ plane of GaAs wafers, because the 

chemistry of the surface on this crystal face is ideal for MBE growth. The ρρπ surface 
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of GaAs is much more difficult for growth than the ππρ surface. This is because 

arsenic has a lower sticking coefficient and lower desorption energy on the ρρπ 

surface, due to the arrangement of the group III and V atoms on the respective planes. 

Figure 2.1 shows the difference between the two growth planes. The ππρ surface is 

completely homogeneous, consisting of a plane of either group V or group III atoms. 

This results in many free bonds which will adsorb the next layer of atoms. The ρρπ 

surface has fewer dangling bonds, and contains an equal amount of group III and V 

atoms, making surface reconstruction more difficult. 

 

Figure 2.1 Comparison of growth on  and  substrates. The  substrate has a 
higher arsenic sticking coefficient due to the difference in the bonds at the surface, and the 
complete surface reconstruction of the group III or V elements. The  orientation has both 
group III and V atoms on each monolayer, resulting in a lower sticking coefficient. 

 

There are several ways to overcome these limitations for ρρπ MBE growth. The 

first is to use a low growth temperature. This increases the sticking coefficient of the 

adatoms, but has the drawback of increasing the incorporation of background 

impurities, such as carbon. Arsenic in solid form typically exists as As4, and must 

dissociate on the surface of the substrate. To facilitate this process, the solid arsenic 

source can be installed with a heated filament at the exit of the source which can crack 
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the As4 into two As2 molecules, increasing the adsorption rate of arsenic to the 

substrate surface. High arsenic beam pressures can also be used, which further increase 

the rate of arsenic adsorption on the ρρπ surface. This can reduce the gallium mobility 

on the surface though, which increases surface roughness. To counteract this, low 

growth rates must be used as well. This, in addition to lower growth temperatures, can 

also increase background impurity incorporation, so chamber cleanliness is of utmost 

importance. Annealing can also be used to reduce surface roughness, which is more of a 

problem for the ρρπ growths [5]. 

2.2  GaAs Quantum Wells Grown by Molecula r Beam Epitaxy  

The ρρπ GaAs/AlGaAs quantum wells discussed in this section were grown at low 

temperatures of 485 °C in a Varian Modular Gen II MBE system. The temperature was 

measured with a pyrometer calibrated by measuring the oxide evaporation 

temperature, as indicated from the transition of the reflection high-energy electron 

diffraction (RHEED) electron beam from a diffuse to spotty condition. An arsenic cracker 

was used as well with the cracker section heated to 900 °C to crack As4 molecules into 

As2. The arsenic beam equivalent pressure was held at 2.0 x 10-5 torr, twice that of the 

typical ππρ GaAs growths for this machine. The growth rate was 0.25 ˃ ƳκƘǊ, 25% of 

the rate typically used for the ππρ growths. The growth chamber was also scrubbed 

and etched clean and baked beforehand and loaded with new material to prevent 

background impurity incorporation. The resulting chamber pressure at standby mode 

was less than 5x10-11 torr. 
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Calibrating growth rates is also important for growing quantum well samples with 

consistent well thicknesses. Typically RHEED is used. In this method a 10 keV electron 

beam is directed across the wafer surface at a glancing angle, resulting in diffraction 

from only the surface layers of atoms. For ππρ growth, these diffraction peaks 

oscillate in intensity in accordance with the complete assembly of each monolayer of 

alternating arsenic or gallium atoms. When the monolayer is incomplete, the 

monolayer-high steps cause reflections of the electron beam to be out of phase relative 

to each other, resulting in a decrease in intensity. However, since the ρρπ surface has 

a mixture of group III and V atoms as shown in Figure 2.1, the surface does not tend to 

reconstruct in smooth atomically flat layers, so RHEED oscillations cannot be measured. 

To overcome this limitation, the ρρπ growth rates were first calibrated on a ππρ 

wafer, which was then replaced by the ρρπ substrate for growth. The oscillation 

period was recorded and plotted using a camera and computer interface. 

Two quantum well samples were grown for comparison with the same structure, on 

ππρ and ρρπ substrates. The structure was a leaky waveguide sample to facilitate 

simultaneous experiments using electromagnetically induced transparency (EIT) and 

coherent population oscillation (CPO), and be able to select the optimal amount of 

signal optical depth. The well consisted of AlGaAs barrier layers to improve the surface 

quality, Al0.3Ga0.7As barriers and a 130 Å quantum well region. The exact structure is 

shown in Figure 2.2. 
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Figure 2.2 Quantum Well Leaky Waveguide structure 

 

 Figure 2.3 shows photoluminescence measurements for both samples, measured 

using a diode-pumped solid state laser at 532 nm. The ρρπ sample is redshifted from 

the ππρ quantum well by 2.4 nm. This is typical for the ρρπ growths, and is possibly 

due to the increased heavy hole mass for this crystal orientation, as reported by Y. 

Kajikawa [6]. The photoluminescence linewidth is also larger, but is comparable to the 

narrowest linewidths reported in literature [5]. 



8 

 

Figure 2.3 130 Å  and  quantum well photoluminescence at T = 4K, excited with a 
532 nm diode-pumped solid state laser. The  is possibly a result of the increased heavy 
hole mass for the  orientation. 

 

2.3 (  Quantum Well Coherent Population Oscillation  

Slow light devices have been demonstrated recently in semiconductors [7-9] using 

nonlinear effects such as EIT and CPO. The goal of these devices is for all-optical 

buffering of optical signals by modifying the material dispersion using a control beam, 

causing a reduction in the group velocity ὺ and an effective slowdown factor Ὓ  ὧȾὺ, 

where c is the speed of light in a vacuum. All-optical buffering could potentially improve 

network speed and decrease device cost by eliminating the need for converting optical 

signals to electrical signals for temporary storage in memory in electronic devices. 

Instead, optical waves would be compressed spatially as they travel through the slow 

light medium by the factor Ὓ. 
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The ρρπ quantum well structures from Figure 2.2 were used as slow-light devices 

at both low and room temperature using CPO [9,10]. The low-temperature work 

utilizing these ρρπ quantum wells demonstrated CPO effects, with measured time-

domain slowdown factors of 106 using a surface-normal geometry along the growth 

direction [9]. The CPO nonlinear optical response results from wave-mixing between 

two optical fields via a resonant dipole optical transition [11]. Wave-mixing between 

pump and probe beams creates a temporal oscillation Ὢ of the excited state population, 

which results in coherent transfer of energy between the pump and probe beams. This 

results in an absorption dip around the control beam wavelength. 

For practical all-optical-buffer devices, room temperature operation is required. For 

the room temperature measurements, a waveguide geometry using the structure in 

Figure 2.2 was used. This gives the ability to control the optical depth of the probe 

beam. The confinement factor ῲ of the quantum well was ~1%.  

To fabricate slab waveguides, tƘŜ Ϥолл ˃Ƴ ǘƘƛŎƪ ρρπ quantum well substrates 

were scribed and cut into rectangular pieces with edges aligned to the ρρπ and ππρ 

facets. GaAs typically cleaves along the ρρπ family of planes. The waveguides require 

a smooth cleave along the ρρπ plane so that this plane can act as the input facet of 

the waveguide. If rectangular pieces are not used, thin ρρπGaAs will tend to cleave 

into triangular pieces as shown in Figure 2.4, and achieving a short waveguide ғ рлл ˃Ƴ 

long with flat input and output facets is difficult. Having a rectangular edge 

perpendicular to the ρρπ cleaving plane (shown at the bottom of Figure 2.4) causes 
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the wafer to cleave only along the plane shown in red, allowing the cleaving of thin 

waveguide strips, as shown by the two red lines. 

 

Figure 2.4 GaAs tends cleave into triangular pieces, making cleaving along the  
plane shown in red difficult. Contrarily, GaAs cleaves in rectangular pieces easily along 
the perpendicular  and  planes. 

 

 To cleave the waveguides, the backside of the rectangular pieces were first 

mechanically thinned to ~90 ˃Ƴ thick to facilitate cleaving with a scalpel, and a ппл ˃Ƴ 

long strip was cleaved using a scalpel. The result is shown in Figure 2.5. 

 

Figure 2.5 Diagram of the waveguides cleaved based on the method described in Figure 2.4. The 
ǿŀǾŜƎǳƛŘŜ ǳǎŜŘ ŦƻǊ ǘƘŜ /th ŜȄǇŜǊƛƳŜƴǘ ǿŀǎ ппл ˃Ƴ ƭƻƴƎΣ ŎƘƻǎŜƴ ǘƻ ǘǳƴŜ ǘƘŜ ǇǊƻǇŜǊ ŀƳƻǳƴǘ ƻŦ 
absorption based on the confinement factor for this leaky waveguide mode.  

 

The slab waveguide strip was mounted on a thin copper edge to allow coupling of 

light into the slab waveguide and provide thermal contact. 
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For CPO, the pump and probe beams are typically detuned from each other by a 

small frequency offset ‏. For this experiment, the pump and probe beams were 

generated by RF amplitude modulation of a continuous wave Ti:Sapphire laser at 

500 MHz, resulting in modulation sidebands which serve as the probe beam, and the 

carrier wave which serves as the pump beam. The group delay variation was measured 

by comparing the time difference between the on-resonance (heavy hole-exciton 

transition) and off-resonance (below absorption edge) cases of the pump beam 

wavelength. 

The measured delays for various input powers vs. modulation frequency are plotted 

in Figure 2.6. The highest delay measured is 830 ps, with a slowdown factor of 565.  

The resonance FWHM is given by the expression ɝ’ ρ ὖὖϳ Ⱦ“Ὕ , where ὖ is 

the pump power and ὖ is the saturation power, and Ὕ is the upper state lifetime [12]. 

Linear fitting the FWHM of the three curves in Figure 2.6 results in Ὕ = 5.9 ± 0.3 ns and 

ὖ = 123 ± 13 mW. These results are similar to those measured in ππρ quantum wells 

[13] demonstrating that the observed time-domain delay is resulting from CPO. 
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Figure 2.6 Time delay (comparing on- and off-resonance) vs. modulation frequency for various 
pump powers. The inset shows a typical trace of the on- and off-resonance conditions with a 
tunable delay between the two traces. 

 

The results here show that the material in the ρρπGaAs quantum wells is high 

quality, despite the unusual crystal orientation for MBE growth. This means the 

structures have the potential for even greater slow light tunability at room-temperature 

using EIT effects due to the enhanced spin lifetimes in ρρπGaAs, and the waveguide 

technique allows for both CPO and EIT experiments on the same structure for 

comparison. 

3 Critical Diameters of InP Nanowires Grown on 
Lattice -Mismatched Substrates  

3.1 Lattice -Mismatch in Two -Dimensional Epitaxial Growth  

The monolithic integration of different semiconductor materials, particularly in direct 

epitaxial heterostructure growth, has been a very important area of study, as it allows 
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for the ability to select optimal material properties for various regions of a device over a 

wider range, and to effectively create new materials such as quantum confined wells, 

wires and dots. In particular, the ability to integrate optical-quality III-V materials with 

silicon would pave the way for semiconductor lasers integrated directly with silicon 

CMOS electronics. Silicon, having an indirect bandgap, currently cannot be used alone 

for efficient semiconductor laser devices. The issue of lattice mismatch and resulting 

strain between III-V materials and silicon makes normal two-dimensional thin film 

epitaxy difficult, due to the tendency of the epitaxial layers to relax by forming defects 

after a certain critical thickness is reached [14]. The lattice mismatches with silicon for 

typical materials used in semiconductor lasers, such as GaAs and InP, are 4.1% and 8.1% 

respectively. Removing this limitation could enable new applications, such as chip-scale 

optical communication. 

Figure 3.1 shows the typical result of growing lattice-mismatched III-V material on 

silicon substrates. Due to the larger lattice constant of the epitaxial layer, the epitaxial 

material will be compressively strained at first when grown on a silicon substrate, with 

respect to its typical equilibrium lattice constant. If the layer thickness reaches a certain 

critical thickness, which is inversely proportional to the lattice mismatch, the strain 

between the two materials will end up relaxing via misfit dislocations [15], as 

highlighted in the red circles in Figure 3.1. The defects act as sites for non-radiative 

recombination, limiting the optical quality of the material. Threading dislocations 

propagating into the epitaxial layer can also prevent radiative recombination. 
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Figure 3.1 Diagram of misfit dislocations forming due to lattice-mismatch between the epitaxial 
layer and substrate. 

 

3.2 Nanowire Vapor -Liquid -Solid Growth Mechanism  

Nanowires grown by the vapor-liquid-solid (VLS) method, contrary to two-

dimensional (2D) thin films, are promising for the monolithic integration of 

semiconductor materials with different lattice constants, due to their ability to 

accommodate strain in two dimensions [16-19]. Nanowires can be grown using the VLS 

mechanism [17] via both MBE and MOCVD. Figure 3.2 shows the growth process. The 

growth is catalyzed by the use of metal nanoparticles, primarily Au. The growth is 

conducted at much lower growth temperatures than typical 2D epitaxy, 430 ς 470 °C in 

our experiments. The III-V reactants in vapor phase are adsorbed into the metal catalyst 

particle. The reactants can also adsorb to the surface or NW sidewall and migrate into 

the nanoparticle, although this mechanism is not dominant for MOCVD growth.  

When the reactants reach a supersaturation point, they nucleate at the 

substrate/nanoparticle interface, resulting in layer-by-layer stacking of III-V material, 

resulting in the nanowire growth. The vapor, liquid and solid phase steps are labeled as 



15 

V, L and S, respectively, in Figure 3.2. The catalyst particle reduces the reaction energy 

of the growth, resulting in selective growth only at the positions of the Au nanoparticles. 

The diameters of the nanowires are determined by the diameter of the contact area 

between the Au nanoparticle and the substrate. 

 

Figure 3.2 Nanowire growth process, from vapor phase, to liquid phase (1), to the solid 
nanowire phase (2), and continued growth in the vertical direction (3). 

 

The nanowires also have the ability to relieve strain in the two dimensions 

perpendicular to their growth direction, as long as their diameter is below a critical 

diameter, which is dependent on the lattice-mismatch between the nanowire material 

and the substrate [16,18]. 


















































































































































