Growth and Characterization dfl-vV Nanowires and Nanoneedles

by

Michael Moewe

B.S (Univerdly of CaliforniaSan Diegp20(3

A dissertation submitted in partial satisfaction of the
requirements for thedegree of
Doctor of Philosophy
in
Engineering; Electrical Engineering and Computer Sogsnc
And the Designated Emphasis
in
Nanoscale Science and Engineering
in the
Graduate Division
of the

University of California, Berkeley

Committee in Charge:

Professor Constanck Changdasnain, Chair
Professor Ming C. Wu
ProfessoiPeidong Yang

Fall2009



The dissertation oMichael Moewes approved:

Professor Constance J. Chatigsnain Date
Professor Ming C. Wu Date
ProfessofPeidong Yang Date

University ofCalifornia, Berkeley

Fall2009






ABSTRACT

Growth and Characterization of N Nanowires and Nanoneedles

by
Michael Moewe
Doctor of Philosophy in Engineerigdtlectrical Engineering and Computer Sciences
And the Designated EmphasisNanoscale Science and Engineering
University of California, Berkeley

Professor Connie J. ChaHgsnain, Chair

Integration of optoelectronic materials with silicon is an important areastoidy,
which could enablesilicon CMOSntegrated optical devices fochip-scale optical
communication, withthe potential for higher bandwidth andower costs However,
opticakquality [}V thinfilm growth on silicon is difficult due to the crystal lattice
mismatch between the materials, andll-V growth typically requés growth
temperatures of 600 °C, whereas silicon CMOS processes are limited to < 450 °C.

In this work we preseninethods for overcoming these lattiemismatched epitaxial
limitations. Au-catalyzedvaporliquid-solid nanowire growth iconducted via metal
organic chemical vapor depositiorand materialdependent critical diameters are
discussed. Experimental rdtaiare presented which suppattieoretical predictions of a
critical nanowire maximumdiameter for epitaxial growth A model is developed which
predicts the nanowire growth rate, anddependence of the crystal phase on the

nanowire diameter observed in experiments.



We also present new growth modewhich producedll-V nanoneedles via metal
organic chemical vapateposition. The nanoneedles acatdyst-free, ultrasharp GaAs
based structures, with record narrow tip diameters of less than 1 nm, sh&Ytéper
angles,and lengths up to10 > Y The crystalsare pure wurtzite phaserystal free of
zincblende phaseswhich is uncommon for GaA3he naoneedles grow on GaAs,
siicon and spphire substrates and exhibit bright roet@mperature
photoluminescenceThe growthsare conducted at 380 to 420 ’@aking the process
ideal for silicoAlCMOS integration. The nanoneedles can also be large erfougevice
fabrication using toplown, standard processing techniques.

Growth of ernary nanoneedleds alsodemonstrated, specifically, purelnGaAs
nanoneedlesThe InGaAs nanoneedles exhibit similar structural properties as the GaAs
nanoneedlesbeing sintge-crystal with bright photoluminescence and ultrsharp tips.
Coreshell heterostructure nanoneedles tfiGaAs and AlGaAse also demonstrated.
InGaAgjuantum well nanoneedlesavingnearband-edge emission tunable by 380 e
are also shown, witlphotoluminescenceemission below the silicon abrption edge,
facilitatinguse ofintegrated passive silicon devices

Transmission electron icroscopy analysis of the nanoneedles is also presented. The
results elucidate thauniform crystal phaseand lattice contgants, and show the ultra
sharp tips of the nanoneedles die different Ill-V nanoneedle compositiongrown on

the various substrates.
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1 Introduction

Integration of optoelectronic materials with silicon is an important area of research,
which could enableCMOSintegrated opbelectronic devices for chip-scale optical
communication with potential for higher bandwidth and lower power devices
However,achieving optical qualityll-V thin-film growth on siliconis difficultdue tothe
crystallattice-mismatch between the materials which causes defectsd/ rowth also
typically requires high growth temperatures of ~600 °C, whereas silkoMOS
processes i@ limited totemperatures< 450 °1]. In this work, we present new growth
techniques and nanostructures which have advantages over typical epitaxial growth,
particularly those with tle ability for integration with silicotMOS.

We first presentthe growth of GaAs on thatypical p p BaAssubstrate orientation,
which has longer carrier spioherence lifetimes than 7t 1t pgrowth, which is
advantageous for slow light devices. This work shithvesnteresting physical properties
resulting from quantum confinement in atypical crystal orientations or structures.

Next, lll-V materialggrowth on latticemismatded substrates is presented. Firgiw
temperature vapofiquid-solid (VLShanowire gravth is discussedexperimental results
of MOCVEgrown nanowires confirm predictions of a maximum epitaxial critical
diameter which is inversely related to nanowire/substrate lattice mismafclgrowth
model is developed which predicts thength-diameter cependence of the nanowires
based on the Gibb$homson effect, and also predicts tldependence of the crystal

phase on the nanowire diameter observed in experiments.



We also presenthte growth of IHV nanoneedles via metakrganic chemical vapor
depositi;m. The nanoneedles amatalystfree, ultrasharp GaAdased structures, with
record narrow tip diameters of less than 1 nm, sharp°@aper angles, lengths up to
4> Y The nanoneedles grow on GaAs, silicon amgbhire substrates under the same
growth conditions, are free of the typical twinning defects seen in nanowires, and
exhibit bright roomtemperature photoluminescencdhegrowths are conducted at 380
¢ 420 °C, temperatures even lower than that of typinahowires, making the process
ideal for siliconrCMOSintegration The nanoneedles can also be large enough to
facilitate device fabrication using tegoown, standard processing techniques.

Ternary nanoneedle compounds are demonstrated, such as pure InGaAs
nanoneedles, as well as la@&s and AlGaAs heterostructures. We show
photoluminescenceof quantum wel nanoneedles with emission tunable by 380 Vhe

below the silicorabsorption edg.

2 GaAs Quantum Well Growth for Slow
Light Devices

Most of the mapr work done in IV epitaxy for optoelectronic devices has been on
the 11 11 perystal orientation in zincblende semiconductor substratesjedto the
favorable growth conditions for this orientationHowever, gilantum wells grown on

p p BaAs have been shown lmve much longer spin relaxation lifetimes, compared
with 1 11 ©GaAs,due to the suppression of the yakonov Perel(DP) effect which

dominates at higher temperatureR]. The DP effect tias the spin splitting of the



conduwction band in zincblende semicduactors at finite wave vectors as equivalent to
an effective magnetic field that causes electron spin preceqd8priror p p BaAs, the
effective magnetic field Qs always normal to the plane of the quantum well.
Therefore if the initial electron spin isriented along the growth direction, the
scattering processes will not change the spin orientati@hno etal. [2] have shown

that p p muantum wells at room temperaturean have spin relaxation times afs
much as2 ns, much longer than the 70 ps lifetimes exhibited forrt gsubgrates. The

p p tsubstrates also show an increasidgpendence of spin relaxation lifetime vs.
temperature persisting up to room temperaturg¢4], which makesthis substrate
orientation very suitable for practical devices which rely on spin coherence, such as

guantum 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 extremalgh purity source materials for deposition
in an ultrahigh vacuum chamber, typically heatpdre metals in effusion cells blocked
by shutters. The heated materials evaporate from the effusion cells and react upon
reaching the wafer surface, growing sntbphigh purity epitaxial layers. The ulthagh
vacuum conditions limit undesirable background doping in the quantum wells, making
MBE an ideal method for any semiconductor device dependent on optical transitions in
IV quantum wells.

TypicallyMBE growh is conductedon the 1 1t golane of GaAs wafers, because the

chemistry of the surface on this crystal face is ideal for MBE growth. X petsurface



of GaAs is much more difficufor growth thanthe T 1T Burface. This is because
arsenic has a lower sticking coefficient and lower desorption energy on the T
surface, due to the arrangement of the group Il and V atoms on the respective planes.
Figure2.1 shows the difference between the two growth planes. Ther surface is
completely homogeneous, consisting of a plane of either group V or group Ill atoms.
This results in many free bonds which will adsorb the next layer of atoms.pThert
surface hasdwer dangling bonds, and contains an equal amount of group Il and V

atoms, making surface reconstruction more difficult.
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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 ahe group Ill or V elementsThe orientation has both

group lllandV atomson each monolayer, resulting in @Wer sticking coefficient.

There are several ways tovercome thesdimitations for p p MBE growth. The
first is to use a low growth temperature. Thirxreases the sticking coefficient of the
adatoms, but has the drawback of increasing the incorporatain background
impurities, such as carbon. Arsenic in solid form typically exists asaAd 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 there® which can crack



the Asg into two As 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 p tsurface.This can reducthe galliummobility

on the surface though, which increases surface roughness. To counteract this, low
growth rates must be used as well. This addition to lower growth temperaturegan

also increase background impurity incorporation, so chamber &leess is of utmost
importance.Annealingcan also be used t®ducesurfaceroughnesswhichis more of a

problem for the p p mgrowths[5].

2.2 GaAs Quantum Wells Grown by Molecular Beam Epitaxy

The p p 1GaAs/AlGaAs quantum wells discussed in this seegtene grown at low
temperatures of 48 °Cin a Varian Modular Gen I BE systemThe temperature was
measured with a pyrometer -calibratedoy measuring the oxide evaporation
temperatue, as indicated from the transition of the reflection highergy electron
diffraction (RHEED) electron beam from a diffuse to spotty condifdnarsenic cracker
was used as welWith the cracker section heated to 900 °C to crackmslecules into
As. The arsenic beam equivalent pressure wasd at2.0 x 10’ torr, twice that of the
typical 1t 1t gGaAs growthgor this machine Thegrowth rate was 0.2% Y k, R34dof
the rate typically used for thert T ggrowths The growth chamber was alszrubbed
and etched clean and baked beforehand and loaded wikw material to prevent
background impurity incorporation. The resulting chamber pressure at stanaide

wasless tharbx10™* torr.



Calibrating growth rates is also important for growing quantum well samypids
consistent well thicknesses. Typically RHEED is usekisimethod a 10 ke¥lectron
beam is directed across the wafer surface at a glancing angle, resulting in diffraction
from only the surface layers of atom&or 1t 1T mgrowth, these diffraction paks
oscillate in intensity in accordance with tltemplete assembly of each monolayer of
alternating arsenic or gallium atoms. When the monolayer is incomplete, the
monolayerhigh steps cause reflections of the electron beam to be out of phase relative
to each other, resulting in a decrease in intenskipwever, since thep p tsurfacehas
a mixture of group Il and V atonas shown irFigure2.1, the surface does not tend to
reconstructin smooth atomically flat layerso RHEED oscillations cannot be measured.
To overcome this limitation, thep p mgrowth rates were first calibratedroa 1t 1T p
wafer, which was then replaced by th@ p tsubstrate for growth. The oscillation
period was recordednd plotted using a camera and computer interface

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

T @nd p p tsubstiates The structure was a leaky waveguide sample to facilitate
simultaneous experiments using electromagnetically induced transpareBty gnd
coherent population oscillation(CPQ) and be able to select the optimal amount of
signaloptical depth The wdl consisted ofAlGaAs barrier layers to improve the surface
quality, A sGa 7As barries and a 130 Aquantum wellregion. The exact structure is

shown inFigure2.2.



GaAs: 20 nm cap

AlGaAs barrier &
GaAs: 130 A Quantum Well GaAs well
GaAs: 17 A ~ Alp 15Gag gsAs
5(Q superlattice
Aly;Ga, ,As: 17 A 170 nm

GaAs: 17 A
8 ~Alo2ssGag71sAs
superlattice 1.19 um

GaAs: 300 nm buffer

Undoped GaAs substrate

Figure2.2 Quantum Well Leaky Waveguide structure

Figure 2.3 shows photoluminescence measurements for baimples measured
using a diodgoumped solid state laser at 532 nmhe p p tsample is redshifted from
the Tt 1T muantum wellby 2.4 nm. This is typical for the p mgrowths, and is possibly
due to theincreased heavy hole mador this crystal orientationas reportedby Y.
Kajikawa[6]. Thephotoluminescencdinewidth is also larger, but is comparable to the

narrowest linewidthgeported in literature[5].



130A GaAs Single Quantum Well
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Figure2.3 130 A and quantum well photoluminescence at T = 4kxcited with a
532 nm diodepumped solid state laserThe is possibly a result of the increased heavy
hole mass for the orientation.
23 Quantum Well Coherent Population Oscillation

Slow light devices have been demomséd recently in semiconductof§-9] using
nonlinear effects such akIT and CPO The goalof these devicess for all-optical
buffering of optical signals by modifying the matewigpersion using a control beam,
causing a reduction in the group velodityandan effective slowdown factotY o ,
where c is the speed of light in a vacuussl-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 meniarelectronic devices.
Instead, optical waves would be comgsed spatially as they travelrtugh the slow

light medium bythe factor™Y



The p p muantum well structuregrom Figure2.2 were used as slowght devices
at both low and room temperature usingCPO[9,10]. The lowtemperature work
utilizing these p p muantum wells demonstrated CPO effects, with measured time
domain slowdown factors of fOusing a surfac@ormal geometry along the growth
direction [9]. The CPO nonlinear optical response results from waieng between
two optical fields via a resonant dipole optical transitighl]. Wavemixing between
pump and probe beams creates a temporal oscillatfasf the excited state population,
which results in coherd transfer of energy between the pump and probe beams. This
results in an absorption dip around the control beam wavelength

For practical albpticatbuffer devices, room temperature operation is requiredr F
the room temperature measurements, \@aveguide geometry using the structure in
Figure2.2 was used. This gives the ability to control the optical depth of the probe
beam The confinement factown of the quantum wellwas 4%.

To fabricate slab waveguidesK & Yo nn p Y muarkuinQvell substrates
were scribed and cuinto rectangular pieces with edges aligned to tipprt and 1t 1T p
facets GaAs typically cleaves along tipep tiamily of planesThe wavegiges require
a smooth cleave along theptt plane so that this plane can act as the input facet of
the waveguide If rectangular pieces are not used, thm p BaAs will tend to cleave
into triangular piecess shown irFigure2.4, and achieving a short waveguide pnn >Y
long with flat input and output facets is difficultHaving a rectangular edge

perpendicular to thep p ttleaving plane (shown at the bottom &igure2.4) causes



the wafer to cleave only along the plane shown in,retiowing the cleaving of thin

waveguide strips, as shown by the two red lines.

¢ | GaAs (110) _
.f substrate [1 1 O]
[001]
[110]
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 waveguideshd backside of therectangular pieces werdirst
mechanicallythinned to ~90> Ythick to facilitate cleavingvith a scalpelandan n n > Y

long strip was cleavedsing a scalpelhe result is shown iRigure2.5.

[110]
N

;;“10]
> [001]

Quantu \/3440 um

Well =
/ }~90um
v

Input beam

Figure2.5 Diagram of the waveguides cleaved based on the met“hod describefigure2.4. The
gl 3S3dzA RS dzASR F¥2NJ GKS /th SELSNAYSy(d 6Fa nnn >Y 2y
absorption based on the confinement factor for this leaky waveguide mode.

The slab waveguidstrip 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, thepump ard probe beams were
generated by RF amplitude modulation of a continsowave Ti:Sapphire laser at
500MHz, resulting in modulation sidebands which serve as the probe beam, and the
carrier wave which serves as the pump bedre group delay variation was @asured
by comparing the time difference between the -o@sonance(heavy holeexciton
transition) and offresonance (below absorption edge) casek the pump beam
wavelength

The measured delays for various input powers vs. modulation frequency are plotted
in Figure2.6. The highest delay measured is 830 wg&h a slowdown factor of 565

The resonance FWHM given by the expressiad ~ p 0j0 T “"Y , wherel is
the pump power and is the saturation powerand”Y is the upper state lifetimg12].
Linear fitting the FWHM of the three curvesHigure2.6 results in"Y=5.9 + 0.3 ns and
0 =123 + 13 mW. These results anaitar to those measured inrt T @uantum wells

[13] demorstrating that theobserved timedomaindelay is resulting from CPO.
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Figure2.6 Time delay (comparing orand offresonance) vs. modulation frequency for various
pump powers.The inset shows a typical trace of the eand offresonance conditions with a
tunable delay between the two traces.

The results here show that the material in the p BaAs 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 relemperature
using EIT effects due to the enhanced spin lifetimepip BaAs, 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 itegration of different semiconductor materialparticularly in direct

epitaxialheterostructure growth has been a very important area of study, as it allows

12



for the ability to select optimal material properties for various regions of a device over a
wider range, and to effectively create nematerials such as quantum confined wells,
wires and dots. In particular, the ability to integradeticatquality 11V materialswith
silicon would pve the way for semiconductor lasers integrated directly with ailic
CMOS electronics. Silicon, having an indirect bandgap, currently cannot be used alone
for efficient semiconductor laser deviceihe issue of lattice mismatchnd resulting
strain between IHV materials and silicormakes normal twedimensional thin fiin
epitaxy difficult due to the tendency of the epitaxial layers to relax by forming defects
after a certain critical thickness reached14]. The lattice mismatches with silicdor
typical materials used in semiconductor lasers, such as GaAs and InP.%arandl 8%
respectively Removing this limitation could enable new applications, such assdaije
optical communication.

Figure3.1 shows the typical result of growing latttenismatched IV material on
siliconsubstrates.Due to the larger lattice constant of the epitaxial layer, tptaxial
material will be compressively stined d first when grown on a silicosubstrate with
respect to its typical equilibrium lattice constarit the layer thickness reaches a certain
critical thickness, which is inversely proportional to the lattice mismatch, the strain
between the two materialswill end up relaxing via misfit dislocatiof45], as
highlighted in the red circles iRigure3.1. Thedefectsact assites for nonradiative
recombination, limiting the optical quality of the materialhreading dislocations

propagating into theepitaxial layeican also prevent radiative recombination

13



Epitaxial Layer

Substrate’

Figure3.1 Diagram of misfit dislocations forming due to lattiemismatch between the epitaxial
layer and substrate.

3.2  Nanowire Vapor -Liquid -Solid Growth Mechanism

Nanowires grown by the aporliquid-solid (VLS)method, contrary to two-
dimensional 2D) thin films are promising for the monolithic integration of
semiconductor materials with different lattice constantdue to their ability to
accommodatestrain in two dimension§l6-19]. Nanowires can be grown using the VLS
mechanism[17] via both MBE and MOCVBigure3.2 shows the growth process. The
growth is catalyzed by the use of metahnoparticles primarily Au. The growthis
conductedat much lower growth temperatuws than typical 2D efaxy, 430¢ 470 °C in
our experiments. The W reactantdn vapor phasare adsorbed into the metal catalyst
particle. The reactants can also adsorb to the surfacéNW sidewalbnd migrate into
the nanoparticle although this mechanism is not domindot MOCVD growth

When the reactants reach a supersaturation point, they nucleate at the
substrate/nangarticle interface, resulting in layeboy-layer stacking of HV material,

resulting in the nanowire growth. The vapor, liquid and solid phase stepkabeled as

14



V, L and S, respectively, kigure3.2. The catalyst particle reduces the reaction energy
of the growth, resulting in selective growth only at the pasit of the Aunanoparticles
The diametes of the nanowires are determined by the diameter of the contact area

between the Au nanparticleand the substrate.

Figure 3.2 Nanowire growth process, from vaporphase, to liquid phase (1), to the solid
nanowire phase (2), and continued growth in the vertical directi@3).
The nanowiresalso have the ability to relieve strain in the two dimensions
perpendicular to their growth direction, as long as their diameetbelow a critical

diameter, which is dependent on the latticeismatch between the namwire material

and the substrat¢16,18]
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