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ABSTRACT

Controlled spalling is a promising low-cost substrate reuse technique for epitaxial growth

substrates; however, the spalling fracture produces large facets on (100)-oriented GaAs because

the fracture is constrained to low-energy planes that are oriented at a high degree to the substrate

surface. This facet formation has so far made spalling GaAs infeasible for wafer reuse without

costly polishing steps. This thesis demonstrates control of the fracture behavior and planarizing

overgrowth that may enable use of spalled GaAs substrates without surface repreparation.

First, design rules are developed for nanoimprint lithography patterned interlayers to enable

facet suppression. We demonstrate facet suppression using a pattern that follows these design

rules, resulting in a surface that is potentially suitable for growth without polishing. Next, the

dependence of the faceting behavior on spall direction, substrate orientation (including (100),

(110) and (211)), and offcut is investigated. We develop an equation to describe the excess surface

area produced via faceting and use it to show that low-energy planes available in the spall

direction will support faceting when the surface energy scaled by the excess surface created does

not exceed the fracture energy parallel to the substrate surface. Facet free surfaces are achieved

on (110) and (211)-oriented substrates, however, we observe offcut and spall direction effects on

the stability of the fracture along the flat plane. Finally, planarizing overgrowth via hydride vapor

phase epitaxy (HVPE) is studied to determine growth conditions that may enable in situ

planarization of GaAs facets. A screening design analysis is used to efficiently probe the complex

parameter space and we show that high GaCl and low AsH3 partial pressure are favorable for

planarization. We then determine the governing growth mechanisms for planarization and

demonstrate device-quality growth directly on a spalled substrate.

This thesis shows that these techniques have significant promise for enabling controlled

spalling as a low-cost substrate reuse technique. The studies of fracture control also show

behaviors that have not been previously reported or characterized, and the studies of growth rate

anisotropy in HVPE give insight to the difference in growth on different planes and build a

foundation for growth morphology control on any surface.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

III-V semiconductor materials are used in a variety of device applications, including

optoelectronics and high frequency devices, because they have a direct bandgap, high absorption,

and high carrier mobility. III-V devices are produced using epitaxial growth on a substrate, and

the growth process can be tuned to grow many alloy compositions with a wide range of bandgaps,

enabling the use of a signi�cant portion of the electromagnetic spectrum in optoelectronic devices.

Access to this range of bandgaps is particularly advantageous in photovoltaic (PV) devices

because multijunction device structures, where di�erent portions of the device are optimized for

di�erent portion of the electromagnetic spectrum, are used to reduce thermalization losses and

increase e�ciency. III-V solar cells are also thin �lm devices, enabling the production of

lightweight, 
exible devices by removal of the growth substrate. Because of these favorable

qualities, III-V solar cells are widely used in aerospace applications where high e�ciency and low

weight are a necessity [1]; however, their terrestrial use is extremely limited due to the high cost

of production. Technoeconomic studies show the epitaxial growth and growth substrate make up

approximately 30% and 50%, respectively, of the total device production cost for a single junction

GaAs solar cell [2]. Dynamic hydride vapor phase epitaxy (D-HVPE) is a potentially low-cost

III-V growth method that is being developed at the National Renewable Energy Laboratory

(NREL). D-HVPE uses low-cost precursors, high growth rates, and an in-line, continuous reactor

setup to maximize throughput [2, 3]. Growth substrates are high-purity single crystal materials

and are extensively polished using chemo-mechanical polishing (CMP) to achieve an epi-ready

surface condition that is typically < 0.3 nm roughness. CMP costs an average of$25/polish which

contributes signi�cantly to the substrate cost. Substrate reuse methods can be used to amortize

the substrate cost over multiple device growths and o�er an added bene�t of enabling production

of 
exible thin-�lm devices without waste from etching away the substrate. Controlled spalling is

a facile substrate reuse method that is promising as a low-cost substrate reuse technique due to

the potential for a high throughput, roll to roll process [4]. Controlled spalling uses a stressor
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layer and peeling force to exfoliate a device �lm from a substrate via fracture [5, 6].

Unfortunately, the spalling fracture in (100)-oriented GaAs substrates, the most common

substrate for III-V device growth, produces large (5-20µm peak-to-trough height) triangular

facets that expose low-energy fracture planes [5, 7, 8]. The corrugated surface left after spalling

presents a challenge for direct regrowth and requires extensive polishing to return the substrate to

a traditional epi-ready surface condition [7, 9]. As noted above, CMP to polish the roughened

surface is expensive and produces waste with the material that is polished away, severely limiting

the cost savings achievable from substrate reuse by controlled spalling [2, 9]. Epitaxial growth by

D-HVPE combined with substrate reuse by controlled spalling could enable low-cost III-V solar

cell production, but methods for high-quality growth directly on a spalled GaAs surface must be

developed to eliminate the need for costly polishing steps that limit the achievable cost savings.

1.2 Substrate Reuse Strategies

The growth substrate is the largest single contributor to the cost of a III-V solar cell, and

substrate reuse can amortize these costs by distributing the substrate cost over multiple devices

[2, 9]. Many substrate reuse strategies have been developed to reduce substrate costs for III-V

photovoltaic devices; however, substrate cost remains high due to limitations in the techniques.

This section describes the most prominent reuse strategies including their bene�ts and limitations.

1.2.1 Epitaxial Lift-o�

Epitaxial lift-o� (ELO) is the current industry standard for layer transfer to reduce substrate

costs in III-V devices. This technique takes advantage of the etch selectivity between III-V alloys

by growing a sacri�cial layer into the structure that is etched away to release the device layers

from the parent substrate without harm to the device [10]. Techno-economic analysis estimates

the ELO process could be used for approximately 30 reuses before further cost savings become

negligible, assuming a modest etch rate of 7.5 mm/hr and periodic chemo-mechanical polishing

(CMP) [9]; however, there are several challenges to using the ELO method for substrate reuse.

First, the etch process is slow, often taking multiple hours for device release, and the slow etch

rate limits the feasible size of the device when considering ELO for lift-o�. The etch speed is

primarily an e�ect of mass transport limitations while etching the thin sacri�cial layer so
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signi�cant improvements to the etch speed are unlikely [11]. Secondly, the substrate surface is

roughened by the etch process which can a�ect device performance after multiple substrate reuses

[12]. The etch can also leave insoluble etch products on the surface that a�ect device performance

if not removed [10, 12]. The roughening and etch products can be mitigated by the addition of

cladding layers to the structure. The cladding layers are etched away before device regrowth and

the substrate surface composition and roughness can be maintained [12, 13]. While the cladding

layers mitigate surface roughening, they add growth costs and additional processing steps for

removal. Periodic CMP is also often used to maintain an epitaxy-ready surface after multiple

reuse cycles [9], so the cladding layers do not eliminate the need for additional surface

repreparation after device removal. Finally, the ELO etch process limits the materials that can be

used in a device to those una�ected by the etch chemistry used for the sacri�cial layer [14]. Use of

material layers that are a�ected by the release etch requires robust side-wall protection that has

not yet been developed [15]. ELO is a technically mature lift-o� technique, but its low

throughput, periodic need for surface repreparation with CMP, and limitation on useable device

layers limits the viability of ELO for some applications, and, for the III-V photovoltaic industry,

these limitations have signi�cantly limited reduced the cost savings achievable through substrate

reuse by ELO.

1.2.2 Weak Interlayers

Porous interlayers are studied in silicon and germanium wafer systems as a method to guide

fracture through a void layer and facilitate device lift-o�. Fracture through voids reduces the

volume of material that needs to be fractured and the voids concentrate stress in the layer to

con�ne the crack at a desired depth, allowing the device to be removed without damage. The

pores can be formed through an electrochemical etch process or a reactive ion etch, and after

formation, the porous surface is annealed to achieve surface coalescence and allow device growth

over the pores [16{18]. While fracture through a high porosity layer would be bene�cial for

suppressing the faceting behavior during controlled spalling of (100) GaAs, this porous interlayer

method has several limitations. First, the pores need a high aspect ratio of>> 14.4 pore

depth/pore radius for successful reformation of the surface [19]. This results in multiple

micrometers of substrate thickness used for pore formation and removed during device exfoliation
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as waste material. Second, growth on the reformed surface is di�cult and can result in high

defect density and lower performance devices [20]. Finally, a thickening growth is typically used

to support the reformed surface, which incurs excess growth-related costs. Porous etching is

possible in GaAs but has not been extensively developed [21].

Cleavage of lateral epitaxial �lms for transfer (CLEFT) is another layer transfer technique

that utilizes a weak interlayer to guide fracture. Studies of CLEFT use wide (� 50 µm) strips of

carbonized photoresist with 2.5µm windows to allow epitaxial growth between and extending

over the photoresist interlayer [22]. The interface between the photoresist and the epitaxial

material is weak, creating a favorable fracture path at the interface. Literature reports only

(1 1 0)-oriented III-V substrates but this method could be used in (1 0 0) oriented substrates as

well. The limitation of this technique comes from the extensive lateral growth required to coalesce

the epitaxial layer over the patterned interlayer. Coalescence over the wide strips poses a

signi�cant challenge to achieving high-quality material for devices because dislocations are likely

to form where the growth fronts converge [23].

Finally, remote epitaxy is a relatively new weak interlayer technology that deposits a 2D

material, such as graphene, on the substrate surface before growth that maintains the atomic

registry between the substrate and growth but through a weak van der Waals interaction [24].

This technique does not rely on brittle fracture through the substrate material and overcomes the

challenges of lateral epitaxial growth, and, can allow high-throughput lifto� of device layers with

no harm to the substrate because the device layers are only weakly adhered [25]. Remote epitaxy

is extremely reliant on the quality of the 2D material deposition because defects such as voids or

double layers in the 2D material can cause defects in the growth or result in damage to the

substrate during layer removal. These potential issues are of particular concern for large-area

devices such as solar cells where e�ective lift-o� is required over a signi�cant surface area. There

is current work on improving the deposition of 2D materials [26] as well as study of fracture with

a 2D interlayer to minimize damage to the substrate at discontinuities [27], but, of the weak

interlayer technologies discussed, this technique is the least technologically mature for viable

substrate reuse.
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1.2.3 Controlled Spalling

Spalling is a form of brittle fracture that can occur under tension. In single crystal

semiconductors, spalling has been intentionally engineered to enable thin-layer transfer by

depositing a stressor layer on the substrate surface and applying a peeling force to exfoliate a thin

�lm [4, 5, 7, 28]. In a bilayer system consisting of a stressor layer applied to a substrate, Mode I

opening stress (perpendicular to the crack plane) and Mode II shear stress (parallel to the crack

plane) are induced in the substrate through the residual stress in the stressor layer. Figure 1.1

diagrams the equivalent point loads (P) and moments (M) required to analytically model the

stress state at the crack tip in 2D plane strain conditions [29, 30]. The Mode I and Mode II stress

are qualitatively indicated by the blue and yellow arrows, respectively, showing that Mode I is a

tensile, crack-tip opening component and Mode II is the shear acting on the crack tip plane. In

the �gure, t f is the stressor �lm thickness, ts is the substrate thickness, P indicates the position

of an e�ective load, M and M � indicate the applied moments, d is the steady-state crack depth,

and � is a dimensionless term de�ned by the ratio of the spall depth and the stressor layer

thickness (� =d/t f ). Suo and Hutchinson developed analytical equations to describe the spalling

fracture assuming plane strain conditions and isotropic material properties in the substrate and

stressor �lm [31]. Similar equations are used to model delamination at weak �lm interfaces and

have been applied to semiconductor systems such as CdTe in the work by McGottet al. [32].

Equation 1.1 de�nes the critical substrate toughness, �s, where KIc is the Mode I fracture

toughness and Es is the elastic modulus of the substrate.

� s = ( K 2
Ic )=Es (1.1)

� s is proportional to the square of KIc which is related to the amount of Mode I stress needed to

break bonds at the crack front. Equation 1.2 shows that the strain energy release rate of the

spalling fracture, G, is proportional to the square of the residual stress in the stressor �lm,� f ,

times the thickness of the stressor layer, tf .

G = Z (� 2
f t f )=Ef (1.2)

Ef is the elastic modulus of the �lm and Z is a dimensionless factor relating to the driving force

and is determined by the elastic mismatch between the substrate and �lm and the crack pattern

5



of the spalling fracture [31]. Spontaneous spalling, where the crack propagates without any

external peeling force, occurs when G> � s after stressor layer deposition, and controlled spalling

occurs when G exceeds �s only when an external peeling force is applied. These equations show

that the residual stress in the stressor layer and the thickness of the stressor layer can be used to

vary G relative to � s to inhibit spontaneous spalling while allowing controlled spalling.

Figure 1.1 Spalling fracture loading conditions and conventions. The Mode I opening stress is
indicated by the blue arrows and the Mode II shear stress is indicated by the yellow arrows.
Figure reproduced from [30]

Spalling fracture in brittle materials propagates at a depth where the Mode II shear stress is

minimized (Mode II stress intensity factor, K II ,= 0) [33]. This results in the crack propagating

parallel to the �lm/substrate interface at a steady state depth, d. Sou and Hutchinson developed

a model to explain the relationship between the steady-state crack depth and residual tensile

stress in the stressor layer, assuming a semi-in�nite, isotropic system in a plane strain condition

[29]. Their model suggested the depth of the crack is primarily controlled by the thickness of the

stressor layer while the residual tensile stress provides the Mode I opening stress that enables

crack initiation. The Mode I stress is therefore the main component contributing to the

propagation of the crack tip and the critical Mode I fracture toughness for the substrate, KIc;sub) ,

dictates if the spalling fracture will occur. Similarly to the energetic description of spalling, the

stress intensity factors can also predict if spalling will occur. Spontaneous spalling occurs when

the K I;system at the crack tip produced by the residual stress in the stressor layer is� K Ic;sub .

Conversely, fracture cannot be initiated when KI;system < K Ic;sub because there is not enough stress

in the stressor layer. Controlled spalling can be achieved by tuning the stress of the stressor layer

so KI;system is close to, but less than KIc;sub allowing the addition of an external peeling force to
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increase the Mode I stress and initiate fracture [5, 29].

The spalling fracture in GaAs creates large (> 5-20 µm peak-to-trough height) triangular

facets because the low-energy cleavage planes are oriented at a high angle to the substrate surface

[5, 7]. Figure 1.2 shows the facets create a corrugated surface with the peaks and troughs running

perpendicular to the spall direction. The spalling fracture in GaAs is thus a mixed mode fracture

because the crack cannot propagate parallel to the substrate surface on a plane where KII =0. As

the crack moves toward the surface, KII becomes greater than 0 and there is a driving force for

the crack to transfer to a complementary low-energy plane and move down toward the steady

state spall depth. Similarly, K II becomes less than 0 as the crack travels further into the

substrate creating a driving force for the crack to transfer to a plane that allows it to move back

up to steady-state spall depth. Sweet postulated that the facets are thus con�ned within a region

de�ned by the stress �eld created by the stressor layer near the steady state spall depth. Sweet

also observed the region got larger as the spall depth increased, resulting in facets with larger

peak-to trough heights created during deeper spalls [7, 8].

Figure 1.2 Schematic of spalling fracture propagation creating a corrugated surface in a (100)
GaAs substrate.

Controlled spalling is fast and simple compared to other substrate reuse techniques, and

potential methods for depositing a stressor layer on the surface of a substrate, such as

electroplating, sputtering, and spin coating, are already heavily used in the semiconductor

industry. Unfortunately, the large facets created during the spalling fracture in (100)-oriented

GaAs present a signi�cant challenge to direct reuse of spalled (100) GaAs substrates. Despite

e�orts, facets have not thus far been removed by process optimization of the spalling process
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alone. Removal of these facets by CMP to reclaim a traditional epitaxy ready surface is expensive

and would produce a signi�cant amount of waste as well as limit the number of reuses that can be

achieved per substrate. The surface left after the spalling fracture is chemically pure, meaning

growth directly on the faceted substrate is possible; however, growth on the large facets presents

challenges to device growth.

1.3 Hydride Vapor Phase Epitaxy

1.3.1 Overview

Hydride vapor phase epitaxy (HVPE) is a III-V growth technique that uses hydride sources

for the Group V precursors and III-Cl precursors producedin situ by 
owing HCl gas over a

Group III metal (Ga, In, Al). HVPE was widely studied in the 1960s-1980s, but the technique

was largely abandoned in favor of organometallic vapor phase epitaxy (OMVPE) for III-V

photovoltaic growth because of di�culty achieving abrupt interfaces with traditional

single-chamber HVPE. More recently, scientists at the National Renewable Energy Laboratory

(NREL) developed Dynamic HVPE (D-HVPE), an in-line HVPE reactor con�guration with

multiple growth chambers each dedicated to a single material. This design improves upon

traditional HVPE by eliminating the need to purge the growth chamber between layers,

increasing the throughput and enabling compositionally abrupt interfaces [3, 34]. The NREL

e�ort has also achieved growth rates over 10x those used in commercial OMVPE by using a

\hydride enhanced" growth regime where the Group V hydride is not fully cracked before

reaching the substrate surface, e.g., uncracked AsH3 is the active Group V precursor instead of

As4 or As2 [35]. With these improvements, HVPE can produce similarly high-quality devices

compared to OMVPE, but uses lower cost precursors and can reach extremely high growth rates,

making it a promising, potentially low-cost III-V growth technique [2, 34, 36].

Beyond the potential economic bene�ts to growth of III-Vs, HVPE can achieve signi�cant

growth rate anisotropy on di�erent crystal planes by varying the growth conditions. Growth of

structures with speci�c shapes or lateral epitaxial growth and coalescence over a pattern can be

achieved using the growth rate anisotropy control of HVPE [22, 37, 38], but growth rate

anisotropy has not been applied to overgrowth of large morphological features for planarization.

Planarization growth involves varying the growth conditions to favor fast growth on the facet
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planes while suppressing growth on the (100) plane, resulting in the reformation of a (100) surface

that is potentially suitable for high-quality device growth.

1.3.2 Kinetics of Growth

Understanding the kinetic processes of epitaxy is vital to interpreting the origin of

morphological evolution during growth. Most studies on HVPE growth kinetics use traditional

HVPE, meaning the growth uses fully cracked AsH3 rather than uncracked AsH3 for the active

Group V precursor. This section �rst describes the general kinetic processes for HVPE, then

summarizes signi�cant work on growth studies of traditional HVPE, focusing on the e�ect of

surface orientation on growth behavior. Potential di�erences in growth in the hydride enhanced

regime compared to what has been reported in literature are also discussed.

The kinetic processes that must be considered for epitaxial growth are mass transport through

the stagnant boundary layer above the substrate, adsorption and desorption of adatoms on the

substrate surface, surface di�usion of ad-species, and the reaction of the precursor molecules at

the substrate surface [39]. These four kinetic processes are all a�ected by the growth conditions

di�erently and have di�erent e�ects on the growth behavior, so consideration of these e�ects is

important when interpreting observed growth behavior. Mass transport is not typically assumed

to be the limiting step to growth in traditional hydride vapor-phase epitaxy (HVPE) but is

important when considering reproducibility and reactor design [40{42]. Adsorption and

desorption kinetics compete to determine the residence time of ad-species on the surface. These

processes can be a�ected by the gas phase composition through variations in the chemical

potential di�erence between the vapor and crystal phase, i.e., the thermodynamic driving force,

and by the growth temperature through an Arrhenius relationship [39, 43]. In HVPE, the driving

force can be a�ected by the addition of precursors as well as free HCl. A large negative

adsorption energy results in a long residence time of the ad-species, allowing other processes such

as surface di�usion and surface reaction to occur and atoms to incorporate into the crystal.

Surface di�usion is largely dependent on the number and strength of atomic interactions between

the adatom and the surface because di�usion is dependent on hoping rate between sites [39],

resulting in planes that are closely packed or have weak adatom interactions having long di�usion

lengths. These surface interactions are also dependent on the surface reconstruction, which can
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change based on temperature, growth conditions, and adsorbed species [39, 44, 45]. Finally, the

surface reaction follows an Arrhenius relationship with temperature and is the rate limiting step

in traditional HVPE [43, 46, 47]. The reaction of the III-Cl and group V precursor in HVPE is

also reversible. The reaction in traditional HVPE is shown below:

1
2

H2(g) + GaCl(g) +
1
4

As4(g) $ GaAs(s) + HCl (g) (1.3)

The reversibility allows control of the surface reaction through Le Chatelier's principle by addition

of excess HCl to the input gas 
ow to reduce the driving force for reaction. In this way, the free

HCl 
ow is another consideration for control of growth rate anisotropy on di�erent planes [37, 48].

Signi�cant work on the kinetics of epitaxial growth in traditional HVPE was done by Shaw in

the late 1960s and early 1970s. Shaw found two regimes to traditional HVPE growth: a

kinetically controlled regime at low temperatures and a thermodynamically controlled regime at

high temperatures where growth becomes limited by adatom desorption from the growth surface.

Figure 1.3a shows growth rate increases with an Arrhenius like dependence with temperature

(kinetically controlled) to a maximum where desorption from the surface becomes the dominant

process limiting growth (thermodynamically controlled). Shaw proposed a competitive adsorption

model between the GaCl and As4 at Ga sites for the kinetically controlled regime to explain the

trends in growth rate he observed with varying GaCl and AsH3 partial pressures. This qualitative

model suggests GaCl can favorably adsorb to an empty Ga surface site and block incoming As4

from adsorbing. Similarly, free HCl can also prevent As adsorption [40]. Figure 1.3b shows growth

rate as a function of As4 partial pressure at various temperatures. There is a linear dependence

on As4 partial pressure at low temperatures, in the kinetically controlled regime, indicating As4 is

the limiting reactant [43]. This is consistent with the competitive adsorption model in that

increasing the partial pressure of As4 lessens the e�ect of blocked adsorption sites. Figure 1.3c

shows growth rate increases with GaCl partial pressure to a maximum then decreases at high

GaCl partial pressure [43]. At low partial pressures, the increase in growth rate is attributed to

an increase in GaCl 
ux to the surface and generally falls in the thermodynamically limited

regime. The transition to a decrease in growth rate with increasing GaCl partial pressure is

consistent with the competitive adsorption model because increased GaCl partial pressure

increases the amount of GaCl that can block adsorption sites and slow growth [40].
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Figure 1.3 Images reproduced from Ref. [43]. a) Growth rate versus temperature showing a
kinetically limited regime at low temperatures and a thermodynamically limited regime at high
temperature. b) Growth rate versus As4 partial pressure showing linear dependence at
temperatures not dominated by high desorption rate. c) Growth rate versus GaCl partial pressure
showing a decrease in growth rate a high GaCl partial pressures.

Following Shaw's work, Cadoret et al. studied the geometry of the GaAs/GaCl/As 4 system to

propose an atomistic model of incorporation of GaCl and As into the crystal phase [46]. By

comparing the crystal structure of solid As, GaCl2, and GaAs, they found Cl-Ga-As tetramers,

shown in Figure 1.4, were geometrically favorable for adsorption onto the (100) GaAs surface.

The shape of these tetramers is consistent with the competitive adsorption model proposed by

Shaw because the Ga surface site has two dangling bonds (ignoring e�ects of surface

reconstruction) that allow Ga-Cl bonds to be formed in competition with Ga-As bonds during

adsorption [37, 43, 46]. The adsorption of the tetramer species creates a mixed adsorption layer,

where both Ga-Cl and Ga-As bonds exist at the surface, and chlorine reduction and desorption

are needed for growth to proceed. The reduction of chlorine is thus considered the rate limiting

step to growth and can be accomplished by reaction with H2 to form HCl or with another GaCl

to form GaCl3 that desorbs from the surface [40, 49, 50].
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Figure 1.4 Cl-Ga-As tetramers proposed by Cadoretet al. [46]

A second reduction mechanism can also become prevalent with high GaCl partial pressure and

low temperature growth conditions [49, 50]. In this mechanism, vapor phase GaCl is the reducing

agent, opposed to the As-species, and reduces adsorbed GaCl to volatile GaCl3. The proposed

reaction equation is given below:

2AsGaCl + GaCl(g) $ 2GaAs(s) + GaCl3(g) (1.4)

In this equation, AsGaCl is the adsorbed species that is reduced by vapor-phase GaCl. Figure 1.5

shows the growth rate behavior across a wide range of GaCl partial pressures, determined in [50].

For this study, GaCl was produced by 
owing AsCl 3 over Ga or GaAs, so GaCl partial pressure is

proportional to AsCl 3 molecular fraction (represented on the x-axis). This trend shows that this

GaCl self-reduction mechanism results in a second increase in growth rate at high GaCl partial

pressure because in this regime GaCl drives the reaction forward as the reducing agent.

Figure 1.5 Image reproduced from Ref. [50]. Growth rate behavior over a wide range of GaCl
partial pressures determined by Cadoretet al. GaCl partial pressure was varied with the AsCl3
molecular fraction, which is represented on the x-axis. [50]
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Study of the thermodynamic and kinetic e�ects of GaAs in HVPE has primarily focused on

the (100) surface because it is the most common orientation for device growth; however, the

orientation of the growth surface also has a signi�cant e�ect on growth rate [40]. Figure 1.6a

shows that the slope of the growth rate versus temperature curve varies signi�cantly with

orientation at low temperatures where growth is kinetically controlled and the onset of the

thermodynamically limited regime shifts with orientation. These di�erences originate from

variation in binding energy of adsorbed species and di�erent surface interactions that a�ect

di�usion and incorporation [45]. Figure 1.6b shows growth rate as a function of surface orientation

for a single growth condition. The growth rate on the f 1 1 0g and f 1 1 1gB surfaces is signi�cantly

lower than most other surface orientations while the growth rate on af 1 1 1gA surface is much

higher than most other orientations. The f 1 1 0g surface was described qualitatively by Gil-Lafon

et al. in ref. [37]. They show there is only one bond per lattice unit available for adsorption of

both GaCl and As4, resulting in desorption kinetics being dominant and growth rate being low for

most temperatures. The dominant desorption kinetics mean growth on thef 1 1 0g surface is

primarily limited by mass 
ow and the maximum growth rate would be at lower temperatures

compared to other surface orientations because desorption becomes less favorable. The di�usion

length on the f 1 1 0g surface is also long because it is easy for the ad-species to dissociate from a

bond and move about the surface [37]. Laporteet al. studied the kinetics of growth on f 1 1 1gA

and f 1 1 1gB GaAs surfaces extensively through theory and experiment [51]. They found the shift

in the maximum growth rate to lower temperatures for growth on f 1 1 1g compared to f 1 0 0g

could be attributed to a higher bond energy for Ga-Cl adsorbed on thef 1 0 0g surface, delaying

the onset of the desorption-controlled regime compared to thef 1 1 1g. Laporte et al. also found

that the growth rate on f 1 1 1gB surfaces is signi�cantly lower than f 1 1 1gA, indicating there is a

rate-limiting process on f 1 1 1gB that is not prevalent on f 1 1 1gA [51]. Figure 1.7a and b show the

location of Cl adsorbed on the surface forf 1 1 1gA and f 1 1 1gB kink sites, respectively. At the

kink site in f 1 1 1gA, adsorbed Cl is normal to the surface and does not hinder the incorporation

of AsGaCl complexes for growth to proceed. At a kink site onf 1 1 1gB surfaces the adsorbed Cl

is at an angle to the step and blocks the di�usion and incorporation of more AsGaCl complexes,

requiring the completion of the slow Cl reduction step before growth can proceed. Adsorption of

GaCl onto the f 1 1 1gB surface also only involves one bond where adsorption onf 1 1 1gA involves
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3 bonds, resulting in easy desorption of GaCl fromf 1 1 1gB that slows incorporation of Ga into

the lattice [37]. Figure 1.6a shows the slope of thef 1 1 1gA curve is highest of the orientations

shown in the kinetically controlled regime, which indicates the activation energy for reduction is

high. Despite a high activation energy, the growth rate of the f 1 1 1gA is higher than most other

planes, consistent with observations from Laporteet al. [51]. This behavior indicates a strong

dependence of growth rate on the strength of adsorption to a growth surface.

Figure 1.6 Images reproduced from Ref. [40]. a) Growth rate versus temperature curves for many
di�erent substrate orientations. b) E�ect of substrate orientation on growth rate for a
temperature of 750� C (triangle) and 755� C (circle).

Figure 1.7 Images reproduced from Ref. [51]. a) Atomic arrangement of atoms at a kink site on a
f 1 1 1gA oriented surface showing adsorbed Cl perpendicular to the surface and not blocking
incorporation at the step. b) Atomic arrangement of atoms at a kink site on a f 1 1 1gB oriented
surface showing adsorbed Cl blocking incorporation at the step.

14



There has not been extensive work on determining the growth kinetics of higher index surface

orientations like the f 1 1 2g. Some work has been done with II-VI growth onf 1 1 2g oriented

GaAs, Si, or II-VI substrates, but the speci�c kinetics of the surface processes are signi�cantly

di�erent from those of III-V materials, so the �ndings cannot be directly applied to GaAs growth

[44, 52, 53]. Considerations from studies of II-VI growth onf 1 1 2g oriented substrates that can

be applied to GaAs growth include the inherent step-like structure of the surface, shown in

Figure 1.8, and that the f 1 1 2g surface can be treated as a combination of thef 1 1 1g surface and

the f 1 1 0g surface [44, 54]. With these considerations, one might expect a low di�usion length is

required and favorable incorporation kinetics on the step-like surface. The expected favorability

of incorporation on the stepped surface may explain the low slope observed in the kinetically

controlled region of the f 1 1 2g curve in Figure 1.6a because the growth rate would be high at all

temperatures. It is also likely the f 1 1 2gA (where the surface contains thef 1 1 1gA plane on the

step) versusf 1 1 2gB (where the surface contains thef 1 1 1gB plane on the step) orientation will

have di�ering growth kinetics because of a similar e�ect to the f 1 1 1gA versus f 1 1 1gB surfaces.

The surface reconstruction of thef 1 1 2g surface was found to be a major factor to favorable

growth of II-VI materials in this orientation as well. The surface energy of other high index

planes such asf 331g can be lower than that of the f 2 1 1g with certain surface reconstructions,

which resulted in twin boundary formation and faceting of the surface in CdTe [44, 53]. In

homoepitaxial growth on GaAs facets, the potential for lower-energy, high-index surfaces may

result in the evolution of di�erent facet faces under certain growth conditions [55].

Figure 1.8 Pro�le of (211) surface ignoring e�ects of surface reconstructions. The (211)B surface
is at the top of the image and the (211)A surface is at the bottom. Double lines indicate a
perspective of two single-bonds from the atoms.
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The majority of kinetic studies of HVPE growth reported in literature, including those

discussed thus far, use the traditional HVPE system with fully cracked arsenic as the Group V

source. However, this work will focus on growth with hydride enhanced HVPE that uses

uncracked AsH3 as the group V source [35, 56]. The surface reaction for the hydride enhanced

regime is given below [57]:

GaCl(g) + AsH 3(g) $ GaAs(s) + HCl (g) + H2(g) (1.5)

In the hydride enhanced regime, AsH3 is not fully cracked before reaching the substrate

surface, allowing a more direct reaction between GaCl and AsH3 to form GaAs. The equilibrium

constant for this reaction is approximately four orders of magnitude larger than that of the

traditional HVPE reaction, resulting in a signi�cant increase in the speed of the surface reaction

and increase in growth rate even at low temperatures [35, 57{59]. The surface reaction is thus no

longer a signi�cant limiting step to growth in the hydride enhanced growth regime and mass

transport of the reactant gasses to the substrate surface has a larger e�ect on growth rate at a

given temperature. Schulteet al. showed a wide mass-transport limited regime in hydride

enhanced HVPE, similar to OMVPE growth [35]. This hydride-enhanced reaction will likely have

di�erent reaction kinetics compared to traditional HVPE indicated by the signi�cantly higher

equilibrium constant. The identity and structure of the ad-species for the hydride-enhance regime

are also unknown, so the e�ect of di�erent crystal planes on the growth behavior may also be

di�erent than observations from traditional HVPE growth. The e�ect of the hydride-enhanced

kinetics and surface orientation on growth behavior needs to be understood to enable

planarization growth with this growth regime.

While there are di�erences between the hydride-enhanced growth regime and the traditional

HVPE growth regime, reports on HVPE growth kinetics are still applicable to this study. First,

the amount of uncracked hydride can be varied with growth conditions so contributions to the

growth behavior from competitive adsorption will be signi�cant under some conditions. Second,

the GaCl self-reduction mechanism maybe be possible under the hydride-enhanced growth

conditions as well. Third, the hydride enhanced HVPE growth reaction is also reversible so

thermodynamic considerations with the addition of free HCl may be relevant as well. Finally,

e�ects of surface orientation will likely still be signi�cant, and conclusions made in previous works
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about di�erences in activation energy for reduction and adsorption and the resulting e�ects on

growth rate will be applicable to hydride-enhanced HVPE growth.
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CHAPTER 2

EXPERIMENTAL METHODS

This chapter provides general descriptions of the controlled spalling and hydride vapor phase

epitaxy (HVPE) processes used in this thesis. Speci�c experimental details associated with each

study are included the respective chapters.

2.1 Controlled Spalling

An electroplated nickel stressor layer was used to enable controlled spalling. A Watts nickel

electrolyte with approximately 1.3 M NiCl 2�6H2O and 0.6 M H3BO3 was used for studies in

Chapters 3 and 5. These studies used front-contacting substrate holders and the substrates had

an edge exclusion region were nickel was not electroplated, which has been described previously

[60]. GaAs electroplating using a nickel phosphorous (Ni-P) electrolyte (0.6 M NiCl2�6H2O and 5

mM H3PO4) was developed for studies in Chapters 4 and 6. These studies used a back-contacting

substrate holder for electroplating that enabled deposition of nickel and spalling over the full

wafer surface (edge-to-edge). For all cases, the substrates were galvanostatically electroplated to

deposit a Ni �lm with a desired thickness and stress level for controlled spalling.

Spalling for all studies was carried out using a custom built automated apparatus at the

National Renewable Energy Laboratory (NREL) shown in Figure 2.1. The substrate was held by

a porous ceramic vacuum chuck and the �lm is pulled by a linear actuated roller that moves across

the substrate. Kapton or UV-release tapes were used as the handle layer and adhered to the

nickel surface. For substrates electroplated with an edge-exclusion zone, a te
on mask was used

to ensure the handle did not adhere to the bare wafer surface. The wafer 
at orf 1 1 0g cleaved

edge was used to orient the substrate on the vacuum chuck to achieve a desired peel direction.

2.2 Hydride Vapor Phase Epitaxy

HVPE was carried out at NREL using the custom-built D-HVPE system [3]. This system had

two chambers separated by a H2 curtain, allowing deposition of multiple layers with di�erent

composition as the substrate to moves between chambers. Uncracked AsH3 is delivered at a high

velocity close to the substrate surface to enable the hydride-enhanced growth regime [35].
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