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ABSTRACT

The direct growth of III-V semiconductors is interesting for a number of optoelectronic applications,

including high-efficiency multijunction solar cells and on-chip lasers. Here, I report on the development of

GaAs solar cells grown by metalorganic vapor phase epitaxy (MOVPE) on nanopatterned V-groove Si

substrates. V-groove nanopatterns are beneficial for both material quality and cost reasons. Their (111)

surface faceting prevents the formation of antiphase boundaries typically problematic in III-V-on-Si

heteroepitaxy, and they can be fabricated on wafers polished by low-cost wet etching methods as opposed

to typical epi-ready wafers. If good material quality can be achieved, multijunction solar cells with a

conversion efficiency upwards of 30% are possible.

This thesis focuses on efforts to grow low-defect-density GaAs on V-groove Si templates by MOVPE

with the goal of producing a high-efficiency GaAs solar cell. Studies on the nucleation of

near-lattice-matched GaP on the V-groove templates and the coalescence process resulted in a coalesced

GaP thin film with a root-mean-square roughness of 0.2 nm and a threading dislocation density of 5� 107

cm�2. High-quality GaAs was then grown on the coalesced GaP layer, requiring the implementation of

dislocation reduction strategies to produce a film with a defect density suitable for solar cell growth. In

this work, thermal cycling annealing and a step-graded dislocation filter are used to produce a threading

dislocation density of 3� 106 cm�2 in GaAs on V-groove Si. GaAs solar cells grown on this low-defect

template with also be discussed, with a focus on efforts to control the formation of

thermal-expansion-induced misfit dislocations found at active interfaces in the solar cells, as well as

controlling cracking in the III-V layers.
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CHAPTER 1

INTRODUCTION

The direct growth of optoelectronic-grade III-V semiconductors on Si has been an important research goal

for decades. It combines the low cost of Si with the high-quality optoelectronic properties of III-Vs. It is

enabling for technologies such as on-chip lasers and high e�ciency multijunction solar cells. However, it is

di�cult to realize high-quality direct growth of III-Vs on Si due to the formation a variety of III-V material

defects stemming from material property di�erences between the two materials. This thesis focuses on the

development of one strategy for the epitaxial integration of III-Vs on Si: the use of nanopatterned v-groove

Si substrates. The goal is the development of metalorgranic vapor phase epitaxy (MOVPE) growth

techniques for use with these substrates to make high e�ciency III-V/Si tandem solar cells.

1.1 Lowering the substrate cost of III-V solar cells

With e�ciencies over 26% [2], single junction Si solar cells are approaching the detailed balance limit of

e�ciency [3]. It is, however, desirable to continue to increase solar cell e�ciencies for continued decreases

in cost. Multijunction solar cells have proven successful at surpassing the single junction detailed balance

limit, with record e�ciencies above 47% [4]. III-V solar cells represent the majority of technologies to reach

conversion e�ciencies higher than 30% [5] and are commonly used for space applications. Despite their

high performance, III-V solar cells are prohibitively expensive for terrestrial applications [6]. E�orts to

reduce the cost of III-V solar cells were recently reviewed in [7]. With the majority of cost coming from the

need for a single-crystal III-V substrate, there is substantial work to either re-use these expensive

substrates or to use lower cost substrates in their place.

For the �rst strategy, substrate re-use, samples are grown on a conventional III-V substrate (i.e. GaAs)

and removed in such a way that the substrate largely remains intact for re-use. The most developed

substrate re-use approach is epitaxial lifto� (ELO), where a buried sacri�cial layer is chemically etched to

lift o� the solar cell [8]. ELO is used commercially [9], but it is a relatively slow process requiring

re-conditioning of the III-V wafer surface for further epitaxy after the lifto�, so its prospects for cost

savings are limited compared to other techniques. There is also work to address these limitations by

speeding up the wet etching process [10{15] and improving the resulting surface morphology after the

lift-o� [16]. Other research has focused on replacing the sacri�cial layer with water-soluble salts [17], but as

these salt compounds are a signi�cant departure from the material parameters of the III-V material

system, it is challenging to maintain a good III-V material quality with this approach [18]. Spalling, where

semiconductor layers are mechanically exfoliated o� the substrate, is an alternative approach to substrate
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re-use [19]. Spalling can be much faster than ELO, with the exfoliation process taking only seconds.

However, spalling also produces rough surfaces that need to be re-conditioned for epitaxial growth. This

roughness does not preclude further device growth, but some morphological defects a�ect cell performance

and decrease device yield [20]. Work to improve this surface includes improving the spalling process

itself [21], epitaxially smoothing the rough surface before device growth [22, 23], or incorporating layers

designed to induce spalling at a particular interface [24{29]. These approaches broadly require epitaxial

growth on a surface other than a standard epi-ready surface, which adds material quality challenges to

various degrees.

A second strategy involves forgoing conventional III-V substrates entirely in favor of low-cost

substrates. The most straightforward version of this approach is the use of low-purity III-V wafers, which

give modest cost savings over conventional substrates [30]. More ambitious approaches eliminate the III-V

substrate altogether for other materials. Ge �lms deposited on Mo foils is a common approach [31, 32], but

Ge grown by this method has a lower degree of crystallinity than single crystal substrates, which carries

over into III-V �lms grown on it. Another approach, and the focus of this thesis, is the use of Si as an

alternative substrate for III-V growth.

1.2 III-V on Si solar cells

The use of Si as a substrate for III-V growth is a particularly attractive option due to its low cost and

expansive existing infrastructure for processing Si. Additionally, Si has a suitable bandgap for use as a

bottom junction for a 2- or 3-junction solar cell with III-V top cells [33, 34]. III-V on Si solar cells have

demonstrated e�ciencies well above 30% for mechanically stacked and bonded III-V on Si

architechures [35{38]. However, these techniques still require the use of a III-V substrate for the growth of

the top cells, so they do not take full advantage of the cost savings gained through the use of the Si

substrate. Ideally, the Si wafer itself is used as the growth substrate for the the multijunction cell and is

also an active device layer in the �nal device. Indeed, there has been substantial development of

epitaxially-grown III-V-on-Si solar cells, with e�ciencies as high as 25.9% [39{41], and the topic has been

the subject of several recent reviews [42{44]. While great process has been made recently, this e�ciency

still lags behind e�ciencies of III-V/Si cells produced with wafer bonding or mechanically stacking, as well

as III-V cells grown on III-V substrates (see a comparison of e�ciency by technology over time in

Figure 1.1). This can be attributed to issues with maintaining a high minority carrier lifetime in the Si in

the harsh MOVPE environment and di�culties with heteroepitaxy-related defects forming in the III-V thin

�lms. The management of these defects has proven di�cult for decades, and remains a demanding area of

research.
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Figure 1.1 Reported e�ciencies of various III-V/Si and III-V one sun solar cell technologies by year. The
III-V only and mechanically stacked/wafer bonded cells only include the record cell e�ciency for a given
year as reported in the NREL record solar cell e�ciency chart [45], and directly grown III-V/Si cells
include a selection of values reported in literature. The number for each data point represents the number
of junctions in the device.
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1.3 Crystallographic defects in III-V on Si

Defects play an important role in thin �lm epitaxy because of the detrimental e�ect they have in

optoelectronic device performance. They stem from di�erences in material properties between layers of

di�erent materials. There are three major di�erences between III-Vs and Si that lead to the formation of

defects: lattice constant, coe�cient of thermal expansion, and lattice symmetry. Speci�c kinds of defects

arise due to each of these di�erences: dislocations from the lattice constant, cracking from the coe�cient of

thermal expansion, and twinning and antiphase boundaries (APBs) from the lattice symmetry.

Dislocations are common issues across III-V heteroepitaxial growth (although III-V/Si has additional

issues on this front, as will be discussed in Chapter 1.3.2), but the problems from symmetry di�erences and

cracking are uniquely prominent in the III-V/Si system.

1.3.1 Antiphase Boundaries

The lattice of Si is diamond cubic, and the lattice of binary III-V compounds is zincblende. These

structures are similar: both look like two interpenetrating face-centered cubic lattices o�set from each

other by a
4 [1 1 1], wherea is the lattice constant, as shown in Figure 1.2. In the case of Si, there is one Si

atom associated with each of these lattices. For III-Vs, a Group III atom is associated with one lattice, and

a Group V atom is associated with the other. Both lattices have four atomic layers per unit cell in the

(0 0 1). In Si, each of these layers includes two Si atoms, but in III-Vs, the layers alternate between Group

III and Group V atoms. This has the e�ect of reducing the symmetry of the III-V lattice relative to the Si

lattice: Si has a four-fold rotational symmetry, and zinclblende III-Vs only two-fold.

Figure 1.2 A silicon unit cell with a diamond cubic crystal structure and GaP unit cell with a zinc blende
crystal structure. Both materials have a cubic, tetrahedrally-bonded crystral structure, but the Si has a
higher degree of symmetry than the GaP because only one species of atom is present.

One of the major consequences of this reduced symmetry is the formation of APBs at certain kinds of

atomic steps on the Si surface. Figure 2.1 shows a few di�erent common atomic step con�gurations and

their e�ect on nucleated III-V materials. On (0 0 1) surfaces, which is the predominant substrate

orientation used for solar cells and integrated circuits, both atomic monolayer and bilayer steps have
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similar energetic favorabilities and are thus both prevalent [46]. One each side of a single atomic layer step

on Si(0 0 1), the surface is terminated with Si dimers, albeit with them rotated 90� . This di�ers from the

symmetry found in III-Vs: shifting a single atomic layer switches the atomic species dictated by

crystallography from Group III to Group V, or vice versa. As a consequence, if III-V growth starts with a

blanket layer of a single atomic species on each side of an Si monolayer step, an APB will form. The APB

propagates as a planar defect where atoms are bonded to like atoms (Group III-Group III or Group

V-Group V). The APB is an electrically-charged defect that likely is detrimental to active optoelectronic

device layers and can inhibit dislocation glide [47].

Other kinds of atomic steps (also shown in Figure 2.1) avoid the formation of APBs. The bilayer (001)

step avoids this issue by properly aligning the III-V lattice on each step of the step. The creation surfaces

with predominantly bilayer (0 0 1) steps is an important III-V on Si growth strategy, as will be described in

detail later. Likewise, steps on (111) surfaces do not tend to form APBs due to the di�erent nature of

bonding in the [1 1 1] direction. A true monolayer step in the [1 1 1] results in one side of the surface having

three dangling bonds instead of one, so the energetics dictate that (111) steps form as exclusively as bilayer

steps. However, (111) surfaces can result in other defects such as twinning if growth is not carefully

controlled [48]. Growth methods using v-groove substrates take advantage of this property to avoid APBs.

1.3.2 Dislocations

Threading dislocations are another type of defect that are signi�cant, not just in III-V-on-Si systems,

but in all lattice-mismatched heteroepitaxial systems [49]. Dislocations form in epitaxially-grown thin �lms

to relieve lattice strain stemming from the di�erence in lattice constant between the �lm and the

substrate [50]. They nucleate at the surface of the III-V material as dislocation half loops, likely at stress

concentration points such as step edges [51]. After the �lm reaches a certain critical thickness that depends

on the degree of lattice mismatch [52], the dislocations begin to glide to relieve lattice strain and become

trapped at an interface, known as mismatch dislocations, or remain trapped in the III-V material, known

as threading dislocations. These dislocations are illustrated in Fig. Figure 1.3.

Dislocations are necessary to relax the thin �lm from its strained state, but they can be harmful to

device performance. Dislocations introduce dangling bonds that can act as minority carrier recombination

sites. Threading dislocations are particularly problematic for device performance as they pass through

active device layers. Therefore, it is important to limit the threading dislocation density (TDD) to

maintain high performance in III-V-based solar cells [53]. For III-V/Si epitaxy, the lattice mismatch

between Si and materials with photovoltaic (PV)-relevant bandgaps like GaAs is relatively large, requiring

strategies to manage such a large change in lattice constant without elevating TDD. Si is close to
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Figure 1.3 Dislocations at various stages of glide in a thin �lm. On the left, a dislocation half loop (DHL)
nucleates at the surface. When the thin �lm exceeds a critical thickness as determined by lattice mismatch
strain, this dislocation glides on a f 1 1 1g glide plane (shown in blue) towards the thin �lm/substrate
interface. In the middle, part of the loop has reached the interface and becomes a mis�t dislocation (MD)
while other segments of the half loop remain in the thin �lm as threading dislocations (TDs). In some
cases, the TDs can fully glide through the thin �lm so that the entire dislocation is a MD with end points
at the surfaces on the side of the �lm.

lattice-matched to GaP, but even for GaP/Si, elevated TDD is an outsized problem for the size of the

lattice mismatch compared to the same mismatch in a III-V/III-V system. This stems from complications

related to the GaP/Si interface (high surface tension and charge polarization) [54], and from a relatively

low dislocation glide velocity in GaP compared to other III-V materials [55].

III-V-on-Si epitaxy can have issues with mis�t dislocations at interfaces in active regions which at

unique to systems with with a mismatch in the coe�cient of thermal expansion, as shown in recent

work [56, 57]. The thermal expansion mismatch of III-V and Si put the III-V layers in tension as samples

are cooled from growth temperature to room temperature. This is well-known to cause cracking in the

III-V �lms, as will be discussed later, but it was also recently discovered to cause the formation of mis�t

dislocations upon cooling between layers with signi�cantly di�erent yield strengths, for example GaAs

versus alloy-hardened Ga0:51In0:49P. Threading dislocations in the III-V layers glide due to the tensile

strain from thermal expansion mismatch, but stop gliding at higher temperatures in layers less conducive

to glide than softer layers. This results in threading dislocations becoming pinned in layers such as

Ga0:51In0:49P, but continuing on in layers such as GaAs, resulting in mis�t dislocations at the interface

connecting the thread segments. Mis�t dislocations can be detrimental to solar cell performance depending

on the nature of the interface they form at. For example, they can be problematic at interfaces meant to

passivate minority carrier layers, such as back surface �elds or window layers [41].
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1.3.3 Cracking

The �nal defect signi�cant to III-V-on-Si epitaxy is cracking due to thermal stress [58]. Growth

techniques that are used for III-V-on-Si epitaxy generally are carried out at temperatures in excess of 500�

C. Si has a lower coe�cient of thermal expansion than most common III-V compounds [59], so upon

cooling to room temperature, the III-V thin �lm layers are in tension. When the III-V thin �lm in thicker

than the critical thickness, it becomes energetically favorable for the �lm to crack to relax the tension [60].

Like other defects, cracking can lead to issues with device performance. Therefore, it is important to design

III-V-on-Si devices to be thin when possible and choose growth conditions conducive to limiting thermal

stress.

Dislocation glide during cooldown can also in
uence the likelihood that a sample will crack [61]. As

mentioned in the context of thermal-mismatch-induced mis�t dislocations, dislocations glide in response to

thermal-mismatch-induced strain in the III-V layers during cooling. Unlike the case of mis�t dislocation

formation, this glide is a positive for avoiding cracks as the glide helps relieve some of the thermal strain

and thus reduce the driving force for cracking. However, the e�cacy of strain relief from glide is expected

to decrease as threading dislocation density decreases{ Ref. [61] predicts a decrease of several microns in

the critical thickness for cracking as the dislocation density if the threading dislocation density decreases

from levels around 108 cm� 2 to optoelectronic-friendly levels of 106 cm� 2. For this reason, unlike APBs

and threading dislocations, cracking may be a growing rather than receding problem as threading

dislocation densities are improved. V-grooves may causes additional problems with cracking as they can

act as stress concentrators [62].

1.4 Defect Management in III-V-on-Si Thin Films

The previous section described all of the defects associated with III-V-on-Si growth. This section

describes strategies to reduce each of those defects. In addition to this section, a thorough review of the

control of defects in III-V semiconductors grown on Si can be found in [63].

1.4.1 Antiphase Boundaries

As previously discussed, APBs form due to the nature of the steps on the Si surface. Control of these

steps is therefore the key to suppressing APB formation in III-V-on-Si systems. There are two broad

techniques that have proven e�ective for suppressing APBs. These are the use of pretreatments in the

MOVPE reactor to control the kind of atomic steps formed on the Si surface and the use of nanopatterned

surfaces to change the nature of the nucleation process.
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To prevent the formation of APBs, pretreatment anneals can be used to selectively form surfaces with

atomic steps that do not cause the formation of APBs [46]. Work to date has used either As-based [64{66]

or H2-based [67{69] to create surface reconstructions with primarily atomic bilayer steps on the Si surface.

These bilayer steps do not cause the formation of APBs. Both high e�ciency III-V-on-Si solar cells [39{41],

and high performance lasers [70{73] have been fabricated with APB-supression techniques based on

pretreatment annealing. A major disadvantage of these techniques for photovoltaic (PV) applications is the

need for the chemo-mechanical polishing (CMP) of the Si substrate prior to growth. CMP, which decreases

the root mean square (RMS) roughness of the Si substrate to< 0:5 nm, is likely cost-prohibitive for PV

applications [74]. While CMP is not inherently necessary to the use of pretreatment techniques, precise

control of the surface generally is required. There has been a report of this technique being used

successfully without CMP, but in this case, a thorough polishing process that is still likely to be relatively

high-cost was used [39].

In this work, nanopatterned V-groove Si is used as alternative to surface pretreatments for preventing

APBs. Our work at NREL has shown that these substrates are compatible with PV-grade, wet-polished Si

wafers [75]. High-performance laser devices have been demonstrated on V-groove devices [76{79], as well as

solar cells, although with more limited success to date [80]. This technique relies on the di�erent nature of

steps that form on (111)-Si surfaces as compared to those on (001)-Si, as discussed in Section 1.3.1. As a

result, V-grooves avoid problems with APBs without such stringent requirements on surface pretreatment.

1.4.2 Dislocations

There are two general approaches that are used to produce a low TDD in the active layers of a III-V/Si

solar cell: step-graded bu�ers and dislocation �ltering. The �rst approach, step-graded bu�ers, is a

common approach used for multijunction III-V solar cells [49] and has been used to achieve very high

e�ciencies [4]. In the step-graded bu�er approach, a low TDD is maintained by slowly changing the

composition and thus the lattice constant to a composition with the desired bandgap. Both Six Ge1� x or

GaAsx P1� x with an initial GaP seed layer have been used to produce III-V/Si solar cells. A GaAs solar

cell grown on Six Ge1� x produced an e�ciency of 18.1% [81] with a TDD of 1� 106 cm� 2 [82], but since Ge

has a lower bandgap than Si, Six Ge1� x bu�ers don't allow for an active Si cell. More recent e�orts have

focused on GaAsx P1� x bu�ers to allow for an active Si junction, with a solar cell e�ciency as high as

25.9% [39] being achieved. This approach has recently bene�ted from strategies to keep the initial TDD in

GaP low by promoting dislocation glide (and thus avoiding excess dislocation nucleation) as the GaP

relaxes [83, 84]. Step-graded bu�ers are most e�ective when they are relatively thick, meaning they may

have limitations in terms of cracking.
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The other approach to lowering TDD in III-V/Si layers is dislocation �ltering. Broadly, this approach

uses strain (often in alternating directions) to induce dislocation glide, with the goal of driving dislocation

annihilation [6]. Thermal cycle annealing and strained superlattices are commonly used strategies.

Yamaguchi et al successfully used dislocation �ltering to produce a GaAs solar cell on an Si substrate with

an e�ciency of 20% (and indeed sent these cells to space for testing) [85], but the approach is generally

more common in the III-V/Si on-chip laser community. Recently, a TDD of 2 � 106 cm� 2 was

demonstrated using a combination of thermal cycle annealing and an asymmetric step-graded �lter after

2.6 � m of growth. This approach is potentially interesting for solar cells, as it could require much less

material than what is needed for a step-graded bu�er and is also more tolerant to a higher starting TDD in

the initial GaP/Si nucleation.

1.4.3 Cracking

Techniques to address cracking have not been the subject of as much research as for APDs or threading

dislocations. Because additional III-V �lm thickness increasing the driving force for cracking [58], thinning

III-V layers as much as possible is an important strategy [80]. Alternative approaches have included

slowing the cooling rate to allow for more relaxation of thermal stress via dislocation glide [61], adding

voids to the Si to relieve thermal stress [86], and the intentional introduction of stress concentrators to

control the location of the cracks [87], as a few examples. As previously mentioned, improvements in TDD

are likely to exacerbate issues with cracking.

1.5 III-V epitaxy on V-groove Si: State of the art

V-groove Si is an extensively studied substrate for III-V growth for on-chip light sources for Si

photonics, as well as as a high mobility material for CMOS applications and was reported on as early as

1991 [88{90]. They have more recently been a key topic of research for non-coalesced (i.e. III-V material is

not merged into a thin �lm after the �lling of the V-grooves) applications such as nano ridge lasers,

particularly at imec, including materials such as GaAs [91], InGaAs [92, 93], InP [94], and GaSb [95].

Additionally, coalesced material on V-groove substrates has been of interested for quantum dot laser

architectures, particularly for groups from the Hong Kong University of Science and Technology [76, 96, 97]

and UC Santa Barbara [77, 79]. Most of this recent work for both coalesced and uncoalesced applications

involves an initial low temperature growth step and further steps at higher temperature to �ll in the

grooves. This typically results in defective material near the III-V/Si interface, although antiphase domains

are avoided because of the (1 1 1) V-groove sidewalls. Before this work, NREL had published a limited

amount of work on V-groove-Si-based GaAs solar cells in collaboration with the Hong Kong University of
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Science and Technology, with limited device performance related to elevated dislocation levels and

cracking [80].

1.6 V-groove Fabrication

In this work, V-groove Si was chosen as the template for III-V growth based on its material quality and

cost advantages as discussed in Section 1.4.1. The process for making these V-groove templates at NREL

was largely developed before the start of my thesis research by a previous graduate student [98] and several

interns [99{102], and is summarized here as it is not discussed in much detail in the main body of the

thesis. The process 
ow for making V-groove Si templates is shown in Figure 1.4. V-grooves are most

commonly fabricated on CMP Si wafers, but for studies speci�cally on low-cost Si, PV-grade, saw damaged

removed Si wafers were smoothed in a 10:73:17 mixture of bottle strength hydro
uoric acid: nitric acid:

acetic acid [103]. Regardless of polishing method used, the fabrication process of the V-groove Si is the

same. First, 50 nm of SiNx was deposited via plasma-enhanced chemical vapor deposition to serve as a

hard mask. SiNx was a choice made out of convenience and because it has somewhat better etch selectivity

in KOH compared to SiO2, but other dielectrics such as SiO2 would also likely be suitable as hard masks.

Next, the samples were coating with a polymer-based resist suitable for the patterning method to be used

for that sample. For LIL, it is easiest to work with a thin, positive photoresist{ AZ1505 is a good option.

For samples prepared by nanoimprint lithography, OmniCoat adhesion promoter was �rst coated onto the

sample with a spin speed of 500 rpm for 5 seconds with an acceleration of 100 rps, followed by 3000 rpm

for 30 seconds with an acceleration of 300 rps, with a soft bake at 200� C. In addition to being an adhesion

promoter, the OmniCoat acts as a stop etch to CHF3 plasma during the reactive ion etching (RIE) steps.

After the OmniCoat, samples were coated with with a mr-NIL210 Series microresist from micro resist

technology gmbH. This microresist (MR) was diluted with anisole (trade name ma-T 1045) as needed to

keep the residual microresist thin in unpatterned areas.

Lines can be patterned at a relatively low cost by both LIL and NIL. Both approaches were developed

at NREL, but this work uses exclusively templates fabricated by NIL. LIL, however, deserves a mention as

a relatively low-cost and straightforward system to set-up; a Llyod's mirror interferometer is an accessible

approach to LIL that is suitable for V-groove fabrication [104]. For the NIL patterning used in this work,

master patterned were patterned with e-beam lithography to create lines with a 500 nm pitch over a 1 cm

� 1 cm area. These master patterns were used to make silicone-based stamps to be used for NIL.

Imprinting was done on an EZImprinting PL600/400 NIL tool. Speci�cs of the NIL process are discussed

in detail in [98]. As a note to those looking to repeat similar work in the future, note that NIL tools are

calibrated at sea level and may need extensive recalibration if the work is performed at high altitude, as
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Figure 1.4 The steps of V-groove fabrication. 1.Coat wafer with hard mask and patternable layer suitable
for the patterning technique to be used. 2. Pattern wafer with laser interference lithography (LIL) or
nanoimprint lithography (NIL). 3. Etch through hard mask with RIE. An additional step of HF wet
etching to laterally thin the hard mask may be necessary between steps 3 and 4. 4. Wet etch in KOH to
reveal (1 1 1) facets. 5. Optional: remove hard mask caps with an HF wet etch.

was the case for this work.

After NIL patterning, the hard mask was removed with a three-step RIE etch using an Oxford

PlasmaPro 100 Cobra system. The �rst step is a 80% CHF3 and 20% N2 etch for 1.5 min to remove

residual photoresist. This etch has approximately the same etch rate for the SiNx and the microresist. The

second step is a 10 s O2 clean to remove the OmniCoat{ note again that OmniCoat etches very slowly in

the CHF3 and N2 chemistry. Finally, the same CHF3 and N2 etch is used to breakthrough the SiNx layer

with 4 min of etching. It is then possible to remove the microresist with an oxygen plasma in the RIE, but

it is often desirable to use as a mask for an HF undercutting etch to create more narrow SiNx caps. Narrow

caps, as is discussed in detail in Chapter 4, are key factor controlling the morphology of the GaP during

coalescence. When an HF undercutting etch was done, 2% HF was used to narrow the caps to> 100 nm

between steps 3 and 4 in Figure 1.4. The exact time needed for the undercutting etch varied from sample

to sample, but was typically 3-8 min. The exact time needed can be determined by etching several test

samples in HF for various times and then completing the KOH etching process with each sample. The ideal

HF etching time is one minute less than the time needed to see signs of overetching (di�raction grating

iridescence disappearing) after the KOH etch. The microresist was removed with a 4:1 sulfuric acid:

hydrogen peroxide piranha etch for 5 min after the undercutting etch. This process should be improved for

further work{ redesigning the NIL master to have a narrower masked area (or even a smaller line pitch)

would be a more consistent approach than the HF undercutting etch.

11



After the hard mask has been opened, a selective etch can be used to create V-groove trenches. I used a

30% KOH solution at 60� C in this work, but there are also other suitable options, such as TMAH. Just

prior to the KOH etch, the samples were deoxidized in 2% HF for 15 s. Samples were etched in KOH for

1.75 min. After that, some �nal cleaning is needed just before loading the reactor to produce a clean,

deoxidized surface ready for epitaxy. In Chapters 2 and 3, the SiNx caps were completely removed with a

10% HF etch for 4 minutes, and followed by 1 min in 4:1 piranha etch and another 30 s in 2% HF. In later

work, Chapters 4 and 5, I establish that the caps are important for a good material quality. In this case,

the surface pretreatment is a 30s KOH cleanup etch in 2% HF, 1 min in 4:1 piranha, and 15 s in 2% HF.

Overdoing the HF etching can result in exposed (0 0 1) facets at the V-groove tops and undesired GaP

nucleation on that facet.

1.7 Thesis Structure

The goal of this thesis research is the demonstration of a high-e�ciency GaAs solar cell grown on

V-groove Si by MOVPE. This thesis is organized into chapters corresponding to the major processes

needed to go from a V-groove Si template to a GaAs solar cell on that template. In Chapter 2, the

pretreatments needed to prepared the V-groove Si surface for III-V growth are studied. I found that the

AsH3 pretreatment developed at NREL for planar Si surfaces is also suitable for V-groove surfaces in this

work. In Chapter 3, conditions suitable for nucleation of GaP on V-groove Si are identi�ed. A growth

temperature of 800� C and a V/III ratio of 5000 produce uniform GaP nucleation at the bottom of the

trenches In Chapter 4, the criteria governing successful coalescence of GaP into a thin �lm on a V-groove

template are studied. Finally, in Chapter 5, a method for producing a low TDD level in GaAs grown on

the GaP/V-groove Si templates is developed, and GaAs solar cells grown on those low-TDD templates are

demonstrated. The structure of this thesis is summarized visually in Fig. Figure 1.5 with a SEM image of

the whole device structure colorized by chapter.
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Figure 1.5 A colorized SEM image of a cross-sectional FIB cut of a GaAs cell on a V-groove Si substrate.
The colors represent the main processes developed to enable this device and correspond to chapters of this
thesis: Si surface pretreament (blue, Chapter 2), GaP nucleation (green, Chapter 3), GaP coalescence
(orange, Chapter 4), dislocation �lter (orange, Chapter 5), and solar cell (purple,also Chapter 5). Thanks
to Alina Spiess for colorizing this image.
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CHAPTER 2

MOCVD SURFACE PREPARATION OF V-GROOVE SI FOR III-V GROWTH

Modi�ed from a paper published in The Journal of Crystal Growth 1.

Theresa E. Saenz2, Manali Nandy3, Agnieszka Paszuk4, David Ostheimer5, Juliane Koch6, William E.

McMahon7, Jeramy D. Zimmerman8, Thomas Hannappel9, Emily L. Warren 10

2.1 Foreword

For most MOVPE growth, the �rst step before growth begins is a surface clean, usually some

combination of wet etching prior to loading and annealing after loading to remove contaminants and oxides

from the sample to prepare it for epitaxy. In the case of III-V/Si growth, this cleaning step has historically

been key for achieving high material quality; as discussed in the introduction of this thesis, surface

pretreatments can create favorable surface reconstructions on Si(0 0 1) for avoiding the formation of

antiphase boundaries during III-V nucleation. While the surface pretreatment doesn't have the same

importance for antiphase boundaries in this work on V-groove Si, preparing the V-groove Si surface for

growth is still a critical aspect of achieving good material quality. Ensuring the complete removal of

contaminants like carbon [105] and the complete deoxidation of the V-groove Si surface is necessary to fully

expose the crystal structure of the V-groove Si substrate (necessary for epitaxy) and to avoid

morphological defects associated with contamination.

In this chapter, I explore the e�ectiveness of several di�erent pretreatments originally developed for

planar substrates for preparing V-groove Si for growth. I spent 6 months as a visiting researcher with the

Fundamentals of Energy Materials Group at TU Ilmenau in Germany to complete this work. The group

has a unique set-up on their MOVPE reactor that allows for ultra high vacuum transfer of samples directly

from the reactor into surface science tools, such as XPS and LEED. Using this capability, I showed that

V-groove Si substrates behave similarly to planar substrates when subject to pretreatment annealing. This

�nding is useful for developing surface pretreatments for V-groove Si substrates even when (as is most

commonly the case) UHV transfer is not available from the reactor{ in situ re
ectance anisotropy

1Reprinted with permission from T.E. Saenz et al, J. Cryst. Growth, 2022 597, 126843. Copyright 2022 Elsevier B.V.
2Graduate student at CSM and NREL, visiting DAAD researcher at TUI, primary researcher and co-�rst author
3Graduate student at TUI, �gure design, and co-�rst author
4Postdoctoral scholar at TUI, contributions to experimental design, XPS analysis
5Graduate student at TUI, contributions to MOCVD experiments
6Graduate Student at TUI, contributions to characterization measurements
7Sta� Scientist at NREL, helpful discussion on surface science
8Associate Professor at CSM, Thesis Co-advisor
9Professor and PI at TUI
10 Sta� Scientist at NREL, Thesis Co-advisor
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spectroscopy (much more commonly available on MOVPE reactors but unusable on V-groove substrates)

can be used to study a candidate pretreatment on a planar Si substrate, and based on the results of this

study, if that pretreatment is found to function properly on the planar substrate, it can also be used on

V-groove Si. This work also con�rmed that the AsH3-based anneal typically used for III-V/Si pretreatment

annealing at NREL, including for this thesis, is appropriate for V-groove Si substrates.

2.2 Abstract

V-groove nanopatterning of Si substrates has recently demonstrated promise for achieving high-quality

III-V-on-Si epitaxy while providing a lower-cost processing route than chemo-mechanical polishing to

produce epi-ready planar wafers. A key factor in determining the crystalline quality of III-V bu�er layers is

the Si surface structure and its chemical composition. Unlike planar Si surfaces, the surfaces of V-grooves

prior to growth have not been studied in detail. Here, we study the surface of V-groove Si prepared for GaP

nucleation via X-ray photoelectron spectroscopy and low-energy electron di�raction. We identify several

pretreatments, using both 830� C and 1000� C annealing under an As background pressure, as being suitable

for deoxidizing and cleaning the V-groove Si surface. The V-groove Si was found to behave similarly to

reference Si(0 0 1) and Si(1 1 1) planar samples, demonstrating that in situ techniques such as re
ection

anisotropy spectroscopy can be used on reference samples to infer the state of the V-groove surface, and

indicating that the extensive research on planar Si surfaces can be directly applied to V-grooves.

2.3 Introduction

The direct growth of III-V semiconductors on Si substrates via metalorganic chemical vapor deposition

(MOCVD) is useful for a number of optoelectronic applications, ranging from high-performance solar

cells [39{41] to on-chip lasers [106]. Due to the mismatch between the material properties of III-Vs and

those of Si, the direct growth of optoelectronic-quality III-Vs on Si has proven di�cult to realize. In

particular, the decreased symmetry of the zincblende crystal structure compared to the diamond cubic

crystal structure can give rise to antiphase boundaries (APBs) during III-V nucleation on Si(0 0 1) if the Si

surface preparation is not carefully controlled [107].

Recently, the crystalline quality of III-Vs grown on planar Si substrates has rapidly improved, due in

large part to improved control of the nucleation process and of the Si(0 0 1) surface preparation prior to

nucleation [46]. APBs form when III-V material nucleates on both sides of a single-atomic-layer step on an

Si(0 0 1) substrate (see Figure 2.1). These APBs are characterized by homopolar bonds between two

Group-III or two Group-V atoms, which may propagate along either f 1 1 0g or f 1 1 1g planes. In recent

years, a number of MOCVD-based surface pretreatments have been developed to force the atomic steps on
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o�cut (0 0 1)-oriented Si surfaces to consist primarily of double-layer steps. III-V crystallites that nucleate

on either side of a step with an even number of monolayers can merge without forming an APB, as shown

in Figure 2.1. This double-layer stepped Si(0 0 1) surface has been successfully prepared using several

pretreatment processing routes, including Si homoepitaxy [67, 108, 109]; high-temperature annealing under

H2, with or without an additional supply of As [65, 110, 111]; and lower-temperature annealing in an As

precursor, paired with a wet-chemical pretreatment in HF prior to loading the sample into the MOCVD

reactor [64, 112]. A number of monolithic III-V-on-Si multijunction solar cells with world-record e�ciency

have been produced using this approach [39{41].

Figure 2.1 A schematic showing how various forms of Si surface steps in the V-groove Si lattice a�ect the
formation of APBs in the heteroepitaxial III-V material. The double-layer (0 0 1) step on the left and the
(1 1 1) step in the V-groove trench do not cause the formation of APBs in the III-V material. The
single-layer step on the right, however, does form an APB. Bothf 1 1 1g-oriented and f 1 1 0g-oriented APBs
are shown.

Similar to the work on planar Si(0 0 1) substrates, the use of V-groove nanopatterning on Si(0 0 1) has

also demonstrated a solution to the problem of APBs, presenting a promising pathway toward high-quality

III-V materials grown on Si [63, 75, 77, 96, 113, 114]. V-grooves are selectively etched, nanopatterned

trenches positioned in theh1 1 0i direction with f 1 1 1g-oriented sidewalls. They are particularly interesting

for solar cell applications because they are compatible with PV-grade processing [75], unlike the

chemo-mechanical polishing (CMP) process needed to prepare planar wafers for epitaxy. Unlike atomic

steps on (0 0 1)-oriented Si surfaces, steps on (1 1 1)-oriented surfaces form in a way that does not cause

APBs, as shown in Figure 2.1. However, the growth of III-Vs on a planar, (1 1 1)-oriented wafer is still

challenging due to the formation of twin domains [48]. The additional geometry constraints of the

V-grooves cause most of the twin boundaries to annihilate upon coalescence [96] or prevent them from
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forming altogether [113], depending on the processing route of the III-V nucleation. V-grooves have

enabled III-V-on-Si devices: there have been extensive demonstrations of III-V-on-Si

lasers [70, 78, 106, 115] and more limited demonstrations of III-V-on-Si solar cells [80].

Recent progress in integrating III-Vs with Si(0 0 1) planar substrates has been enabled by extensive

surface science studies aimed at understanding Si surface reconstruction and its chemical composition prior

to III-V nucleation. These studies used methods such as low-energy electron di�raction (LEED), X-ray

photoelectron spectroscopy (XPS), scanning tunneling microscopy (STM), and Auger electron spectroscopy

(AES), among other techniques [46]. Pairing these surface science results with re
ection anisotropy

spectroscopy (RAS) signals acquired during the MOCVD surface preparation allows for a deeper

understanding of the in situ re
ection anisotropy (RA) spectra. In turn, this allows for a deeper

understanding of the processes involved and enables in situ control of the appropriate Si surface

preparation [64, 116{118]. Such benchmarking requires contamination-free transfer under ultra-high

vacuum (UHV) from the MOCVD reactor. Once the microscopic origins of the RA spectra are understood,

they can act as qualitative and/or quantitative �ngerprints of speci�c surface reconstructions or interfacial

properties in lieu of UHV transfer to ex situ surface science techniques. These surface science techniques

have never before been applied in detail to surface pretreatments for V-groove Si substrates. A direct

knowledge transfer of the appropriate preparation of the Si substrates for low-defect III-V nucleation is not

straightforward, as the V-groove surface has both (0 0 1) and (1 1 1) facets as well as transitional regions

with orientations between these planes. In addition, the nonspecular surface of V-grooves makes it

impossible to take meaningful RAS measurements on the surface, meaning that there is no in situ tool for

for monitoring and controlling the V-groove Si surface pretreatments prior to III-V nucleation.

Here, we apply both low- and high-temperature surface pretreatments developed for planar Si to

V-grooves and use surface characterization techniques under UHV to understand the behavior of V-grooves

relative to planar surfaces. Both approaches, including the low-temperature approach that is compatible

with the thermal budget of a III-V-on-Si tandem solar cell [112], showed promise as suitable pretreatments

for III-V nucleation on V-groove Si.

2.4 Experimental

V-grooves with a 500-nm pitch were fabricated on exactly oriented n-type, CMP Si(0 0 1) substrates,

according to the methods described in Ref. [113]. In addition to the V-grooves, reference pieces|of n-type

Si(0 0 1) with a 0.1� o�cut toward [1 1 0] and p-type Si(1 1 1) with a 6 � o�cut toward [ 11 2], with the same

wet-chemical pretreatment|were co-loaded into the MOCVD reactor with the V-grooves for all

experiments. Prior to loading in the MOCVD reactor, all samples were cleaned via a three-step
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wet-chemical cleaning process. First, organic residues were removed with a 1:1:5 NH4OH:H2O2:H2O

(RCA-1) etch at 80� C for 10 min. Next, the samples were etched in 10% HF for 4 min. Finally, to remove

metal ions, the samples were cleaned in a 1:1:6 HCl:H2O2:H2O solution (RCA-2). The RCA-2 leaves a

protective SiO2 layer on the substrate. Selected samples were loaded into the MOCVD reactor directly

after the RCA-2 cleaning for pretreatment, as described below. The protective oxide layer can be removed

during the pretreatment in the MOCVD reactor at temperatures above 950� C [110]. This temperature can

be lowered if the protective oxide layer is removed by wet-chemical etching prior to loading into the

MOCVD reactor. Thus, selected samples were etched in 2% HF for 30 s directly prior to loading. Although

elemental analysis was not carried out on these speci�c samples, similar surface treatments have shown

that this process yields H-terminated Si surfaces with a small amount of residual C and O [64].

All pretreatments were carried out in a horizontal Aixtron AIX 200 MOCVD reactor. Tert-butylarsine

(TBAs) was used as the As source, and residual Ga, P, and As were present on the susceptor and reactor

parts from previous growth runs. Three surface pretreatments initially developed for planar (either (0 0 1)

or (1 1 1)) Si substrates were investigated for use with V-groove Si. Table Table 2.1 summarizes the

conditions used for each pretreatment.

Table 2.1 Experimental conditions of V-groove Si pretreamtment anneals

Pretreatment Si Surface Prior to Loading MOCVD Process

A (Ref. [48]) Protective oxide H2 at 1000� C, 30 min, then 3 min
under TBAs at 670� C

B (Ref. [65]) Protective oxide TBAs at 670� C, then 30 min un-
der H2 at 1000� C

C (Refs. [64, 112]) H-passivated after HF TBAs at 670� C, then 15 min un-
der H2 at 830� C

Pretreatment A was based on a recipe for preparation of As-terminated Si(1 1 1) surfaces. [48].

Pretreatment B was based on a recipe optimized for the preparation of single-domain, double-layer-stepped

(0 0 1) Si with As termination [65]. Finally, Pretreatment C used a background As-based approach at lower

temperature (830� C vs. 1000� C), similar to the pretreatment developed in Refs. [64, 112], which was also

optimized for the formation of single-domain, double-layer-stepped (0 0 1) Si. As most MOCVD reactors

used for III-V growth have residual As from previous processes, Pretreatment C is likely the closest

equivalent to the deoxidation anneals used in previous V-groove studies [77, 96]. In this work, TBAs was

used as the As source, but other work has demonstrated the use of AsH3 [64, 113] for surface pretreatment.

Using AsH3 instead of TBAs would require changes to the As 
ow and temperature.
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After pretreatments, the samples were transferred with a UHV shuttle [119] (10� 8 mbar) to a UHV

cluster with surface science tools, where LEED (Specs ErLEED 100-A) and XPS (monochromated Al-K� ,

Specs Focus 500/Phoibos 150/1D-DLD-43-100) measurements of the V-grooves and reference samples were

taken. XPS peaks were �tted using CasaXPS software.

2.5 Results & Discussion

We acquired XPS survey scans and high-resolution O 1s, As 2p, As 3d, and Si 2p core-level

photoemission spectra for all the three sets of samples. The survey spectra showed that all samples had

traces of Ga present on the surface, as shown in Figure 2.2 for the set of samples after Pretreatment B.

The presence of Ga on the surface was expected, because at elevated temperatures, residual Ga and P

species from previous growth runs desorb from the susceptor and reactor walls. The Ga coverage, which

can be roughly estimated using the intensity ratio of As 2p3=2 to Ga 2p3=2 peaks, was between 42 and 76

times lower than As for all samples|except Si(0 0 1) after Pretreatments B and C, where the As surface

coverage was signi�cantly lower. The Ga coverage on Si was lower for all Si samples after Pretreatment C.

In Pretreatment C, the samples were annealed for 15 min at 830� C instead of 30 min at 1000� C, as in

Pretreatments A and B. Thus, at elevated temperatures, the Si substrates should be prepared under supply

of the group-V precursor in order to minimize the rate of residuals desorbing from the reactor parts and

their adsorption on the Si surface.

In addition to Ga, all samples in Pretreatment A and the V-groove sample in Pretreatment B showed a

small trace of Cu, probably originating from the Cu sealing gaskets used to connect the UHV transfer

shuttle to the interim chamber of the MOCVD. P was not found on any samples, although it was present

in the reactor from previous GaP growth. C, a contaminant that might cause defects during

nucleation [64], was also not found on any of the samples.

Figure 2.3 (a){(c) shows high-resolution scans of the O 1s region for Si(0 0 1)0.1� (black), Si(1 1 1)6�

(blue), and V-grooves (red) from the samples after Pretreatments A, B, and C. On almost all samples, a

small O 1s signal is visible at around 531.8 eV|except for the Si(0 0 1) 0.1� surface (Figure 2.3 (c)) after

Pretreatment B, on which this peak intensity is higher. The broad contribution above 534 eV is due to a

Ga plasmon peak. For all of these samples, no Si-O peak at 104 eV or As-O peak at 1327 eV is visible

(Figure 2.4 (a) and (b)); thus, we conclude that the Si surfaces were deoxidized after all three

pretreatments and that the low level of oxygen contamination is due to nonideal transfer from the MOCVD

reactor to the UHV cluster.

Figure 2.4 (a){(b) shows the photoemission lines of the Si 2p and As 2p3=2 core levels, respectively, for

all Si samples after Pretreatment B. To facilitate a direct comparison of the data, we normalized the
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