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ABSTRACT: One possible pathway toward reducing the cost of
III−V solar cells is to remove them from their growth substrate by
spalling fracture, and then reuse the substrate for the growth of
multiple cells. Here we consider the growth of III−V cells on
spalled GaAs(100) substrates, which typically have faceted surfaces
after spalling. To facilitate the growth of high-quality cells, these
faceted surfaces should be smoothed prior to cell growth. In this
study, we show that these surfaces can be smoothed during
organometallic vapor-phase epitaxy growth, but the choice of
epilayer material and modification of the various surfaces by
impurities/dopants greatly impacts whether or not the surface
becomes smooth, and how rapidly the smoothing occurs.
Representative examples are presented along with a discussion of
the underlying growth processes. Although this work was motivated by solar cell growth, the methods are generally applicable to the
growth of any III−V device on a nonplanar substrate.

■ INTRODUCTION
Although most epitaxial growth is done on planar surfaces,
there are situations where growth on a nonplanar surface is
necessary or desirable. The research presented in this paper is
directed toward reducing the cost of III−V solar cells by
enabling the reuse of GaAs substrates, which (if not reused)
comprise approximately one-third of the total cost of each final
solar cell.1 However, the results and methods should be
extensible to other III−V devices grown on nonplanar
substrates.
Spalling provides an economical method for removing III−V

solar cells from substrates such that each substrate can be
reused multiple times, as shown in Figure 1.2 Ideally, the spall
would travel parallel to the surface to create a flat planar
surface to facilitate the growth of the next cell. However, the
surface of a GaAs(100) substrate after spalling is not
intrinsically flat, because (100) is not a natural cleavage
plane for GaAs, and as such, achieving flat surfaces would
require ultimate control of crack dynamics.3 For cases in which
spalling does not produce a flat surface, the spalled surface
tends to consist of a periodic array of faceted ridges, with facet
directions lying on or near natural GaAs cleavage directions.4

For example, when a GaAs(100) substrate is spalled with a

spall front traveling along a ⟨011⟩ direction, the result is
typically a corrugated surface exposing {211} facets/planes.5

Received: November 27, 2023
Revised: March 7, 2024
Accepted: March 8, 2024
Published: April 1, 2024

Figure 1. Schematics showing the basic processing steps needed to
enable substrate reuse via spalling. For GaAs(100) substrates, the
spalling process creates a faceted surface that must be smoothed
before growing the next device. This work investigates how spalled
GaAs(100) surfaces can be smoothed using OMVPE-grown epilayers.
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In this article, we demonstrate how surface smoothing
during organometallic vapor phase epitaxy (OMVPE) growth
is affected by two principal factors: (1) the crystal orientation
of the surface facets and (2) the dopant/material combination
used for the smoothing epilayers. The connection between
these two factors and the underlying surface smoothing
processes is also discussed at a phenomenological level.
Examples will be presented to illustrate the wide range of
outcomes that can be obtained by making different choices for
the above two factors. Results for solar cells grown on spalled
GaAs(100) substrates using the principles illustrated here have
been presented elsewhere,6 and their performance is
comparable to baseline devices grown on standard epiready
GaAs(100) substrates.

■ EXPERIMENTAL DETAILS
Sample Preparation. Two different spalling methods were used

to prepare GaAs(100) substrates for subsequent growth studies.
“Controlled spalling” uses a stressed-Ni layer and a roller to peel off a
layer in a well-defined direction.7 “Acoustic spalling” uses a different
stressor material, then applies “packets” of stress acoustically to
control the velocity of the crack front as the surface layer is spalled
off.8 In this paper, all samples were made using a controlled spall,
except for those shown in Figure 10. The basic results presented here
are agnostic to the process generating the surface morphology and
should therefore be applicable to any spalling method.

All results in this study are for an as-spalled material with no
additional surface preparation/cleaning, to ensure that the starting
surface was similar for all cases. Also, we chose to use samples with
ridges that were ∼5 μm high so as to be able to clearly observe
morphology changes with cross-sectional scanning electron micros-
copy (XSEM). However, it is important to note that this does not
represent the smoothness limits attainable by spalling methods.7 For
actual cell growth, a pregrowth smoothing etch has been shown to be
beneficial; this was investigated in a related study.9

This study evaluates GaAs, Al0.43Ga0.57As (hereafter “AlGaAs”), and
GaInP2 (hereafter “GaInP”) as possible smoothing materials, doped
with the various dopants being tested for their efficacy at smoothing
the surface.

To study these morphology changes, thin (0.2 μm) marker layers
were included periodically in each growth. One marker layer was
grown after each 1 μm of the test material being studied; this was
repeated 10 times so that each sample contained 10 marker layers.
[These layer thicknesses are the nominal thicknesses which would be
observed on a standard planar (100) substrate. As will be seen, the
growth rates at different locations on a faceted substrate can be quite
different due to lateral adatom diffusion and differences between
sticking coefficients on different facets.] For most samples, the marker
layers were AlGaAs, but GaAs marker layers were used for samples
with AlGaAs test layers to provide contrast during XSEM imaging. In
all cases, the dopant used in the test layer was also used in the marker
layers to maintain a steady supply of dopant atoms to the surface.

III−V epilayers and cells were grown in an atmospheric-pressure
OMVPE chamber at 650 °C, using trimethylgallium (TMGa),
triethylgallium (TEGa), trimethylaluminum, trimethylindium, AsH3,
PH3, CCl4, Si2H6, H2Se, and diethylzinc as sources. Except for the
sample shown in Figure 10, the nominal growth conditions were as
follows: GaAs {6 μm/h, V/III = 17}, AlGaAs {4 μm/h, V/III = 80},
GaInP {6 μm/h, V/III = 90}. TMGa was used for all layers except
Zn:GaAs, which happened to use TEGa. The sample shown in Figure
10 was grown as part of a related study which used slightly different
growth conditions (listed in the figure caption). Prior to growth, the
samples were heated to 700 °C under an arsine overpressure and then
held at 700 °C under arsine for 10 min to deoxidize the surface.

The doping levels used in this study were within the ranges
generally used for standard device layers; no modifications to our
OMVPE apparatus were made for this study. To facilitate replication
of our results, we have provided nominal doping levels, defined to be

the bulk doping concentration expected when using the same
conditions to dope planar (100) epilayers with small offcut angles
(i.e., less than 6°). This doping information is provided in the
associated figure caption for each sample.

However, the bulk doping level simply provides information about
the conditions used to grow each sample. As will be explained, what
fundamentally matters is the alteration of the atomic structure of the
various surfaces by dopant atoms at the surface. Because the
associated surface reconstructions generally adopt specific elemental
stoichiometries which are stable over a range of exposure conditions,
the morphology changes observed in this paper should not depend
sensitively upon the exact doping levels. It should also be mentioned
that for any given growth/doping conditions, some variation in bulk
dopant incorporation is expected as the crystallographic (faceting)
direction of the surface is varied. This should not matter when the
smoothing layers simply serve as buffer layers between an underlying
spalled substrate and an overlying device. Applications for which the
smoothing layers are also active optoelectronic device layers might
require more careful calibration of the doping levels.

After growth, the samples were cleaved for XSEM imaging. In all
samples, 0.1 μm of GaAs was grown as a buffer to bury any surface
contamination before the first marker layer. In most cases, this slightly
altered the surface morphology prior to growth of the first marker
layer seen in the XSEM images. Electron channeling contrast imaging
(ECCI) was also done to look for threading dislocations in the final
epilayer.
Spall Direction. When a GaAs(100) substrate is spalled, the

(localized) direction of spall propagation determines the orientation
of any resulting faceted ridges. Here we consider two possibilities.
Figure 2a illustrates an “A spall”, which propagates toward an “A”

direction, creating an array of ridges with {n11}A-faceted sides. Figure
2b shows a “B spall”, which propagates toward a “B” direction,
creating an array of ridges with {n11}B-faceted sides.5 In both cases,
there is no plane parallel to the original surface available for cleavage,
so the propagating crack instead uses a set of low-energy planes near
the depth dictated by the stress field applied during spalling.

Although the actual structure of a surface depends upon many
factors, the “A” and “B” directions are qualitatively different and are
often described, respectively, as “Ga-terminated” and “As-terminated”
to indicate the difference in crystal polarity for the two directions. In
our work, we found that the efficacy of a smoothing method could be
quite different for different spall directions, presumably related to
differences in the surface structure/composition of A versus B facets.
The structural asymmetries between A and B surfaces can become
even more dramatic once surface impurities/dopants are introduced,
as they will generally incorporate into (and thereby change) the
atomic structures of A and B surfaces differently. Other spall
directions are possible but outside the scope of this study. For
example, GaAs(100) spalled in an AB direction (midway between the
A and B directions) will typically be faceted with {110} facets.5

■ RESULTS AND DISCUSSION
Underlying Processes. To facilitate the understanding of

our experimental results, it is helpful to first consider the
underlying processes. Changes in surface morphology during
epilayer growth are driven by a combination of kinetic factors

Figure 2. Diagrams show two principal spalling directions. For these
two cases, the spalling direction determines whether any resulting
facets are “Ga-terminated” {n11}A or “As-terminated” {n11}B facets.
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(affecting lateral surface diffusion of adatoms) and energetic
factors (affecting sticking coefficients on different facets). Both
factors can change the relative growth rate on competing
facets, which, in turn, affects the morphological evolution of
the surface. Figure 3 illustrates the connection between these

underlying factors and three very different surface morpholo-
gies, with the focus primarily upon lateral surface diffusion of
adatoms. Figure 4 provides a more empirical perspective that
also encompasses inherent differences in facet growth rates due
to differing sticking coefficients.

Figure 3a illustrates how a surface can be smoothed if the
material diffusing across the surface primarily flows toward the
bottoms of the trenches. This type of surface diffusion
anisotropy can be caused by “Schwoebel” step energy barriers,
which can allow diffusing surface adatoms to preferentially
cross steps in one direction but not the other.10−12 Surface
energetics can also drive this valley-filling growth mode. If the
(100) surface is more stable than nearby surface facets, then it
could grow more slowly such that the surface evolves to be
entirely (100).
In Figure 3b, the surface diffusion anisotropy is reversed to

allow mass transport toward the tops of the ridges, primarily
causing surface roughening. This type of roughening can also
be driven by surface energetics if steep side-facing facets [such
as (011)] are stabilized (and thereby slow-growing).

Figure 3c illustrates a scenario in which {n11} side-facing
facets [such as (211)] are very stable such that adatoms tend
not to form new islands in the middle of a facet. Instead, the
material diffuses to the edges of any incomplete facet, widening
the facets until the surface consists of a periodic array of nearly
perfect {n11} facets. Energetically, the stability of the {n11}
facets also causes them to grow outward (as opposed to
laterally) more slowly than other facets, such that they
eventually become the dominant and persistent facet direction
on the surface.
In all three scenarios, the underlying mechanisms (surface

diffusion and facet stability) will be altered by changing the
epilayer material, surface impurities/dopants, and/or facet
orientation (e.g., A or B). Some representative examples are
shown in the bottom row of Figure 3. Figure 3d shows how
C:GaAs can flatten a B-spalled surface, Figure 3e shows
Zn:GaAs growth roughening a B-spalled surface, and Figure 3f
shows persistent faceting on an A-spalled surface for undoped
GaAs. With regard to dopants, what matters most is that
dopant atoms occupy surface sites as they are incorporated
into the epilayer, and these surface-bonded dopant atoms can
dramatically change the kinetic and energetic characteristics of
the various surface facets. The bulk doping density estimates
given for each sample simply provide information about the
requisite growth conditions for each sample. Although we have
no direct measure of the surface structure or composition,
surface reconstructions driven by surface impurities typically
contain a fraction of a monolayer of the impurity atoms, which
is a much higher atomic fraction than a typical bulk doping
density.
As seen in Figure 3, changes in the lateral adatom surface

diffusion characteristics can dramatically change the way in
which the surface morphology evolves. In many cases, it
appears that the length scale for lateral mass transport is at
least several microns. However, differences in sticking
coefficient also affect the local growth rate on different facets.
As a practical matter, it can be difficult or impossible to
deconvolve the various factors, so it can also be helpful to view
the problem in terms of the relative growth rates on competing
facets.
This is shown in Figure 4, which illustrates how the rate of

smoothing can be related to the growth rate of competing
surface facets (where the growth rate is considered to be
perpendicular to the plane of each facet). In all cases, the
growth rate of any exposed (100) facet “R100″ is compared to
the growth rate of any exposed {n11} facet “Rn11″. These
growth rates are observed/effective growth rates, including any
changes in the growth rate due to lateral surface diffusion to/
from each facet.
In Figure 4a, R100 ≫ Rn11, such that if there were any

exposed (100) facets, they would quickly grow upward until
they vanished (as the adjacent {n11} facets become wider and
converge to a pointed ridgetop). This situation could be
caused by net surface diffusion from {n11} to (100) facets
and/or a bigger sticking coefficient on the (100) facet.
In Figure 4b, R100 has been reduced to be slightly less than

Rn11. This impedes upward growth of (100) facets, causing
them to become wider as growth proceeds. (At the atomic
scale, the crystal lattice is discrete such that there is effectively
always a small (100) facet atop the ridges, even if they look
perfectly sharp in a simple schematic.) This situation could
occur if the sticking coefficients for the two facets were similar
and net surface diffusion between the facets were negligible.

Figure 3. Schematics for three growth scenarios: (a) smoothing, (b)
roughening, and (c) persistent faceting. The dashed gray arrows
indicate how diffusion of surface adatoms can contribute to each
growth mode. The stability of the facets labeled in each diagram can
also contribute to each growth mode. (d−f) are XSEM images of
samples exhibiting each growth mode for growth on a spalled
GaAs(100) surface. Substrate offcuts: 6°A, 6°B, and 6°A for (d−f),
respectively. The nominal doping concentrations for (d,e) were >1019
and mid-1018 cm−3, respectively; (f) was undoped. (Layers of interest
have been colored for emphasis in this and subsequent figures.)
Sample IDs: [MU368, 448, 370].

Figure 4. Schematics showing how the smoothing rate is affected by
the relative growth rate of competing facets, where R100 and Rn11
indicate the growth rate of the (100) and {n11} facets, respectively.
The lengths of the arrows indicate the various growth rates. In (c), the
growth rate for (100) facets is near zero. (See text for details.).
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The result is nearly conformal growth, which gradually
smooths the surface.
In Figure 4c, R100 was reduced to zero. This is a limiting case

which could only happen if all of the adatoms landing on a
(100) facet either diffused to an {n11} facet or returned to the
vapor phase [due to a very low sticking coefficient on (100)
facets]. In this case, the upward-facing (100) facets simply
grow wider as the trenches are filled by growth on the {n11}
facets. Once the trenches are filled, the (100) surface will cover
the entire surface, such that diffusion from (100) to {n11} is
no longer possible. After reaching this state (shown in Figure
4c), the (100) surface would begin to grow upward with a
growth rate determined by the (100) sticking coefficient.
Finally, the use of ternary alloys can introduce additional

complexity, in that lateral stoichiometric variation becomes a
possibility. For example, prior work investigating AlGaAs
growth on v-grooved substrates has observed and explained
stoichiometric variations in the AlGaAs due to nonuniform
lateral diffusion and incorporation of Ga and Al on various
facets.13,14 Although it is inherently difficult to deconvolve
stoichiometric nonuniformities from other effects, our principal
results do not appear to be the result of stoichiometric
nonuniformities. All structures in this paper include AlGaAs
layers (either as marker layers or as test layers), yet a wide
range of behavior is observed for the various dopant/material
combinations being tested. Also, when the methods were
applied to the growth of solar cells,6 AlGaAs marker layers
were omitted and similar behavior was observed for the
component epilayers. The quality of the resulting solar cells
also indicates that any phase separation of the underlying
GaInP smoothing layer was not enough to produce cell-
degrading threading dislocations. Nonetheless, stoichiometric
variation of ternaries can be a source of additional complexity,
and this could favor the use of a binary compound such as
GaAs as a smoothing layer.
Undoped GaAs and GaInP. Figure 5 shows results for

GaAs and GaInP grown on A- and B-spalled substrates with no
intentional doping. For clarity, in this and subsequent figures,
the epilayers above the first marker layer have been false-
colored blue for B-spalled substrates and red for A-spalled
substrates.
The growth of undoped GaAs on a B-spalled substrate

(Figure 5a) creates very stable facets, which then persist. The
final marker layers are very straight and parallel and do not
simply replicate the original surface morphology. (The first
marker layers are curved, and the final marker layers are
straight.) Therefore, this faceting is due to the processes shown
in Figures 3c and 4a, and it is not merely the result of
conformal growth. Undoped GaAs grown on an A-spalled
substrate (Figure 5b) roughens to have flat, nominally (100)
ridgetops separated by deep trenches, suggestive of an
anisotropic surface diffusion mechanism such as that shown
in Figure 3b.
Undoped GaInP grown on a B-spalled substrate (Figure 5c)

also seems to exhibit roughening from anisotropic diffusion but
with the addition of “mushroom” formations atop the
ridgetops. When undoped GaInP is grown on an A-spalled
substrate (Figure 5d), this mushrooming worsens and the
intervening valleys steepen into deep narrow trenches. It is
interesting to note that trenches do not seem to form above
shallower valleys, suggesting that better results might be
obtained by (for example) using some sort of pregrowth
smoothing etch.

None of the undoped surfaces in Figure 5 are flat or smooth,
motivating subsequent experiments using doped materials.
Si:GaAs and C:GaAs. In Figure 6, the GaAs epilayers have

been doped with Si and C, and these dopants clearly affect the

morphological evolution. The use of Si and C dopants was
inspired by prior studies in which group-IV exposure
passivated and/or stabilized III−V(100) surfaces (Figure 5 in
ref 15), suggesting that they might promote the (100)-
stabilized smoothing mechanisms shown in Figures 3a and 4c.
Prior research has also shown that C:GaAs can be used to fill

Figure 5. XSEM images for the growth of undoped GaAs and GaInP
on spalled GaAs(100) substrates. Persistent faceting is seen in (a),
and roughening is seen in (b−d). In this and all other XSEM images,
thin (0.2 μm) GaAs marker layers indicate how the surface
morphology evolved during the growth. Substrate offcuts: 6°A, 6°B,
6°A, and 6°B for (a−d), respectively. Sample IDs: [MU370, 446, 382,
452].

Figure 6. XSEM images for the growth of Si:GaAs and C:GaAs on
spalled GaAs(100) substrates. Persistent faceting is seen in (a), and
smoothing is seen in (b−d). The voids in (b) appear to be associated
with substrate ridge heights greater than 5 μm. Substrate offcuts: 6°A,
0°, 6°A, and 6°B for (a−d), respectively. The nominal doping
concentrations for (a−d) were approximately low-1017, high-1017,
>1019, and >1019 cm−3, respectively. Sample IDs: [MU386, 734, 368,
444].
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trenches patterned into GaAs(100) substrates.16 Our results
show that both Si:GaAs and C:GaAs offer pathways toward
spalled-substrate smoothing, with some different possible
complications for each.
In Figure 6a, the Si:GaAs results appear identical to the

undoped GaAs results in Figure 5a, suggesting that Si is not
incorporating into the surface reconstruction of B facets or that
the B facets continue to be very stable even with some Si at the
surface.
The Si:GaAs grown on an A-spalled substrate (Figure 6b)

does eventually flatten the surface but with some complica-
tions. It initially has deep trenches similar to the undoped
GaAs in Figure 5b but with much flatter (100) ridgetops.
However, the Si:GaAs trenches steepen more quickly and then
close to form voids overgrown by a flat (100) surface. It seems
likely that the void formation is related to some combination of
anisotropic diffusion and a low surface energy for a near-
vertical {011} facet, but the details of this are not yet
understood.
Preliminary ECCI results showed no TD formation above

the voids, so it might be possible to utilize these voids for some
sort of device-related purpose (like light diffraction/scatter) or
as a perforated weak layer for device liftoff. If the voids are
deemed undesirable, they could be avoided by starting with a
surface with shorter peak-to-valley heights. (An example of this
will be shown later.)
The C:GaAs samples exhibit smoothing without void

formation. Although the smoothing for C:GaAs/B-spall
(Figure 6c) appears more rapid than for C:GaAs/A-spall
(Figure 6d), both samples were supplied with the same
nominal amount of material. It therefore appears that the
sticking coefficient for Ga adatoms is lower for the C:GaAs/B-
spall. The C:GaAs/B-spall sample also appears to be rougher.
These differences might be partially related to the difference in
substrate offcut direction, which was 6° toward (111)A for the
B-spalled substrate in Figure 6c and 6° toward (111)B for the
A-spalled substrate in Figure 6d.
Zn:AlGaAs. Results for Zn:AlGaAs are shown in Figure 7.

Gradual smoothing is seen for the Zn:AlGaAs/B spall (Figure
7a). The smoothing for Zn:AlGaAs/A spall (Figure 7b) is
more rapid but with the complication of voids. In this and
other images (not shown), the void size decreases as the valley

depth decreases, so a surface with less surface relief might
prevent void formation altogether. Therefore, for both the A-
and B-spalled substrates, Zn:AlGaAs looks like a promising
smoothing material, in particular if the starting peak-to-valley
height were a little smaller than it was for the samples used
here.
Zn:GaAs. A quite different behavior is seen for Zn:GaAs in

Figure 8a, where no smoothing is observed. Instead, “mush-

room” growth on the ridgetops is observed on a B-spalled
substrate (Figure 8a), and deep trenches form on an A-spalled
substrate (Figure 8b). While not useful for smoothing, this is
still an informative result, because Zn:GaAs layers are often
used in subsequent cell growth. This result indicates that some
degree of smoothness is needed prior to Zn:GaAs growth to
avoid the roughening seen here.
It should be mentioned that Zn:GaAs can be used effectively

for substrate smoothing during hydride vapor-phase epitaxy
(HVPE) growth.17 This difference is presumably linked to the
differing growth environments for OMVPE and HVPE. One
obvious difference is the presence of Cl in an HVPE
environment, which may enable some smoothing processes
not accessible to OMVPE (except perhaps when supplied by a
source like CCl4). A more detailed study of substrate
smoothing for HVPE growth has been conducted in a related
study by Braun et al.17

GaInP. In Figure 9, GaInP was grown on B-spalled
substrates with different dopants. When GaInP is undoped
(Figure 9a), it grows faster atop the ridges, roughening the
sample. In addition, some evidence for stabilization of
nominally {011} sidewall facets between the ridgetops and
valleys can also be seen. Some smoothing is seen for Si:GaInP
(Figure 9b), but there are also many ridgetop “mushrooms”
which roughen the surface.
Gradual smoothing is seen for Zn:GaInP and Se:GaInP

(Figure 9c,d). In both cases, this smoothing appears to be the
result of nearly isotropic growth. In Figure 9d, solar cell device
layers have been grown atop the smoothing layers. The two
thickest layers in this sequence are a 2 μm Se:GaInP layer
(shaded gray) and a 1.85 μm Zn:GaAs layer (shaded green);
both appear to have grown conformally. Within the context of
this paper, it is interesting to note that the Zn:GaAs layer does
not exhibit the roughening seen in Figure 8, suggesting that the
level of smoothing attained in Figure 9c might be sufficient for
solar cell growth. The properties of a fully processed cell grown
on a spalled substrate using a Se:GaInP smoothing layer have
been measured as part of a related study,6 and the cell quality

Figure 7. XSEM images of Zn:AlGaAs smoothing layers on spalled
GaAs(100) substrates. Gradual smoothing is observed in both (a,b)
but with the additional complication of void formation in (b). In (b)
and other images of the same sample (not shown), the voids are
smaller above shallower ridges, suggesting that void formation would
be precluded if the original pregrowth surface were smoother, perhaps
by changing the spalling conditions or by using a pregrowth
smoothing etch. Substrate offcuts: 0° for both. The nominal doping
concentrations were approximately mid-1018 cm−3 for both. Sample
ID: [MU786].

Figure 8. XSEM images of Zn:GaAs epilayer growth on spalled
GaAs(100) substrates. Substrate offcuts: 6°A and 6°B for (a,b),
respectively. The nominal doping concentrations were approximately
mid-1018 cm−3 for both. Sample IDs: [MU388, 448].
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was comparable to benchmark cells grown on planar epiready
GaAs(100).
Combinations of Materials. Although the principal

motivation for this study was to identify OMVPE-grown
smoothing layers for faceted GaAs(100), a broad under-
standing of the various growth characteristics of different
dopant/material combinations can be very useful for under-
standing and debugging more complex situations. To provide
an example of this, Figure 10 includes two XSEM images of an
attempt to grow the layers needed for a GaAs solar cell on a
spalled substrate without smoothing layers, using the sequence

of layers shown in Figure 10a. Figures 10b,c shows the same
layers grown on a spalled substrate (with no contact
metallization or any other solar cell processing steps).
One thing these images demonstrate is the need for

substrate smoothing prior to solar cell growth, because
discontinuous layers and deep trenches typically hinder the
processing and function of a solar cell. In the context of this
study, though, they also show that some of the morphological
changes seen in isolation elsewhere in this article can be
observed in the midst of a more complex stack of materials.
The C:GaAs layer highlighted in Figure 10b has started to

fill in a valley but not completely. As was also seen for the
earlier layers in Figure 6c, very little C:GaAs has grown atop
the adjacent ridges. This might not be a problem for substrate
smoothing, but it could become a problem if a contiguous layer
of uniform thickness were needed as part of a device structure.
The Zn:GaInP layer highlighted in Figure 10c also fills in
valleys but in the more conformal way seen in Figure 9c. This
layer is contiguous and more uniformly thick; perhaps it could
be used as part of a device structure, but this will be situational.
The Zn:GaAs layer highlighted in Figure 10b displays the

roughening behavior seen in Figure 8. This would typically be
undesirable for most device layers and would also likely create
problems for subsequently grown layers. One possible
consequence of Zn:GaAs-induced roughening is that sub-
sequently grown thin layers may not be uniformly thick and/or
might have pinholes (which could be particularly problematic
for a passivating layer like a window layer). The amount of
roughness that any given dopant/material combination can
tolerate is highly situational and would likely need to be
determined on a case-by-case basis. In general, though, some
substrate smoothing will be needed prior to the growth of
Zn:GaAs (by OMVPE) or other dopant/material combina-
tions which exacerbate existing surface roughness.
Voids and Supersteps. Two common complications that

can occur during the growth of smoothing layers on spalled
substrates are voids (discussed above) and supersteps (Figure
11).
Voids and deep trenches have been seen in several of the

examples in this paper and are always located above valleys on
the substrate surface. Because voids typically do not form in
epilayers grown on planar epiready commercial substrates,
there logically must be some roughness threshold below which
voids do not form, and evidence for this was found for the
materials used in this study.
In Figure 11a, there is a void above the deepest valley, but

the adjacent shallower valleys do not support void formation.
Figure 11b is also void-free and has shallower valleys. Although
we have not conducted a systematic study of void formation
versus valley depth, we have seen many samples with voids or
deep trenches in some regions but not others, and their
formation appears to correlate with ridge height. Based upon
our preliminary results, it appears that the formation of voids
and trenches becomes more prevalent once the ridge heights
exceed ∼5 μm.
Localized offcut variations, supersteps, and localized faceting

are all common surface features seen for epilayers grown on
spalled substrates. To facilitate discussion, some definition for
how these terms will be used here is useful: When individual
surface steps are far apart, but the surface is nonplanar, the
variations in surface orientation (and thereby step spacing) will
be described as a variation in the local offcut angle. When these
steps are bunched together with little or no space between

Figure 9. XSEM images for GaInP epilayers grown on B-spalled
GaAs(100) substrates with (a) no doping and (b−d) Si, Zn, and Se
doping, respectively. A lower-resolution image of (a) is shown in
Figure 5c. Substrate offcuts: 6°A, 0°, 6°A, and 6°A for (a−d),
respectively. The nominal doping concentrations for (b−d) were
approximately mid-1017 cm−3. Sample IDs: [MU382, 784, 384, 797].

Figure 10. XSEM images illustrating some of the complications that
occur if cells are grown on a faceted substrate without first growing a
smoothing layer. These images also illustrate how some of the
morphology changes seen in isolation elsewhere in this study can also
be observed during more complex growth sequences. (a) Intended
layer sequence for a GaAs cell, with relevant layers highlighted with
color. (Further cell details can be found in ref 6.) In (b), the C:GaAs
is smoothing the surface and Zn:GaAs is becoming rougher. (c) Some
smoothing also occurs for the Zn:GaInP. This substrate is
(acoustically) A-spalled GaAs(100) offcut 6° toward (111)A. The
growth conditions for the four labeled layers are as follows: lower
Zn:GaAs {700 °C, 6 μm/h, V/III = 250, TMGa}, C:GaAs {650 °C, 3
μm/h, V/III = 12, TMGa}, Zn:GaInP {650 °C, 4.4 μm/h, V/III = 86,
TMGa}, upper Zn:GaAs {650 °C, 6.7 μm/h, V/III = 200, TEGa},
with all other gas precursors as listed in the “Experimental Details”
section of the text. The nominal doping concentrations for the labeled
layers were approximately low-1018 cm−3 (lower Zn:GaAs), > 1019
cm−3 (C:GaAs), 1018 cm−3 (Zn:GaInP), and 1017 cm−3 (upper
Zn:GaAs). Sample ID: [MU116].
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them, they become a superstep. As growth proceeds, the
individual steps in a superstep ideally move away from one
another (dissipate) to flatten the surface. If instead a superstep
structurally transforms into a localized facet (with a lower
energy than the superstep configuration), it will tend to persist
as a stable surface-roughening feature during subsequent
growth.
Figure 11c−e illustrates different scenarios for superstep

formation and dissipation during growth on a faceted substrate.
Figure 11c is a symmetric case in which smoothing can occur
with no superstep formation. Figure 11d and Figure 11e both
have an asymmetry which creates supersteps. Figure 11d
illustrates a case in which ridges of different heights on a
nonoffcut (100) substrate create an asymmetric valley. Dashed
lines show how the filling of this asymmetric valley creates a
superstep in the fourth marker layer. In this example,
subsequent growth broadens this superstep to create a planar
surface (with regularly spaced individual surface steps), as
indicated by the fifth and sixth marker layers. Figure 11e
mimics the sequence of events shown in Figure 11d but on an
intentionally offcut substrate.
Some superstep examples have been marked with dashed

lines in Figures 11a,b. In Figure 11a, these supersteps seem to
become persistent facets that do not dissipate, and this might
become a problem for subsequently grown layers. In Figure
11b, the Si doping concentration is 100 times smaller, and
some supersteps do dissipate, creating a more planar surface.
This suggests that surface impurity/dopant concentrations can
affect whether or not a superstep transforms into a stable facet.
The results presented above suggest some measures that can

be taken to minimize the formation and persistence of

supersteps. The first is related to the sample offcut direction.
If an offcut is needed, an uphill−downhill direction orthogonal
to the spall direction will avoid the asymmetry seen in Figure
11e. A planar spall is also helpful to avoid local offcut variations
due to variable ridge heights.
Finally, the persistence or dissipation of any remaining

supersteps will depend on the dopant/material combination
being used. The Zn:GaAs in Figure 8 would likely be a poor
choice (for OMVPE) because it tends to create persistent or
steepening facets. In contrast, the C:GaAs/A spall in Figure 6d
contains several supersteps which dissipate. Se:GaInP and
several other materials also seem to dissipate supersteps. The
number of different combinations for dopant, material, and
growth conditions is enormous, so the examples shown here
represent just a few possible solutions.
Discussion of Surface Effects. In principle, it might be

possible to predict the morphological evolution that would be
seen for any given combination of starting morphology,
material, surface impurity/dopant, and growth conditions.
However, one of the inputs for such a theoretical under-
standing would be the atomic structures of these surfaces, and
these surface structures are complex and largely unknown. In
addition, a comprehensive model would have to include the
impact of steps and other deviations from perfectly faceted
surfaces, and the atomic structures of these are also largely
unknown. Fortunately, an understanding of some basic
principles is enough to inform the experimental design
underlying empirical experimental studies.
Studies of growth on patterned substrates using molecular

beam epitaxy (MBE) have provided a basic understanding of
how surface diffusion of adatoms from one facet to another can
change their relative growth rates.18,19 These studies were able
to focus on surface diffusion by choosing growth conditions for
which the sticking coefficient is near unity with no adatoms
leaving the surface. For OMVPE and HVPE, surface reactions
can remove previously deposited adatoms from the surface,
changing the sticking coefficient (and thereby the growth
rates) on various facets and giving them different growth rates
even in the absence of surface diffusion.20 Individually,
changing either the surface diffusion of adatoms or their
sticking coefficients can create the various morphological
changes described in this paper. Combining the two effects
creates more opportunities (and more complexity). In both
cases, the growth conditions and spall direction can affect the
resulting morphological evolution, by changing both the
sticking coefficient and surface mobility of adatoms on the
surface. (The morphological evolution of epilayers grown on
patterned substrates is analogous to the work presented here
and can provide some useful insights.21−28).
An additional factor is that incorporation of dopant/

impurity atoms at a surface can dramatically alter its structure
and characteristics. Semiconductor surfaces generally recon-
struct to reduce the number of partially filled (“dangling”)
bonds, and impurity (dopant) atoms typically find bonding
sites which further alter the surface structure.29,30 This can
affect both the mobility of adatoms diffusing across the surface
and the sticking coefficient of adatoms impinging on it, which
in turn alters the morphological evolution of the surface. There
have been many MBE studies of surface reconstructions
containing surface impurity/dopant atoms (e.g., refs 31−33)
and of impurities/dopants or surfactants affecting surface
morphology during growth (e.g., refs 12,28), but much less is

Figure 11. (a,b) are XSEM images of Si:GaAs grown on spalled
GaAs(100) The voids in (a) occur only when the valley depth exceeds
∼5 μm. The Si doping in (a) is 100× greater than in (b), suggesting
that the more persistent supersteps in (a) may be related to
stabilization of faceted superstep faces by Si. The superstep encircled
in (a) is created by filling of an asymmetric valley. Examples of this are
indicated with dashed lines in (a,b). The creation of supersteps is
related to substrate asymmetry: (c) Growth on a symmetric substrate
without supersteps. (d,e) Dashed lines following superstep formation
on asymmetric samples. In (d), the asymmetry is caused by differing
ridge heights. The asymmetry in (e) is caused by an offcut with a
downhill direction to the right. [Over the small region shown, (d,e)
are crystallographically identical.] Substrate offcuts: 0° and 6°B for
(a,b), respectively. The nominal doping concentrations for (a,b) were
approximately mid-1018 and high-1017 cm−3, respectively. Sample IDs:
[MU729, 454].
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known about the atomic structure of surfaces in an OMVPE
environment.
The current study was partially motivated by some of our

prior work in which some surface impurities and/or dopants
dramatically altered the structure of the OMVPE-prepared
surfaces. As observed by scanning tunneling microscopy
(STM) and low-energy electron diffraction, some OMVPE-
prepared III−V(100) surfaces intentionally exposed to
adatoms from the set {C, Si, Ge, In, As} exhibit a nearly
flawless “3 × 1” reconstruction.34 Furthermore, these 3 × 1
surfaces remained clean and easy to image with STM for days,
suggesting that they are very low-energy surfaces with low
sticking coefficients and (probably) high surface adatom
mobilities. Although we never established the atomic structure
for our observed 3 × 1 reconstructions, they are likely related
to other reported 3 × 1 and 3 × 2 reconstructions created by
delta doping of III−V(100) surfaces.35−38

Some prior studies suggest that these ″3 × 1″ surfaces might
affect the morphological evolution of a III−V surface grown in
an OMVPE environment. During GaP growth on offcut
Si(100), there is evidence that Si from the substrate can create
stabilized (100) facets, thereby altering the surface morphol-
ogy.15 Both explicit and background Si doping of GaP surfaces
has also been used to flatten GaP surfaces during GaP growth
on v-grooved Si(100).26

Finally, different results can be expected for MBE, OMVPE,
and HVPE, because each growth method can supply additional
elements to the surface through various pathways. The
reconstruction of GaxIn1−xP(100) is qualitatively different in
OMVPE than in MBE, because OMVPE-prepared surfaces
incorporate atomic hydrogen provided by precursors like
PH3

39,40 and AsH3.
41 For HVPE, the availability of Cl to the

surface similarly creates possibilities not available to OMVPE
or MBE.17 Etching pathways unique to OMVPE and HVPE
are also enabled by reactive species like atomic H and Cl,
which can react with surface atoms to form stable molecules
that are then carried away from the surface in the vapor phase.

■ CONCLUSIONS
Spalling offers the promise of a low-cost method for removing
solar cells from substrates for substrate reuse. However, the
surfaces of GaAs(100) substrates can be faceted after spalling,
so a method for smoothing them prior to subsequent solar cell
growth is desired.
This work investigated substrate smoothing during OMVPE

epilayer growth and found that the results depend strongly
upon the materials, surface impurities/dopants, and the
sample/spall orientation. These dependencies are most
logically linked to how changes in surface structure and
chemistry affect the surface diffusion of adatoms and their
preferential attachment at different surface sites.
The results provide guidance for developing epilayer

sequences for growing solar cells on faceted surfaces using
OMVPE. For example, C:GaAs and Zn:GaInP preferentially
fill in valleys and can therefore be used for substrate
smoothing. In contrast, Zn:GaAs can exaggerate the existing
roughness, so the surface should be smoothed prior to
Zn:GaAs growth. Finally, it should be noted that the results
here are for OMVPE growth. HVPE offers some additional
promising results related to its differing growth environment,
as evidenced by the ability to use Zn:GaAs as a smoothing
layer.5 The differing results for these different growth
techniques offer opportunities for further understanding.
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