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Abstract

Three-um-thick GaAs layers were grown on 2°-off (100) GaP substrates by employing various buffer layer
structures, which consist of GaAsP- and InGaAs-based ternary compound semiconductors. To confirm the
effects, we altered the layer thickness, the interface lattice mismatch, and number of the layers in the buffer
layer structure, and also a superlattice structure was employed in some of the buffer layers. The lattice
constants of the layers were controlled by changing the As/P and In/Ga compound ratios. The crystal
properties of the grown GaAs layers were characterized with X-ray diffraction, photoluminescence, and etch
pit density observations. The effect of the buffer layer structure on the crystallographic character of the GaAs
layers was analyzed by introducing a parameter that is a function of the thickness and interface lattice
mismatch of each layer in the buffer layer structure. The results suggest that the GaAs layer is relatively
relaxed but contains a greater number of dislocations for smaller layer thicknesses and greater lattice
mismatches in the buffer layer structure, while the GaAs layer has a smaller number of dislocations but a
rather deformed lattice structure for larger layer thicknesses and smaller lattice mismatches. Our parameter is

useful for developing design principles of buffer layer structures.
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Introduction

In the 1980’s, intensive studies on the growth of GaAs or other I11-V compound semiconductor materials on
silicon (Si) substrates have been performed [1-5]. One of the targets of these studies was realization of low-
cost and high-efficiency photovoltaic devices with multi-junction structures based on I11-V materials and Si.
Several implementations of GaAs solar cells on Si substrates have been reported [6,7], and a reasonable
efficiency of ~ 16% has been attained by Yamaguchi et al. [8]. In addition, the actual operation of the GaAs/Si
single-junction solar cells developed by Yamaguchi’s group has been demonstrated in space on the satellite
ETS-VI launched in 1994 by the National Space Development Agency of Japan (NASDA), which is the
former Japan Aerospace Exploration Agency (JAXA) [9]. Other electrical and optical devices using GaAs or
related I11-VV materials have also been demonstrated on Si substrates [10-12]. In this previous research
generation, a low-temperature grown thin GaAs layer was mainly employed for the nucleation layer on the Si
substrate surface [13].

Recently, the epitaxial growth of I1l-V compound material layers on Si substrates has again become the
focus of interest in terms of cost reduction of high-efficiency multi-junction solar cells [14-18]. In addition,
the present high-efficiency triple-junction (3J) solar cells generally utilize Ge wafers for the substrate, but the
density of Ge (5.33 g/cm?®) is more than twice that of Si (2.33 g/cm?®). Therefore, replacing Ge with Si
substrates would enable us to significantly reduce the weight of the 3J solar cells, which is especially
important for space applications. Furthermore, to achieve the highest possible efficiency, the bandgap (Eg) of
the Ge bottom subcell (Eg ~ 0.7 eV) is not wide enough for the combination with those of the InGaP top
subcell (Eg = 1.9 eV) and the GaAs middle subcell (Eg ~ 1.4 eV) in the 3J solar cells. The Eg of Si (= 1.1 eV)
is preferable also in terms of the solar cell performance. In the present research generation, a thin GaP layer is
frequently adopted for the nucleation layer [14-16].

It is well known that it is difficult to grow GaAs layers with high quality on Si substrates. Major issues are
(@) the lattice mismatch of about 4 %, and (b) the required polar crystal growth on a non-polar crystal
substrate. The first issue causes a high density of misfit dislocations in the GaAs layer, while the second
induces anti-phase domains in the layer. As a solution for these issues, we have proposed the utilization of a
GaP or an AIP nucleation layer and insertion of strained-layer superlattices (SLSs) [19,20] based on GaAsP
alloys for the intermediate buffer layers [4].

Since GaP has a lattice constant at room temperature (0.5451 nm) that is sufficiently matched with that of Si
(0.5431 nm), GaP has been considered suitable for the nucleation layer on Si substrates to solve the polar
growth issue [21-25]. We have reported a successful growth of GaP layers on Si substrates with noticeable
quality [26,27] which can be used as a template layer for GaAs layer epitaxial growth. However, to identify
better solutions for the lattice mismatch issue, we have to understand the relation between the crystallographic
character of the GaAs layer and the many possible buffer layer structures. The straight-forward
characterization of GaAs layers grown on a variety of buffer layers including modified SLS structures has

been performed previously [28]. In this study, we extend the simple characterization by an analysis method



that helps us to develop a design principle for a good buffer layer structure and consequently improve the
performance of 111-V compound devices on Si substrates. For this, we introduce a parameter called “G factor”
that characterizes the buffer layer structure and discuss the relation between the crystallographic character of

the GaAs layers and the buffer layer structures.

Experimental

As substrates, single crystal GaP wafers with surface orientation (001) ~ 2° off towards [110] were used.
Ten different types of intermediate layer structures were employed to prepare 3.0-um thick GaAs layers on the
GaP substrates (GaAs/GaP). The intermediate buffer layer structures were designed with different lattice
constants and thicknesses. The ternary compound semiconductors GaAsyP1.y and InxGai.xAs were utilized for
the buffer layer materials, because they provide lattice constants between that of GaP and GaAs and above
that of GaAs, respectively. Their lattice constants were modified by changing the compound ratios As/P and
In/Ga. The ten different intermediate buffer layer structures are described in Table I, and the profiles of their
lattice constants and layer thicknesses are schematically presented in Fig. 1 [28].

The structure A is a direct growth without any buffer layer and used as reference. The structures B, C, and E
through J except G employ SLSs wherein each layer thickness is less than the critical thickness for formation
of misfit dislocations [19,20]. Such a SLS is known to redirect misfit dislocations from the growth direction to
the in-plane (lateral) direction, which is beneficial for the GaAs layer quality since the density of threading
dislocations in the GaAs layer should be reduced. To confirm this effect, we used structure G where the layer
thickness of each layer in the superlattice structure is exceeding the critical thickness. Another considerable
method to reduce dislocations in the top GaAs layer is to introduce step-graded buffer layers, which were
employed in structures D and L. In terms of the total thickness of the intermediate buffer layers, structure B is
the thinnest (40 nm), and C and D are intermediate (0.2 um). The other buffer layer structures have a thickness
of 0.5 pm.

The GaAs/GaP samples explained above were grown by an atmospheric-pressure metal—-organic vapor
phase epitaxy (MOVPE) apparatus with a horizontal quartz reactor which configuration is schematically
illustrated in the left of Fig. 2. Prior to the MOVPE growth, the GaP wafers were cut into two parts and the
round side edges were removed (see Fig. 2 center), and each one was used as a substrate for the growth. The
GaP substrates were degreased by organic solvents, then etched with a H2SO4+H,0,+H,0 solution, and
finally rinsed with deionized water. The growth was performed on a quartz tray without substrate rotation, and
thus there was an epitaxial-layer thickness distribution along the flow direction (the top region was 5-10
percent thicker than the tail region on the substrate). After the growth, the surface morphology of all GaAs
layers was mirror-like with a slight cross-hatch pattern, which indicates that the epitaxial growth was
successful.

For the analysis of the GaAs layer properties such as orientation, crystallinity, and residual strain, we

measured the double-crystal X-ray diffraction (XRD) rocking curves, low-temperature photoluminescence



(PL) spectra, and the etch-pit density (EPD) [28]. The XRD rocking curves were taken for two directions,
normal and parallel to the off-angle direction of the GaP substrate. Both the cases the diffraction peak of GaP
substrate was searched first and set the angle null (0 arc sec), and then a diffraction spectrum of GaAs layer
was acquired. For the low-temperature PL measurements at a temperature of =~ 4.2 K, the samples were
immersed in liquid helium. Low-temperature PL is suitable for analysis of crystal quality in contrast with one
at room temperature (RT). In addition, we detected no PL at RT presumably due to low carrier concentration
since the GaAs layers were not doped. The EPDs were obtained by etching the sample surfaces via immersion
in molten potassium hydroxide (KOH) at ~ 320 °C for about 30 s. The density of threading dislocations in the
GaAs layer can be estimated from the EPD. To avoid the influence of the layer thickness distribution on
characterization results, the grown substrates were cleaved exactly in the same manner so that the samples for
XRD, PL, EPD and transmission electron microscope (TEM) images were taken from the same position on
the substrate as indicated in the right of Fig. 2.

Results

Before we proceed with the analyses of the experimental results, we introduce a parameter that describes the
abruptness of a change in the lattice constant with regard to the layer thickness for each layer in the buffer

layer structure. We call it “G factor” and define it with
t
G=Y 2o X 10 1)

where the sum runs over all layers in the stacked buffer layer structure, t represents the thickness of a single
layer in the buffer layer structure, and Aa is the lattice mismatch between this single layer and the layer
immediately below. Therefore, the G factor is smaller for a buffer layer structure that consists of thinner layers
with greater lattice mismatches. In other words, the G factor becomes large when the change in lattice
constant in the buffer layer structure is gradual. The G factors of the GaAs/GaP samples are indicated in
parentheses in Fig. 1. In the case of structure A, the G factor is 0 because t = 0. The structure L has the largest
G factor (5.56).

A. X-ray diffraction

Here, the relation between the XRD data and the G factor is analyzed. The angular distances between the
diffraction peaks of the GaAs layers and the peak of the completely relaxed GaAs (A8peak) Was obtained as
illustrated in Fig. 3. The original distance of diffraction peaks between GaAs and GaP is 5040 arc seconds
according to their lattice constants. The open circles in Figs. 4 (a) and (b) present the full width at half-
maximum (FWHM) of the XRD peaks of the GaAs epitaxial layers measured normal and parallel to the off-

cut direction of the GaP substrate, respectively. From both Figs. 4 (a) and (b) it can be confirmed that the



FWHM increases for larger G factors. On the other hand, the dependence of ABpeac ON the G factor is different;
we observe an increase of Abpea for larger G factors in the parallel direction, but it is constant for the normal

direction

B. Photoluminescence

The reference PL spectrum of a homoepitaxial GaAs layer grown by the MOVPE reactor is posted in Fig. 5.
For the analysis the highest peak in the exciton-related PL spectrum was selected, and the FWHM of the peak
was obtained after peak deconvolution. The PL spectra from the GaAs/GaP samples were analyzed in the
same manner, and they showed redshift compared to the PL of the homoepitaxial GaAs. The PL spectra
provide information about the crystal quality, and their relation with G factor is shown in Fig. 6. The FWHM
of the PL peaks obtained from the GaAs epitaxial layers and the redshift of these peaks (Akpeax) relative to the
free-exciton PL peak of the strain-free GaAs are shown with the closed triangles and open squares,
respectively. Figure 6 evidences that the PL FWHM increases for larger G factors. However, it seems that
Alpeax does not depend on the G factor. It should be mentioned that the PL peak intensities of the GaAs layers
grown on the GaP substrate showed also no dependence on the G factor, i.e., all PL peak intensities were

about two orders of magnitude smaller than that of the homoepitaxial GaAs layer.

C. Etch-pit density

Figure 7 presents the EPD of the GaAs layers as a function of the G factor. The EPD of structure A (G
factor = 0), which is a direct growth without any buffer layer, is the largest among these GaAs/GaP samples.
The insertion of an intermediate buffer layer reduces the EPD by about 50%, but the EPDs are almost the
same for all buffer structures except structure L (G factor = 5.56). The lowest EPD was obtained for structure
L, with an EPD that is less than a fifth of that of structure A.

Discussion

When the lattice constant of the GaAs layer in the growth direction is different from the original value (that
is, the lattice constant of the fully relaxed GaAs, 0.5653 nm), the XRD peak of the GaAs layer shifts from the
original diffraction position, which is at an angle of 5040 arc sec relative to the GaP diffraction peak. In
addition, such a shift will also occur when the lattice plane of the GaAs epitaxial layer is inclined to that of the
GaP substrate. Therefore, the angular distance from the original position, ABpeak, should represent the residual
strain and/or the misorientation in the GaAs layer. Figure 4 (a) evidenced that the A6uesx Mmeasured along the
direction normal to the substrate off-cut direction (hereafter referred to as Afpeac’) is almost independent on
the G factor, while Fig. 4 (b) showed that the A6pea for the parallel direction (ABgead’) increases with the G
factor. However, since both results are obtained from the same lattice plane, the lattice constant of the GaAs

layer in the growth direction is the same. Since Afpea* is almost constant 700 arc sec, this value should



correspond to the lattice constant in the growth direction. When we assume that the misorientation is zero, the
lattice constant derived from this ABpeax iS =~ 0.5623 nm. On the other hand, the PL peak shift from the original
wavelength, which is 817 nm (1.517 eV), should reflect the average bandgap shift due to lattice deformation,
or strain. In Fig. 6, the PL peak shift, Apea, IS almost independent of the G factor. The correlation between
ABpea’ and Adpeak as Well as that between ABpead’ and EPD is shown in Fig. 8. It is evident that Akgeax is also
independent of A6p.ad. This fact supports the above assignment of the lattice constant along the growth
direction. Thus, A6pea, Which changes from ~700 to ~2300 arc sec for G factors between 0 and 6, is
considered to indicate a change in the misorientation with respect to the surface lattice plane of the GaP
substrate, and this misorientation becomes larger when the G factor increases. According to Fig. 8, the EPD,
or the density of dislocations in the GaAs layer due to the misfit, decreases as the misorientation increases.

The FWHM of the XRD peak, FWHMxrp, represents the dislocation density and/or the residual strain in a
crystal. Figure 4 shows that the FWHMxrp for both directions, i.e., normal and parallel to the GaP substrate
off-cut direction, increases as the G factor increases. Figure 9 plots the correlation between the average
FWHMxgrp and the FWHM obtained from the PL peak, FWHMp., as well as that between the average
FWHMxgp and EPD. We confirm a negative correlation for the latter. Therefore, we consider that FWHMxgrp
cannot represent the dislocation density in this case. The FWHMe. should reflect the energy gap dispersion
due to the crystal’s lattice distortion, which corresponds to the residual strain in the GaAs layer. Since
FWHMxgrp and FWHMepL have a positive correlation as indicated in Fig. 9, FWHMxgp should reflect the
residual strain. However, as discussed above, the lattice constant of the GaAs layer in growth direction is
supposed to be same for all structures. Hence, FWHMxgrp must indicate the lattice distortion in the growth
direction. On the other hand, the negative correlation between FWHMxrp and EPD implies that the residual
strain in the GaAs layers is reduced when the dislocation density is high.

It is very interesting to note that, according to the very similar EPDs around G = 2.8 in Fig. 7, the insertion
of SLSs into the buffer layer structures does not seem to reduce the dislocation density as expected [29]. The
cross-sectional transmission electron microscope (TEM) images of some buffer layers are provided in Fig. 10.
Figures 10 (a), (b), and (c) correspond to structures C, K (with SLSs) and L (no SLS), respectively. Although
the layer thicknesses in the SLSs in structures C and K were designed to be less than the critical thickness, the
TEM images indicate that a three-dimensional growth occurred and consequently the expected buffer layer
structures were not attained. This might be one of the reasons why the SLS structure was not able to reduce
the dislocation density in this work. On the other hand, a planar growth was most likely achieved in the step-
graded structure L whose G factor is the largest (5.56) among the structures used in this work. This is
probably the reason why structure L exhibited the lowest dislocation density as well as the largest residual

strain.



Summary

GaAs layers with different crystal properties were epitaxially grown on GaP substrates by MOVPE utilizing
various buffer layer structures. To identify the effects of buffer layer structure, we altered both the thickness
and interface lattice mismatch in the buffer layers, and employed SLS structures. The GaAs layers were
characterized by XRD, low-temperature PL, and EPD measurements. To analyze the rather complex effects of
the buffer layer structures on the crystallographic character of the GaAs layers, we proposed a new parameter
that helps us to identify the design principles of appropriate buffer layer structures. The experimental results
suggested that the GaAs layer is relatively relaxed but contains a greater number of dislocations when smaller
layer thicknesses and larger lattice mismatches are introduced in the buffer layer structure. On the other hand,
the GaAs layer has a smaller number of dislocations but a rather deformed lattice structure when the buffer
layer design is opposite. In addition, in the case of small layer thicknesses and large lattice mismatches, the
GaAs lattice plane tends to grow with an inclination towards the off-cut angle direction of the GaP substrate.
Furthermore, the inserted SLSs did not work as expected because of a deformation of the layer structure

during growth.
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Table and Figure captions

Table I. Stacking structures of the intermediate buffer layers that are inserted between the GaP substrate and
the 3-um-thick GaAs epitaxial layer. The numbers in the parentheses in the structure are the thicknesses

of the individual layer.

Fig. 1. Schematic of the thickness and lattice constant profiles of the intermediate buffer layers between the
GaP substrate and the 3-um-thick GaAs epitaxial layer. The numbers in the parentheses below the
sample identification letters are the G factors.

Fig. 2. Schematic of the configuration of the MOCVD reactor (left), diagram of 2-inch GaP wafer used in
this study (center), and diagram of cleavage of samples for XRD, PL, EPD and TEM characterizations
(right).

Fig. 3. Schematic of the XRD diffraction spectrum of GaAs/GaP sample. The peak position of a diffraction
spectrum of GaP substrate was set to be O arc sec. The ABpeak and the FWHM of a GaAs layer
diffraction peak were determined as illustrated.

Fig. 4. The FWHM of the XRD peaks of the GaAs epitaxial layers measured (a) normal to the off-cut
direction and (b) along the off-cut direction are shown with the open circles. The closed diamonds plot
the angular distances from the peaks of the GaAs layers towards the peak of the relaxed GaAs crystal
(ABpeak).

Fig. 5. The reference PL spectrum of a homoepitaxial GaAs layer grown by the MOVPE reactor. The
highest peak in the exciton-related PL spectrum was selected for analysis. FWHM of the peak was
obtained after peak deconvolution. The PL spectra of GaAs/GaP samples were analyzed in the same
manner.

Fig. 6. The FWHM of the PL peaks obtained from the GaAs epitaxial layers at 4.2 K are shown with the
closed triangles. The open squares show the redshift (Ahpeax) Of the peaks obtained from the GaAs
layers relative to the free-exciton peak of the relaxed GaAs crystal.

Fig. 7. The measured EPDs of the GaAs epitaxial layers as a function of the G factor.

Fig. 8. The correlation between A0’ (obtained from the XRD data parallel to the substrate off-cut
direction), and Ay (obtained from the PL spectra) is shown with the open squares. The correlation
between Abpea’ and the EPD is shown with the closed circles.

Fig. 9. The correlation between the XRD FWHM (average of components obtained for the directions normal
and parallel to the substrate off-cut direction) and the PL FWHM is shown with the open squares. The
correlation between the XRD FWHM and the EPD is shown with the closed circles.

Fig. 10. Cross-sectional TEM images of several intermediate buffer layers. The upper part is the GaAs

epitaxial layer and the lower part is the GaP substrate.



Table |

Sub.

GaAso:Pos(0.125 ym) |

GaASOAPo.e(O. 125 pm)

| GansedPos(0.125 um) | GaAsyePo-(0.125 um)

ID Intermediate buffer layers GaAs
A (none)
B GaP/GaAsysPos (10 nm) x1 period | GaAsysPos/GaAs (10 nm) x1 period |
C GaP/GaAsgsPos (10 nm):SLS1 x5 periods |GaAssPos/GaAs (10 nm):SLS2 x5 periods
D GaASo7Pos (0.05 M) |GaAse4Pos (0.05 um)|GaAseePo. (0.05 pm)|{GaAsesPo (0.05 pm)
E SLS1 x5 periods GaAsgsPos (0.3 pm) SLS2 x5 periods
F SLS1 %10 periods GaAsgsPos (0.1 pm) SLS2 x10 periods
G GaP/GaAsgsPos (20 nm) x5 periods GaAsgsPos (0.1 pm) GaAsysPos/GaAs (20 nm) x5 periods GaAs
— | GaP
(3.0 ym)
SLS1 SLS2 GaAs/Ing 17Gag gsAs (10 nm)
H x5 periods GaASosPos (0.1 um) x5 periods GaAs (0.1 pm) x5 periods
i i GaASo_spoz/lnolosGaolngS (10 nm)

J SLS1 x5 periods SLS2 x5 periods GaAs (0.2um) x5 periods
K GaP/GaAso 33Po.67 GaAs.33Po.67 GaAs 33Po.s7/ GaASee7Po.33 GaAsos7Po.33 GaAsge7Pos3/GaAs

(20 nm) x5 periods (0.1 ym) (10 nm) x5 periods (0.1 um) (10 nm) x5 periods
L
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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Figure 9
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Figure 10
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