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Epitaxial growth of lattice-mismatched materials is useful for solar cells, but
lattice dislocations must be controlled for best device performance. It has been
shown that metamorphic growth enables fabrication of InGaAs p–n junctions
with good performances on GaAs substrates due to the insertion of buffer
layers. Here, we investigate misfit and threading dislocations inside the step-
graded InGaP buffer layers of a single-junction InGaAs solar cell by
cathodoluminescence microscopy. Prior to measurement, the device edges
were polished at various angles (less than 10� with respect to the substrate
surface). By using this technique, cross sections of very thin layers can be
directly imaged with a resolution that allows us to observe misfit and
threading dislocations. In the present device, the densities of the two types of
dark lines depend on the position in the buffer structure. In particular, near
the InGaAs base layer, the density of the dark lines extending in the [110]
direction is higher than that of the dark lines extending in the [1-10] direction.
We believe that this difference in the dark line density is related to the surface
morphology.
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INTRODUCTION

Heteroepitaxial growth is a powerful tool in
exploring the potentials of various advanced elec-
trical devices. For example, metamorphic growth
allows us to connect various lattice-mismatched
materials, and it has been applied to lasers, light-
emitting diodes, transistors, and multi-junction
solar cells.1–4 High-efficiency multi-junction solar
cells have also been realized using inverted meta-
morphic (IMM) growth, which enables combinations
of materials (band-gap energies) that are more
suited in terms of solar energy harvesting.5,6 The

IMM InGaP/GaAs/InGaAs triple-junction solar cell
design has been considered for space applications
and an actual flight demonstration has already been
carried out in orbit.7 In the metamorphic growth
technique, graded buffer layers are introduced to
release strain via dislocations and to confine the
dislocations. It has been shown that dislocations
extending to the wafer edge do not have an impact
on the electrical characteristics of solar cells.8

However, dislocations extending in the epitaxial
growth direction constitute non-radiative recombi-
nation centers and reduce the device performance
significantly.9 For example, theoretical calculations
have shown that the threading dislocation densities
in thin film GaAs solar cells on silicon substrates
should be below 106 cm�2 in order to obtain effi-
ciencies larger than 18%.10 Note that these types of(Received February 28, 2020; accepted June 7, 2020;
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lattice-mismatched solar cells have similar correla-
tions between solar cell efficiency and threading
dislocation density.11 Because the threading dislo-
cation density should not exceed a certain thresh-
old, characterization of such defects is important for
device development.

Cathodoluminescence (CL) and electron beam-
induced current (EBIC) imaging have been used to
observe threading and misfit dislocations in
strained layers.12–14 In the case of upright meta-
morphic lattice-mismatched solar cells, the device
structure can be divided into three main regions
(from top to bottom): solar cell layers, step-graded
buffer layers, and substrate. To evaluate disloca-
tions inside the buffer layers, the electron beam
acceleration voltage must be high enough to pene-
trate the thick layer structure above the buffer
layers. However, a higher acceleration voltage
results in a lower spatial resolution.15 To solve this
problem, mechanical polishing of the sample edge at
a shallow angle with respect to the substrate
surface can be used.16 After polishing at shallow
angles, the buried layers are directly exposed and
CL images that are almost equivalent to the com-
monly used cross-sectional view can be obtained. In
this work, we investigate misfit and threading
dislocations in the step-graded InGaP buffer layers
of a metamorphic single-junction InGaAs solar cell
by CL imaging of sample edges. We show that,
owing to a mechanical polishing of the edges at
different angles, it is possible to characterize the
whole structure and also very thin layers. This can
be achieved by characterization at sample positions
with large and small polishing angles, respectively.
In the present device, in the region near the InGaP
overshoot layer, the density of the dark lines
extending in the [1-10] direction is higher than that
of the dark lines extending in the [110] direction. On
the other hand, near the InGaAs base layer, the
density of the dark lines extending in [110] is higher
than that of the dark lines extending in [1-10]. We
also briefly discuss the effect of the surface mor-
phology of the dislocation stopping layer.

EXPERIMENTAL METHODS

For the present investigation, upright metamor-
phic single-junction InGaAs solar cells with a cell
size of 1 cm 9 1 cm were fabricated by metal
organic vapor phase epitaxy (MOVPE). Figure 1
shows the sample structure of our solar cell. The
device layers (from top to bottom) are: InGaP
window layer, InGaAs emitter layer, InGaAs base
layer, InGaP back surface field (BSF) layer, InGaAs/
InGaP/InGaAs multi-layer structure, InGaP over-
shoot layer, InGaP step-graded buffer layers, and
GaAs substrate. The doping densities in the over-
shoot layer and step-graded buffer layers are the
same. The thickness of the overshoot layer is larger
than that of a single layer in the step-graded buffer
layer. The p-type GaAs (001) substrate used for

growth had a micut of 2� towards the [100] direc-
tion. Fifty-two devices were fabricated from the
wafer, and one sample with intermediate open-
circuit voltage was chosen for the detailed investi-
gation by CL microscopy. The device performance
was characterized at 25�C using an AM0 solar
simulator (WACOM WXS-130S-L2HV). Prior to the
CL measurements, the sample was processed by a
cross-section polisher (JEOL SM-09010), which
used an Ar ion beam at low beam energies of 4 kV
with a shield plate. This low-energy ion beam was
chosen in order to reduce surface damages. We
evaluated the ratio of layer thickness to the exten-
sion of the polished surface (which corresponds to
the polishing angle) for each layer and found that
the local polishing rates were almost the same for
all layers. In the SE and CL measurements, the
focus was adjusted to the center position of the SE
images. It must be considered that, due to the
polishing angle, the working distance changes from
the top of the SE image to the bottom. In the case
that the measurement is seriously influenced by
this effect, the sample stage should be tilted to
achieve a constant working distance. In the present
work, the SE images were obtained without tilting
the sample stage. The CL measurements were
performed by the HORIBA MP32 CL system
attached to a Hitachi SU6600 field-emission scan-
ning electron microscope (FE-SEM). A silicon pho-
tomultiplier tube (PMT) was used for the detection
of the short-wavelength emission of the InGaP
buffer layers and an InGaAs PMT was used for

Fig. 1. Device structure of the upright metamorphic InGaAs solar
cell. BSF: back surface field.
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the detection of the long-wavelength emission of the
InGaAs layers.

RESULTS AND DISCUSSION

Figure 2 plots the light current–voltage curve of
the sample chosen for detailed evaluation. The
open-circuit voltage (Voc) provided by this device is
0.685 V. We additionally confirmed that there is a
clear variation in the Voc provided by the 52 cells
from the single wafer; the maximum and minimum
Voc values are � 0.715 V and 0.66 V, respectively.
The Voc distribution on the wafer has been attrib-
uted to the differences in the preferential glide
planes of dislocations.17 Figure 3a shows a sche-
matic of the sample after polishing of the edge at an
angle of 7.9�. The corresponding secondary electron
image of the edge surface is provided in Fig. 3b.
Figure 3c plots the CL spectrum depth dependence,
which was recorded along the positions indicated
with the yellow dots in Fig. 3b. Figure 3d–e present
the schematic and data for the sample edge that was
polished at 1.8�.

In Fig. 3b and e, the hetero-interfaces between
the layers are relatively rough (for example, see the
interface between the InGaAs base layer and the
InGaP BSF layer). The curtaining effect18 and also
the surface morphology can cause this roughness.
However, in this work, the direction of the Ar ion
used to prepare the cross section was almost
parallel to the x-axis of Fig. 3b and e. Therefore,
the curtaining effect is considered to be negligible,
and we attribute the interface roughness to the
surface morphology. Further investigations of the
hetero-interface are required to prove this
assignment.

The data in Fig. 3b and c were obtained at room
temperature using an acceleration voltage of 3 kV.
In Fig. 3b, from bottom to top, we can clearly
observe the GaAs substrate, the step-graded InGaP
buffer layers, the InGaAs/InGaP/InGaAs multi-
layer structure (which acts as a dislocation stopping

layer), the InGaP back surface field (BSF) layer, and
the InGaAs base layer. The emission peak around
880 nm in Fig. 3c is from the GaAs layers shown at
the bottom of the image in Fig. 3b. The emission
peak that gradually changes from 680 to 760 nm
from bottom to top, originates from the InGaP
layers of the step-graded buffer. The strong peak
around 760 nm is from the InGaP overshoot layer.
Figure 3e and f show data obtained at 78 K using an
acceleration voltage of 5 kV. Owing to the shallower
polishing angle of th edge surface, we can clearly
observe the InGaP overshoot layer, the dislocation
stopping layer, the InGaP BSF layer, and the
InGaAs base layer. The strong peak in Fig. 3f is
assigned to the highly doped InGaAs layers in the
dislocation stopping layer. In the following, we show
results related to this region.

Figure 4a shows the secondary electron image
obtained at 78 K using an acceleration voltage of
5 kV. This image covers the range from the InGaAs
layer to the graded buffer layers (edge polishing
angle � 1.6�). Figure 4b shows the spectral inten-
sity map, that provides the depth-resolved informa-
tion along the positions of the yellow dots of the
vertical arrow in Fig. 4a. The emission wavelength
of the overshoot layer is observed at about 730 nm.
The yellow cross marks indicate the emission peaks
of four individual layers of the step-graded buffer.
The wavelengths of these peaks are in the range of
730 to 680 nm in this sample region. The CL spectra
of these four buffer layers and the overshoot buffer
are shown in Fig. 4c. The relatively strong signal
intensity of the overshoot layer is a result of its
larger thickness. Note that all four buffer layers
exhibit a relatively broad spectrum. For example,
Fig. 4d shows that the spectrum taken at position
#33 (Buffer 3) can be decomposed into two spectra
with peaks at 703 and 691 nm. Since the other
spectra can also be decomposed into two spectra
here, we consider that the broad spectra occurs
when two layers are simultaneously excited when
the polishing angle with respect to the substrate
surface is shallow and the penetration depth of the
electron beam is larger than the layer thickness
projected on the beam axis. Note that similar broad
spectra were also confirmed for another sample
when we used an acceleration voltage of 3 kV.

Figure 4e and f show the monochromatic CL
images taken at 690 nm and 720 nm (spectral
width � 20 nm), respectively. These images show
certain regions of the step-graded buffer, whose
emission peak range is 680–760 nm. It is evident
that the dark line density (DLD) in Fig. 4e is
relatively large. In accordance with the abovemen-
tioned spectral analysis, it can be considered that
the dark lines of at least two buffer layers are
superimposed in this figure, because of the excita-
tion of several buffer layers. Figure 4f shows the
image of the overshoot layer and we can confirm
that the DLD is relatively small in the region near
the dislocation stopping layer (region near the top).

Fig. 2. Light current–voltage curve under 1 sun illumination (AM0) at
25�C. The short-circuit current (Jsc), open-circuit voltage (Voc), fill
factor (FF), and conversion efficiency are provided in the figure.
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Here, the yellow arrows indicate positions of dark
spots. The dark spots are discussed in more detail
near the end of ‘‘Results and Discussion’’ section.

To visualize the highly doped InGaAs layers
inside the dislocation stopping layer, we select the
center wavelength 1035 nm according to the peak in
Fig. 3f. The obtained monochromatic images of the
sample edge, polished at an angle of less than 1.0�,
are shown in Fig. 5. In this measurement, the
sample temperature was 78 K and the images for
the acceleration voltages of 5 kV, 7 kV, and 10 kV
are shown in Fig. 5a, b, and c, respectively. In
Fig. 5a, the dark spots and dark lines cannot be
clearly observed, and there are many small bright
blocks that are elongated along [110]. There is a
possibility that these features reflect the surface
morphology and the details are discussed at the end
of this section. Since the acceleration voltage is not
high enough to excite the two InGaAs layers inside
the dislocation stopping layer, the emission inten-
sity in Fig. 5a is low. As the acceleration voltage
increases, the dark spots and dark lines become
clearer. In order to analyze the highly doped
InGaAs layers, we consider that an acceleration
voltage of 10 kV is appropriate.

Figure 6a and b show monochromatic CL images
taken at 1035 nm for an acceleration voltage of
10 kV. Since the imaging area of HORIBA MP32CL
is limited, we combined two images in Fig. 6a. The

dark regions at the bottom and top of the combined
image correspond to the InGaP overshoot layer and
the InGaAs base layer, respectively. They are dark,
because the emission of the InGaP overshoot layer
is below 800 nm (Fig. 3c) and the emission intensity
of the InGaAs base layer is much weaker than the
intensities of the InGaAs layers inside the disloca-
tion stopping layer (Fig. 3f). Figure 6a shows that
the behavior of dislocation generation depends on
the sample depth. The horizontal red broken line
represents the border between two regions with
different features as explained in the following
paragraphs. In the lower region, the density of dark
lines that are aligned with the [1-10] direction is
slightly higher than that of the lines aligned
with the [110] direction (� 4.8 9 105 cm�1

and � 2.8 9 105 cm�1, respectively). Furthermore,
the average length of dark lines oriented along [1-
10] is longer than that of the dark lines oriented
along [110]. We attribute the difference in the
average length to different dislocation generation
velocities; the generation velocity of a dislocations,
which extend in the [1-10] direction, is higher than
that of b dislocations, which are aligned with the
[110] direction.19,20

The reason for the more pronounced dark lines in
the lower part of Fig. 6a is that here the emission
from the InGaAs layer near the InGaP overshoot
layer is obtained. On the other hand, in the upper

Fig. 3. (a), (d) Schematics of sample edges with large (� 7.9�) and small (� 1.8�) polishing angles, respectively. (b), (e) The corresponding
secondary electron images of the edge surfaces. (c), (f) Depth dependence of the CL spectra. The data for these maps were obtained along the
yellow dots shown in (b) and (e), respectively. The position in each map therefore represents the distance from the top of the CL images in (b)
and (e) (Color figure online).
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part, the electron beam cannot penetrate several
layers until the lower InGaAs layer, and thus the
dark lines in the upper part of the figure are
relatively dim. We note that there are also dark
spots in the upper and lower parts of Fig. 6a. The
dark spots in the upper part are slightly larger than
those in the lower part. One possible explanation for
this is that the threading dislocations penetrate
through several layers and some of them get very
close to each other in the upper layer. To verify this
model, it is necessary to record images with higher
resolution in order to count the dark spots quanti-
tatively. This approach may be useful to clarify how

the threading and misfit dislocations move in the
dislocation stopping layer.

In Fig. 6b we provide the magnified view of the
marked rectangular area in Fig. 6a in order to
investigate the upper region in more detail. In the
magnified view, there are many small bright blocks
that are elongated along [110]. This structure can be
observed by using an lower acceleration voltage of
5 kV. It resembles the atomic force microscopy
(AFM) image of the surface of the InGaAs meta-
morphic buffers reported in Ref. 21. It is known that
the surface morphology is a result of the strain-
energy minimization and the kinetics of surface

Fig. 4. (a) Secondary electron image of the edge surface obtained using a polishing angle of 1.6�. (b) Depth dependence of the CL spectrum.
The spectra were recorded at the yellow dots shown in (a). (c) Spectra at the cross marks in (b). (d) Spectra recorded at positions #28, #29, #31,
#32, and #33. Indicated in (b). (e), (f) Nearly monochromatic images at center wavelengths of 690 and 720 nm, respectively (Color figure online).
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diffusion.22 It is possible that the structure in
Fig. 6b reflects the surface morphology caused by
the strain. These surface features should be related
to b dislocations, because the surface morphology
extends in the [110] direction. Note that dark spots
exist between the small bright blocks (see yellow
circles in the figure). This is consistent with our
interpretation, because surface morphology can lead
to dislocation nucleation.23,24 Therefore, it is neces-
sary to carefully control the strain relaxation in
order to suppress dislocation nucleation at the
surface of the dislocation stopping layer.

CONCLUSIONS

In this study, we have investigated misfit and
threading dislocations in a metamorphic upright
single-junction InGaAs solar cell. by employing CL
measurements on sample edges that had been
polished at shallow angles, we were able to directly
observe even very thin layers, in addition to the
imaging of the entire sample at a position with a
large polishing angle. By using this data, it was
shown that the InGaAs/InGaP/InGaAs multi-layer
structure in the present device can be divided into
different regions according to their dislocation char-
acteristics. In the region near the InGaP overshoot
layer, the density of the dark lines extending in the
[1-10] direction (a dislocations) was slightly higher
than that of the lines extending in the [110]
direction (b dislocations). In addition, the average
length of the dark lines aligned with [1-10] was
longer than that of the lines aligned with [110]. In
the region near the InGaAs base layer, the density
of the dark lines extending in the [110] direction
was higher than that of the dark lines in the [1-10]
direction. We discussed the relation between this
result and the surface morphology of the InGaAs/
InGaP/InGaAs multi-layer. The observed dark spots
may be related to the stress concentration at the
rough surface.
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