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We attempted to clarify the impact of the compositional distribution on recently reported
improvement in the conversion efficiency of solar cells based on bulk multicrystalline SiGe. For this
purpose, Si1−xGex /Si1−yGey multiple quantum well structures on heavily doped Si-on-insulator were
employed as model crystals. The combination of x and y, the width of each layer, and the number
of repetitions were systematically changed to study the influence of the introduction of Ge on
photocarrier generation and carrier transport while keeping the average Ge composition as 0.03.
Spatial modulation of the band structure leads to formation of quantum wells for holes and gives
negative impact especially in the photocarrier collection from the n-type region. When the depth of
wells was designed to be constant, short-circuit carrier density was found to show a maximum at
appropriate compositional distribution due to the competition between the increase in the
photocarrier generation and the decrease in the minority carrier diffusion length. Within a limited
compositional range, the overall performance of the solar cell was revealed to be improved by the
introduction of the compositional distribution compared with that based on uniform Si0.97Ge0.03.
Therefore, intentional introduction of the compositional distribution is concluded to be useful for
improvement in the solar cell performance if appropriate dispersion is chosen. © 2007 American
Institute of Physics. �DOI: 10.1063/1.2709575�

I. INTRODUCTION

In the present photovoltaic �PV� industry, bulk crystal-
line Si including multicrystalline Si �mc-Si� and single crys-
talline Si is the most dominant material for PV modules.
Especially, the raise of the share of mc-Si stimulates the
demand for improvement in the conversion efficiency of the
solar cells based on mc-Si without significant increase in the
production cost. As a possible solution, Nakajima et al. pro-
posed to introduce a small amount of Ge in mc-Si for the
practical casting method or directional solidification. The
fundamental idea is to disperse a small amount of Ge for
increase in the photocarriers by increasing the absorption co-
efficient and light scattering.1,2 However, the introduction of
Ge could give negative impact such as decrease in the open-
circuit voltage owing to the reduction in the band gap,3 for-
mation of carrier traps by spatial potential modulation, and
the deterioration in the crystal quality due to the lattice mis-
match between Si and Ge. If these disadvantages are over-
compensated by the increase in the short-circuit current den-
sity, the conversion efficiency of mc-SiGe solar cells could
surpass that of mc-Si solar cells. Such a circumstance can be
established for a limited compositional window when the
hypothesis of Schokley and Queisser4 is not applied due to
the finite minority carrier diffusion length.5 In fact, Pan et al.

reported that the conversion efficiency of mc-SiGe solar cells
could exceed in 10% that of mc-Si solar cells when the av-
erage Ge composition is smaller than 0.05 for multicrystals
grown in a small quartz crucible with a diameter of 80 mm.6

In their experiments, the average Ge composition was chosen
as a parameter and the other growth conditions were kept the
same. Therefore, it remained ambiguous whether the intro-
duction of inhomogeneous compositional distribution played
a role to improve the conversion efficiency.

In this paper, we report on our attempt to clarify the
impact of the compositional distribution on the improvement
in the conversion efficiency of single-junction SiGe solar
cells. The point is to realize SiGe crystals with systematically
changed compositional distribution while keeping the aver-
age Ge composition and the total thickness. To accomplish
this point, we employed Si1−xGex /Si1−yGey multiple quantum
well structures grown by molecular beam epitaxy �MBE� as
model crystals. By characterizations of solar cell perfor-
mance, the introduction of the compositional distribution
was revealed to improve the overall conversion efficiency
compared with that of solar cells based on uniform SiGe
within a limited degree of the compositional distribution.
Therefore, it is concluded that the introduction of the appro-
priate amount of the compositional distribution is useful for
improvement in the performance of SiGe solar cells.

II. MODEL CRYSTAL

In order to clarify the impact of the compositional dis-
tribution in SiGe, its effect on the photocarrier generation
and the carrier collection must be investigated. However,
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mc-SiGe grown from the melt contains complicated micro-
structures and compositional distribution. As a consequence,
systematic variation of structural parameters in SiGe, which
is necessary to construct a model for analysis, is intrinsically
difficult. To overcome this difficulty, we utilized MBE with
atomic scale controllability to grow model crystals for fun-
damental research to investigate the impact of the composi-
tional distribution. Figure 1 illustrates the structure of the
model crystal and its band alignment. The structure consists
of alternately stacked multiple Si1−xGex /Si1−yGey layers. The
important structural parameters are the Ge compositions �x
and y�, the width of each layer �dx and dy�, and the number of
repetitions �n�. By changing x and y, optical constants can be
altered to vary the absorption. The choice of the width affects
the interference and the scattering of light. The minority car-
rier diffusion length, which is strongly connected with the
carrier collection efficiency, is also affected by the structural
parameters since holes are confined in the Ge-rich layer, and
would lead to the enhanced carrier recombination. It is noted
that most of the band offset is consumed at the valence band
for Si-rich Si1−xGex /Si1−yGey layers,7 and the diffusion
length of electrons generated in the p-type layer is hardly
affected by the presence of the heterointerface especially
when the Ge composition is smaller than 0.1. The depth of
the wells for holes can be controlled by the choice of the
composition and the well width. Therefore, by appropriate
design of the sample structures while keeping the average Ge
composition, it is possible to investigate the influence of the
compositional distribution on the carrier transport without
changing the photocarrier generation and vice versa.

In addition to the model crystal, the device structure is
also important. Ideally, the SiGe layers should be grown on
insulator substrates to exclude the influence of the substrate
on the device performance. However, the growth of SiGe on
the insulator such as a glass substrate results in polycrystal-
lization, which leads to the formation of additional structural
elements such as grain boundaries. Therefore, we employed
Si-on-insulator �SOI� with heavily doped p-type layer as the
substrate. Since the topmost Si layer acts as the seed for
epitaxial growth of SiGe, single crystalline
Si1−xGex /Si1−yGey can be obtained. The specific resistivity

and the thickness of the topmost Si layer are 0−0.05 � cm
and 30 µm, respectively. The complete device structure is
illustrated in Fig. 2.

III. EXPERIMENTS

A. Crystal growth and processing

All the samples were grown by gas-source MBE �Air-
Water VCE S2020� using Si2H6 and GeH4 as source gases.
The 6 in. SOI substrate was cleaved into 1.5 cm�1.5 cm,
and used as the substrate for epitaxial growth. After chemical
treatment, the substrate was loaded in the growth chamber,
and was further cleaned by heating at 800 °C for 10 min.
The Si2H6 flux was kept as 2.5 sccm and the GeH4 flux was
varied from 0 to 2.5 sccm to control the Ge composition. The
grown samples were treated in buffered HF solution before
the solar cell process. The n+ layer of the solar cell was
formed by annealing after coating with phosphorus doped
glass film��Ohka coat diffusion �OCD��. The samples were
then etched in buffered HF solution again to remove the
residue of OCD film on the surface. The indium tin oxide
film was formed as the antireflection �AR� film by sputtering.
The samples were then etched into the mesa type in
HF:HNO3 solution after forming a protective mask for the
etching. Subsequently, the metal contact was formed with the
aluminum paste on the backside and the silver paste on the
front side, respectively. The solar cell performance was mea-
sured using a characterization system �JASCO YQ-250BX�.

B. Sample structures

Table I summarizes the sample structures. It should be
emphasized that all the samples have the same total thickness
of 3.0 µm and the average Ge composition of 0.03. The first
set of samples consists of Si0.9Ge0.1/Si multiple structures.
By changing the well width and the number of repetitions,
the depth of the carrier traps ��E� was systematically
changed. The amount of photogenerated carriers has been
confirmed to be almost the same among different samples by
the standard transfer matrix calculation.8 Therefore, it is pos-
sible to investigate the impact of the compositional distribu-
tion of the carrier transport under almost the same amount of
photogenerated carriers. The amount of �E was numerically
calculated using the band offset and the effective mass of

FIG. 1. �Color online� Illustration of the model crystal and its band
alignment.

FIG. 2. Illustration of the complete device structure after processing.
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holes9 in literature. The second set of samples, Si1−xGex /Si
multiple structures, was prepared so that the amount of �E is
constant at 19 meV for clarifying the impact of the compo-
sitional distribution on the photocarrier generation. The third
set of samples are Si1−xGex /Si1−yGey multiple structures, and
they were designed based on the results of the other set of
experiments to demonstrate improvements in the solar cell
performance by introduction of the compositional distribu-
tion compared with uniform Si0.97Ge0.03.

One may argue that the photocurrent would mostly come
from the Si layer instead of the SiGe layer in our devices
since the thickness of the Si layer is much thicker than that
of the SiGe layer. However, it should be remarked that we
paid careful attention in the choice of the resistivity of the
topmost Si layer to minimize the impact on the total photo-
current. As shown in the subsequent chapter, the short-circuit
current density �Jsc� was found to be around 22 mA/cm2.
This amount can be reproduced by a simple one-dimensional
calculation described in the Appendix when we assumed that
the minority carrier diffusion length of the Si layer is ap-
proximately 9 µm. When we decrease the diffusion length of
the Si layer toward zero, Jsc approaches around 14 mA/cm2

and cannot reproduce the experimental data. Therefore, it can
be concluded that the major part of Jsc come from the SiGe
layer although the contribution from the Si layer cannot be
negligible.

IV. RESULTS AND DISCUSSION

A. Effect of carrier traps

Figure 3 shows the short-circuit current density �Jsc� as a
function of the amount of �E based on the first set of
samples. Jsc is only weakly dependent on �E. To explain for
this phenomenon, we need to consider not only �E but also
the number of traps. It is noted that one trap is formed by a
quantum well. Since the samples contain multiple quantum
wells, photogenerated minority carriers must go through plu-
ral wells before reaching the edge of the depletion layer and
contributing to the photocurrent. Since the deeper trap is re-
alized by an increasing well width, due to the quantum con-
finement effect, the total number of quantum wells was de-
signed to decrease with increasing �E to keep the total
amount of Ge among different samples. We assumed that the
probability that carriers can escape from NT times repeated
quantum wells with a depth of �E is expressed as

P = �exp�−
�E

kT
��NT

. �1�

If we assume that the reduction in the photocurrent due to the
recombination in quantum wells occurs only in the n-type
region, Jsc can be represented by

Jsc = JnP + Jw + Jp, �2�

where Jn , Jw, and Jp are photocurrents without the presence
of quantum wells originating from the carriers generated in
the n-type region, the depletion layer, and the p-type region,
respectively. It should be remarked that Jn , Jw, and Jp were
simply estimated from the amount of photogenerated carriers
by taking the number of quantum wells in each region into
account, and NT is not the total number of quantum wells �n
in Table I� but that in the n-type region, which can be esti-
mated from the thickness of the emitter. The assumption
where the recombination in quantum wells take place only in
the n-type region is supported by the fact that most of the
band offset at the SiGe/Si interface is consumed at the va-
lence band. Especially, almost no offset exist at the conduc-
tion band when the Ge composition is smaller than 0.1.
Therefore, the deterioration in the electron diffusion length
by the presence of the quantum wells is unlikely to occur in
the p-type region. Figure 4 shows calculated Jsc as a function
of �E and NT. It is noted that Jsc normalized by the value
without presence of quantum wells is shown in a gray scale.
As a guide to the eye, contour lines are also plotted. It is seen

TABLE I. List of samples used in this study.

Set # Sample # x y dx �nm� dy �nm� �E �meV� n
1,2 V3853 0.1 0 1.6 25.6 19 100
1 V3854 0.1 0 3.3 51.2 41 50
1 V3855 0.1 0 9.8 150.5 72 17
2 V3857 0.07 0 2.7 21.2 19 114
2 V3858 0.05 0 4.0 11.0 19 184
2 V3870 0.04 0 5.6 6.4 19 246
3 V3874 0.07 0.028 1.5 25.6 0.4 100
3 V3875 0.04 0.029 1.5 25.6 0.1 100
3 V3876 0.09 0.027 1.5 25.6 1.0 100
3 V3836 0.03 - 3000 - - 1

FIG. 3. Short-circuit current density of solar cells based on Si0.9Ge0.1 /Si
multiple structures with average Ge composition of 0.03 as a function of the
amount of �E.

FIG. 4. Calculated Jsc as a function of �E and the number of traps in the
n-type region, NT.
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that Jsc does not strongly depend on �E especially when NT

is increased. This is in good agreement with the experimental
results. In this case, most of photocarriers generated in the
n-type region were captured by the traps and do not contrib-
ute to Jsc. This suggests that the existence of carrier traps
deteriorates minority carrier diffusion length depending on
the depth and the number. Especially, this effect is crucial in
the model crystals since carriers must across many quantum
wells to contribute to Jsc. Although the situation is relaxed in
bulk mc-SiGe since there would be percolative pathways, the
carrier traps due to the spatial fluctuation in the local Ge
composition must be shallow enough not to deteriorate the
overall device performance.

B. Effect of photocarrier generation

The second set of samples, Si1−xGex /Si multiple struc-
tures, was designed to give the same amount of �E, which
can be realized by a decreasing well width with an increasing
x. All the samples exhibited clear band-edge photolumines-
cence �PL� with almost equivalent peak energy at 10 K as
shown in Fig. 5, which confirms that the amount of �E is
almost the same. A standard transfer matrix calculation pre-
dicts that the amount of photogenerated carriers increases
with an increasing x, which could lead to an increase in Jsc.
However, Jsc was found to show a maximum at intermediate
x as shown in Fig. 6. This suggests that a negative effect to
suppress carrier transport is introduced with an increasing x
except the band discontinuity. In fact, integrated PL intensity

was found to decrease with an increasing x, indicating in-
creased nonradiative pathways and deterioration in the crys-
tal quality. This deterioration in the crystal quality is consid-
ered to be brought on by the increased strain energy, which
originates from the lattice mismatch between Si and SiGe.
Resultantly, the positive impact due to the introduction of
compositional distribution was screened by the negative im-
pact to decrease the minority carrier diffusion length due to
the nonradiative recombination. This explains the existence
of an optimum compositional distribution to maximize Jsc.
To utilize the advantage of the increased photocarrier genera-
tion, the amount of the compositional distribution must be
chosen not to induce the deterioration in the crystal quality.

C. Demonstration of the increase in the overall
performance

The third set of samples, Si1−xGex /Si1−yGey multiple
structures, was designed to demonstrate that the introduction
of the compositional distribution could improve the overall
performance compared with uniform Si0.97Ge0.03. The degree
of the compositional distribution defined as 	y−x	 was cho-
sen to be smaller than 0.06 to avoid deterioration in the crys-
tal quality. As a consequence of the increased photocarrier
generation due to the introduction of the compositional dis-
tribution, Jsc was revealed to increase as shown in Fig. 7. It is
noted that uniform Si0.97Ge0.03 �V3836 in Table I� corre-
sponds to the sample with 	y−x	 of 0. Furthermore, the in-
crease in Voc was observed. Since the filling factor was not
strongly dependent on the degree of the compositional dis-
tribution, the overall performance of the solar cell was im-
proved by the introduction of the compositional distribution.
This supports the fundamental concept of Nakajima et al.,
that is, the introduction of an appropriate amount of the com-

FIG. 5. Photoluminescence spectra of Si1−xGex /Si multiple structures with
average Ge composition of 0.03 measured at 10 K.

FIG. 6. Short-circuit current density of solar cells based on Si1−xGex /Si
multiple structures with average Ge composition of 0.03 as a function of the
degree of the compositional distribution.

FIG. 7. �a� Short-circuit current density and open-circuit voltage and �b�
filling factor and conversion efficiency of solar cells based on
Si1−xGex /Si1−yGey multiple structures with average Ge composition of 0.03
as a function of the degree of the compositional distribution.
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positional distribution in mc-SiGe is useful to improve the
overall conversion efficiency. Furthermore, to explore the
cause for the increase in Voc, numerical calculations have
been made using a one-dimensional continuity equation10 by
considering the valence band discontinuity, which is depen-
dent on the compositional distribution. Details for calcula-
tions can be found in the Appendix. Figure 8 shows calcu-
lated Jsc and the saturate current density Jo as a function of
the degree of the compositional distribution, 	y−x	. It is seen
that the increase in Jsc is steeper than that in J0, which ex-
plains the increase in Voc.

One positive impact of the compositional distribution is
to increase the optical path length by light scattering due to
the spatial modulation in the refractive index. However, this
effect is not significant in the model crystal since it contains
heterointerfaces, which are perpendicular to the incident
light. The increase in Jsc due to the light scattering is esti-
mated to be at the most 1%−2% by a simple ray-tracing
simulation using refractive index in literature,11 even when
we take fluctuations in the heterointerfaces into account.
Therefore, the observed increase in Jsc originates from the
increase in the absorption coefficient due to the introduction
of Ge. On the other hand, in mc-SiGe which has a more
randomly distributed refractive index, the increase in light
scattering could lead to a 10%−15% increase in the optical
path length. This effect could play an important role in in-
creasing Jsc of solar cells based on mc-SiGe.

Finally, it should be remarked that incorporation of Ge in
mc-Si can give positive or negative impact on solar cell per-
formance depending on the diffusion length of minority car-
riers in host Si, the amount and the distribution of Ge.12

Therefore, careful attention should be given to the crystal
growth control to realize the appropriate dispersion of Ge.
Since SiGe has an equilibrium phase diagram with complete
miscibility, local Ge fraction in the crystal is strongly depen-
dent on the growth temperature. Furthermore, the solidifica-
tion from a finite amount of melt results in the change in the
melt composition due to the large gap between the solidus
and liquidus lines. These facts imply that the distribution of
Ge in mc-SiGe could be widely changed by control in vari-
ous crystal growth parameters such as cooling rate, tempera-
ture distribution, and so on in order that the incorporation of
Ge could be beneficial for multicrystalline solar cells.

V. CONCLUSION

We studied the impact of the compositional distribution
on the solar cell performance by utilizing Si1−xGex /Si1-yGey

model crystals with fixed average Ge composition of 0.03,
and a fixed total thickness of 3 µm. By appropriately choos-
ing the compositional distribution, the overall performance
of the solar cell was revealed to be improved by the intro-
duction of the compositional distribution compared with that
based on uniform SiGe. We can conclude that the intentional
introduction of the compositional distribution is useful for
improvement in the solar cell performance if appropriate dis-
persion is chosen.
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APPENDIX: CONVERSION EFFICIENCY OF SOLAR
CELLS WITH COMPOSITIONAL DISTRIBUTION

For numerical calculations of the conversion efficiency
of solar cells with compositional distribution, we modified
the procedure described by Sze10 by considering the valence
band discontinuity.

Under low-injection condition, the one-dimensional,
steady state continuity equations in the n-type front layer is

Dp
d2pn

dx2 + ����F����1 − R����exp�− ����x� −
pn − pno

�p

= 0, �A1�

where Dp is the diffusion coefficient of holes, pn is the hole
density in the n-type layer, ���� is the absorption coefficient,
F��� is the number of incident photon flux per unit band-
width, R��� is the reflectivity, pno is the equilibrium hole
density in the n-type layer, and �p is the lifetime of holes. No
electric fields were assumed to exist. When the n-type layer
contains multiple quantum wells with N repetitions, there are
2N heterointerfaces. Therefore, the following boundary con-
ditions must be taken into account at each interface:

lim
�x→+0

pn�xn − �x� = lim
�x→+0

pn�xn + �x�exp�−
�E

kT
� , �A2�

lim
�x→+0

�pn��xn − �x�k,t�
�x

= lim
�x→+0

�pn��xn − �x�k,t�
�x

. �A3�

There are two additional boundary conditions at the surface
with a recombination velocity of Sp

DP
d�pn − pn0�

dx
= Sp�pn − pn0� , �A4�

and at the deletion edge

FIG. 8. Calculated normalized short-circuit current density and saturation
current density as a function of the degree of the compositional distribution.
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pn − pn0 
 0. �A5�

By considering these �4N+2� boundary conditions, the hole
density at the depletion edge can be obtained, and the result-
ant photocurrent density is expressed as

Jp = − qDp� �pn

�x
�

x=xj

. �A6�

The other processes which include the calculation of the total
photocurrent, open-circuit voltage, filling factor, and the con-
version efficiency are described in Ref. 10
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