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ABSTRACT

In high efficiency narrow bandgap (NBG) a-SiGe solar cells, thin buffer layers of
unalloyed hydrogenated amorphous silicon (a-Si) are usually used at the interfaces between the a-
SiGe intrinsic layer and the doped layers. We investigated the effect of inserting additional a-SiGe
interface layers between these a-Si buffer layers and the a-SiGe absorber layer. We found that
such additional interface layers increase solar cell V.. and FF sizably, most likely due to the
reduction or elimination of the abrupt bandgap discontinuity between the a-SiGe absorber layer
and the a-Si buffer layers. With these improved narrow bandgap solar cells incorporated into the
fabrication of triple-junction a-Si based solar cells, we obtained triple cells with initial efficiency of
10.6%.

INTRODUCTION

Narrow bandgap a-SiGe materials and solar cell devices have been studied extensively for
their use in the spectrum splitting, multiple-junction a-Si based solar cells [1-3]. To achieve high
conversion efficiency solar cells, an a-SiGe absorber layer is usvally sandwiched between two thin
a-Si buffer layers which are in direct contact with the p- and n- doped layers {3,4]. These a-Si
buffer layers were found to enhance the performance of a-SiGe solar cells. However, even with
these a-Si buffer layers, there are still abrupt discontinuity in the bandgap at the interfaces
between these buffer layers and the a-SiGe absorber layer. In this paper, we report our study on
the insertion of additional a-SiGe interface layers (with less Ge compared with the absorber)
which reduces the bandgap oftset.

EXPERIMENTAL DETAILS

The a-SiGe and a-Si materials used in this study were deposited using a ultra high vacuum
plasma enhanced chemical vapor deposition (PECVD) system at the University of Toledo (UT).
The intrinsic and doped layers were deposited in separated chambers of this multi-chamber, load-
locked deposition system, having a base vacuum of 2x10™ Torr. A gas mixture of GeH,, Si;Hs
and H, were used for the a-SiGe deposition and Si,H, and H; for a-Si deposition. The deposition
conditions include a substrate temperature range of 300-400 °C, a chamber pressure of 0.5-0.6
Torr and an rf power of 2.5-3.0 W for the a-SiGe and a-Si layer depositions. Ditferent Gelly to
Si;H, ratios were used to achieve different bandgaps for a-SiGe material. Graded bandgaps tor the
a-SiGe absorber layer and the a-SiGe buffer layers were achieved by adjusting GeHy flows during
growth. The GeHy/Si;H, gas flow ratio for the a-SiGe absorber layers studied here was 0.88. All
of the intrinsic absorber and buffer layers were deposited in a deposition chamber designated for
intrinsic layer growth.

Boron doped microcrystalline silicon (pe-Si) p-layer and phosphorus doped a-Si n-layer
were deposited in another chamber designated for the growth of doped layers. The device
structure used in this study v-as: SS/Ag/ZnO/n(a-Si)/b(a-Si)/i{NBG a-SiGe)/b(a-Si)/p(pe-SHATO
for the standard device and $S/Ag/ZnO/n(a-Si)/b(a-Si)/b(a-SiGe)/i(NBG a-SiGe)/b(a-SiGe)/b(a-
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Si)/p(uc-Si)/ITO for the new devices under study, where SS is stainless steel, Ag/ZnO is back-
reflector, b(a-Si) and b(a-SiGe) are thin a-Si and a-SiGe buffer and interface layers, respectively.
The 1TO layer, serving as the top electrode and anti-reflection coating, was deposited using a rf
sputtering process. Many of the [-V measurements were done using 0.05-cm’ device without
metal grids. Quantum efficiency (QE) measurements were used to measure spectral response and
to obtain short circuit current (Jor) by integrating the QE value over AM1.5 Global spectrum.

RESULTS AND DISCUSSIONS

Figure | shows the band structure of the various devices used in this study. Fig. la is a
schematic of the structure for standard a-SiGe devices, showing two a-Si buffer layers on both
sides of a-SiGe absorber layer. Fig. 1b and lc show the schematics of the device structures with
the additionally inserted a-SiGe interface layers having a fixed Ge content (Fig. 1b) and with
interface layers having a graded bandgap (Fig.1c).
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Fig.1a, 1b and 1c Schematic energy band diagram of a-SiGe solar cells with different interfacial
buffer layers under the thermal equilibrium condition
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Table 1 lists the photovoltaic parameters of the open circuit voltage V.., short circuit
current density J, fill factor FF and the maximum power output P, of a-SiGe solar cells with
different interfacial buffers. GD180 is a standard a-SiGe device (Fig.1a) and GD202 contains a-
SiGe buffer layers with a fixed Ge content inserted between the a-Si buffers and a-SiGe i-layer at
both the n- and p-interfaces (See Fig.1b), while GD203 and GD209 have Ge-content graded
buffer layers at both interfaces (Sce Fig.lc). It is clearly seen that the V,. and FF have been
increased due to the introduction of the additional a-SiGe interfacial layers and the improvements
are approximately in the range of 2-5% for V,. and 5-10% for FF. The V.. and FF enhancement
was higher for graded buffer layers. For this reason, the J-V characteristics of GD180 and
GD209 are compared in Fig.2, and the results of these two devices are discussed further in the
following.

Figure 3 shows the QF curves for a-SiGe cells without (GD180) and with (GD203 and
GD209) bandgap graded interfacial layers. The spectral responses of these devices are
approximately the same in the red region. The small variation in the red could also be due to the
variation in the back-reflector. The difference in the blue region of the QE curve is mostly resuited
from the variation in the transmission of ITO films.

Table 1 Photovoltaic parameters of solar cells with different buffer layers

Samples Ve Jie FF P
V) (mA/cm’) (mW/cm®)
GDI180 0.647 235 (4.506 77
Standard
GD202 0.662 216 0.534 7.6
w/ a-SiGe butter
GD203 0.680 234 05336 85
w/ graded
a-SiGe buffer
GD209S 0.675 243 0,359 92
w/ graded
a-SiGe buffer
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Fig.2 llluminated J-V characteristics of GD180 and GD209 samples
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Since small ITO contacts (0.05 sz) were used as the top electrodes, there might be some
uncertainty in the active areas of the devices. Therefore, the J,. values listed in Table 1 might not
be highly precise. We used the current density values, Jqi;, obtained by integrating the quantum
efficiency curves over AM1.5 Global spectrum, as an independent check of the short circuit
current values. Although the accuracy of absolute Jor values from the QE measurements depend
on the accuracy of the calibration of QE measurements, Jor values obtained in this way are much
more reproducible and precise than the J,. values from the 1-V measurements. The obtained Jo
and the relative P,.x calculated from these Jor values are summarized in Table 2. From this table,
we find that the short circuit currents of standard a-SiGe sample (GD180) and the a-SiGe samples
with graded butter layers (GD203 and GD209) are approximately the same within the
experimental variation. The enhancement in V. and FF result in a net increase in device P
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Fig.3 Quantum efficiency curves of a-SiGe solar cells. GD180 is standard solar cell, while GD203
and GD209 are cells with bandgap graded a-SiGe bufters.

Table 2 a-SiGe solar cell device performance

Sample Jor QE Voo FF Relative P
(mA/em®) | @800nm V) (mW/em®)
GD180 16.6 0.288 0.647 051 55
GD203 17.7 0.305 0.680 0.54 6.5
GD209 17.5 0315 0675 056 66
The influences on the performances of the solar cells from the recombination processes

taking place at both interfaces between the intrinsic a-SiGe layer and doped layers could also be
observed from the ideality factor (n) of the p-i-n devices. The improved J-V performance in the
cells with bandgap graded a-SiGe interfacial layers are reflected also in the improvement of the
ideality factor and the reduction in the reverse saturation current density (J,) of these devices
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It is well known that the J-V characteristics of p-i-n a-Si solar cells under illumination can
be approximately described by using transport equation of an ideal pn junction [5]:

T = o [exp( q(V - JuRe) / nkT ) - 1] - Je N

where n is the ideality factor of the device under illumination, J, represents the photocurrent
density, (V - J,uR,), in which J could have negative value, represents the voltage at the junction
of an ideal diode. The effect of the equivalent series resistance R, is included in the equation,
while the equivalent shunt resistance Rq, is not taken into account. In order to obtain n factor
directly from experimental measurement, one could use the dependence of V,. on J, under
varying light intensities,

Ve = (nkT/gq)(In(J/, + 1) 2)

where the effect of R, is avoided, hence n factor can be determined from the slope of the V.
versus In(J,.). Figure 4 shows the experimental data of J (V) measured under various light
intensities for samples GD180, with the standard structure of a-SiGe bottom cell, and GD209,
with a graded a-SiGe buffer layer at both interfaces. It is seen that there is a nearly linear
relationship between In(Jic) and V.. with R-squared values of 0.9975 and 0.9998 for the two
samples studied, consistent with the expectation of Eq. (2). From the slopes of these two lines we
deduced the quality factor n to be 2.02 and 1.77, for the samples without (GD180) and with
(GD209) graded a-SiGe interfacial layers at the p-i and i-n junction between the a-Si buffer layer
and a-SiGe intrinsic layer, respectively. The reverse saturation current density, obtained from
these fittings, were 8.3x10™* A/cm” and 7.2x10” Alem’ for GD180 and GD209, respectively. The
reductions in the n and J, values indicate an improvement in the pn junction quality and a decrease
in the recombination rate of extra minority carriers, as a result of these additional interfacial
layers.
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Fig.4 J. versus V,. under various light intensity for samples GD180
(solid circle) and GD209 (open circle)

We incorporated the improved bottor cell into triple-junction a-Si based solar cells as the
bottom cell. Figure 5 is a J-V curve for such a triple-junction solar cell measured at Energy
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Conversion Devices, Inc (ECD) under a solar simulator light, showing a 10.6% initial efficiency
Figure 6 is the QE curve for the triple-cell measured at ECD, showing a high integrated-total
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Fig. 5 J-V curve of a triple-junction solar cell Fig. 6 QE curves of a triple cell incorporating
incorporating the improved a-SiGe devices, the improved a-SiGe devices, showing an
" = . . N . 2
showing an initial efficiency of 10.6%. integrated J,; of 23.6 mA/cm”.
SUMMARY

We explored the effect of additional a-SiGe interface layers between narrow bandgap a-
SiGe absorber layer and the a-Si bufter layers. The reduction and elimination in the bandgap offset
at these interfaces result in sizable increases in device V. and FF, although the J,, was somewhat
unchanged. Incorporating NBG solar cells having such bandgap graded interface layers as the
bottom cells, we fabricated triple-junction solar cells with 10.6% initial efficiency.
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