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Abstract Single junction solar cells were fabricated with
intrinsic hydrogenated amorphous silicon germanium (a-
SiGe:H) as the active layer, that shows a 10% photovoltaic
conversion efficiency. The a-SiGe:H active layer of the solar
cells of type-A had constant band gap materials while that
of type-B had a four step graded band gap by composition
gradient (CG). The cells with composition gradient show
an enhancement in fill factor and open circuit voltage (V)
by 5% and 20 mV respectively, with respect to a cell with-
out the graded band gap active layer. Such an enhanced
device performance is attributed to reduction in recombina-
tion loss of photo-generated electron hole pairs. The effect
of this photo-current loss was investigated in the electrical
bias dependent external quantum efficiencies (EQE), illu-
mination dependent current-voltage measurements and dark
current-voltage characteristics. The device parameters like
reverse saturation current density (J,), series resistance (Ry)
and diode quality factor (n) were also estimated. In com-
parison to the cell without the composition gradient, the
EQE shows a reduced recombination loss across the whole
wavelength range for the cell with the CG. Furthermore, the
introduction of the CG results in a significantly increased
shunt resistance from 720 to 1200 Q.cm?. The estimated n
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values of the cells under dark operating condition, decreases
from 1.8 to 1.7 along with J, from 3 x 1077 down to 4.5 x
108 A/em? with CG, while the same parameters decreased
from 3.73 to 3.06, 2.96 x 107° to 3.05 x 1077 A/cm?
respectively under AM1.5G insolation.

Keywords Amorphous silicon solar cell - Amorphous
silicon germanium - Composition gradient process - Carrier
recombination

1 Introduction

The hydrogenated amorphous silicon solar cell is known
to be one of the promising photovoltaic devices for gen-
erating electrical energy from sunlight. Extensive research
has been going on to improve performance of the device so
that it becomes a commercially viable product. Its low effi-
ciency is one of the primary limiting factors that needs to be
improved. In a multi-junction cell structure, the initial effi-
ciency of 16.3% was reported in 2011 for the triple junction
solar cells (a-Si:H/a-SiGe:H/uc-Si:H) [1], yet it seems that
the technology should improve further for large scale com-
mercialization. High efficiency single junction solar cells
can be integrated into a multi-junction architecture. There-
fore, efficiency improvement of a single junction solar cell
is certainly one of the fundamental requirements. Hydro-
genated amorphous silicon germanium (a-SiGe:H) can be
used in a low band gap sub-cell [2, 3]. Such a low band gap
device is thought to suffer from higher electronic defects
of an a-SiGe:H intrinsic or active layer such as dangling
bonds, vacancies, microvoids and Urbach tail defects [4—
6] etc. One of the advantages of the a-SiGe:H based solar
cell is that it may show higher short-circuit current den-
sity (Jsc) with reference to a solar cell with a hydrogenated
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amorphous silicon (a-Si:H) active layer [7]. A high Ji. of
the a-SiGe:H top or middle cell is necessary for raising the
matched current in a high efficiency multi-junction thin film
solar cell structure [7]. However, lowering of band-gap of
the i-layer by an increase in Ge content within the film
may be accompanied by a detrimental open-circuit voltage
(Voc) and fill factor (FF) [8]. These deleterious impacts on
the V¢ and FF normally constrain the performance of sin-
gle a-SiGe:H thin film solar cells. Consequently, numerous
efforts have been reported where the focus was on formu-
lating a method to raise the V,. and FF while maintaining
a high Jg. of the solar cells that uses the narrow-gap a-
SiGe:H active layer [9, 10]. In spite of gaining significant
improvement in V. and FF by different experimental mod-
els or designs [11, 12], the recombination loss mechanisms
of the electric charge carriers are not very clear, although
it is known that increased defects raise the recombination
rate. As a result, a better understanding of the device oper-
ation may help identifying the pathways to further improve
the device performance. One of the ways to understand the
device performance is to investigate and compare perfor-
mances of solar cells with constant low band gap and graded
band gap active layer. Therefore, we investigated the recom-
bination loss of photo-generated carriers in a-SiGe:H thin
film solar cells.

2 Experiment

The amorphous silicon solar cells were fabricated with vari-
ous active layers. The active layers had different Ge content.
One type of solar cell (type-A) had purely a-SiGe:H as
the active layer, that is of constant low band gap, and the
other type of solar cell (type-B) had an active layer that was
divided into four sub-layers, where the Ge content was dif-
ferent in each of the sub-layers. Device performances were
compared by various measurements including the electrical
bias dependent external quantum efficiency (EQE), variable
illumination measurement (VIM) and dark current-voltage
characteristics (DIV). The device parameters obtained from
these measurements are collection losses (Qcr.), recombi-
nation losses (Qrr), dynamic (shunt) resistance near short
circuit condition (Rgy), reverse saturation current density
(Jo), and diode quality factor (n). The a-SiGe:H thin film
solar cells were fabricated by plasma enhanced chemical
vapor deposition (PECVD) using a 13.56 MHz radio fre-
quency power source in a multi-chamber system. The gas
sources include silane (SiH4), hydrogen (H») and germane
(GeHy) that were used as reactant gases for the intrinsic a-
SiGe:H layer (i-layer). The composition gradient process of
the entire i-layer of the type-B cells was implemented by
controlling the GeHy to SiHy gas flow ratio during deposi-
tion of the active layers. The a-SiGe:H single-junction solar
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cells of type-A had a superstrate configuration as given fol-
lows: glass/ FTO/ AZO/ p-uc-SiO:H (10 nm)/ p-a-SiO:H
(15 nm)/ i-a-Si:H buffer (15 nm)/ i-a-SiGe:H (300 nm)/ i-
a-Si:H buffer (20 nm)/ n-pc-Si:H layer (40 nm)/ AZO/ Ag/
Al Here, FTO is fluorine doped tin oxide, AZO is aluminum
doped zinc oxide, i-a-SiGe:H is intrinsic a-SiGe:H, i-a-Si:H
is intrinsic a-Si:H, p-uc-SiO:H is p-type high conductiv-
ity hydrogenated micro-crystalline silicon oxide, p-a-SiO:H
is p-type hydrogenated amorphous silicon oxide and n-uc-
Si:H is n-type hydrogenated micro-crystalline silicon layer.
The investigated devices had the same physical structure
except that there were differences in atomic composition
of the active layers. We have observed that the p-type dou-
ble layer, that was used in the device fabrication, is more
beneficial than a single p-type layer. Details of the p-type
double layer can be found in reference [2]. A thin protective
layer of AZO over the FTO layer may be beneficial to pro-
tect the FTO electrode layer from possible hydrogen plasma
damage, as well as texture induced surface defects [13].

The two types of solar cells that were investigated were of
type-A and type-B. The solar cells of type-A were deposited
with the following gas flow rates of the active layer; SiH4 =
5 sccm, Hy = 20 sccm, GeHy =1.1 sccm, while that of
type-B had an active layer divided into four sub-layers of
thickness 50 nm (front), 50 nm, 100 nm, 100 nm (back)
all of which were prepared with constant gas flow rates of
SiHy = 5 sccm, Hy = 20 sccm, but the flow rates of the
GeH, were changed as 1.1 sccm (front), 0.9 sccm, 0.7 sccm
and 0.5 sccm (back) respectively. The cell of type—A or cell-
A, had a constant low band gap (E;) active layer with E; =
1.58 eV, while that of type-B or cell-B, had an active layer
with a positive gradient energy band gap E, = 1.58, 1.61,
1.65, 1.68 eV [3]. The a-SiGe:H layer of the cell of type-A
had Ge atomic content of 31.1 at.%, while that of the type-B
had 31.1, 25.77, 20.48, 15.19 at.% respectively [3].

The cell parameters such as Vg, Js, FF, and effi-
ciency (Ef) were calculated from J-V curve characteristic
curves that were recorded under standard ambience and
one sun-illumination. The VIM was examined under vari-
ous illumination levels from 0.5 to 1 sun. The bias-voltage
dependent external quantum efficiency was examined from
—4 V10 0.8 V electrical bias for all the cells using the QEX7
model system of PV Measurement Inc. The film thickness
was inferred from fitted spectroscopic ellipsometry data (V-
VASE series, J. A. Woollam). The dark current voltage
(DIV) characteristic curves were measured in dark condition
by semiconductor test and analyzer (model EL420C).

3 Theoretical Model

The active layer (i-a-SiGe:H) of the cell of type-A or cell-
A, had a constant low band gap, with high Ge content in
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the active layer, therefore its optical absorption and defect
density is expected to be higher. Higher optical absorption
can help in creating more electron-hole pairs in the active
layer, but due to the higher defect density the electron-hole
pairs will significantly be lost by recombination. Because
of dependence of recombination on the generation, it can be
expected that even though the a-SiGe:H based active layer
can generate higher current density, that due to increased
defect density the recombination loss will also be higher.
It should also be noted that optical absorption follows the
Beer-Lambert’s exponential relation, therefore, towards the
back of the cell where light intensity decreases, it may be
necessary to reduce the recombination loss by defect reduc-
tion in this region. Here this is implemented in the form of
forward grading of the band gap, that is implemented by
reduction in Ge content of the active sub-layers towards the
back of the cell and thereby raising the E; of the sub-layers,
which in turn reduces defect density of these sub-layers of
the cell type-B.

The band gap grading can be intuitively seen in the band
diagram as Fig. 1. The potential barriers at the p/i and i/n
interfaces are expected to lower the hole and electron trans-
port due to introduction of CG structure as in the cell of
type B.

Figure 2 shows schematics of the composition gradient
(CG) of active layer of cell type B, in comparison to cell A;
the cell A was without the CG. The CG was implemented
by changing the gas flow ratio, expressed as [GeH4] /
[GeHs+ SiH4]. We call it a multistep grading as there
are four divisions of the active layer with each division
containing different atomic percent of Ge atoms.

Figure 3 shows the model of generation and recom-
bination rates across the various layers of the cell. The
electron-hole pair generation depends upon photon absorp-
tion. When photon energy is higher than the optical band
gap of the material then each absorbed photon is expected
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absorption layer E;

Fig.1 The band diagram of cells with different composition gradient
of intrinsic a-SiGe:H layer
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Fig. 2 Schematic diagram of a-SiGe:H solar cells with composition
gradient of absorption layer

to create one electron hole pair. The Beer-Lambert exponen-
tial relation gives an expression for the optical absorption.
When there are sub-band gap defects in a semiconductor,
the photo-generated electron hole pairs face intense defect
mediated recombination loss that is known as Shockley
Read Hall recombination. In our investigation we estimated
these generation and recombination losses across the solar
cell by numerical simulation [14] and the results are given in
Fig. 3. The results show that towards the front side of the
cell the generation rates are the same for both the graded
(type-B) and non-graded (type-A) cells. But afterwards, the
generation rate of the cell type-A remains higher than that
of the type-B. However, for the cells under maximum power
point operation, there is a significant difference between the
recombination rates of the cell type-A and type-B. In the
front and first sub-layer of the active layer, where the com-
position of the cell type-A and type-B are the same, the

—&— Graded (Recom. Rate)
—+— Graded (Gen. Rate)
—— Non-Graded (Gen. Rate)

Distance

Fig. 3 Theoretical generation (G) and recombination (R) rates of car-
riers across the cell under AM1.5G illumination. The vertical dotted
lines indicate interfaces with left-most line as interface between p- and
buffer layer of the front side of the cell, on the right side it progresses
towards the back of the cell
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recombination rate of cell type-A remains lower than that of
type-B, probably because of higher diffusive flow of photo-
generated carriers from the interior towards the front side of
the active layer of the cell. But afterwards, the recombina-
tion rate of the cell type-A remains significantly higher than
that of the graded band gap cell type-B. The higher gen-
eration rate all across the active layer may help it to show
higher Js.. However, when the cell is operated at its max-
imum power point, the overall higher recombination loss
of carriers may show as a lower fill factor and lower open
circuit voltage.

4 Result and Discussion
4.1 Dark Current Characteristics

The dark current characteristics may give some insight into
the quality of the solar cells [15, 16]. This dark charac-
teristic curve was used to estimate the device parameters
like reverse saturation current density (J,) and ideality fac-
tor (n) from a plot of J versus (V-J*Ry), as shown in the
inset of Fig. 4. Here Ry is defined as the series resistance
in dark condition and is obtained from the intercept of the
following expression: dV/dJ = R¢+ [(nkT/q) x 1/J(V)], as
shown in Fig. 4, here k, T, and q are the Boltzmann con-
stant, measurement temperature and elementary charge of
the electron respectively. The estimated diode parameters of
the cells are summarized in Table 1. The carrier recombi-
nation in an amorphous silicon solar cell takes place both
at the interface region, as well as in the bulk of the active

1200
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Fig. 4 Plot of dV/dJ as a function of 1/J for two cells from DIV char-
acteristics. The intercept of the linear fitting line is the Ry value. The
inset is plot of J as a function of (V-J¥R) from which slope presents
q/nkT and intercept is J,
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Table 1 Diode parameters under dark conditions of a-SiGe:H solar
cells

Cell Absorption Layer Jo (Alem?) n Rs (€2.cm?)
A Without Grading 2 x 1077 1.8 135
B With Grading 45 % 1078 1.7 9.4

layer. The change in the recombination loss can be detected
by noticing the change in diode quality factor n and J, [17].
Lower numerical value of the diode ideality factor indicates
better electronic property of the diode. The best value of
n is unity, however, the real cells show n> 1 indicating a
dominant recombination in the bulk intrinsic layer [18, 19].
As seen in the Table 1, the value of n decreases from 1.8
to 1.7 along with decrease in J, from 2 x 1077 to 4.5 x
10~8 A/em? for the cell with the CG. This indicates that the
recombination in bulk of a-SiGe:H cells was reduced in the
cell with the CG. Furthermore, the open circuit voltage can
be expressed as Voo = (nkT/q) x In(Jsc/Jo). It is clear that
with the decrease in J, of the cell type-B, its V. is expected
to be higher as compared to the cell type-A. In particular,
the considerable reduction in the recombination losses and
the R due to the introduction of the CG in the active layer,
might be a reason for the significant increase in FF of cell
type-B, as shown in Table 1.

4.2 INluminated Current Characteristics

The J-V characteristic curves of the cells under AM1.5G
insolation is shown in Fig. 5, while the characteristic device
parameters, Vo, Jsc, FF and efficiency (Egr), are presented
in Table 2.

The intrinsic layer of the cell type-A has a lower optical
gap than that of the cell B, so it has higher optical absorp-
tion and hence electron-hole pair generation rate (Fig. 3)
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Fig. 5 J-V characteristic curves of cells under AM1.5G insolation
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Table 2 Cell parameters under light conditions of a-SiGe:H solar cells

Cell Absorption Layer Voe (V) Joe (mA/cm?) FF (%) Er (%) JoL (Alcm?) n. Ry (S2.cm?)
A Without Grading 0.83 18.2 64 9.6 2.96 x 1076 3.73 0.18

B With Grading 0.85 17.8 69 10.4 3.05x 1077 3.06 0.94

The subscript “L” in the Jo1, n1, Ry, indicates illumination condition

in comparison to the cell type-B, therefore the cell type-
A shows a higher Ji.. However, its V. and FF remained
lower than that of the cell type-B, that can be attributed to
the enhanced recombination loss of electron-hole pairs in
cell type-A due to the increased density of mid-gap defect
states, Urbach energy at the band tail or micro-void types of
defects [20, 21]. It has been reported that the redistribution
of germanium atoms in the active layer can elevate the V.
and the FF while this is somewhat detrimental to the Jq. [5,
6, 22]. As clearly seen in Fig. 5 and Table 2, the CG pro-
cess in the cell type-B can raise the FF by 5% and V. by
20 mV, which leads to a high efficiency of 10.4%, although
there was a decrease in Jg. by 0.4 mA. Several simulation
and experimental works have been conducted by various
research groups to interpret this increment [23-25]. One of
the reasons is attributed to diminished carrier recombination
loss in the active layer due to redistributions of Ge atoms in
the a-SiGe:H active layer [5, 23]. We have already discussed
a similar situation in Fig. 3.

4.3 Light Intensity Dependent Current Characteristics

In order to get an additional insight into the collection
efficiency of the cells, the cell parameters were esti-
mated from the current-voltage characteristics under vari-
able illumination-intensity measurement (VIM) methods, as
shown in Fig. 6. The Fig. 6a is for the cell type-A, while
Fig. 6b is for cell type-B. Based on the VIM, the short
circuit resistance (Ry;) value which is the negative recip-
rocal of the slope of the J-V curves at the short-circuit
point (V=0) for different illumination levels, is shown in
Fig. 7. Figure 7 shows the characteristic variation in Ry, with
illumination intensity for cell type-A and B. It is generally
understood that the cells with higher Ry will show higher
device efficiency.

The gross difference between the cell type-A and cell
type-B is that the J, of cell type-B are less than that of the
cells type-A. The parameters that remain higher for cells
type-A are the JoL, nr, Ry, and Jc, where the subscript ‘L’
in Jor, np, Ry, indicates that these parameters were esti-
mated from J-V characteristic curves of the solar cell under
AM1.5G insolation [29]. These parameters are shown in
Table 3. However, open circuit voltage, FF and efficiency of
cells type-B are higher because of lower recombination loss

in the active layer. This result further indicates that Ji. and
Jo increase with an increased level of illumination. The cor-
relation is obvious as the carrier generation rate and hence
the Jg. is proportional to the illumination intensity, further-
more, as recombination is also directly related to generation
therefore J, also increases, as it seems that the J, is related
to recombination.

4.4 External Quantum Efficiency
There are many different loss mechanisms that may exist in

a solar cell. In a simple approach, these can be classified
into three types as the recombination loss which adversely
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Fig. 6 a J-V curves of cell A under different light intensities. b J-V
curves of cell B under different light intensities
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Fig.7 Variation of Ry with illumination intensity of the cells of type-
Aand B

affects the V., the parasitic resistance losses which pri-
marily limit the FF as well as V. and J, and finally optical
losses which have a strong impact on photo-generated car-
riers and Jg. [15]. In order to understand the reason, the
carrier losses were estimated in the carrier collection pro-
cess in an electrical bias dependent EQE measurement. The
electrical bias used in the investigation were varied from
—4 V to 0.8 V, and are shown in Fig. 8. It is well-known
that in view of lower carrier lifetime in amorphous silicon
thin film materials, the sufficient carrier collection primarily
depends on the internal electric field which plays a primary
role in driving and separating the carriers for collection to
the electrodes [15]. In the reverse biased voltage depen-
dent EQE, the externally applied electrical bias strengthens
the electric field within the active layer or i-layer, resulting
in better carrier collection and thus increased EQE [26]. If
the reverse bias voltage is continuously elevated until the
EQE reaches a saturation, at this point the internal electric

field is attributed to being high enough to sufficiently drive
all photo-generated carriers to collection and the EQE will
reach a maximum where it is expected to minimize recom-
bination losses [15, 26]. It can be seen in Fig. 8, that in the
reverse bias range from —2V to —4V, the EQE:s of cells change
insignificantly or are nearly unchanged. It indicates that —4
V can be considered sufficient for saturation of carrier col-
lection. Consequently, an EQE ratio as Qcr. = EQE (-4 V) /
EQE (0 V) can be used to investigate the characteristic loss
of the carriers. A large variation in the Q¢ spectra implies
a large recombination loss in the collection process and vice
versa. The results of the Qcr, spectra for the cells are shown
in Fig. 9a. Comparing the Qcr characteristics of the two
cells indicates that the cell type-A had higher Qcr than that
of the cell type-B. It means electric field distribution and
hence the carrier collection in cell type-B was better than
that of cell type-A. In the short wavelength range (below
450 nm), both the cells perform close to each other but
for the wavelength higher than this, the cell type-A showed
a relatively poor performance. The active layer of the cell
type-A had a larger Ge content and hence a lower opti-
cal gap. It is expected to have higher optical absorption as
well as increased defect density. In the competition between
the optical absorption related generation rate and the defect
related recombination rate the larger defect density in the
active layer of cell type-A resulted in poorer survival of the
photo-generated carriers, as modeled in Fig. 3. Furthermore,
the U-shape of the Qcr curve indicates that in the middle
of the spectral range (around 600 nm) both the cells showed
a relatively better carrier collection. Beyond the 600 nm
wavelength range both cells can have back-diffusion of elec-
trons generated near the p/i interface to the p-layer due to the
fact that this wavelength region is strongly absorbed in the
vicinity of the p/i interface prior to the deeper impingement

Table 3 Solar cell parameters under VIM, n, = 3.73 for cell A, and 3.06 for cell B

Cell Sun Voe (mV) Joe (mA/cm?) FF (%) Efr (%) JoL (Alcm?) Ry (S2.cm?) Rpr (.cm?)

A 1 830 18.2 64 9.6 3.0 x 1076 0.18 720
0.9 825 15.8 62 8.9 2.9 x 1076 - 573
0.8 871 14.2 62 9.0 2.7 x 1076 22 1348
0.7 811 12.3 63 9.0 25 %1076 1.3 1314
0.6 805 10.7 63 9.0 23 x 1076 1.2 1443
0.5 800 9.15 64 9.4 23 x 1076 0.4 1274

B 1 850 17.8 69 10.4 3.1 x 1077 0.94 1200
0.9 843 15.7 68 10.1 2.7 x 1077 0 995
0.8 840 13.9 69 10.1 2.7 x 1077 0 1416
0.7 835 12.2 68 10.0 2.6 x 1077 0 1299
0.6 829 10.6 69 10.2 22 x 1077 0 1505
0.5 824 9.1 70 10.6 1.3 x 1077 0 2157

Here ‘Rpp.’ is the estimated shunt resistance from the illuminated J-V characteristic curves under 1 sun
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Fig. 8 a The voltage bias dependent EQE labeled with applied voltage
of (a) cell A and (b) cell B. The dash line is a guide to the eyes

of the photons [27]. Similarly, the longer wavelengths that
are absorbed near the n/i interface face a similar problem
with holes. The excess carrier loss at a longer wavelength
radiation (longer than 450nm) can result from the recombi-
nation loss of the carriers in cell type-A. It should be noted
from Fig. 9b that cell type-B leads to less photo-current loss,
particularly in the wavelength region higher than 450 nm.
In this range of light wavelength, based on light penetration,
the photo-generated carriers may generate anywhere in the
whole of the i-layer, especially in a location far from the p-
layer [27]. Consequently, an efficient hole transport caused
by the CG of cell B can help to improve the carrier collection
in this range compared to the cell A [20].

The recombination losses in the active layer of the cells
are further compared in the forward biased EQE measure-
ment, examined from 0.5 V to 0.8 V. It is shown in Fig. 8.
Due to the forward electrical bias an essential reduction in
internal electric field takes place across the devices, leading
to a decrease in EQE with increasing the bias [28]. As seen
in Fig. 8, the EQE of both the cells decrease below the EQE

a) 1.2
i+ Cell A: Without composition gradient
|—e— Cell B: composition gradient
-
(8]
g 11}
'l A A 'l '
400 500 600 700 800
Wavelength (nm)
b) 1.0

—&— Cell A: Without composition gradient
—&— Cell B: composition gradient

400 500 600 700 800
Wavelength (nm)

Fig. 9 The EQE ratio defined as (a) Qcr. = EQE (-4 V) / EQE (0 V)
and (b) QrL = EQE (0.8 V) / EQE (0 V) of cells

(0 V) when the forward bias was increased from 0.5 V to
0.8 V. A lower reduction in the EQE is visible for the bias
within 0.5 V — 0.7 V whereas a relatively large fall is visible
for a bias over 0.7 V. As it is clear that the photo-carrier col-
lection primarily depends on the internal electric field, and
the forward bias reduces the internal electric field, so the
change in the biased EQE is understandable. Here, the 0.8
V bias shows a very large reduction in the EQE, in this con-
dition the carrier collection probably suffers from the high
density of defects or traps which hinders their movement for
the collection. For this purpose, a ratio defined by Qrr, =
EQE (0.8 V) / EQE (0 V), can be used to differentiate the
recombination losses in the active layers of the two types
of cells. It is shown in Fig. 9b. The Qgrp of cell type-B is
significantly higher than that of cell type-A, further indicat-
ing that the cell type-B is capable to perform better. This
again shows that the CG process of cell type-B considerably
reduces the recombination current in comparison to the cell
type-A. Furthermore, it should be noticed that the Qrr, of
cell type-B seems to remain very close to 0.5 in all wave-
lengths while for cell type-A, substantial losses are found at
short wavelength below 450 nm. Based on these, it can be
inferred that the recombination current is clearly dominated
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near the p/i and n/i interfaces of the cell type-A, which can
be one of the reasons for low FF and V. in cell A [23].

In the early studies as reported in [20], the double pro-
filing was an inverse profiling at the p/i interface that was
combined with normal profiling along the rest of the intrin-
sic layer, improving cell performance than the other types
of profiling. The later works were on various other types of
band gap grading like U, V etc. In our work, the inverse pro-
filing at the p/i interface is simply replaced by a thin a-Si:H
buffer layer, which is similar to the inverse grading reported
in [20]. Our work is also comparable to the U and V struc-
ture of the band gap profiling, although the p/i buffer is a
thin layer with constant band gap. In order to compare our
work with the inversely graded V and U type band struc-
ture, a major approximation can be made, then the energy
band structure of the i-layer in our work can be compared as
a common alternative to all these band structures. So in our
cell, instead of inverse profiling, we have a thin step profil-
ing that can also be compared to the left part of U and V
type band structure. As we used a p-type silicon oxide layer
in our device, so this step profiling or buffer layer seems to
be more appropriate.

5 Conclusion

We investigated and compared performance of single junc-
tion solar cells due to a composition gradient of the
a-SiGe:H active layer. The device efficiency improvement
from 9.6% to 10.4% is due to the composition gradient. In
comparison to the cell without the CG, the cell with the
CG shows a reduced recombination loss of photo-generated
carriers that is related to the high defect density of the
absorption layer. The forward graded active layer in the
cell resulted in an enhanced internal electric field and a
more efficient collection of photo-generated carriers. Sig-
nificantly reduced recombination losses in the cell with the
CG is thought to be one of the main reasons for a higher
Voc and FE. Estimation of the losses in the carrier collection
were conducted by electrical bias dependent EQE, VIM and
DIV measurements from which the parameters characteriz-
ing the recombination losses within the absorption layer of
the cells were Qcr, QrL, n, Jo and Rg. Therefore the for-
ward grading of the optical gap of the active layer of a solar
cell is beneficial.
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