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Band-gap profiling in amorphous silicon–germanium solar cells
Dietmar Lundszien,a) Friedhelm Finger, and Heribert Wagner
Institute of Photovoltaics, Forschungszentrum Ju¨lich GmbH, D-52425 Ju¨lich, Germany

~Received 28 September 2001; accepted for publication 2 January 2002!

Profiled buffer layers at the interfaces of amorphous silicon–germanium (a-SiGe:H) solar cells are
routinely used to avoid band-gap discontinuities and high-defect densities at thep/ i and i /n
interfaces. It is shown that such profileda-SiGe:H buffer layers can be replaced by a constant
band-gapa-Si:H buffer, an inverse profileda-SiGe:H buffer, or even a 3-nm-thin~d! buffer at some
distance away from the interface without losses in the open-circuit voltageVOC and fill factor while
maintaining the same short current densityj SC. In view of these results, common model
assumptions fora-SiGe:H solar cells have to be revised. ©2002 American Institute of Physics.
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For amorphous silicon (a-Si:H) based stacked sola
cells, the classical red absorber is amorphous silico
germanium (a-SiGe:H), which has a lower optical band ga
~depending on the Ge concentration! than compared to
a-Si:H. These solar cells inp– i –n ~or n– i –p! configuration
usually containa-Si:H p andn layers. Consequently, there
a band-gap discontinuity at thep/ i and i /n interfaces. Since
the defect density ofa-SiGe:H increases with decreasing o
tical band gap~i.e., increasing Ge content!, one expects a
high-defect density at thep/ i and i /n interfaces, which will
adversely affect the internal electric field and the carrier c
lection, resulting in poor open-circuit~OC! voltagesVOC and
fill factors ~FFs!. Additionally, in the picture of the so-calle
defect pool model, the defect density near the interface
strongly enhanced due to the position of the Fermi lev1

Therefore, considerable effort has been made to counte
these effects by smooth band-gap grading at the interfa
and, in fact, even throughout the entirea-SiGe:H absorber
layer.2–6

In contrast to these concepts, we present an alterna
approach where only the band-gap design in the interf
region within a distance of 15 nm to thep/ i and i /n inter-
faces is modified while the intrinsica-SiGe:H absorber laye
is kept at a constant band gap~1.5 eV!. It will be shown that
the profileda-SiGe:H buffer layers at thep/ i and i /n inter-
faces can be replaced bya-Si:H buffer layers, or even by an
inversely profileda-SiGe:H buffer layer without any loss in
FF andVOC. Furthermore, the influence of the position of
3-nm-thin buffer layer~with various band gaps! on the solar
cell performance is investigated. This leads to surprising
sights into the role of interface layers.

All cells were deposited in a multichamber UHV glo
discharge system with diode-type electrode configuration
the substrate located at the unpowered electrode~substrate
size 100 cm2; 2 cm electrode spacing!. Si2H6 , GeH4, and H2

are used as process gases. The deposition conditions w
pressure 93 Pa, power density 35 mW/cm2, substrate tem-
perature 200 °C. All cells were deposited on textured Sn2

~ASAHI, type ‘‘U’’ ! and had Ag backreflectors. The cell ar
was 1 cm2. Thea-SiGe:Hi layer in this test cell structure ha
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a constant band gap ofEG51.5 eV. This layer was 54–66
nm thick and was not optimized to deliver high-current de
sities. This is not necessary for the present study becaus
main effects are expected for theVOC and the FF, and thus a
high level of VOC and FF as a starting point is required
show the general trends. A-Si:H and profileda-SiGe:H
buffer layers with different thicknesses were applied. T
band-gap steps were realized by changing the respective
flows without plasmastop. The gas exchange times are in
order of a few seconds and the resulting nonintentional p
filings are in the range of only a few Å and can be neglect
The details of the interface designs are shown in the follo
ing schematic diagrams together with the results. The cur
density–voltage (J–V) parameters of the cells were me
sured under red light using a 590 nm cut-on filter to simul
the light exposure of the bottom cell in a tandem stack.

In a first experiment, we compared cell structures w
~a! normally profileda-SiGe:H buffers,~b! a-Si:H buffers
using various thicknesses for the buffer layers, and~c! in-
versely profileda-SiGe:H buffers~Fig. 1!. In cases~a! and
~b!, the thickness of the two buffer layers was simultaneou
increased from 0 to 12 nm. To achieve similar current d
sities @short current density~SC!# j SC for cases~a! and ~b!,

FIG. 1. Comparison betweena-SiGe:H solar cells witha-Si:H buffer layers
and the profileda-SiGe:H buffer at thep/ i andi /n interfaces. The values for
the FF andVOC are measured as a function of the thickness of the interf
layer. d(p/ i )5d( i /n). Shown are cells with thea-Si:H buffer ~j!, cells
with the normally profileda-SiGe:H buffer~d! and a cell with the inversely
profiled a-SiGe:H buffer~.!.
5 © 2002 American Institute of Physics
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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the i-layer thickness had to be adjusted to take care of
increased absorption in the profiled buffer which conta
a-SiGe:H.

The results of theJ–V measurements are shown in Fi
1. We see that adjustment of thei-layer thickness between
cases~a! and ~b! was successful: very similar current dens
ties are obtained for all buffer layer thicknesses. TheVOC

shows no difference between profiled and nonprofiled bu
design upon changing the buffer thickness.VOC increases
from 625 mV ~without buffer! to 690 mV using a buffer
thickness of about 12 nm.

For the FF we observe a pronounced difference. Wh
the FF increases for ana-Si:H buffer layer thickness up to
d(p/ i )5d( i /n)510 nm, for the normally profileda-SiGe:H-
buffer the FF first remains at a low level up to 3 nm buff
layer thickness. Between 3 and 10 nm the FF is nearly
~absolute! higher for thea-Si:H buffer compared to the nor
mally profileda-SiGe:H buffer. Above 10 nm the FF for th
cell structure with thea-Si:H buffer finally decreases becaus
of the thicker 1.5 eVa-SiGe:Hi layer necessary to obtain th
samej SC. Surprisingly, the band-gap profiling at thep/ i and
i /n interfaces can be even inverted without any loss in
and VOC. The performance of such an inversely profile
a-SiGe:H buffer@case~c!# is also presented in Fig. 1. In thi
structure the worst case is realized by applying two band-
steps, a small band gap~1.5 eV! and an enhanced defec
density at both interfaces.

Motivated by these latter results of the inversely profil
a-SiGe:H buffers, we investigated how far the position
a-Si:H at the beginning~or the end! of the gradeda-SiGe:H
buffer plays a role. This was examined by a very thina-Si:H
buffer ~of only 3 nm thickness!, which is built in at various
positions. The distanced between the thina-Si:H buffer and
the doped layer at thep/ i ( i /n) interface was varied, keeping
thea-Si:H buffer thickness at thei /n (p/ i ) constant at 9 nm.
Figure 2 showsVOC and FF as a function of distanced be-
tween the doped and thea-Si:H layers.VOC behaves very
similar upon variation of distanced at both interfaces.VOC

remains unchanged upon a shift of thea-Si:H buffer away

FIG. 2. Influence of a 3-nm-thicka-Si:H buffer layer at thep/ i ~j! andi /n
interfaces~d!. The values for the FF andVOC are measured as a function o
position d of the buffer layer with respect to the next doped layer. T
optical band gap of thea-SiGe:H absorber layer is constant at 1.5 eV. Neg
tive values ford indicate no buffer layer.
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from the doped layer up to a distance ofd59 nm. Above this
distanceVOC decreases. Already with this thina-Si:H buffer
at the interfacesVOC is considerably enhanced compared
no buffer.

For the FF, however, remarkable differences are fou
for the variation of distanced at thep/ i and i /n interfaces,
respectively. Without thea-Si:H buffer at thep/ i interface
FF is high. Introducing a thin~3 nm! a-Si:H buffer at the
interface (d50) already reduces the FF~Fig. 2! and the FF
decreases further upon increasing distanced. On the other
hand, at thei /n interface without thea-Si:H buffer or with
ana-Si:H buffer directly at the interface (d50) the FF is on
a low level~Fig. 2!. Surprisingly, the FF increases if the th
a-Si:H buffer is shifted away from then layer. For 3 nm
,d,6 nm the FF reaches a maximum and decreases a
for d.6 nm.

It thus appears as if positionsd from the interface at
which thea-SiGe:H solar cell is most susceptible to chang
of the buffer layer is different for thep/ i and i /n interfaces,
respectively. While at thep/ i interface FF is already high
without ana-Si:H buffer @and cannot be further increased b
increasing the buffer thickness at the interface~not shown
here!#, at thei /n interface a position ofd56 nm away from
the n layer is the most critical position which needs impl
mentation of ana-Si:H buffer layer. This is also confirmed in
the following where we have replaced thea-Si:H buffer of
the above experiment~Fig. 2! by ana-SiGe:H buffer with a
band gap of only 1.4 eV~Fig. 3!. Again, distanced between
the thina-SiGe:H buffer and the doped layer at thep/ i ( i /n)
interface was varied, keeping thea-Si:H buffer thickness at
the opposidei /n (p/ i ) interface constant at 9 nm. In Fig.
FF andVOC as a function of distanced between the doped
layer and thea-SiGe:H layer are shown. Again,VOC behaves
similar upon variation of distanced between the doped laye
and the thina-SiGe:H buffer on either interface side. For th
caseVOC exhibits its lowest value for ana-SiGe:H buffer
located at the interface (d50 nm). Above this distance i
recovers again toVOC values obtained without any buffer a
the interface.

For the FF, again, remarkable differences are found

-

FIG. 3. Influence of a 3-nm-thicka-SiGe:H buffer layer~1.4 eV! at thep/ i
~j! and i /n interfaces~d!. The values for the FF andVOC are measured as
a function of positiond of the buffer layer with respect to the next dope
layer. The optical band gap of thea-SiGe:H absorber layer is constant at 1
eV. Negative values ford indicate no buffer layer.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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the variation of distanced at thep/ i and i /n interfaces, re-
spectively. A minimum in the FF is observed using a 3 nm
a-SiGe:H buffer layer ~1.4 eV! at the p/ i interface (d
50 nm). Upon increasing distanced between thep layer and
the a-SiGe:H buffer the FF recovers to the value with
buffer at thep/ i interface. Again, at a distanced56 nm from
the i /n interface the influence of the buffer is most pr
nounced, but this time a minimum in the FF is found at t
position.

The results show that different designs of the interfa
region like the simplea-Si:H and normally or inversely pro
filed a-SiGe:H buffers yield nearly the same performan
once the interface layer thickness exceeds a certain valu
particular,VOC and the FF reach the same high level for a
of the applied buffers. It can be concluded that band-g
profiling near the interface does not play an important role
simplea-Si:H buffer is sufficient.

The results obtained with the very thina-Si:H buffer at
various positions near the interface could be the ‘‘key’’ stru
tures to explain the experimental results for inverse band-
profiling. Because there is no beneficial effect of the ba
gap profiling itself, it is possible thata-Si:H in the inverse
profiled a-SiGe:H buffer at thei /n interface is responsible
for the high FF values. This is supported by the results p
sented in Fig. 2 for the thina-Si:H buffer.

The results with thin buffer layers in Figs. 2 and 3 sho
that the solar cell performance~FF andVOC! exhibits a very
pronounced dependence on~a! the side~p or n side! where
the buffer is located,~b! the position of the buffer layer rela
tive to the doped layers, and~c! the optical band gap of the
3-nm-thick buffer~1.8 or 1.4 eV!. It is remarkable in this
context that such a big difference in the FF (DFF512%) is
observed at a positiond56 nm from thei /n interface using
different optical band gaps. WhileVOC shows the same
trends for both thep andn side, the FF has a more comple
behavior. The reason for this behavior is not known at t
point and should be a challenge for device simulations.
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In summary, it was shown that profileda-SiGe:H buffers
as an interface layer ina-SiGe:H solar cells can be replace
by simple a-Si:H buffer layers without any drawbacks i
solar cell performance and, surprisingly, an inverse profi
a-SiGe:H buffer works also very well. More insight is gaine
by a series of test cells with 3-nm-thick buffer layers at va
ous distances from thep/ i and i /n interfaces, respectively
These cells show that no buffer is necessary at thep/ i inter-
face, while a buffer at thei /n interface is important for sola
cell performance. Here, the distance from thei /n interface
plays a crucial role and is most effective 6 nm away from
interface~in our case!. The difference between thep and n
sides mainly shows up in the behavior of the FF, whileVOC

behaves similarly in both cases. The experiments lead
critical discussion of the widely used design concepts
band-gap gradedp/ i and i /n interface layers. This should
lead to a revision of these concepts and a deeper unders
ing of a-SiGe:H solar cells.
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