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Abstract The influence of textured transparent conducting oxide (TCO) substrate and p-layer on the per-
formance of single-junction hydrogenated polymorphous silicon (pm-Si:H) solar cells has been addressed.
Comparative studies were performed using p-i-n devices with identical i/n-layers and back reflectors fab-
ricated on textured Asahi U-type fluorine-doped SnO2, low-pressure chemical vapor deposited (LPCVD)
boron-doped ZnO and sputtered/etched aluminum-doped ZnO substrates. The p-layers were hydrogenated
amorphous silicon carbon and microcrystalline silicon oxide. As expected, the type of TCO and p-layer
both have a great influence on the initial conversion efficiency of the solar cells. However they have no
effect on the defect density of the pm-Si:H absorber layer.

1 Introduction

General trends in thin film silicon (Si) photovoltaics
are the reduction of the production costs and improve-
ment of the conversion efficiency. The state of the art
in thin film silicon solar cells utilizes tandem structures
which pair a hydrogenated amorphous Si (a-Si:H) top cell
with a hydrogenated microcrystalline Si (μc-Si:H) bot-
tom cell. The efficiency and cost of these tandem cells
are mainly limited by the light-induced degradation of a-
Si:H and the low absorption coefficient/deposition rate of
μc-Si:H, respectively [1]. Therefore, there has been consid-
erable interest recently in wide band gap nanostructured
Si materials which may offer better performance/stability
to the top cell and allow reducing the thickness of the bot-
tom cell using enhanced light trapping techniques. These
nanostructured Si materials mainly include hydrogenated
amorphous and microcrystalline silicon oxide (a- and μc-
SiO:H) [2–8], protocrystalline (pc-Si:H) [9] and polymor-
phous (pm-Si:H) silicon [10] that could be used as alterna-
tives to standard doped and absorber layers, respectively.
On the other hand, the light trapping is mainly realized
by texturing of transparent conductive oxide (TCO) lay-
ers on glass substrates [11]. However, this approach tends
to deteriorate the electrical parameters of the cells with
both a- and μc-Si:H absorber layers [12, 13]. The goal of
this study is to evaluate the performance of single-junction
(p-i-n) pm-Si:H solar cells on different textured TCO sub-
strates which also incorporate p-type silicon oxide films as
the window layer. To examine the substrate and p-layer
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effects on pm-Si:H solar cell performance, the cells were
fabricated with the same i- and n-layers.

2 Experimental

Silicon films were deposited in a 13.56 MHz radio-
frequency plasma enhanced chemical vapor deposition
(RF-PECVD) system, consisting of a single vacuum
vessel containing three independent plasma cham-
bers [14]. Mixtures of H2/SiH4/CO2/B(CH3)3, H2/SiH4

and H2/SiH4/PH3 were used as source gases for the
growth of p-type a-SiO:H, intrinsic pm-Si:H and n-type
a-Si:H or μc-Si:H, respectively. The p-i-n devices were
fabricated on textured Asahi U-type fluorine-doped tin
oxide (SnO2:F), low-pressure chemical vapor deposited
(LPCVD) boron-doped (ZnO:B) ZnO (type A), and RF
sputtered and etched (sp-e) aluminum-doped zinc oxide
(ZnO:Al) coated glass substrates (1 mm thick). Details
on TCO deposition processes along with TCO character-
istics can be found in references [15–17]. Aluminum back
contacts were deposited by thermal evaporation. Sput-
tered ZnO/Ag stacks were also used as back reflectors
to enhance the light trapping from the back side of the
device. The cells areas were defined by using a shadow
mask (0.126 cm2). Fourier transform photocurrent spec-
troscopy (FTPS) [18] was used to determine the effect of
the TCO substrate on the absorption coefficient (α) and
defect density of pm-Si:H in the cells. Dark conductiv-
ity (σd) of p-type silicon oxide on Corning 7059 glass was
measured using a coplanar Al electrode configuration. The
optical properties and thickness of the films were measured
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Fig. 1. Scanning electron microscope (SEM) images of textured TCO substrates used in this study (top view under an angle
of 30◦).

with UV-visible spectroscopic ellipsometry (SE). The J-
V -characteristics and external quantum efficiency (EQE)
of the solar cells were measured under 1 sun illumination
at 25 ◦C. A 1-mm-diameter orifice was used for the EQE
and reflectivity measurements. Most results were obtained
on cells in the annealed state (40 min at 150 ◦C). Ac-
celerated light-induced degradation (LID) tests were per-
formed at approximately 2 suns in a home-made LID sys-
tem using Oriel Apex illuminator (Model 71223) with a
quartz tungsten halogen lamp. The cell temperature was
kept at 50 ◦C. In this case, the J-V -characteristics were
measured in situ using the same lamp and a neutral den-
sity filter, resulting in a light exposure equivalent to 1 sun.

3 Results and discussion

The surface morphologies of the textured TCO sub-
strates used in this study are shown in Figure 1. It is
obvious that the front TCO layer has to exhibit high trans-
parency in the useful spectrum range and a sufficient con-
ductivity to limit the series resistance of the cell. However,
it must also have sufficient surface roughness to optimize
the light confinement [11]. It can be seen in Figure 1 that
there is a significant difference in the surface roughness
of the three TCO layers. Both SnO2 and LPCVD ZnO
have pyramidal features with sizes below 500 nm that are
well suited for effective light trapping in a-Si:H solar cells.
On the other hand, sp-e ZnO has much smoother sur-
face with lateral features that are more than 1 μm in size
and therefore is more suited for the use in μc-Si:H solar
cells. Because the properties of TCO may also vary signif-
icantly, appropriate window p-layers should be developed.
For example, it is well known that a textured SnO2 front
contact is susceptible to reduction by hydrogen [19, 20].
Therefore, ZnO has recently been investigated as an alter-
native that is both resistant to hydrogen plasma induced
darkening and has higher transmission. However, fabrica-
tion of p-i-n devices on ZnO results in a lower fill factor
(FF ), which is believed to be due to a rectifying contact
that is formed between the p-type a-Si:H and the n-type
ZnO layer [21]. There have been numerous attempts to
overcome this problem [22–25], but there is still lack of
a complete understanding of the phenomenon. The most
efficient way to overcome the problem is to use an ultra-
thin μc-Si:H or silicon oxide (μc-SiO:H) p-layer, which is
more conducting than a hydrogenated amorphous silicon
carbide (a-SiC:H) p-layer [2, 4, 5].

Fig. 2. (a) Dark conductivity (at room temperature) of p-type
silicon oxide thin films as a function of CO2 flow rate (the films
were grown on Corning glass at H2 (500 sccm)/SiH4 (10 sccm)
=50 and with 2% B(CH3)3 in H2) and (b) evolution of SiO2,
a-Si and μc-Si volume fractions of optimized μc-SiO:H p-layer
with increasing CO2 flow rate, as deduced from the BEMA
modeling.

Like the TCO layer, the window layer should also ex-
hibit high transparency and sufficient conductivity. For
the silicon oxide p-layer deposition, a wide range of depo-
sition parameters such as RF power, inter-electrode dis-
tance, substrate temperature, gas composition, pressure
and flow were optimized. It turns out that lowering the
CO2 and B(CH3)3 concentration favors the growth of con-
ductive silicon oxide p-layers, as shown in Figure 2a. The
results of SE measurements/modeling for optimized p-
layers grown at p = 3.5 Torr, T = 175 ◦C and a TMB
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Table 1. Initial photovoltaic parameters of pm-Si:H p-i-n devices fabricated on three different TCO substrates along with
the absorption coefficient and the Urbach energy of their intrinsic pm-Si:H layer. All the cells incorporate the same i-pm-Si:H
(300 nm) and n-a-Si:H layers and evaporated Al back contacts.

Sample #
TCO/p-layer α (1.2 eV) EU FF VOC JSC Eff.
description (cm−1) (meV) (%) (V) (mA/cm2) (%)

1207271
ASAHI SnO2 (ref)

0.15 ± 0.03 39.9 ± 2 71.77 0.868 12.65 7.88
a-SiC p-layer

1208071I
LPCVD ZnO

0.18 ± 0.02 39.6 ± 0.8 69.71 0.853 11.19 6.65
μc-SiOx p-layer #1

1208071J
sp-e ZnO

0.13 ± 0.05 37.8 ± 1.5 66.23 0.881 10.08 5.88
μc-SiOx p-layer #1

Table 2. Initial photovoltaic parameters of pm-Si:H p-i-n devices fabricated on three different TCO substrates. All the cells
incorporate the same p-μc-SiO:H, i-pm-Si:H (250 nm) and n-μc-Si:H layers and sputtered ZnO-Ag back contacts.

Sample #
TCO/p-layer FF VOC JSC Eff.
description (%) (V) (mA/cm2) (%)

1301245I
LPCVD ZnO

68.54 0.903 14.83 9.2
μc-SiOx p-layer #2

1301245J
sp-e ZnO

61.09 0.918 13.54 7.6
μc-SiOx p-layer #2

1301245A
ASAHI SnO2 55.27 0.793 13.69 6.0

μc-SiOx p-layer #2

flow rate of 1.5 sccm indicate that the optical band-gap
energy (Eg) of these thin films can be increased from 1.95
to 2.8 eV by increasing the CO2 flow rate from 1 to
10 sccm. The increase in Eg is mainly due to an in-
crease in the oxygen concentration, whereas the conduc-
tivity of these films is controlled by their μc-Si fraction
as determined from the modeling of the spectroscopic
ellipsometry data. The measured spectra were modeled
using the Bruggeman’s effective medium approximation
(BEMA) [26], in which the silicon oxide material was
considered as being a physical combination of three dis-
tinct phases formed by SiO2, a-Si and μc-Si. Figure 2b
shows that the μc-Si fraction in our optimized silicon ox-
ide p-layer, according to the BEMA model, does not ex-
ceed 20% and sharply decreases with increasing the CO2

mass flow rate above 2 sccm [27]. In our case the silicon
oxide p-layer was grown at a CO2 mass flow rate of 1 sccm.
Such a layer has a 19% μc-Si fraction and thereby referred
to as μc-SiO:H in the paper.

In the first series of experiments, the TCO/p-layer and
p/i interface regions of the cells deposited on the three
types of TCO substrates were systematically improved by
introducing thin buffer layers. By optimizing the doping
profile (by adding one or more layers grown with differ-
ent gas composition) and thickness of the window p-layer,
the cell current was improved while maintaining relatively
high FF and open circuit voltage (VOC). Typically the
p-layer was a 3-layer-stack consisting of an ultra-thin μc-
Si:H, a heavily doped μc-SiO:H and a lightly doped μc-
SiO:H layer. Such multilayer structure provides a wider
process window, enabling the use of much thinner window
p-layer. Consequently, short-circuit current JSC and VOC

were enhanced with only a small drop in FF. Since the
growth of both μc-SiO:H and pm-Si:H requires a hydro-
gen rich plasma, an a-SiC:H p-layer was used in the case of

SnO2 substrate and served as a reference. Moreover, FTPS
was used to check the quality of the pm-Si:H in the cells
grown on the three TCO substrates. Interestingly enough,
the FTPS results, obtained for the cells with a 300 nm
thick intrinsic layer and an a-Si:H n-layer, shown in Fig-
ure 3 indicate very similar pm-Si:H material properties in
the cells with a defect density below 5 × 1015 cm−3 and
Urbach energy about 40 meV. This contrasts with quite
different values for the solar cell parameters summarized
in Table 1, which did show a strong dependence on the
TCO and p-layer type, thus suggesting that the surface
roughness as well as the TCO/p-layer and p/i interface
regions play very important roles in determining the over-
all cell performance. Similar results have been reported for
μc-Si:H p-i-n devices and it was also demonstrated that
the FTPS method is sensitive to bulk material properties
but not to local shunts induced by TCO morphology [28].

Further optimization of the μc-SiO:H p-layer/i inter-
face and introduction of ZnO/Ag back contacts along
with a μc-Si:H n-layer, however, resulted in great en-
hancement of JSC and VOC in the cells on ZnO sub-
strates, as can be seen in Table 2. Among the three
different TCO substrates, sp-e ZnO showed the highest
VOC ∼ 0.92 V, whereas LPCVD ZnO led to the highest
JSC ∼ 14.8 mA/cm2 for the same p-i-n/metal contact
configuration. These two facts could be related directly
to the TCO surface morphology: a smooth surface has
smaller number of defects than a rough one, simply be-
cause of the difference in the surface area, resulting in
higher VOC . On the contrary, a rough surface results in
light scattering and, in turn, in better light trapping. The
use of the same μc-SiO:H p-layer on SnO2 substrates,
however, resulted in a deterioration of all solar cell pa-
rameters due to hydrogen plasma induced reduction of
SnO2, as mentioned above. Figure 4 shows a comparison

55206-p3



EPJ Photovoltaics

Fig. 3. Absorption coefficient of pm-Si:H absorber layer in
p-i-n devices fabricated on Asahi SnO2, LPCVD ZnO and sp-e
ZnO substrates versus photon energy measured by FTPS. The
absolute scaling is made relative to i-layer on Corning glass
measured by photothermal deflection spectroscopy (PDS).

of EQE and reflectivity curves of the three p-i-n devices
with a 250 nm thick pm-Si:H layer, indicating excellent
spectral response in the blue part of the spectrum for the
p-i-n device on LPCVD ZnO, thanks to our newly devel-
oped μc-SiO:H p-layer. One can see (Fig. 4b) that the p-i-n
on SnO2 has higher reflectivity due to SnO2 reduction by
hydrogen, as mentioned above. Note that the highest JSC

value for LPCVD ZnO was also confirmed independently
by EQE measurements at EPFL and PTB. Nevertheless,
this value is still below that (16.75 mA/cm2) obtained in
the champion p-i-n device with an a-Si:H absorber layer of
the same thickness (250 nm) and Oerlikon LPCVD ZnO
(front and back contact) [29]. This is partly due to the fact
that pm-Si:H has larger optical band gap and lower optical
absorption compared to a-Si:H. For example, E04, defined
as the energy at which the absorption coefficient is equal
to 104 cm−1, lies approximately in the range between 1.7–
1.8 eV and 1.8–1.9 eV [27, 30] (see also Fig. 3) for a-Si:H
and pm-Si:H, respectively. It should also be mentioned
that the champion a-Si:H solar cell has an anti-reflection
coating and a LPCVD ZnO/white paint back contact.

Last but not least, it has been shown recently that
the regions around the window p-layer could also have an
influence on the stability of single-junction pm-Si:H solar
cells. In particular, localized delamination of the TCO/p-
layer interface in pm-Si:H solar cells fabricated on tex-
tured SnO2 substrates was observed during the initial
stage of light-soaking [31]. Note that pm-Si:H was pro-
duced in a hydrogen rich plasma and hence contains more
hydrogen than standard a-Si:H. It was proposed in ref-
erence [31] that the light-soaking of pm-Si:H introduces
structural changes related to the diffusion of molecular
hydrogen in the material with subsequent accumulation
at the TCO/p-layer interface which finally causes local-
ized delamination of the interface, affecting the solar cell

Fig. 4. External quantum efficiency of pm-Si:H solar cells with
the same p-i-n/metal contact configuration fabricated on three
different TCO substrates. A thin a-Si:H buffer layer is used at
the p/i interface. The cells are measured in their initial state.
Photovoltaic parameters of these devices are summarized in
Table 2.

parameters in an irreversible way (no recovery with ther-
mal annealing). It is reasonable therefore to assume that
the use of different TCO and/or p-layers may affect lo-
calized delamination of the interface. Note, however, that
in reference [31] a xenon lamp was used to perform the
light-soaking. To examine the effect further we used a
home-made LID system in which a halogen lamp was em-
ployed instead of Xe lamp. Using this LID system it was
found that the type of TCO and TCO/p-layer interface
have no effect on the initial light-induced degradation dy-
namics of pm-Si:H solar cells and no irreversible behavior
was observed in our solar cells. This discrepancy is most
likely due to fact that the two lamps mentioned above
have very different spectral compositions: quartz tung-
sten halogen lamps have the spectrum with a broad max-
imum around 800 nm and a sharp decrease between 500
and 350 nm, whereas Oriel Apex Xe lamps have an almost
flat maximum in the range 350–800 nm [32]. Note that the
maximum of solar radiation spectrum (AM1.5) lies in the
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Fig. 5. Evolution of photovoltaic parameters of three differ-
ent p-i-n solar cells during the light-soaking under a halogen
lamp illumination at 2 suns. All three cells are fabricated on
LPCVD ZnO using sputtered ZnO-Ag back contacts; their
p-i-n structures are shown at the top of graph. Note that the
J-V -characteristics are measured using the same halogen lamp
at 1 sun and 50 ◦C.

range of 500–600 nm. Taking into account the fact that
SnO2 substrates are quite transparent to the blue light it
is likely that a long exposure of p-i-n devices on their basis
using a Xe lamp can result in severe damage of the region
near the p/i interface.

Because the state-of-the-art tandem silicon solar cells
incorporate a-Si:H top cells it is interesting to make a
direct comparison of the LID dynamics in a-Si:H and
pm-Si:H cells with the same thickness of intrinsic layers.
Figure 5 shows such a comparison including an a-Si:H so-
lar cell with a thin (20 nm) pm-Si:H buffer layer. It is seen
that degradation of JSC is negligibly small for the three
cells with the initial JSC values controlled by i-layer band
gap while most of degradation is caused by a substantial
decrease in FF – a common drawback among a-Si:H p-i-n
devices [33, 34]. The decrease in FF is however more se-
vere for a-Si:H cell than for pm-Si:H cell. Even though the
insertion of a thin pm-Si:H buffer layer can improve the
initial FF and conversion efficiency of a-Si:H cell, it has no
effect on the conversion efficiency after 1 h of light-soaking:

the efficiency of a-Si:H cell with a pm-Si:H buffer layer be-
comes equal to that of pure a-Si:H cell. Still the pm-Si:H
cell is the one which maintains the highest FF value on
the long run, as recently reported for light-soaking times
up to 1000 h [35]. Another distinguished feature of so-
lar cells with absorber layers grown at high hydrogen di-
lution is that VOC of these cells usually increases with
light-soaking time [31, 36], as can be seen in Figure 5 for
pm-Si:H p-i-n device. However, despite of their better sta-
bility the efficiency of pm-Si:H solar cells is mainly limited
by lower optical absorption, as shown above. Thus, real-
ization of effective light-trapping in single-junction pm-
Si:H solar cells on textured TCO substrates is a challeng-
ing task and so far LPCVD ZnO shows the highest JSC .
Nevertheless, higher values of stabilized FF and VOC for
pm-Si:H material make it attractive for the use in multi-
junction devices, e.g. in triple junction solar cells that do
not require high JSC .

4 Conclusions

The effects of textured TCO substrate and p-layer on
the performance of single-junction (p-i-n) pm-Si:H solar
cells have been evaluated. It turns out that the type of
TCO and p-layer both have a great influence on the initial
conversion efficiency of the solar cells. A μc-SiO:H p-layer
was successfully implemented in the cells based on ZnO
substrates, resulting in great enhancement of their per-
formance. In particular, the cells grown on LPCVD ZnO
had the highest JSC and initial η, whereas those on sp-
e ZnO had the highest VOC . Unlike the strong influence
on the initial efficiency, the TCO type and TCO/p-layer
interface had no effect on the defect density of pm-Si:H ab-
sorber layer. The obtained results allow to conclude that
pm-Si:H is more suitable for the use in multi-junction de-
vices such as in 3J solar cells rather than in single-junction
devices, mainly due to its improved stability compared to
a-Si:H.
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