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Introduction

The changing situation in the social awareness of climate 
change and the resulting need for renewable energy fa-
cilitates the intention to implement photovoltaic devices 
into already established products to generate additional 
benefit. Especially, the thin film silicon solar technology 
has some great advantages compared to conventional sili-
con wafer solar cells concerning the integration into existing 
products:

•	 Large area with homogenous optical appearance
•	 Nonvisible circuitry by laser interconnection
•	 Can be deposited on different substrates (glass, ceramic, 

plastic, metal, etc.)
•	 Small temperature coefficient
•	 Very short energy payback time
•	 Nontoxic in case of recycling

An area with huge potential which has seen almost no 
attention until now [1], is the integration of solar cells 
into the traffic infrastructure. This would have the benefit 

of no additional intrusion into nature because the traffic 
infrastructure already exists. Cost-cutting efforts in the 
area of infrastructure in the EU lead to a lack of invest-
ments that have to be redeemed in the future. Adding 
photovoltaic modules to building elements in traffic in-
frastructure has the benefit of return of those investment 
costs in the long term, making them viable investment 
projects.

Bifacial cells in vertical installation on highways and 
rail ways have the potential to generate 42  TWh/a [2] 
without changing the appearance of the landscape because 
the noise barrier walls already exist.

The combination of sustainable energy generation and 
noise barriers next to highways would increase the public 
acceptance of structural modifications as an additional 
benefit.

Integrating photovoltaic power generation into noise 
barrier walls has been tested before [3] by integrating 
silicon wafer modules. The bifacial concept leads to an 
increase in power generated per module [4]. It also pointed 
out some disadvantages of using silicon wafer technology: 
They cannot be integrated in every object and every 
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Abstract

Solar cells used in building integration of photovoltaic cells (BIPV) are com-
monly made from crystalline wafer cells. This contribution investigates the chal-
lenges and benefits of using bifacial solar cells in vertical installations. We show 
that those cells get up to 13% more irradiance compared to optimum tilted 
south facing monofacial modules in Germany. The role of the n-layer in thin 
amorphous bifacial single-junction cells intended to be used as bifacial cells in 
BIPV applications is investigated. In contrast to the superstrate cell design, a 
transparent n-layer and back contact play a key role to achieve high bifaciality. 
We therefore increased the transparency of the n-layer by adding CO2, increas-
ing the PH3 flow in the deposition gas and tested different thicknesses. With 
those measures, we reached a bifaciality of 98% for short-circuit current density 
and 99% for open-circuit voltage.
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position because of the restricted dimensions of those 
modules. Integrating semitransparent wafer modules has 
the optical disadvantage of casting a shadow like a chess 
board [4] that can be very distracting.

With wafer technology, it is therefore not possible to 
use an existing substrate.

As we demonstrated in a previous paper [5], there is 
more than one way to fabricate functional bifacial thin 
film silicon solar modules. As we have shown, multijunc-
tion cells are not feasible in bifacial applications. On the 
other hand, single-junction thin film solar cells do not 
suffer from this problem. Compared with μc- silicon thin 
film modules, amorphous silicon thin film modules have 
some advantages:

•	 Higher absorption coefficient makes very thin cells and 
short fabrication times possible

•	 Stable deposition regime

These are the reasons why we believe that amorphous 
silicon thin film modules are a promising technology for 
this application.

Irridiance and Bifaciality

Using a conventional wafer-based solar cell in vertical con-
figuration has the disadvantage of using only one-half space 
and therefore only a reduced part of the incoming sunlight.

The efficiency characterization of solar modules is 
dependent on the solar spectrum. The solar spectrum can 
be divided into three parts: The direct, indirect (diffuse), 
and reflected solar irradiance. The direct sunlight reaches 
the module surface after crossing the atmosphere with 
no further changes. Indirect sunlight is scattered on clouds 
or particles and far away objects before reaching the solar 
modules. The reflected part of the irradiation spectra 
results from the reflection of the near environment and 
back scattered sunlight of the ground. For monofacial 
modules on slanted rooftops, the reflected sunlight of the 
near environment does not play a significant role. Figure 1 
depicts the composition of those parts for three German 
cities. Even the southernmost city Munich has an indirect 
solar irradiance of over 50% in average over the year. 
This is true for the northern European area in general.

To get a deeper understanding, in what way the mounting 
orientation affects the module generation, we calculated the 
irradiance on a plane in relation to the angle of tilt and 
orientation. Data for this simulation was extracted from the 
meteonorm [6]. The results are depicted in Figure 2. To get 
the optimum yield in the yearly average for a conventional 
one-sided module in Oldenburg Germany, it should face to 
the south and slightly to the west. In this optimum tilt, the 
average irradiance would reach 1137 kWh/m²/a.

The same calculation can be done for a vertical plane 
facing east, south, west, and north. Because of the before 
mentioned diffuse irradiation, the average irradiance on 
those vertical planes per year is still very high. The results 
of the calculations can be seen in Figure  3. A vertical 
one-sided module facing south would generate the highest 
average yearly yield with an irradiance of 844  kWh/m²/a, 
which is 74% of the irradiance of the optimum tilted 
installation.

We propose to use bifacial modules for the vertical 
installation. Those modules are able to use both half spaces 
of the light hitting the back- and the front side of the 
module and are able to compensate the negative effect 
of partial shadowing to a certain extent. Furthermore, 
the vertical installation increases the naturally occurring 
cleaning effects and reduces the negative soiling problems 
caused by leaves, bird drops, and similar impurities. 
Thinking about noise barrier walls lining the motorways 
and railways going from north to south, we can use the 
data of Figure  3 to calculate the irradiance shining on a 

Figure  1. Composition of the solar spectrum in terms of direct and 
indirect irradiance for three German cities.
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bifacial module (100% bifaciality, vertical installation fac-
ing east and west) which it could convert to power. In 
yearly average it would face 1290  kWh/m²/a, which is 
113% of a conventional module in the optimum tilt posi-
tion would face. Even for transport infrastructure going 
from east to west the yearly average irradiance is still 
higher than for the modules in optimum tilt position 
(1206  kWh/m²/a vs. 1137  kWh/m²/a).

When using modules in vertical installation, the daily 
generation profile also changes. To give an example, we 

used measured irradiance data to simulate the irradiance 
on different planes of orientation and tilt on an average 
day in July. The results are depicted in Figure  4.

Using bifacial solar cells in vertical installation could 
shift the power generation peaks to the morning and 
evening hours. This would reduce the demand for power 
storage and increase the self-consumption rate since the 
demand profile for northern European regions is not 
dominated by air-conditioning.

The shift in the irradiance profile exists also on a yearly 
timescale. Using the same irradiance data, we calculated 
the same graph for those tilts and orientations on a 
monthly timescale. The results are shown in Figure  5.

Bifacial cells facing in north/south direction have the 
benefit of being able to generate more power in the winter 
month because of the sun being lower in the sky. In 
contrast, bifacial modules facing east and west could gen-
erate more power in the sunny months compared to 
conventional tilted modules.

Experimental

The ratio between rear- and front-side efficiency, and 
therefore the current generation density, is called bifaciality 

Figure 2. Tilt in relation to average yearly photovoltaic irradiance for Oldenburg, Germany. Black lines represent the isoline in percentage from the 
maximum irradiance.

Figure  3. Photovoltaic yearly average irradiance for vertical planes 
facing north, east, south and west in Oldenburg with an albedo of 0.25.
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[7]. In our previous work, we reached a bifaciality of 
50% using a standard process [5] for the deposition of 
single a-Si thin-film solar cells in combination with a 
transparent back contact. The i-layer thickness was fixed 
at 250  nm and showed the expected light-induced deg-
radation of 8% in average (1000  h, @STC). No further 
optimizations where done. To improve the bifaciality of 
our single-junction amorphous solar cells, we focused on 
the n-layer of the cell-stack. In superstrate pin configura-
tion, amorphous silicon thin film solar cells see light only 
from the p-side. Therefore, there was no need for blue 
transparent n-layers. In the situation of a high bifaciality, 
the n-layer has to fulfill the same requirements as the 
p-layer. This means, a high transparency, high doping, 
less surface recombination, and good enough cross con-
ductivity [8].

To improve the transmittance of the amorphous n-layer 
for low wavelengths, we varied:

•	 the CO2 concentration
•	 the doping concentration
•	 the layer thickness

We decided to use an amorphous n-layer instead of the 
commonly used μc-Si1-XOX:H layer [9,10] because we 
expected a better long-term stability of highly doped 
amorphous n-layers compared to highly doped μc-Si1-

XOX:H layers [work in prep.]. Furthermore, the process 
stability is better.

All presented samples were produced with a LEYBOLD 
Phoebus three chamber cluster PECVD-System (plasma 
enhanced chemical vapor deposition) at 13.56 MHz under a 
pressure of 4 mbar and substrate temperature between 190° 
to 220°. As substrates, glass with rough etched commercial 
sputtered ZnO:Al from the company Solayer were used. 
We also tested (results not shown) our cells on flat substrates 
and found no difference in terms of efficiency. In all samples 
the hydrogen flow (300  sccm), the silane flow (37.2  sccm), 
and the plasma power (70W) were the same. All samples were 
prepared with ITO-back contacts and the cell area of 
1 × 1 cm² was defined by a laser isolation process.

IV-curves of solar cells under illumination (AM 1.5  g, 
1000  W/cm², 25°C) were measured under a continuous 
light (DC) sun simulator of class A (WACOM WXS-
155S-L2-AM1.5GMM). For determining the external quan-
tum efficiency (EQE) of the solar cells, monochromatic 
probe beams using RERA System equipment with wave-
length from 300 to 800  nm were used. Data for the 
irradiance graphs were extracted from the meteonorm [6].

Bifaciality Optimization

CO2 variation

To increase the transparency of the n-layer, especially in 
the 300–500  nm wavelength regime, a common approach 
is to alloy the layer by adding CO2 to the deposition gas 
mixture [9,10]. When adding too much CO2 gas to the 
mixture, a decrease of the n- conductivity [8] can be 
observed. To prevent such an effect, we increased the 
CO2 flow in small steps until we reached a gas flow of 
10  sccm. As shown in Figure  6, the addition of CO2 did 
not change the behavior of the cell when illuminated 
from the p-side. Therefore, we conclude that the used 
max gas flow of 10  sccm is small enough to neglect the 
influence on the n-layer conductivity. In contrast to the 
results of the p-side illumination, the short circuit current 
density increases slightly with the increasing gas flow. As 
expected, an increase in the transparency of the n-layer 
can be observed by increasing the CO2 proportion at the 
n-layer. The maximum benefit of 0.6  mA/cm² is reached 
by adding a flow of 10  sccm CO2 to the deposition gas 
mixture. To see where the additional current is generated, 
we measured the external quantum efficiency and extracted 
the results depicted in Figure  7. The reflectance (not 
shown) does not change measurably for all samples.

Figure 4. Simulated irradiance of an average day in July in Oldenburg 
for different tilts and orientations of the module plane.

Figure 5. Monthly irradiance for three different planes in Oldenburg in 
different orientations.
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While the addition of CO2 to the n-layer did not change 
the behavior, a distinct increase in conversion efficiency 
in the wavelength area between 400 and 600  nm can be 
observed (indicated by the arrow), when the cells are 
illuminated from the n-side. This can be attributed to 
the increased transparency due to the incorporation of 
oxygen and/or carbon to the layer. Voc is not affected 
by the variation and remains nearly constant at an aver-
age of 920  mV for p-side illumination and 900 for n-side 
illumination.

Thickness variation

Besides mixing the n-layer deposition gas with CO2 to 
increase its transparency, a thickness variation in the n-layer 
was performed to investigate the influence of the n-layer 
thickness on the absorption behavior, cell efficiency, and 
the bifaciality. The standard p-layer used in our cells is 
between 5 and 10  nm thick, whereas the default n-layer 
is 20–30  nm thick to ensure a strong built-in field for 

the improved carrier extraction and the homogeneity of 
the field. Figure  8 depicts the Voc values of the series, 
proving that the used n-layer of approximately 10  nm is 
thick enough to conserve the strong built-in field.

As shown in Figure  9, the decreasing thickness of the 
n-layer does not influence the current generation density 
when the cell is illuminated from the p-side.

In case of the illumination from the n-side, an increase 
in short-circuit current density generation can be observed, 
reaching a short-circuit current generation bifaciality value 
of 96% for the cell with an n-layer of approximately 
10  nm thickness.

As demonstrated in Figure  10, the additional current 
generated originates from the short wavelength regime. 
Compared to the CO2 variation and the doping gas vari-
ation, the thickness variation shows the highest impact 
on the transparency for small wavelength.

The observed improvement in conversion efficiency for 
light from the high-energy regime is caused by a reduced 
absorption in the n-layer. Light absorbed in the n-layer 
does not contribute to the photocurrent. By reducing the 

Figure  6. Short circuit current density of amorphous single-junction 
cells with oxygenated n-layers. Lines are fits of the measurement points.

Figure  7. External quantum efficiency measurement of bifacial 
amorphous single-junction cells with CO2 doping in the n-layer. The 
arrow indicates the tendency.

Figure  8. Open circuit voltage values of bifacial amorphous single-
junction cells with decreased n-layer thickness. Lines are fits of the 
measurement points.

Figure  9. Short circuit current density of bifacial amorphous single-
junction cells with decreased n-layer thickness. Lines are fits of the 
measurement points.
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thickness, more high energy light passes the n-layer to 
reach the i-layer where it is absorbed and converted into 
photocurrent.

Doping variation

Because a variation in the thickness of the n-layer might 
reduce the strength of the built-in field generated by the 
phosphorus doping, we deposited our bifacial a-Si:H cells 
with an increasing amount of PH3 doping gas. For a 
better comparability to the other experiments, we used 
the same n-layer as a starting point as in the experiments 
before. The results of the doping variation are depicted 
in Figure  11.

With n-side illumination, an increase in the short-circuit 
current density of 0.4  mA/cm2 can be seen when an 
additional gas flow of 5  sccm is added to the deposition 
gas mixture. The p-side formed by short-circuit current 
does not show such dependence.

The Voc is not affected by the variation and remains 
constant at an average of 925  mV for p-side illumination 
and 900 for n-side illumination, respectively.

This asymmetric behavior is in good accordance to theory. 
The built-in field of amorphous silicon thin film cells largely 
originates from the boundary between i-layer and adjacent 
doped layer. Free charge carriers excited by absorption of 
light at the i-layer are forced toward the contacts by the 
built-in field (p for holes, n for electrons). Because of their 
lower mobility, free holes have a higher recombination prob-
ability in the i-layer compared to electrons [11]. This is 
why conventional a-Si:H modules are built in superstrat 
configuration, where the light enters the cell through the 
p-layer and the high density of exited holes on the first few 
nanometers can reach the contact before recombining.

The depicted n-doping increase in Figure  11 influences 
mainly the hole transport in the area of the n-i junction. 
This is why, only the short circuit current generation 
under n-side illumination increases. A faster excited charge 
transport has the additional benefit of removing the holes 
faster from the area where the highest concentration of 
free carriers is located in case of illumination from the 
n-side. This improved charge separation behavior resulted 
in a reduced recombination probability and consequently 
in an improved fill factor we also observed.

Combination of variations

The reference cell at the start of the investigations had a 
bifaciality in short-circuit current generation of only 77%. 
Due to a combination of the discussed improvements, 
we were able to fabricate a bifacial amorphous single-
junction cell with improved bifaciality. This cell incorpo-
rated a 40% thinner n-layer an increased PH3 and CO2 
deposition gas flow rate and was deposited on rough etched 
commercial ZnO:Al substrates. With that n-layer we man-
aged to reach a bifaciality of 98% for short-circuit current 
density and 99% for open circuit voltage. The EQE in 
Figure  12 depicts the spectra of the optimized and the 
reference cell. The optimization leads to an increased 

Figure  10. External quantum efficiency measurement of bifacial 
amorphous single-junction cells with reduced n-layer thickness. The 
arrow indicates the tendency.

Figure 11. Short circuit current density of bifacial amorphous single-
junction cells with increased doping gas flow. Lines are fits of the 
measurement points.

Figure  12. External quantum efficiency measurement of bifacial 
amorphous single-junction cells with reference and optimized n-layer.
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conversion efficiency up to a wavelength of 600  nm when 
illuminated from the n-side while maintaining the per-
formance when illuminated from the p-side.

The average power conversion efficiency of the mono-
facial reference cells was 7.0% while the optimized bifacial 
cells reached an efficiency of 7.4%.

Since the deposition time of the final n-layer is less 
than half of the deposition time of the reference layer 
and the only additional gas is cheap CO2, the new n-layer 
would cost even less in industrial production than the 
reference n-layer.

Conclusion

Simulating the irradiance on different planes, we dem-
onstrated that bifacial modules in freestanding vertical 
installation face more irradiance than monofacial modules 
in optimum tilt and orientation, regardless of the modules 
facing east-west or north-south.

We could show that a slight tuning of the n-layer of 
a standard amorphous single-junction cell in combination 
with the removal of the reflecting layer (Ag/white light 
reflector) can produce a cell with a bifaciality of 98%. 
Our improved bifacial amorphous single-junction solar 
cells show the same efficiency as our conventional cells 
under STC. Due to their bifacial nature this could lead 
to twice the output power generated under optimum con-
ditions. We estimate that they could reach 40% to 70% 
improved power generation in a yearly average compared 
to monofacial solar cells under real-life conditions.

Outlook

To make measurements of bifacial modules comparable 
under STC, additional conditions like the reflectivity of 
the measurement block are being proposed [12]. To gage 
the performance of a plant with bifacial cells, additional 
measurement standards have to be defined [13]. To de-
termine the plant yield, new factors like the albedo and 
the ratio between direct and indirect sunlight have to be 
taken into account.

Bifacial solar cell applications differ from classic rooftop 
or power plant installations demanding new solutions and 
different circuitry to compensate for shadowing by moving 
objects for example.

Current building material regulations hinder the incor-
poration of solar cells in building materials. To establish 
solar cells as part of building materials different hazards 
have to be evaluated:

•	 Danger of electrocution
•	 Fire hazards (ignition and toxicity)

•	 Blinding of vehicle drivers by reflections
•	 Breakage of glass

Since building material glass is a different type of glass 
compared to solar-grade glass, it has to be investigated 
how combination of thin film silicon solar cells and the 
building type glass used in noise barrier walls performs.
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