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1 Introduction Paper is a cheap substrate which is  
– in vacuum – in principle compatible with the process 
temperature (200 °C–300 °C) during PECVD and HWCVD 
deposition of thin film silicon solar cells. The main draw-
back of paper is its porosity due to its fibre like structure. If 
this can be overcome by planarizing the surface it would 
become possible to use paper or even fabric as a substrate 
for direct deposition of thin film silicon solar cells. Roll-to-
roll or sheet-to-sheet handling of paper is a widely spread 
technology. Together with the low costs of paper compared 
to glass, stainless steel or temperature compatible plastics 
the production costs of thin film silicon cells could be re-
duced significantly [1]. 

To keep the size of a production machine within a real-
istic and economically favourable range the deposition time 
of the consecutive layers should be as short as possible. 
Deposition of device quality hydrogenated nano-crystalline 
silicon (nc-Si :H) as an absorber layer in solar cells takes 
rather long (>30 min). With hydrogenated amorphous sili-
con (a-Si :H) it is possible to reach deposition rates for de-

vice quality material that allow the absorber layer to be de-
posited within 5 minutes, especially if HWCVD [2] is used 
rather than radio-frequent (RF) PECVD.  

It is not likely that a-Si :H modules on paper will ever 
be used for large scale outdoor power production. The 
power production per m2 of a-Si :H cells is too low to be-
come economically feasible and due to the poor encapsula-
tion properties of paper the costs for proper encapsulation 
of modules on paper will not be reduced. 

However, for other applications of PV such as “dispos-
able” power sources for gadgets, smart parcels, electronic 
labelling (Internet of Things), remote sensing systems, etc., 
‘paper solar cells’ are very well feasible. For these applica-
tions the requirements for power and lifetime are far less 
stringent than for outdoor power production panels. Using 
cheap encapsulants the production costs can be low enough 
to use these cells in an economically feasible way to com-
pete with batteries as power supplies for low-power appli-
cations such as product tracking, secure identification, and 
copy protection. 

Paper is a cheap substrate which is in principle compatible
with the process temperature applied in the plasma enhanced
chemical vapour deposition (PECVD) and hot wire CVD
(HWCVD) of thin film silicon solar cells. The main drawback
of paper for this application is the porosity due to its fibre like
structure. The feature size (micrometre scale) is larger than
the thickness of the applied photovoltaic layers. To overcome
this problem, UV curable lacquer was used to planarize the
surface. Plain 80 grams printer paper was taken as a substrate
and the lacquer smoothens the rough surface of the paper

 such that a designed nanostructure can be imprinted for light
scattering. In this manner single junction amorphous silicon
solar cells with a HWCVD deposited intrinsic layer were
processed on paper, without any concessions to the process
temperature of 200 °C. The cell performance is comparable to
that of reference cells grown on stainless steel, proving that
solar cells can be deposited on paper substrates without sacri-
ficing performance. PV on paper could be applied as “dispos-
able” power source for gadgets, electronic labelling, remote
sensing systems, etc. (Internet of Things). 
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Recent research on solar cells on paper substrates pre-
dominantly dealt with organic semiconductor materials  
[3–5]. Recently Aguas et al. [6] showed that printing paper 
that contains a cast-coated layer of a hydrophilic mesopor-
ous material can be used as a substrate for a 3.4% efficient 
thin film silicon solar cell, deposited at a temperature of 
150 °C. In this paper we show the achievement of an effi-
ciency that is almost twice as high (6.7%), using commod-
ity printer paper as commonly used in office printers and 
copiers. This efficiency is reached using an UV curable 
acrylate lacquer that planarizes the paper and at the same 
time is nano-imprinted to provide a designed light absorp-
tion enhancement scheme. Due to the present work the per-
formance on paper is now equal to that of state-of-the-art 
reference cells on a stainless steel substrate. 

 
2 Experimental As substrates plain white copying 

paper (80 g/m2) used in office copying machines, and 
100 µm thick stainless steel foil were used. The latter is 
used in our base-line nip (PECVD) a-Si :H process [7]. 
These stainless steel substrates were planarized by apply-
ing an UV curable acrylate lacquer (MO18, developed on 
customer specifications by C-coatings for the use in vac-
uum at 200 °C). The lacquer was imprinted with a periodic 
nano-texture (pitch and height of the master are 1 µm and 
350 nm, respectively). After the imprinting the lacquer was 
cured by UV light. The process of planarization and nano-
imprinting on stainless steel foil is described in more detail 
by Soppe et al. [8]. The paper was first impregnated with 
the same lacquer as used for the imprinting by doctor blade 
(set to 50 µm). After 10 minutes, to allow the lacquer to be 
uniformly soaked by the paper, the substrate was exposed 
for 5 minutes to UV-A light. Then a second lacquer layer 
was applied by doctor blade (set to 100 µm). This layer 
was imprinted and exposed for 5 minutes with UV-A light 
through the PDMS stamp. After removal of the stamp the 
lacquer was fully cured by a different, more intense UV 
(ABC) source. The impregnation and imprinting process 
took place at room temperature in air ambient. After curing, 
the substrates were cut to size (10 × 10 cm2), ultrasonically 
cleaned in 2-propanol, blow dried with N2 and annealed at 
200 °C during 2 hours in N2 ambient. The annealing  
step of 2 hours at 200 °C (the deposition temperature  
of the a-Si :H) is sufficient to reduce the degassing  
rate of the lacquer from 1.4 × 10–6 mbar · l/s/cm2 to  
4 × 10–8 mbar · l/s/cm2. Degassing rate and composition 
were determined by Philips Innovation Services using gas 
chromatography mass spectrometry on a 20 µm thick lac-
quer layer on glass. The main degassing products are 
phthalic anhydride and 2-oxepanone, which at the final low 
degassing rates during processing do not appear to signifi-
cantly reduce the quality of a-Si :H. Subsequently a back 
reflector consisting of 300 nm Ag and 100 nm Al doped 
ZnO (ZnO:Al) was sputtered by means of RF magnetron 
sputtering in an AJA 2200 sputter tool. On top of that an  
a-Si :H nip layer stack (27 nm n-layer, 6 nm intrinsic 
buffer, 350 nm i-layer, 2 nm intrinsic buffer, 21 nm  

p-layer) was deposited in a cluster tool (Pasta [9]) with 
both PECVD and HWCVD reactors. The doped and buffer 
layers were deposited by means of RF PECVD, the intrin-
sic layer by HWCVD (Ta filaments, 1800 °C). The highest 
substrate temperature used in this process was about 
200 °C. The cells were finished by RF magnetron sputter-
ing of 80 nm thick 4 × 4 mm2 Sn-doped In2O3 (ITO) 
squares through a shadow mask on top of which a gold 
grid was evaporated. As a final step the cells received an 
annealing treatment (2 hours, 140 °C, N2 ambient). 

The morphology of the substrate surface was character-
ized by SEM (JSM-6010LA IntouchScope) and AFM 
(Park NX10). The finished cells were characterized by JV 
measurements under AM1.5 conditions with a dual-source 
Wacom solar simulator and external collection efficiency 
(ECE) measurements with an Optosolar 300 setup. 
 

3 Results and discussion 
3.1 SEM and AFM on nano-imprinted back re-

flectors Figure 1(a) shows a SEM micrograph of the “sur-
face” of untreated paper. It is clear that the roughness, or 
rather the porosity, of the paper is in the order of tens of 
micrometres which is two orders larger than the thickness 
of a-Si :H thin film solar cells (<500 nm). Although not 
shown here, for the stainless steel the surface feature size is 
still in the order of micrometres, i.e. larger than the thick-
ness of the applied photovoltaic layers. Due to this rough-
ness it is very unlikely that working solar cells can be pro-
duced directly on these substrates, especially on the paper.  

Therefore the surfaces of the substrates were trans-
formed into more smooth and closed surfaces by applying 
an UV-curable acrylate lacquer which was nano-imprinted 
after application. Figure 1(b) shows a tilted (30°) SEM mi-
crograph of the edge of an impregnated and imprinted  
paper substrate on the imprinted side coated with the 
Ag/ZnO:Al back reflector (visible in the bottom part of the 
micrograph). In Fig. 1(c) a close up of the surface of a 
completed cell is represented. A smooth nano-patterned 
surface is visible (confirmed by AFM as shown in Fig. 1(d)) 
showing that the lacquer can completely overcome the 
problem of the porosity and roughness of the substrates. 
Proof of the periodic texture can also be found in the col-
ourful reflections from the areas outside of the completed 
cell contact pads visible in Fig. 1(e). 

Besides the planarization of the substrate the nano-
imprinted lacquer is used to enhance the optical perform-
ance of the solar cells deposited on these substrates. For 
the cells reported in this paper we replicated the morphol-
ogy of a master which has a periodic structure with a pitch 
of 1 µm and a peak-to-valley roughness of around 350 nm. 
The effectiveness of this morphology, which was opti-
mized for use in a-Si :H/nc-Si :H tandem solar cells, with 
regards to improved current generation was shown in ear-
lier work [8]. Although this texture is not necessarily the 
optimum morphology for single junction a-Si :H cells we 
used it to demonstrate the possibility of nanopatterning  
simultaneously with eliminating the porosity of the paper  
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Figure 1 SEM micrographs of (a) untreated paper (top view), (b) 
impregnated and imprinted paper with metal/ZnO:Al back reflec-
tor (30° tilt angle), (c) surface of completed cell on paper (30° tilt 
angle), (d) isotropic 3D representation of the surface of impreg-
nated and nano-imprinted paper obtained by AFM and (e) photo-
graph of the completed cells (10 × 10 cm2) rolled up in a (CF-40) 
copper gasket. 

 
as a substrate. Optimization of the design of the texture for 
specific cell types (absorber material, single junction or 
multi-junction) can be subject of future work. 

During the transfer of this morphology to the lacquer 
and the subsequent curing, cleaning and annealing steps 
the original morphology of the master can change. To in-
vestigate the influence of the different substrates and the 
subsequent processing steps on the morphology the surface 
was scanned over an area of 5 × 5 µm2 by AFM in non-
contact mode. This was done for both the paper and the 
stainless steel substrate after curing of the imprinted lac-
quer, after ultrasonic cleaning and after annealing. 

 
Figure 2 Peak-to-valley roughness (top) and root mean square 
(RMS) roughness (bottom) obtained from AFM scans on the na-
no-imprinted paper and stainless steel (SST) after curing (as prin-
ted), after cleaning and after annealing. 

 
Figure 1(d) shows the result of one of these scans in an 

isotropic 3D representation for the cured lacquer on paper. 
It can be clearly seen that the surface has a periodic struc-
ture with a pitch of 1 µm. AFM scanning of both the paper 
and the stainless steel substrates after the subsequent proc-
ess steps reveals that the pitch of the patterning does not 
change. However, the peak-to-valley roughness (RPV) and 
the root mean square (RMS) roughness do change. Per 
scan RPV was determined over two lines over the maxima 
diagonally across the scanned area perpendicular to each 
other. The RMS roughness was determined over the whole 
scan area of 5 × 5 µm2. The thus obtained values are plot-
ted in Fig. 2. From this it can be clearly seen that the 
roughness after curing on the paper substrate is substan-
tially lower than on the stainless steel substrate (RPV 
272 nm vs. 356 nm, RMS roughness 64 nm vs. 80 nm). 
Cleaning and annealing does not have a significant influ-
ence on the roughness on the paper substrate. On the 
stainless steel substrate a small decrease in roughness is 
seen after cleaning. The paper does show discolouration 
during the annealing step from white to yellowish, showing  
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that the integrity of the cellulose fibres is affected. In spite 
of this, the annealing does not seem to have any further in-
fluence on the surface morphology, showing that shrinkage 
of the lacquer upon annealing does not play a major role 
and the integrity of the substrate as a whole is maintained. 

As mentioned in Section 2, the paper is impregnated 
with lacquer. This lacquer may not completely fill all the 
pores in the paper and is not completely cured before the 
to-be-imprinted lacquer layer is applied. This leads to a 
soft underground for the imprint. Due to this softness it is 
likely that during the imprinting the paper/lacquer substrate 
is deformed. If then the stamp is removed this deformation 
is released, which explains a lower roughness compared to 
the imprint on the steel substrate. 

 
3.2 Solar cell performance In Table 1 the average 

J–V parameters of the 10 best performing solar cells on 
each substrate are listed. In Fig. 3 (top) the J–V curves of 
the best performing cells on each substrate (paper and 
SST) are shown. The performance with respect to the effi-
ciency (η) and short-circuit current (JSC) is comparable for 
the two types of substrates. A significant difference can be 
found in the open-circuit voltage (VOC). On paper the VOC 
is about 90 mV higher than on stainless steel. This might 
partially be due to the lower roughness of the back reflec-
tor on paper. The (RMS) surface roughness itself is not de-
cisive for the value of the VOC. Properties like steepness, 
narrowness, and depth of the valleys in the morphology 
have significant influence on the VOC [10–12]. As the pitch 
of the nanostructure remains the same (1 µm) but the 
height or depth is smaller on paper the structures are less 
steep or narrow resulting in a higher VOC. Furthermore, we 
speculate that the effective substrate temperature of the pa-
per is somewhat lower during deposition than the stainless 
steel, due to its different radiative (higher emissivity) and 
lower heat conducting properties. The actual substrate 
temperature during deposition could not experimentally be 
determined. A lower substrate temperature is known to 
lead to higher bandgap material and thus higher VOC. Fig-
ure 3 (bottom) shows the external collection efficiency 
(ECE) measured with neither bias light nor bias voltage for 
the same cells depicted in Fig. 3a. The main difference is 
visible between 350 nm and 550 nm where the cell on pa-
per performs somewhat better than the cell on stainless 
steel. This difference seems to be caused by a difference in  

 
Table 1 Average of the J–V parameters of the ten best cells on 
the paper and the stainless steel (SST) substrate. 

parameter paper SST unit 

VOC 897 811 mV 
JSC 13.9 13.8 mA/cm2 
FF 0.533 0.582  
η  6.7 6.5 % 
Rs 7.4 6.6 Ω cm2 
Rp 368 482 Ω cm2 

 
Figure 3 J–V curve (top) and ECE (bottom) of the best cell on 
paper and on stainless steel (SST). 
 
anti-reflection properties, i.e. the thickness, of the ITO 
coating on top of the cells and has a small effect on the 
value of JSC. 

The fill factor (FF), although fairly low, is systemati-
cally higher for the cells on stainless steel. This seems to 
be mainly caused by the lower VOC and the somewhat 
higher “shunt resistance” (Rp) for these cells rather than by 
a reduced “series resistance”. The slope of the J–V curve at 
0 V and VOC was taken to calculate Rp and Rs, respectively. 
A more advanced method to derive these resistances uses 
an improved equivalent circuit and analytical model for a-
Si :H solar cells, as proposed by Mertens et al. [13], but in 
the present cells the trends in Rp and Rs do not deviate from 
those in the resistances determined from the mathematical 
slopes. It is not completely clear what causes the difference 
in shunt resistance. In Fig. 4 a histogram of the Rp of all 
cells is shown. The rejection rate is comparable for both 
substrates showing it is not likely to be caused by the sub-
strate itself but rather by the cell processing. The rejection 
rate is fairly high though. For (mini) module fabrication 
further effort should be put in optimizing the process with 
regards to the yield. 

For the working cells the difference in Rp can be corre-
lated to the substrates. On stainless steel the most frequent 
value of Rp is between 450 Ω cm2 and 500 Ω cm2 with the 
broadest  tail  to  higher  values (up to 700 Ω cm2) whereas  
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Figure 4 Histogram of the measured Rp values of all the cells on 
the paper (left) and stainless steel (right) substrate. 
 
on paper the most frequent value lies between 350 Ω cm2 
and 400 Ω cm2 with the broadest tail towards lower values. 
One can speculate that the cause lies in the lacquer, either 
the degassing or thermal deformation during the cell proc-
essing. Although on stainless steel also a lacquer layer is 
used this layer is about a factor 7 thinner than the total lac-
quer thickness of the paper substrate (~20 µm on SST vs. 
~150 µm on paper). More importantly this layer is on one 
side encapsulated by the stainless steel substrate and on the 
other side (after the initial annealing/degassing step) with 
the Ag/ZnO:Al stack before it is exposed to elevated proc-
ess temperatures. This encapsulation prevents eventual fur-
ther degassing of the lacquer. In the case of paper the lac-
quer is only encapsulated on one side by the Ag/ZnO:Al 
stack. The total lacquer is so thick (~150 µm) that during 
the initial annealing/degassing the paper/lacquer bulk 
might not have been completely degassed. (Mind that the 
degassing rate of the lacquer was determined on a 20 µm 
thick layer.) The degassing may then proceed from the 
back side during further processing of the substrate at ele-
vated temperatures and may introduce impurities in the 
subsequent layers, reducing the Rp. If the lacquer was not 
cured completely because of the single side exposure to 
UV light the degassing might be even more considerable. 
Part of the shunting behaviour can probably be improved 
by optimizing the curing and annealing process. In addition 
one could think of using different lacquers for the impreg-
nation/planarization step and for the nano-imprinting step. 

 
4 Conclusion Commodity printing paper, which has a 

very open structure consisting of fibres, can be planarized 
by impregnating it with an UV curable acrylate lacquer. 
The surface can then be nano-textured by applying a sec-
ond, thinner, layer of the same lacquer that is imprinted 
and cured. Due to the softness of the substrate the mor-
phology of the imprinted texture differs slightly from that 
on a stainless steel substrate. 

The overall performance of HWCVD a-Si :H solar 
cells on paper and stainless steel substrates is comparable 
although the VOC is significantly (90 mV) higher for cells 
on paper, whereas the shunt resistance and thus the fill fac-
tor is better for the cells on stainless steel. The cause of the 

lower shunt resistance might be found in the degassing of 
the lacquer. Further optimization of the planarization and 
imprinting process can lead to even better performance and 
higher yield. In conclusion, a procedure is present due to 
which commodity paper is a suitable candidate to act as a 
substrate for a-Si :H solar cells and (mini) modules without 
making any concessions to the a-Si :H process temperature 
of 200 °C. The efficiency reached is now comparable to 
the typical efficiency obtained for a-Si :H cells on more 
common substrates such as stainless steel, paving the way 
towards novel applications on commodity paper like news-
paper paper or even fabric.  
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