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A three-dimensional computer simulation of flexible double-junction solar cells (SC) consisting of Si wires and p-i-n a-Si:H
structures was carried out. The performance dependence on geometrical and electrical parameters was calculated. With an
increase in the height of the Si wires, the open-circuit voltage (VOC) decreases monotonically for both the bottom Si and the
top p-i-n a-Si:H junctions. The short-circuit current density (JSC) for the top p-i-n a-Si:H junction increases sharply with Si
wire height, and then, it goes into saturation at a wire height of more than 10-15 μm. The absolute value of JSC increases (from
10.2 to 12.7mA/cm2) with a decrease in the wire diameter (from 2 to 0.5 μm). For the bottom junction based on Si wires, the
dependence of JSC on the wire height is determined by the charge carrier lifetime, doping level, and diameter, which can be
associated with the effect of complete inversion of the Si wire conductivity type. For tandem SCs, the optimal wire height is
10 μm, at which efficiency of 14% can be achieved for structures based on Si wires with a diameter of 0.5 μm and a charge
carrier lifetime of 10μs. The practical implication of the developed design was experimentally demonstrated.

1. Introduction

The upcoming energy engineering is projected to rely
heavily on renewable energy sources such as wind and solar
power. By now, for example, in Germany [1], the share of
electricity production from renewable energy sources
accounts for about 47.9% of all energy sources. The number
of solar panels installed in households and converting sun-
light into heat or electricity is getting more from year to year
worldwide. A large number of portable devices supplied with
solar cells (SC) have started to appear in the market, but SC
efficiency is still low. Namely, the highest efficiency achieved
for the single-crystal silicon-based SC is currently 26.7% [2],
and this indicator is almost very close to the theoretical limit
of 30% [3]. By replacing silicon, as an active region, with gal-
lium arsenide, it is possible to raise this indicator up to
29.1% [2]. However, the use of silicon only or compounds
of the III-V type as a base does not ensure converting the
entire spectrum of solar radiation, because the photons with

energies less than the bandgap (Eg) of the active region mate-
rial do not participate in the generation of the electron-hole
pairs. On the other hand, the photons with energies higher
than Eg heat the semiconductor due to light-generated charge
carrier thermalization. The solution to this problem was the
approach in which the solar cell includes several active
regions—semiconductors with different values of Eg, arranged
in decreasing order. Such solar cells are called multijunction
solar cells. So, the efficiency for a five-junction solar cell has
achieved 38.8% [2] for AM1.5G one sun conditions.

To effectively compete with traditional energy sources
such as gas and oil, solar cells, in addition to high efficiency,
must have a low cost, be environmentally friendly, and also
have stable characteristics, despite sometimes extremely
hard temperature conditions.

So-called flexible electronics are getting more and more
promising there where the design of the device tends to bend
within certain permissible limits while maintaining its per-
formance. For example, a flexible solar cell could cover the
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surface of a balloon and drive an engine giving it an almost
unlimited flight time. Unused car roof surfaces could also
generate additional energy with a flexible solar panel.

The problem is that semiconductor compounds are often
quite fragile materials. Bending resistance can be increased
by making a substrate thinner [4]. Moreover, in this case,
the recombination losses for silicon are reduced, which
makes it possible to use silicon with a lower carrier lifetime.
However, it is useless to make the silicon substrate too thin
because of weak light absorption in silicon.

There are some materials with a higher absorption coef-
ficient than silicon. For example, in perovskites SC, the
active region thickness does not exceed a micron, while the
efficiency of such cells by now has reached 22.6% [2], and
in the silicon/perovskite tandem—29.5% [2]. At the same
time, perovskite SCs have not demonstrated yet the level of
stability inherent in traditional SCs [5].

Flexible thin-film SCs based on amorphous hydrogenated
silicon are also widespread, although their efficiency for the
case of a single-junction SC has not exceeded 10% [2].

So, there is a problem of searching for materials and
structures for manufacturing a highly efficient flexible SC.
There is also a key question: in modern SCs, up to 50% of
the cost is a substrate price, and if it is possible to replace
the substrate with something less expensive or reduce its
consumption, then such SCs would find their niche in the
market.

To create a flexible SC, one can use a thin substrate made
of a semiconductor, which is at the same time an active
region of the SC. However, even in the case of silicon, the
cost of manufacturing such substrates would be extremely
high, and a lot of material might be lost during its manufac-
ture (grinding, polishing, and etching).

The material of the active region of the SC can be applied
to an already existing polymer substrate. Such a substrate
should have high-temperature stability, good adhesion, and
high strength. So, for example, on substrates based on poly-
imide, prototypes of solar cells based on CdTe or a-Si:H were
made [6, 7]. However, it should be noted that due to the dif-
ferent coefficients of thermal expansion of the substrate
materials and the deposited layers, mechanical stresses arise,
which can subsequently lead the SC to degradation.

The problem can be solved by combining the above
approaches taking into account the fact that nanoscale sili-
con structures would act instead of a thinned silicon sub-
strate, and a polymer matrix would be used to hold them
(Figure 1). In this case, the polymer is to provide strength
and flexibility to the entire structure, and the silicon nano-
structures would not deform during bending.

The nanosized silicon structures are supposed to be a
tandem (two junctions) SC made in a core-shell design.
The bottom junction would be made based on multi- or
monocrystalline silicon covered with a wide-gap passivating
layer (a-Si:H). Next would be the tunnel junction or trans-
parent conductive layer for electrical connection between
the top and bottom junctions. The top p-i-n junction is
based on a-Si:H. Thus, most of the i-layer of the top junction
would be located perpendicular to the surface of the sub-
strate. In these vertical regions, the absorption of solar radi-
ation would be much higher due to the greater length of the
structure (5-10μm) than in the planar version. Thus, high
optical absorption could be achieved with a low thickness
of the i-layer. An increase in the effective optical thickness
of the top junction while maintaining a high electric field
strength due to the small thickness makes it possible to
achieve higher values of the short circuit current density
(JSC) of the top junction, which has been demonstrated
experimentally [8]. The increase in short-circuit current is
necessary to match the current with the bottom c-Si junction
since JSC is strongly limited for a planar a-Si:H p-i-n
junction.

However, to achieve results of practical interest, it is still
necessary to solve several fundamental problems associated,
for example, with an assessment of the maximum achievable
efficiency of such photovoltaic structures, which is a rather dif-
ficult task, and therefore, in the literature, there are only solu-
tions to particular problems and not the general picture
(tandem SC). For example, in [9], the FDTDmethod was used
to simulate the optimal height of a single-junction core-shell
SC, which was about 2μm. The reflection from such a struc-
ture at a column diameter of 60–160nm was about 0.3%,
which was subsequently confirmed experimentally.

In general, quite a lot of the papers were devoted to
modeling reflection from columnar structures determining
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Figure 1: Schematic representation of a nanowire-based solar cell.
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the optimal height, diameter, and period [10]; however, a
complex solution that takes into account the electrophysical
phenomena occurring inside the light converting structure
requires serious study.

In [11], using 3D modeling, the structure of c-Si/a-Si/
AZO/glass in a core-shell design was investigated to reveal
the degree of influence of surface recombination at various
interfaces of the structure on the SC electrical characteristics.
It was shown that for a structure with a height of 10μm and
a ratio of the column diameter to the period equal to 0.8, the
calculated value of the efficiency was 13.95%.

In [12], a comprehensive calculation of a core-shell
structure for a tandem SC based on III-V nanowires on sili-
con was carried out. Materials such as InP, GaAs, AlGaAs,
and GaInP were considered. A comparison was made
between the radial junction and axial junction configura-
tions. It was demonstrated that the radial junction variant
is more resistant to surface recombination than the axial
junction. It was shown that for a solar cell composed of a
silicon-based bottom junction and an Al0.2Ga0.8As top junc-
tion material with a column height of 10μm, the maximum
possible theoretical efficiency was 40%.

In [13], the properties of a silicon radial solar cell con-
sisting of a p-type silicon core with a radius of 80 nm cov-
ered with a 20 nm layer of undoped silicon and then 20nm
n-Si were modeled. Calculations showed an efficiency of
8.2%. The optimal value of the efficiency was achieved with
a column length equal to the diffusion length of minority
charge carriers and doping of the order of 1018 cm-3.

In [14], a similar radial structure was simulated, but it
was demonstrated that a single-junction SC can show effi-
ciency of up to 12%. At the same time, the n-core nanowire
structure had better characteristics in comparison with the
p-core nanowire structure and the standard 1D structure.
It was also shown that the length of the nanowire was not
a governing parameter.

Thus, the purpose of this study is to calculate the perfor-
mance of a tandem SC fabricated using vertically aligned
nanostructures.

2. Methods

The simulation was carried out using the Silvaco ATLAS
software, which uses finite element discretization to define
the geometry of the device and determine the elements and

nodes, for which the physical properties can be calculated
[15, 16]. This program performs a numerical solution of
the continuity equation and Poisson equations for each layer
using different boundary conditions and external influences
(applied stress, lighting). A band diagram, the main charac-
teristics of solar cells (SC), and various electrical measure-
ments allowing analyzing the results of experiments can be
simulated. The modeling reasonably predicts the properties
of heterostructures of various designs when the actual
parameters of the layers and interfaces obtained from the
previously mentioned characterization methods are intro-
duced. This approach provides recommendations for opti-
mizing the design of multijunction SC.

Due to the program limitations, it was not possible to
calculate the entire tandem SC in 3D mode; therefore, to
evaluate the operation of the tandem SC, the top and bottom
junctions were calculated separately, and then, the current
and voltage were matched to calculate the I–V curves of
the tandem SC. In the developed model, the top and bottom
contacts were considered ohmic. To estimate the maximum
achievable values of the solar energy conversion efficiency,
the reflection coefficient from the front surface of the solar
cell was set equal to zero. Absorption spectra were taken
from literature data.

A common weakness in computer simulations is that the
calculation accuracy is determined by property completeness
description for the materials used in the calculations. Thus,
the parameters of the a-Si:H layers are determined in the
study of SC based on a-Si:H p-i-n structures fabricated by
the Oerlikon technology at the R&D Center for Thin-Film
Technologies in Energetics of Hevel Solar company [17],
the main of which are presented in Table 1. This structure
performance is well known. It acts as the top junction in
the considered tandem SC. The results of calculations of its
energy band diagram and density of states are shown in
Figure 2. The calculated I–V curves coincided with sufficient
accuracy with the measured experimental values.

Figure 3 shows a three-dimensional model of a single
tandem SC used in the calculations. In the calculations, the
diameter of the silicon wire was varied from 0.5 to 2μm.
To assess the influence of the quality of silicon on the perfor-
mance of the SC, we used two extreme values, the lifetime of
minority charge carrier (MCC) in silicon, 10μs and 1ms.
Solar radiation with an intensity of 100mW/cm2 and an
AM1.5 spectrum fell vertically.

Table 1: Parameters of the layers of the tandem a-Si:H/c-Si SC.

Material Eg (eV) Thickness (μm) Doping level (cm -3) Fermi level position (eV) Electron affinity (eV)

(p) a-SiC:H 1.9 0.01 0.4 3.8

(i) a-Si:H 1.72 0.2 0.85 3.9

(n) a-Si:H 1.72 0.03 0.3 3.9

Tunnel diode

(p) a-Si:H 1.72 0.02 0.4 3.9

(n) c-Si (wire) 1.12 Diameter 0.5–2; height 2–30 1015-1017 0.1-0.28 4.05

(n) a-Si:H 1.72 0.02 0.3 3.9
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3. Results and Discussion

3.1. Bottom Junction. The calculation of the bottom junction
performance has shown that in the case of high values of
MCC lifetime (1ms) an increase in the height of the silicon
wire is accompanied by a significant increase in the short-
circuit current density (JSC) and a slight decrease in the
open-circuit voltage (VOC) (Figure 4). An increase in JSC is
associated with an increase in the number of absorbed pho-
tons and, therefore, of generated electron-hole pairs. A slight
decrease in VOC is caused by the recombination losses,
which rise with increasing the distance that must be over-
come by the charge carriers due to diffusion. The obtained
dependence has the same behavior for all diameters of Si
wires and doping levels, which are in the range of 0.5–
2μm and 1015-1017 сm-3, respectively.

If the obtained dependencies for the high value of the
MCC lifetime are predictable, then the dependencies for
the small value of the MCC lifetime are more complex
(Figure 5). For the Si wire diameter of 0.5μm, JSC does not
depend on doping and increases monotonically with an
increase in the wire height to 10μm. For higher wire height
(>10μm), the behavior of JSC depends on the doping level:
for 1017 cm-3, the increase is going on, and for 1016 сm-3,
the increase is getting weaker, while a decline is being
observed for 1015 сm-3. For larger wire diameters, JSC
increases monotonically with increasing Si wire height
regardless of the doping level. VOC decreases monotonically
with increasing Si wire height, but the absolute value of VOC
depends on the doping level.

The observed behavior is associated with the fact that at a
small diameter of the Si wire and a low doping concentration,
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Figure 2: (a) Calculated equilibrium band diagram of the top p-i-n junction and (b) distribution of states in the gap of a-Si:H.
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Figure 3: Graphic representation of the three-dimensional model of the solar cell (a) and an enlarged section of the wall side (b).
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the space charge region overlaps, and practically, the entire
volume of the wire becomes inverted. Complete inversion of
the conductivity type in the Si wire is shown in Figure 6, which
illustrates the calculated equilibrium band diagrams in sec-
tions along and across a Si wire with a diameter of 1μm and
doping of 1015 сm-3. It can be seen that the electron concentra-
tion in the (n) c-Si wire approaches its equilibrium value only
at the bottom of the wire at the interface with the (n)a-Si:H
back contact. With an increase in the doping level, the width
of the space charge region decreases. For 1017 сm-3, it is about
0.1μm, and for 0.5μm, the wire will not be completely
inverted. In this case, a higher VOC value is observed
(Figure 6) as opposed to a doping level of ≤1016 cm-3 when
the wire is completely inverted. The effect of complete inver-
sion of the wire is also less pronounced with an increase in
its diameter. For doping of 1016 cm-3, when the width of the
space-charge region is about 0.3μm at a wire diameter of
1μm, complete inversion no longer occurs, which leads to a
higher value of VOC compared to doping of 1015 cm-3.

The effect of complete inversion of the Si wire has a
much stronger effect on the performance of the SC in the

case of lower MCC lifetimes, since in the absence of a pulling
field in the wire, the transport of carriers is determined only
by diffusion, and the level of recombination will be signifi-
cantly higher in comparison with higher lifetimes. This effect
even leads to a decrease in JSC with an increase in the wire
height for a diameter of 0.5μm and a doping level of
1015 cm-3.

However, even though for higher minority-carrier life-
times, the effect of complete inversion of wires does not
affect so significantly the performance of the bottom junc-
tion; in a real situation, it cannot be neglected when using
Si with a high carrier lifetime. It should be noted that a sim-
plified model was used in the calculation, which does not
take into account any surface states at the a-Si:H/c-Si inter-
face. In practice, in the case of complete inversion, the sur-
face states presenting at this boundary will lead to a strong
decrease in the conversion efficiency. The fact is that in the
absence of an electric field that prevents the flow of electrons
to the interface the surface states will make a more signifi-
cant contribution to recombination losses, as was experi-
mentally shown in [18].
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Figure 4: Calculated values of (a, c) JSC and (b, d) VOC for the bottom junction as a function of the height of silicon wires for the wire
diameter of (a, b) 0.5 μm and (c, d) 2μm and the MCC lifetime of 1ms.
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3.2. Top Junction. The performance calculation for the top
junction based on the a-Si:H p-i-n structure showed that
an increase in the wire height leads to an increase in JSC

because the length of the light absorption region increases.
At a wire height of more than 15μm, there is a tendency
for JSC to saturate; an insignificant JSC increase is observed.
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Figure 5: Calculated values of (a, c) JSC and (b, d) VOC for the bottom junction as a function of the height of silicon wires for a wire diameter
of (a, b) 0.5 μm and (c, d) 2 μm and the MCC lifetime in (n) c-Si 10μs.
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Figure 6: Energy band diagrams under equilibrium conditions obtained (a) along (from top to bottom) the wire and (b) the second for the
case across the wire with a length of 3μm, a diameter of 1μm, and doping of 1015 sm-3.
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However, in this case, a decrease in VOC is also observed due
to the nonuniform distribution of the absorbed light and,
consequently, the concentration of nonequilibrium charge

carriers. Closer to the wire bottom, the concentration of non-
equilibrium charge carriers is lower, which leads to a decrease
in the generated VOC in this region and, consequently, in the
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Figure 7: Calculated values of (a) VOC and (b) JSC for the top junction created on the wire of various diameters and heights.
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Figure 8: Dependences of (a) VOC, (b) JSC, and the (c) efficiency on the height of the Si wire for the MCC lifetime of 1ms and the wire
diameter of 0.5μm and 2μm.
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entire SC due to the equipotentiality of the contact layers. In
practice, this effect should be less pronounced, because the cal-
culation used the vertical path of the rays and did not take into
account their deviation from the vertical, as well as possible
diffuse scattering in the polymer matrix, which should lead
to a more uniform distribution of nonequilibrium charge
carriers.

The absolute value of JSC strongly depends on the diam-
eter of the Si wire. With a decrease in the diameter of the Si
wire, the contribution of the area of the vertical section of
the i-layer of the top p-i-n junction to the total area of the
SC becomes larger, which leads to an increase in JSC of the
top junction (Figure 7).

3.3. Tandem Solar Cell. Based on the results of separate junc-
tion simulations, a tandem SC was calculated. The JSC value
for the bottom junction based on Si wires is higher com-
pared to that for the top junction. Thus, to approximate
the current matching condition, the tandem SC was calcu-
lated based on vertically aligned structures with a diameter
of 0.5μm, for which the maximum JSC value was reached

(Figures 8 and 9). The VOC value decreases monotonically
with an increase in the height of the Si wires, while JSC lim-
ited by the top junction sharply increases with an increase in
the height to 10μm, and then, it weakly depends on the
height of the wires. This behavior determines the presence
of a maximum in the dependence of the efficiency of the tan-
dem SC on the height of the Si wire, which is in the range of
10-15μm. The maximum values of the efficiency for an
MCC lifetime of 1ms do not exceed 15%. However, the most
interesting result is that the efficiency for structures based on
Si wires with a lifetime of 10μs reaches 14%. This result
demonstrates the promises of the proposed approach since
it opens up the possibility of creating flexible SCs based on
Si wires of 10μm in height with an MCC lifetime of tens
of μs having an efficiency at the level of industrially pro-
duced SCs based on wafers (300μm) of crystalline and poly-
crystalline silicon (14-16%).

The possibility of practical implication of the proposed
tandem structure design was explored. First, a way to form
the Si wire array was chosen.The vapor-liquid-solid method
(VLS) is commonly used for Si nanowire growth [19, 20].
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However, the diameter of Si wires obtained by this technique
is normally limited by 0.1-0.2μm being out of the required
range. The same limitation does not allow one to use another
well-known method for the formation of Si wires, namely,
metal-assisted catalytic etching (MACE) [21, 22]. The
required Si wire diameter and height could be archived by
dry plasma etching at cryogenic temperatures [23]. This
technology was successfully adopted for photovoltaic appli-
cations using latex sphere lithography with an intermediate
step of SiO2 hard mask formation [24]. The latex sphere
lithography approach allows one to avoid the time-
consuming photolithography process. The application of
SiO2 hard mask provides the way to form Si wire height
exceeding 1μm. Single junction core-shell a-Si:H/c-Si het-
erojunction solar cells based on an array of periodic Si wires
were fabricated by this technique [18]. A relatively low value
of VOC (0.5V) was obtained because of nonoptimized a-Si:
H/c-Si interface passivation, which requires further a-Si:H
deposition process development. However, similar struc-
tures may be used as a bottom junction to check the feasibil-
ity of tandem solar cell fabrication. Here, the tandem solar
cell based on vertically aligned Si structures was formed.
The Si wires with a height of 4μm and diameter of 1.5μm
were fabricated by cryogenic plasma etching using latex
sphere lithography and SiO2 hard mask as described else-
where [24]. N-type Si substrate with a doping level of 2 ×
1015 was used. To form the bottom (p)a-Si:H/(n)c-Si hetero-

junction, the layers of a-Si:H were deposited by plasma-
enhanced chemical vapor deposition (PECVD). A thin (3-
5 nm) layer of undoped a-Si:H was deposited to passivate
the Si surface, followed by 20nm of p-type doped a-Si:H
layer. Then, the surface of the bottom junction was covered
by a 100nm thick ITO layer using magnetron sputtering
[18]. The ITO layer was used for electrical connection
between the bottom and top junctions. A p-i-n structure
based on a-Si:H ((p)20 nm/(i)200 nm/(n)20nm) was depos-
ited on the ITO by PECVD under similar conditions
described in [8]. On the backside of the Si substrate, a
20 nm thick n-type phosphorus-doped a-Si:H layer was
deposited. Finally, an ITO layer was sputtered on the front
side of the a-Si:H/c-Si tandem structure to form the top elec-
trode. Silver paste and vacuum evaporated Ag layer were
used for the top and the bottom contacts, respectively. Scan-
ning electron microscopy (SEM) images of the solar cells
before and after top ITO deposition are presented in
Figures 10(a) and 10(b), respectively. The top ITO layer fully
covers the vertically aligned tandem structures.

The I–V curves measured under AM1.5G (100mW/
cm2) for the top and bottom junctions as well as the whole
tandem solar cell are presented in Figure 11(a). The JSC of
the tandem cell is limited by that of the top junction. The
absolute value of JSC is about 30-40% lower compared to
the simulation results because the top p-i-n junction exhibits
quite low external quantum efficiency (EQE) (Figure 11(b)).

2 𝜇m

(a)

2 𝜇m

(b)

Figure 10: SEM 20° tilt images of a-Si:H/c-Si vertical-aligned tandem test structure before (a) and after (b) top ITO layer deposition.
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Figure 11: Experimental I-V curves (a) and EQE spectra (b) for the tandem a-Si:H/c-Si test solar cell structure.
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However, we should stress that it is due to the nonoptimized
p-i-n structure design or deposition conditions. The EQE
spectrum of the planar p-i-n structure is lower compared
to that of the vertical-aligned p-i-n junction. Similarly, low
VOC values obtained for p-i-n structures (0.66V for planar
and 0.62V for vertically aligned one) demonstrate their
low quality. In contrast, significantly higher JSC for the bot-
tom junction compared to the simulation is caused by the
contribution of the Si substrate, which was not taken into
account in the simulation. Thus, an optimization of p-i-n
structure and variation of the Si wire geometry (height and
diameter) should be carried out for the quantitative analysis
of the simulation results. However, the fabrication feasibility
of the proposed tandem solar cell design was demonstrated.

4. Conclusions

The tandem SC performance calculation for an SC based on Si
wires and p-i-n a-Si:H structures was carried out. The range of
optimal values for the diameter and height of Si wires, as well
as the level of their doping, has been determined. It was shown
that it is possible to create flexible SCs of 10μm thick, obtained
using inexpensive silicon with a lifetime of 10μs at an effi-
ciency of 14%. The feasibility of tandem solar cell fabrication
was experimentally demonstrated.

Data Availability

The simulation data used to support the findings of this
study are available from the corresponding author upon
request.
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