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Abstract—This work focuses on 2D device simulation for
perovskite/tandem solar cells, aiming to reproduce the
experimental current-voltage curves and to explore further
steps for efficiency improvements. The results demonstrate
that a reasonable J-V curve can be obtained when the
indium tin oxide (1ITO) layer that interconnects both subcells
is treated as either a semiconductor or conductor. In both
cases, band to band tunneling and/or additional built-in
voltage governed by proper work functions of ITO and tin
oxide (SnOx) films are required to obtain the high
experimental FFs of >80%. Optical and electrical losses in
the tandem device are also addressed by quantum
efficiencies (EQE, IQE) and reflectance simulation.

Keywords—Perovskite/Silicon tandem, simulation, Tcad-
Sentaurus, band to band tunneling, built-in voltage

I. INTRODUCTION

Perovskite-based solar cells have gained high attention in the
photovoltaic community in recent years. This is not only due to
high power conversion efficiencies with simple and cost-
effective fabrication processes, but also because they are a
perfect tandem partner with the band gap tunability, as well as
process compatibility to silicon and copper-indium-gallium-
selenide (CIGSe) technologies [1], [2]. The rapid increase in the
efficiency of both single and tandem-based perovskite solar cells
indicates the potential of these emerging materials. An
efficiency as high as 25.6 % was reported for the best perovskite
single cell [3] and the current record perovskite/silicon tandem
cell has reached 29.52 % as demonstrated by Oxford PV [4]. As
efficiencies approach practical limits, a better understanding of
the device physics and proper loss analyses will become more
important. This work focuses on the modeling of tandem solar
cells using the TCAD-Sentaurus simulation tool [5]. The device
structure in this study is based on the currently best published
perovskite tandem cell with certified value of 29.2% [6], which
employed a self-assembled monolayer (SAM) as the hole-
selective layer. Most important result of this simulation
approach was to identify present limitations and how to enhance
charge extraction, particularly at the hole transport layer/indium
tin oxide (ITO) interface of the perovskite cell [7], [8]. It is
reported in some simulation literatures that the built-in potential,
which is originated from different work functions of contacts
[71, [9] or offset between contact/transport layers [10] is needed
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Fig. 1. Simulated device scheme (left) and energetic alignment (right) of
the top cell.

to avoid carrier accumulation at transport layers, thus, enabling
sufficient carrier collection through transport layers. These
works suggest the important role of 1TO’s properties in cell
performance. In this study, the ITO layer was treated as either a
semiconductor or conductor to investigate the possible physical
models to simulate J-V curves. In both cases, a built-in potential
created from the difference of work functions (WFs) of the
conductive layers was necessary to model fill factors (FFs)
higher than 70%. If the ITO was treated as a semiconductor,
band-to-band tunneling had to be included in the model to
enable charge carrier transport at the SAM/ITO interface. The
experimental J-V curves of the tandem device [6] could be
reproduced by the simulation with both the semiconducting and
conducting (“quasi-metallic”) ITO approaches. Finally, external
and internal quantum efficiency (EQE and IQE) and optical
reflection (R) simulations were done to estimate the loss in the
cell.

Il. SIIMULATED DEVICES

The simulated devices mimic the same material
configuration and include all layers with the same thicknesses as
in the experimental cell [6], except for the LiF interlayer at the
C60/perovskite interface. The thickness of SAM was assumed
to 1 nm. The complex refractive index (n,k) data of the layers
was calculated from measured spectral ellipsometry data for the
films. Input parameters for perovskite cell simulation are listed
in Table I. The band gap of the perovskite film was set as
measured value (1.68 eV) of the real cell [6]. The value of
effective density of states (4.5x10'® cm?) and the radiative
recombination rate (3x10* cm?/s) of perovskite film were
chosen to obtain the experimental value of the dark saturation
current Jo (3x10% mA/cm?), the corresponding radiative



TABLE I. INPUT PARAMETERS FOR PEROVSKITE

CELL.
Parameters SnOy C60 Pero SAM ITO
Band gap (eV) 35 2.1 1.68 2.1 3.72
Electron 4.1 3.9 3.9 5.5 variable
affinity (eV)
Doping 1x10% | 1x10° | 1x10' | 1x10° 1x10%
concentration
(cm?)
Bulk lifetime X 1x10°3 1 1x10° X
(Us)
Electron / Hole 50/30 1x10°%/ 6/24 1x10° 50/30
mobilities 1x102
(cm?Vv-ist)
Effective 3x10% | 1x10% | 4.5x10' | 1x10% 1x10'8
density state 8
(cm?)
Dielectric 3.3 5 22 35 3.3
constant

voltage limit is 1.36 V. Carrier lifetime and mobilities were
taken from experimental values measured on the perovskite film
[6], [11]. Transport layers were kept as non-doped materials.
The interface state density at perovskite/transport layers are set
at 2x10' cm to get Voc of 1.2 V for the perovskite cell. Most
critical parameters to fit with our model are FF values as in the
experimental range, i.e. 75-85 % for FF. llluminated spectrum
for single cells were adjusted to match the experimental Jsc of
tandem cell (19.3 mA/cm?). Fig. 1 shows the energetic
alignment of the layers comprising the cell. All values for the
SAM, C60 and Perovskite were taken from the literature [6].

For optical simulation, a transfer matrix method was used to
solve optical absorption in the layers. Surface roughness
scattering model with the root mean square roughness of 2.5 um
was implemented to Si back surface to enhance light trapping at
long wavelengths of the tandem cell. Monochromatic light
sources with signal intensity of 0.01 W/cm? was used for EQE
simulation. Additional bias light (am1.5g solar spectrum) was
assumed to adjust the excess carrier density to similar levels as
in the EQE experiments. IQE is calculated as the ratio of EQE
and (1-R).

I1l. RESULTS AND DISSCUSION

A. Top cell

1) ITO treated as semiconductor
When ITO is treated as a semiconductor, the experimental
J-V curve can be reproduced if:
e Suitable band alignment is achieved: The HOMO level
of SAM is lower than the valence band of ITO, as shown
as dot lines in Fig. 2.
e Band-to-band tunneling is activated for charge carrier
transport at the SAM/ITO interface.
e Built-in voltage is added by increasing WF 1o to avoid
otherwise low simulated FF, as shown in Fig. 3.
Suitable band alignment for band to band tunneling is
shown as the red dotted lines in figure 2. In case of band
misalignment, the HOMO level of SAM is below conduction
band level of ITO and holes can’t travel to the ITO, resulting in
convergence problems in the simulation. Fig. 3 shows the
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Fig. 2. Energy band diagram at the Pero/SAM/ITO junction at dark
equilibrium conditions for the case of proper band alignment (red dot lines)
or misaligned bands (black solid lines). The insert figure is the band diagram
for the complete device.
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Fig. 3. The influence of built-in voltages on cell performance. WFro varies
from 5.6-6.4 eV and WFgqox is 4.1 eV. Inset figure shows the band diagram
for low and high built-in voltages at equilibrium condition in the dark.
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Fig. 4. Simulated J-V curves at variation of WF1o. Inset figure are the band
diagrams of the cell at bias voltage of 1.2 V under illumination for WF o of
4.5and 5.3 eV. WFgyox is 4.1 eV.

influence of the built-in voltage (calculated as the difference of
WFito and WFshox) on FF performance of the cell. Band
diagrams of the cell at WF o of 5.6 and 6.0 eV are plotted in
the inset of figure 3. One can see a higher built-in potential



TABLE 1. EXPERIMENTAL AND SIMULATED CELL PARAMETERS. VALUES
FROM SIMULATED DEVICE ARE FOR ITO AS CONDUCTOR.

Devices Jsc Voc FF Eff
(mA/cm?) V) (%) (%)
Simulated/ Pero Cell 19.3 1.21 79.6 18.6
Experimental | gj cg) 19.3/ 0.71/ | 80.3/ | 11.0/
20.2 0.71 80.6 11.6
Tandem 19.3/ 1.92/ 81.5/ 30.2/
19.3 1.90 79.5 29.2
20 &= I : I = .I. I . — 1
16
a~12 -
£
L
st
>
4l o
Bottom cell Tandem cell .
|7 ITO-conductor
ok | ITO-semicunﬁuclor_
| | | " experimental E
0 0.4 0.8 1.2 16 2

Voltage (V)

Fig. 5. Simulated J-V curves of single and tandem devices.
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Fig. 6. Reflectance, EQE and IEQ of the simulated devices. EQE and R of the
29.2% efficiency cell are shown in comparison.

across the perovskite layer at higher WFro, enhancing charge
extraction. To raise the FF above 80 %, a high built-in voltage
larger than 1.8 V is required. That means that the WFto should
be at least 5.9 eV which is quite high for this material even
when a modified work function due to the SAM is considered

[7].

2) ITO as a conductor

The cell performance when the ITO layer is implemented as
a conductor was previously published [7]-[9]. In these
simulations, the built-in potential originated from different
work functions of electrodes is needed to overcome current
blocking and achieve high FFs. As shown in the inset figure in
figure 4, at low or no built-in voltage, energy bands bend

downward at SAM/ITO interface, resulting in accumulation of
electrons at the hole transport layer and current blocking, as
seen in the simulated J-V curves in figure 4. A built-in voltage
larger than 1.2 V is required to obtain a high FF above 80 %.
Compared to the lowest limit of value of WF o used when ITO
is treated as semiconductor (5.9 eV as mentioned above), a
WF 1o of 5.3 eV is more resonable.

B. Bottom cell

The bottom cell is simulated to match the experimental data
as well [6]. The nc-SiOx film is described as a-Si:H(n) film
with optical n,k data as measured for nc-SiOy. The simulated
device stack is 1TO/aSi(n/i)/Si/aSi(i/p)/ZnO/Ag. Input
parameters for Si cell are listed in the literature [12]. In this
simulation, ZnO is used as a semiconductor material. Band to
band tunneling was activated at the aSi(p)/ZnO interface.
More detail in using band to band tunneling to simulate current
transport at a doped aSi film/ transparent conductive oxide
(TCO) was reported in the literature [13], [14].

C. Tandem cell

Fig. 5 shows the device performance for both simulation
approaches used the ITO, i.e. semiconducting or “quasi-
metallic”. The simulated J-V curves match well the with
experimental curve. The FF of the tandem cell is even higher
than that of single cells [15]. An analysis of the overall
resistance loss should be done to evaluate the FF values of the
tandem cell. Fig. 6 shows simulated reflectance and quantum
efficiency of the simulated device and the real cell. EQE of the
top cell is in good agreement with experimental data. For the
bottom cell, there is a mismatch in EQE and R, because of the
losses from plasmon absorption or/and the real surface
morphology of the back side were not implemented in this
simulation.

1V. CONCLUSION

We establish suitable electrical models to simulate
perovskite/silicon tandem devices, in which non-doped
transport layers and a thin self-assembled monolayer were taken
into simulation. The simulated J-V curves are in good match
with experimental data. For non-doped transport layers, band to
band tunneling and built-in potential originated from the choice
of suitable work functions of conductive transport layers, which
play important roles on charge carrier selection, thus, enhancing
FF. In the scope of this simulation, it is suitable to treat the ITO
as conductor, rather than as a semiconductor, to match modelled
FF to the experimental range. Further works on adjusting the
defect density at the interfaces and in the bulk of the perovskite
as well as back-side texture/light trapping should be a focus in
order to get better match between experimental and simulated
results.
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