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Abstract: Solar photovoltaic energy is the most prominent candidate to speed up the transition
from the existing non-renewable energy system to a more efficient and environmentally friendly
one. Currently, silicon cells dominate the photovoltaic market owing to their cost-effectiveness and
high efficiency, nowadays approaching the theoretical limit. Higher efficiency can be achieved by
tandem devices, where a wide bandgap semiconductor is stacked on top of the silicon cell. Thin-film
perovskite technology has emerged as one of the most promising for the development of silicon-based
tandems because of the optimal perovskite opto-electronic properties and the fast progress achieved
in the last decade. While most of the reported perovskite/silicon tandem devices exploit a two-
terminal series connected structure, three-terminal solutions have recently drawn significant attention
due to their potential for higher energy yield. In this work, we report for the first time a theoretical
study, based on validated optical and electrical simulations, of three-terminal perovskite/silicon solar
cells employing a hetero-junction bipolar transistor structure. With respect to other three-terminal
tandems proposed so far, the transistor structure can be implemented with rear-contact silicon cells,
which are simpler and more common than interdigitated back-contact ones.

Keywords: double junction; perovskite; silicon tandem; three-terminal; HIT solar cell; bipolar
junction architecture; physical simulation

1. Introduction

The demand for renewable energy is growing rapidly. Photovoltaics (PV) can provide
clean energy at a low cost and is expected to be the main source of energy in the future [1].
Silicon solar cells are the most common PV technology, with a market share of 90%. They
are largely based on cost-effective technologies such as p-type Back-Surface-Field (BSF)
or Passivated-Emitter and Rear-Cell (PERC) that provide an efficiency of about 20-25%.
This value is outperformed by the emerging Si heterojunction (HTJ) solar cell technology,
which achieves a record efficiency of 27.6% [2]. A way to overcome these values is to use a
tandem structure that increases the theoretical efficiency from 30% to 42% [3] by adding a
wide bandgap semiconductor on top of a Si solar cell.

Organometal halide perovskite (PVK) materials are ideal candidates for the devel-
opment of low-cost thin-film tandems owing to their optimal properties such as high
absorbance, ambipolar transport, defect tolerance, low-temperature processing, chemical
and band tunability [4,5]. Among thin-film tandem technologies, PVK/Si tandems seem to
be one of the most promising routes to market according to the International Technology
Roadmap for Photovoltaics and have already surpassed efficiency of 31% [6]. To make them
commercially viable, extensive research is carried out worldwide not only to demonstrate
high efficiency but also cope with the issues of large area scaling [7,8] and stability of the
perovskite cell that can be tackled with an holistic approach [8] by stabilizing the perovskite
layer itself [9] as well as the charge transport layer [10].
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PVK solar cells can be combined with Si to realize tandem cells with 2, 3 and 4 terminals
(2T, 3T and 4T in Figure 1) [11,12]. In 2T tandems (Figure 1a), the cells are monolithically
fabricated on top of each other and connected in series through an interconnection layer
realized by a poly- or amorphous-silicon tunnel junction or by a recombination layer usually
made by a transparent conducting oxide (TCO). The interconnection layer induces optical
losses, lowering the achievable efficiency [13] and, when realized with highly conductive
layers, may facilitate electrical shunting and prevent upscaling to large areas [12,14]. In 4T
tandems (Figure 1b), the cells are mechanically stacked, and the electrical power is extracted
independently at each cell. This removes the current matching constraint required by the
2T design at the price of higher optical losses, because additional transparent layers are
needed as well as higher fabrication cost.

An alternative, less explored, solution is provided by the 3T design that aims at
combining the advantages of 2T and 4T tandems. It retains the monolithic structure of
the 2T one, but a third contact is introduced at the recombination layer. This allows for
the independent operation of the two sub-cells and removes the current mismatch loss
of 2T devices [15-17]. The slightly higher fabrication cost might be compensated by the
material flexibility (looser requirements on bandgap) and higher energy yield in real-word
operation, owing to higher resilience to spectral and temperature variations [17-21].

A lot of research has emerged on the development of 3T III-V/Si tandems [15] using
interdigitated back contact (IBC) Si-HT]J cells (Figure 1c). Tockhorn et al. have recently
reported an experimental proof-of-concept 3T PVK/Si cell based on interdigitated back
contact silicon [22] (see Figure 1) with efficiency of 17.1%, and a potential to reach about
27%. On the other hand, the development of 3T PVK/Si tandems on rear-contact Si cells is
an alternative attractive route, albeit less studied, due to the widespread use of these last in
the marketplace.
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Figure 1. Scheme of PVK/Si tandem solar cells with 2 terminal (a), 4 terminal (b) and 3 terminal
(c) configuration.

In this direction, one promising solution is provided by the 3T Heterojunction Bipolar
Transistor (3T-HBT) solar cell concept proposed by Marti and Luque [23]. The idea is
to realize a tandem cell whose top and bottom sub-cells are made by the emitter-base
and base—collector (hetero) junctions of a bipolar transistor [24]. The common base layer
provides the electrical and optical connection between the two sub-cells, avoiding the need
for any tunnel junction or recombination layer, and it is used to realize the third terminal
contact layer. Theoretically, the 3T-HBT solar cell achieves the same efficiency as the 2T
double junction cell. Very promising experimental results have been reported for devices
made on III-V semiconductors [25,26].

In this work, we study for the first time the feasibility of three-terminal PVK/Si
tandems using the heterostructure bipolar architecture. To this aim, starting by a 2T
PVK/Si tandem inspired from previous experimental devices reported in literature [27,28],
we identify a possible implementation of a 3T-HBT tandem. Then, based on coupled elec-
tromagnetic and transport simulations previously validated against experimental data [29],
we carry out a thorough analysis of its photovoltaic behavior compared to the 2T cell.
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2. Structure and Operating Principle of the PVK/Si 3T-HBT Tandem

Figure 2a presents a schematic drawing of a PVK/Si 3T-HBT tandem made of a n-i-p
perovskite solar cell (PSC) on top of a heterojunction with an intrinsic thin-layer (HIT)
bottom cell on p-type c-Si. The hole transport layer (HTL) and the PVK form the HBT
emitter; the electron transport layer (ETL) and the amorphous hydrogenated Si layers
(a-Si:H) form the base; finally, the p-type c-Si acts as the HBT collector. The device exploits
a Top Interdigitated Contact (TIC) scheme for the emitter and base terminals [30]. The three
contacts for emitter, base, and collector are named as T, Z, and R, respectively, following the
notation in [30].
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Figure 2. (a) Three-dimensional (3D) schematic view of a 3T-HBT PVK/HIT-silicon tandem with top
interdigitated contact scheme. The three contacts for emitter, base, and collector are named as T, Z,
and R, respectively. (b) Equivalent electrical circuit of the p-n-p 3T-HBT solar cell sketched on the left
under illumination.

Figure 2b shows the equivalent electrical circuit of the HBT tandem. The top emitter—
base (EB) and bottom base—collector (BC) junctions form two back-to-back connected solar
cells with their separate loads. Thus, under illumination, the total electrical power gener-
ated by the tandem is the sum of the electrical powers provided to the loads across the T-Z
and Z-R terminals. By that, the bipolar structure not only works as a double junction (DJ)
solar cell without the need of any recombination layer or tunnel junction but also solves
the current matching constraint of series-connected DJ cells.

For the feasibility of the HBT tandem, it is critical to verify that the common base layer
does not negatively affect the PV conversion efficiency achievable by the two sub-cells. In
Figure 2b, the equivalent circuit of the EB (BC) sub-cell is made by three components: a

photogenerated current generator ]52 (]glé) in parallel to a diode with reverse saturation
current ]lT%p (J Eot) as in classical solar cells, and, added to these, a current-controlled current

source apc/ got (xBg ]%p). This last one accounts for the effect of the BC voltage on the
EB junction due to the injection of minority carriers from the collector to the emitter
(and vice versa) through the common base layer. The coefficients apg, apc model this
electrical coupling, the so-called transistor effect, whose strength depends on a few physical
device parameters, such as doping levels, energy band discontinuities and minority carrier
diffusion length at the BE and BC junctions. As well known from bipolar transistor
theory [24], the closer a g (xpc) gets to 1, the stronger the transistor effect is. To understand
the repercussion of the transistor effect on the photovoltaic conversion efficiency, we shall
notice that it induces an increased dark current of the sub-cells: in fact, the reverse saturation
current of the diodes in Figure 2b is equal to the value expected for the corresponding
isolated junction (J EE, J gc) amplified by the factor 1/(1 — agrapc). By that, the transistor
effect causes a reduction of the attainable open circuit voltage of each sub-cell and a
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reduction of the maximum achievable power conversion efficiency. Therefore, from the
perspective of photovoltaic operation, the transistor action shall be minimized [31,32].

3. Methods
3.1. Device under Study

Figure 3 sketches the devices studied and simulated in this work. The 2T DJ solar cell
stacks an n-i-p PVK solar cell on top of an n-p Si HIT bottom cell. The PVK and HIT sub-cells
are connected through a p*/n™ " Si tunnel junction (Figure 3a). The PVK sub-cell consists
of a 440 nm perovskite absorbing layer [33,34] sandwiched between a 30 nm thick SnO,
ETL [35,36] and a 10 nm thick Spiro-OMeTAD HTL [33,35]. The HIT sub-cell consists of
200 um p-doped c-Si sandwiched by two thin films of hydrogenated amorphous silicon
(a-Si:H) from the top (bottom) 50 nm of n- (p-)doped a-Si:H and 50 nm of intrinsic a-Si:H. In
the simulations, we assume a 107 nm thick MgF, anti-reflection layer and fully transparent
TCO layer. The choice of ETL and HTL materials used in this study was inspired by
previous literature studies [27,28,37]. Different choices may be possible, also for the PVK
layer, but they will not significantly affect the main conclusions that can be drawn from the
comparative analysis proposed in this work between the conventional 2T double junction
device and the 3T-HBT one.
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Figure 3. Schematic view of the simulated PVK/HIT-silicon tandems with (a) 2T DJ structure and
(b) 3T-HBT structure.

From a conceptual point of view, the 3T-HBT solar cell structure in Figure 3b can be
obtained through the following modifications of the DJ cell: removing the tunnel junction,
flipping the n-i-p PSC and implementing the third lateral base contact at the SnO; layer. In a
typical fabrication flow, SnO, would be deposited directly over the a-Si:H layer by solution
processing: for instance, by using the colloidal dispersion of nanoparticles [38]. In case
of textured substrates, conformal deposition could be based on chemical bath deposition
as well as sputtering [39,40]. The perovskite layer can be deposited either by solution
processing or by thermal evaporation [41]. The same type of wet or vacuum deposition can
also be used for the Spiro-OMeTAD [38]. The transparent electrode can be deposited by the
sputtering of indium tin oxide, which is followed by the deposition of the antireflection
layer of MgF, [42]. Finally, two metal grids can be deposited on the emitter and base
contacts after a laser ablation step to remove the MgF, or the entire PSC stack, respectively.

The resulting device sketched in Figure 3b consists of: Spiro-OMeTAD and PVK layers
to form the emitter region, SnO; and (n)-(i) a-Si:H layers to form the base region, and finally,
c-5Siand (i)-(p) a-Si:H layers to form the collector region. Thus, one obtains a tandem with
two sub-cells made by the p-i-n EB and the n-p BC junctions.
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3.2. Simulation Approach and Material Models

Physics-based simulations were carried out with the Sentaurus Technology Computer-
Aided Design (TCAD) software from Synopsys [43]. The optical carrier generation profile
is calculated using the Transfer Matrix Method (TMM) and given as an input to the classical
Poisson drift diffusion (DD) transport model. The simulations assume illumination under
AM1.5G spectrum (total power of ~100 mW /cm?) at normal incidence.

Perovskite, ETL and HTL materials are modeled as classical crystalline semicon-
ductors, following previous work in the literature [33,35,44,45]. Metal halide perovskite
materials have a tunable direct bandgap ranging from ~1.24 eV (FASnl3) up to ~3.55 eV
(FASNnCl3) [46] based on their composition, i.e., Cesium (Cs), formamidinium (FA) and/or
methylammoinium (MA) for the cation, Pb and/or Sn for the metal and I, Cl, Br for the
halide. In this work, we exploit the most widely used methylammonium lead triiodide
CH3NH3Pblz with Eg = 1.5 eV, covering the entire visible region (A < 800 nm) [35].
Spiro-OMeTAD and SnO, band parameters were also taken from [35].

Figure 4 reports a schematic representation of the assumed band alignment between
the different materials and the wavelength-dependent refractive index and absorption
coefficient used in the optical simulations (the complex refractive index data are available
at [47]). Table 1 summarizes the main electrical material parameters and doping levels.
Simulations include radiative recombination only, with the radiative recombination co-
efficient set to 8 x 10710 cm?3 /s [48] for all the PVK sub-cell materials, 1.8 x 10~° cm?/s
for a-Si:H [34] and 4.73 x 1071 cm3/s for c-Si [43]. The simulation methodology was
previously validated against experimental data in [29].
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Figure 4. (a) Schematic representation of band structure and energy levels of various materials used
in the pervovskite/silicon tandem analyzed in our study. (b) Real part of the refractive index (top)
and wavelength-dependent absorption coefficient (bottom) for the materials used in the PVK and
HIT sub-cells.

Figure 5 shows the energy band diagram under thermal equilibrium condition for the
double junction and HBT solar cells. The flipping of the PVK top cell and the presence of
the tunnel junction made by highly doped (5 x ~10"cm~3) silicon in the DJ structure are
well visible.
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Table 1. Main parameters value. E¢: Bandgap yx: Electron affinity e,: Permittivity N(Nj): Density
of states p: Mobility 7: Lifetime. (e/h): electron/hole; if not specified, the shown value is the same
for both carriers.

PVK Top Cell HIT Bottom Cell
Spiro-OMeTAD Perovskite SnO, a-Si:H [34] c-Si [43]
Eg (eV) 2.95 [35] 1.5[35]  3.28[35] 1.7 1.1
gx (eV) 2.18 3.93 4.35 3.9 4.05
€r 3 6.5 [34] 9.6 11.9 11.9
N; (em™3) 2.2 x 1018 2 x 1018 4.1 x10'8 2.8 x 101 2.8 x 101
Ny (em™3) 1.8 x 10¥ 2x 108 4.1 x10'8 1.0 x 10¥ 2.6 x 10
i (cm2/Vs) 0.0002 [33] 11.8[33]  240[36] 20¢) 50 11771el 42411
N (em™3) 5% 108 2 x 101 5x 10" 10504/ 10} e 1 x 10'°
4 e &, g 3THBITsc
2 =
0
> 4 .
oo
= 4 Tandem sc
[
W 2r
0
_2 t
—4 : : : : & .
0 0.2 0.4 0.6 0.8 200

Depth (um)

Figure 5. Energy band diagram of the 3T-HBT (top) and DJ (bottom) tandems under thermal
equilibrium condition.

4. Results

At first, we have analyzed the spectral response of the DJ and 3T-HBT devices. As seen
in Figure 6a, the External Quantum Efficiency (EQE) of the 3T-HBTSC, based on the n-i-p
PVK top sub-cell architecture, shows a slight EQE penalty at low wavelength (<500 nm)
and in the silicon harvesting range (800-1000 nm range), due to the increased reflectance
(Figure 6b) in those wavelength ranges.

(a) (b)
H ] I I I = -DJ PVK Top'sub-cell’ ]
= =DJ HIT Bottom sub-cell
—3T-HBJT HIT Bottom sub-cell 0.8
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Figure 6. (a) External Quantum Efficiency and (b) Absorbance and Reflectance for the 3T-HBT (solid
line) and 2T-DJ (dashed lines) solar cells.
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This can be explained by the flipping of the PVK top cell in the HBT tandem with
respect to the D] one, which brings at the cell illumination face the Spiro-OMeTAD layer,
whose refractive index is higher than that one of the SnO, layer [49]. However, this optical
penalty could be avoided by flipping the bottom silicon sub-cell, instead of the top one, to
obtain an n-p-n 3T-HBT solar cell [29]. Indeed, in this case, the solar cell will be illuminated
by the n-side (SnO; layer), the Spiro-OMeTAD layer being below the PVK one, analogously
to the 2T DJ solar cell in Figure 3, thus preventing the spectral loss induced by the Spiro-
OMeTAD layer in the HBT under study, as we have shown in [29]. Moreover, for the
sake of the following discussion, we notice that the penalty in the EQE of the HIT cell
turns to be almost irrelevant in terms of the comparative performance of the HBT and DJ
tandems, because the current in the DJ tandem is limited by the top cell. As discussed in
Section 2, in the 3T-HBTSC, in principle, the EB and BC junctions influence each other owing
to the common base layer. To assess the impact of this mechanism on the photovoltaic
performance, we have simulated the current—voltage characteristic of each sub-cell, taking
into account the operating condition of the other one. Figure 7 reports three contour maps,
showing how the efficiency of the two sub-cells and of the entire device changes as a
function of the voltages Vrz and Vrz. It can be observed that the efficiency of each sub-cell
varies with its own bias and is practically independent on the operating voltage of the
other one. Therefore, the maximum power point (MPP) of the tandem corresponds to the
MPP of the two sub-cells working as if they were independent. In other words, there is
no cross-talk between the two junctions, which is in line with the experimental findings
in [31] for a 3T-HBT fabricated on III-V compound semiconductors. This demonstrates the
robustness of the HBT solar cell architecture regardless of the particular material system.
In fact, the energy bandgap difference between the top and bottom sub-cells, which is
an inherent characteristic of tandem solar cells, ensures a negligible injection of carriers
from the collector toward the emitter, i.e., a small coupling coefficient apc and a marginal
increase of the dark current of the two sub-cells. Therefore, the two sub-cells develop an
open circuit voltage comparable to that achievable as stand-alone cells. This is reflected
in the energy band diagram under MPP operating condition shown in Figure 8. Here, the
different splitting of the quasi-Fermi levels in the PVK and HIT sub-cells is well visible:
indeed, the hole quasi-Fermi level bends in the base region so that the voltage of the top
cell is not limited by the low gap of the HIT cell [31].

(b) PVK Top sub-cell

(a) HIT Bottom sub-cell
E

Vrz(V)

, , . 0 02 04 06 08
Vrz(V) (c) 3T-HBT tandem VrzlV)
s =

0 02 04 06 08
Vrz(V)

Figure 7. (a) Efficiency as a function of the TZ and RZ voltages for: (a) HIT bottom sub-cell; (b) PVK
bottom sub-cell; (¢) 3T-HBT tandem.
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Figure 8. Energy band diagram of the p-n-p 3T-HBT (Figure 3) with each junction biased at maxi-
mum power point. The dashed yellow and pink lines are the electron and hole quasi-Fermi levels,
respectively.

Finally, Figure 9 shows the simulated J-V characteristics of the 2T-DJ and of the 3T-HBT
tandems, and Table 2 summarizes their photovoltaic figures of merit. At short circuit, we
can observe that the bottom cell provides a higher current in the 2T-D]J structure than in
the 3T-HBT one, which is due to the above-mentioned penalty in the EQE. This difference,
however, does not affect the tandem efficiency, because the short circuit current of the DJ
tandem is limited by the top cell due to the current matching constraint. The open circuit
voltages are comparable in the two devices, with a difference of the order of a few tens
of mV. Overall, our analysis of the 3T-HBT and DJ tandems, based on realistic material
parameters and device model, shows that they attain comparable efficiency as expected
according to more idealized detailed balance models [23]. The proof-of-concept devices
in this work demonstrate an efficiency of 23% that can be further improved by design
optimization as shown in [22,29].

Table 2. 3T-HBT and DJ solar cells: Figures of merit.

Voc Jsc Vmpp Jmpp FF eff
[v] [mA/cm?] [Vl [mA/cm?] [%] [%]
PVK Top 0.99 17 0.89 16.42 87.21 14.73
sub-cell
HIT
3T-HBTsc Bottom 0.59 1722 0.51 16.3 82.16 8.33
sub-cell
Tandem
coll . . . . - 23.06
PVK Top 0.99 172 0.9 16.68 87.65 15.01
sub-cell
HIT
DJ sc Bottom 0.58 18.44 0.48 17.37 78.18 8.44
sub-cell
Tandem 157 172 1.39 16.8 85.88 2338

Cell
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(a) 2T DJ solar cell (b) 3T-HBT solar cell
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Figure 9. (a) -V characteristics of the flat 2T PVK/Si DJ solar cell; (b) J-V characteristics of the flat 2T
PVK/Si 3T-HBT solar cell.

5. Conclusions

We have presented a numerical study of perovskite/silicon three-terminal tandems
based on the heterojunction bipolar transistor architecture to investigate their potential,
and possible bottlenecks, with respect to more conventional two-terminal double junction
tandems. Starting from a representative 2T series-connected PVK/HIT-Si tandem inspired
to recently reported devices, it is shown that a p-n-p HBT structure could be realized by
removing the tunnel junction and flipping the PVK cell. This creates two back-to-back
cells with a common layer, the n-base, that is used to extract the third contact. Optical
and transport simulations show that the direct electrical coupling between the top and
bottom sub-cells does not induce any significant power loss, and therefore, the HBT tandem
achieves almost the same efficiency as the DJ one, avoiding the use of any tunnel junction
or recombination layer. This, added to the relaxation of the current matching condition,
demonstrates that the HBT architecture could be a promising route toward the development
of 3T PVK-Si tandems based on rear-contact silicon technologies. The presented device is
developed within an HIT-Si platform, but it is also compatible with homojunction silicon
technologies. Further studies will be needed to cope with the challenge of designing proper
contact grids aimed at minimizing parasitic effects associated to the lateral base resistance
and increased shadow loss due to the added contact and to put this novel tandem concept
in practice by developing an appropriate fabrication process.
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