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Abstract—Over the past decade, perovskite materials have
attracted great interest for terrestrial photovoltaic (PV) appli-
cations thanks to their cheapness and excellent optoelectronic
properties such as tunable bandgap, high absorption coefficient,
long carrier lifetime and diffusion length. Perovskites have
excellent potential for the development of high efficiency and
low cost silicon-based tandem solar cells. Several research studies
have been performed about perovskite/silicon tandem solar cells
obtaining good conversion efficiencies of about 26 %. In this work,
we propose a perovksite-silicon solar cell based on the three-
terminal hetero-junction bipolar transistor (3T-HBJT) architec-
ture that overcomes several constraints of the series connected
double junction cell - i.e. current matching and the need of tunnel
junctions or recombination layers - exploiting a simpler structure
and achieving high efficiency. In order to evaluate its performance
potential, we adopt the classical Hovel model extended to deal
with the 3T-HBT structure, demonstrating efficiencies up to
28.6% for cells without antireflection coating.

I. INTRODUCTION

The energy demand increases exponentially and is expected
to do so in the years ahead. Until now, fossil fuels are the most
exploited non-renewable sources of energy responsible for cli-
mate change and global warming. In this scenario, photovoltaic
technology represents a viable alternative blending cheapness
and sustainability. Nowadays, the terrestrial PV market is
dominated by c-Si single-junction (SJ) solar cells achieving
efficiency of ~26.6% [1] close to their theoretical limit of
~ 29%. A good way to overcome this limit is exploiting
tandem solar cells stacking different materials that harvest
a wide spectral range of the solar spectrum thanks to their
different band-gaps. III-V semiconductors tandem cells are by
far the highest efficiency technology but their manufacturing
costs are still too high to enter in the terrestrial PV market. On
the other hand, finding a suitable widegap material to realize
silicon tandems is not obvious. In the last years, a possible
solution is found in organic-inorganic lead halide perovskite
(PVK), firstly proposed by Miyasaka et al. [2]. Although
many shortcomings of PVK material such as degradation under
ultraviolet radiation and toxicity linked to the presence of lead
(Pb) have not yet been solved, low manufacturing costs as well
as strong solar absorption and high carrier lifetime make it
an attractive potential top-cell for Si-based tandems. In 2018,
Sahli et al., [3] proposed a fully textured PVK-Si tandem solar
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Fig. 1. Structure of the proposed three-terminal HBT-SC: SpiroMeOTAD
layer as hole trasport material, p-doped PVK emitter, n-doped a-Si:H base,
and p-doped c-Si collector.

cell with an efficiency of ~ 25.2% and also a certified record
of ~ 27.3% was achieved [4]. More recently, an efficiency of
~ 26.0% has been demonstrated by Eike Koéhnen at al., by
reducing the current mismatch between the sub-cells [5].

In this work, with the aim of further increasing the PVK/Si
solar efficiency and at the same time reducing the complexity
of the structure, we exploit an alternative architecture: the
three-terminal hetero-junction bipolar transistor solar cell (3T-
HBTSC) [6] shown in Fig. 1. It consists of a hole transport
SpriroMeOTAD layer (HTM), a p-doped PVK emitter, a n-
doped a-Si:H base, and a p-doped c-Si collector. It is possible
to identify emitter/base (E/B) and base/collector (B/C) sub-
cells equivalent to the top and bottom sub-cells of a double-
junction (DJ) architecture, but electrically connected through
the common base layer. Although the presence of three
metal contacts is a tricky point for fabrication and design
optimization, this kind of architecture offers the possibility
to overcome the current matching constraints avoiding also
the tunnel junctions, and achieving the same efficiency of DJ
cells through proper optimization. In order to evaluate the cell
performance and quantify the total efficiency, optoelectronic
simulations of the PVK/Si 3T-HBTSC are carried out on
the basis of the well established Hovel model [7] properly
extended to the p-n-p heterostructure [8]. This allows to assess
the cell behavior based on accurate and reliable material



parameters, obtaining a realistic estimation of the achievable
efficiency.

II. ANALYTICAL APPROACH

The Hovel model is extended to the p-n-p (n-p-n) het-
erostructure obtaining an analytical solution to the drift-
diffusion problem. Treating the HTM similarly to a window
layer, we have considered in the emitter, base and collector
layers, the continuity equation for minority carriers under
low-injection condition and quasi-neutrality approximation.
We summarize here the most relevant equations, while the
complete model formulation will be reported elsewhere [8].

The diffusion equation for minority holes, p,,, in the quasi-
neutral base region reads as

d2 (pn - pnO) Ge_aB (m_WE)

dx?

— Pn — Pno _
Dy Dy

(D

where G = (1 — Rg)(1 — Rp)age"*=We)d. Ry, is
the reflectance at the emitter-window (base-emitter) interface,
agm) and Wrgp) are the optical absorption and thickness of
the emitter (base) layer, respectively, p,o is the hole minority
carrier density under thermodynamic equilibrium, D), is the
diffusion coefficient, 7, is the hole lifetime, and ® is the
photon flux.

Eq.1 can be solved under two boundary conditions identified
by the junction law

pn(x*) — Pno = Pno (qu*/kBT - 1) 2

with V* = Vg for 2* = Wg + xpr, and V* = Vg
for z* = Wg + W — Zpr, TpL(PR)> TPL(PR) Deing the
thickness of the depleted base region at the E/B and C/B
junctions, respectively (see Fig. 1). Photocurrent generation in
the depleted regions is taken into account assuming unitary
collection efficiency. Once Eq. I is solved, we obtain the total

TABLE I
MAIN PARAMETER VALUES [5] [9] [10] [11] [12].

CH;NH;PbI; a-Si:H c-Si

p-emitter n-base p-collector
Thickness [nm] 350 600 2x10°
Eg [eV] 1.55+1.6 1.7 14
Doping [em™?] 10%° 3x 108 1016
ni [em ™3] 8x10*+38x10°  9x10* 9.6x10°
Mobility [cm?/Vs] 11.8lel 501 11770l
Electron affinity [ev] 3.73 3.9 4.05
Blem®s™Y] 8x1071% +1077  18x10°1°  1.1x10'*
Trigd 97-+125ns 0.15 ms 9ms
TSRH 736 ns & 1ms
Ttot 85--106 ns 100 ns 0.9 ms
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Fig. 2. Absorption coefficient (o) of the materials used in this work [13],
[14], [15]

base current Jp®(®, Vgg, Vep) whose dark current compo-
nent depends on both E/B and B/C self-bias voltages, so
that the two sub-cells are not completely independent each
other. The generated electrical power is extracted from two
independent loads connected between E/B and B/C metal
contacts.

III. MATERIALS

A proper selection of materials for emitter, base and col-
lector is a crucial step in order to provide a high photon
collection. With this aim, we have chosen for the emitter
layer a PVK material with certain characteristics. Materials
used in this study and their main parameters are summarized
in Table 1. Perovskites are described by the formula ABXs:
A and B are cations of different sizes, instead X is an
anion. For PV applications, organic-inorganic halide PVKs
(CH3NH3PbX3 where X=Cl, Br and I) are exploited using
the methylammonium (CHgNH}f) and Pb respectively for the
cations A and B, while a halogen such as I, Br or CI is used
for the anion X. Based on the halogen, both electrical and
optical properties change, affecting solar cell efficiency. From
simulations, it results that in order to maximize the solar cell
efficiency, it is convenient to choose the methylammonium
lead triiodide (CH3NH3Pbls) that shows the lowest energy
gap, E; = 1.55 + 1.6 eV, covering the entire visible region
(A < 800 nm), and has the highest absorption coefficient
[13] (Fig. 2). For this case study, we consider a doping
concentration of ~ 10'%cm™2 [10] as reported in Table I.
The table summarizes also a range of values used in the
simulations for intrinsic carrier density [5] [10], energy gap
[5] [10], radiative recombination coefficient (B) [5] [12], since
these are affected by the PVK fabrication process. In order
to extract carriers efficiently from the p-emitter is necessary
to consider a hole transport material such as spiro-OMeTAD
[16] between the emitter contact and the PVK layer. For the
base region, several simulations were carried out exploiting
Hydrogenated Amorphous Silicon Carbon a — Si;_,C, : H
that has a tunable bandgap according to the x molar fraction
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Fig. 3. External quantum efficiency of the 3T-HBTSC (yellow line) and of

the sub-cells components (dashed lines), including quasi neutral regions (qnr)
and depleted regions (dr).

[14]. The best efficiency is achieved for a molar fraction x = 0
i.e. Hydrogenated Amorphous Silicon (a — Si : H) having
an energy gap of ~ 1.7 eV. Since the base has higher E,
than that one of the emitter, the formed heterojunction allows
to increase the E/B open circuit voltage with respect to the
PVK homojunction case. Finally, crystalline silicon (c-Si) is
used for the collector layer that harvests the rest of the solar
spectrum. Simulations consider both radiative and nonradiative

recombination, according to the lifetime constants reported in
Table 1.

IV. RESULTS

Fig. 3 shows the External Quantum Efficiency (EQE) of the
3T-HBTSC and the partial contributions from emitter, base
and collector quasi-neutral and depleted regions. The device
is simulated without anti-reflection layer, hence the total EQE
shows a significant penalty due to the air-window reflectance.
Most photons, absorbed in the emitter layer, generate e-h pairs
close to the surface since the direct bandgap CH3NH3Pbl;
material has strong absorption at short wavelengths (Fig.2).
Although the base layer has energy gap higher than that one of
the emitter, it absorbs part of the solar spectrum contributing
to the total amount of photogenerated current, because the
emitter is thin (Wg ~ 350 nm) and a certain fraction of long
wavelength photons are not absorbed and escape towards the
base and collector layers.

Fig. 4 shows the E/B and B/C current voltage characteristics.
For the structure/materials under study we observe that carrier
injection from one junction to the other is almost negligible in
any operating condition, i.e. the transistor effect is suppressed.
In fact, the injection from B/C to E/B is totally negligible
owing to the higher E/B open-circuit voltage with respect to
that one of the B/C junction. Moreover, also carrier injection
from E/B to B/C is marginal for any value of Vgg.

Therefore, the 3T-HBTSC efficiency can be estimated study-
ing the two junctions as if they were independent. The
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Fig. 4. Current-voltage characteristics of the emitter-base and base-collector
junctions at different Vo p and Vg p, respectively.

TABLE II
PERFORMANCE OF THE 3T-HBTSC.

Total efficiency Mo e jeopp gy 7 n
27.1-28.6% v [mA/em?] vl [mA/cm?] %] %]
EmiCter-base 1.17+125 208 105+ 1.13 201 866 ~874  17.9+194

Ves =0
Collector-Base 0.66 19.7 058 188 839 92
Ves =0

calculated photovoltaic parameters are reported in Table 2.
The cell achieves a total efficiency ranging between ~ 27.1%
and 28.6%, depending on the assumed values for radiative
recombination coefficient and intrinsic carrier density of the
PVK layer, in line with those reported in [3] [5] for DJ
architectures. Reducing the optical losses, the device can
overcome the threshold of ~30%.
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