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Bifacial Si heterojunction-perovskite organic-inorganic tandem
to produce highly efficient (37 ~ 33%) solar cell

Reza Asadpour, Raghu V. K. Chavali,?) M. Ryyan Khan,? and Muhammad A. Alam®
Electrical and Computer Engineering Department, Purdue University, West Lafayette, Indiana-47907, USA

(Received 7 January 2015; accepted 31 May 2015; published online 17 June 2015)

As single junction photovoltaic (PV) technologies, both Si heterojunction (HIT) and perovskite based
solar cells promise high efficiencies at low cost. Intuitively, a traditional tandem cell design with
these cells connected in series is expected to improve the efficiency further. Using a self-consistent
numerical modeling of optical and transport characteristics, however, we find that a traditional series
connected tandem design suffers from low Jgc due to band-gap mismatch and current matching con-
straints. Specifically, a traditional tandem cell with state-of-the-art HIT (1 = 24%) and perovskite
(1 = 20%) sub-cells provides only a modest tandem efficiency of ; ~ 25%. Instead, we demonstrate
that a bifacial HIT/perovskite tandem design decouples the optoelectronic constraints and provides
an innovative path for extraordinary efficiencies. In the bifacial configuration, the same state-of-the-
art sub-cells achieve a normalized output of #; =33%, exceeding the bifacial HIT performance at
practical albedo reflections. Unlike the traditional design, this bifacial design is relatively insensitive
to perovskite thickness variations, which may translate to simpler manufacture and higher yield.

© 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4922375]

In recent years, the search for low-cost highly efficient
solar cells has resulted in two cell technologies (inorganic a-
Si/c-Si Heterojunction (HIT) and organic perovskite) with
comparable, but complementary characteristics. On the one
hand, the standard a-Si/c-Si HIT technology is poised to cap-
ture a significant proportion of traditional c-Si solar cells due
to its high efficiency and better temperature coefficients.'
On the other hand, the recent dramatic gain in efficiency of
perovskite cells promises to finally realize the presumed cost
advantages of organic solar cells.*> With significant efforts
in device analysis®'! and optimization,'*™'> several groups
have achieved high efficiency (7 >22%) HIT cells.'®
Similarly, with improvement in processing and material
quality, state-of-the-art perovskite cells have reached an effi-
ciency of ~20%.'"""°

A perovskite/HIT tandem design that can suppress indi-
vidual bottlenecks and take advantage of their complemen-
tary characteristics may improve the efficiency further.
Recently, the efficiency gain of tandem designs with perov-
skite as the top cell and a range of bottom cells have been
explored. Using a four terminal configuration, Bailie er al.®
obtained 17% and 18.6% efficient tandem cells with mc-Si
(n ~ 11%) and copper indium gallium selenide (CIGS,
n ~ 17%) bottom cells, respectively. Similarly, Loper
et al.*" obtained a 13.4% efficient tandem cell with (presum-
ably) a highly efficient a-Si:H/c-Si heterojunction bottom
cell using the same configuration. Finally, Mailoa et al.*?
used a c-Si bottom cell in a two terminal tandem design to
demonstrate a 13.7% cell. These studies indicate that a poor
performing top cell can significantly limit the performance
of traditional tandem cell designs. Indeed, the tandem effi-
ciency may saturate for the state-of-art sub-cells.

YThe authors contributed equally to this work.
®Electronic mail: alam@purdue.edu
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There have been some efforts to predict the theoretical
limits for these traditional tandem designs using perovskite
sub-cell on top of c-Si** or a-Si/c-Si heterojunction bottom
cell.** These studies are not self-consistent; rather, they rely
only on optical modeling. The conclusions based on carrier
transport modelled by a simple one-diode compact model
may not be definitive, at least in the case of a-Si/c-Si hetero-
junction solar cells.®

From the above discussion, we observe that there have
been some efforts to improve the practical conversion effi-
ciency using the traditional tandem designs, however, the effi-
ciency gains are not significant. Indeed, theoretical limits
based on full self-consistent optoelectronic simulations are still
lacking. In this letter, using detailed optical and carrier trans-
port modeling, first, we re-explore the traditional tandem cell
design. Starting from state-of-the-art cell parameters for the
sub-cells (~20% efficient perovskite cell, ~24% efficient HIT
cell), an optimized tandem cell offers only a modest improve-
ment, 1y ~ 25%. Moreover, the optimization dictates a strict
control over the perovskite layer thickness: even a ~20nm
deviation from the optimum thickness would degrade the net
efficiency by 1%, negating the rationale for a tandem cell.

Instead, we suggest that another design involving a HIT
and perovskite bifacial tandem cells can circumvent the con-
straints of the traditional design, and increase the normalized
output to 7 ~ 33% (output power normalized to 1-sun illu-
mination, that is, for 1000 W/m? input power, 330 W/m?
output power is expected.). Indeed, the bifacial tandem
would outperform the bifacial HIT cell for typical albedo
reflection (R4 < 40%). Further, the bifacial tandem design
would be insensitive to the sub-cell thickness variation
which obviates the need for layer optimization. The output
gain is not restricted to state-of-the-art champion cells; even
sub-optimal perovskite cell and standard HIT cell would
benefit substantially from this strategy (see the supplemen-
tary material for details).”>

© 2015 AIP Publishing LLC
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For this study, we consider a perovskite solar cell with
the absorber layer (CH3;NH3Pbl;) sandwiched between
poly(3,4-ethylenedioxythiophene)  polystyrene sulfonate
(PEDOT:PSS) hole transport material (HTM) and phenyl-
Ce1-butyric acid methyl ester (PCBM) electron transport ma-
terial (ETM).>?° This perovskite sub-structure is then con-
tacted by ITO and Al. The HIT cell uses c-Si as the active
material, with p* and n" doped a-Si passivation layers acting
as the emitter (i.e., HTM) and the back surface field (ETM),
respectively. The cell is contacted with ITO at the front and
ITO/ALl at the back.

The traditional tandem cell consists of the higher
bandgap perovskite (EL'K ~ 1.55eV) sub-structure stacked
on top of the lower bandgap (E3' ~ 1.12¢V) c-Si HIT-sub-
cell (see Fig. 1(b)). The bifacial tandem cell has a similar
design except for the absence of an Al back contact. This
allows the absorption of light reflected from the ground, as
shown in Fig. 1(c). We will consider both traditional and
bifacial tandem designs, to demonstrate why and how bifa-
cial tandem design outperforms the traditional design.

The absorption spectrum and the spatial photo-
generation profile in the layered solar cell structure is calcu-
lated by solving the Maxwell’s equations using the Transfer
Matrix Method (TMM).?” Tllumination of AM 1.5G solar

Direct sunlight ‘

FIG. 1. (a) A solar panel generally utilizes the direct illumination of sun-
light. A fraction of the light can also be scattered from the ground onto the
back of the panel. (b) Traditional tandem structure and (c) a bifacial tandem
structure.

Appl. Phys. Lett. 106, 243902 (2015)

spectrum over the wavelength range of 300—1500 nm is used
in this simulation. The materials in different layers of the
cell are characterized by experimentally measured absorp-
tion coefficient and refractive indices reported in the litera-
ture.>>**° For this study, we assume planar structures. For
the bifacial tandem, a perfect antireflective coating is
assumed at the back (not shown in Fig. 1(c), see the supple-
mentary material®® for details).

The transport of the charged carriers (electrons and
holes) is modeled by the generalized drift-diffusion formal-
ism,*! using MEIDCI" device simulator.*? The contacts are
presumed ohmic. See Table S1 for model equations, and
Tables S2 and S3 for simulation parameters in the supple-
mentary material.”> The parameters are consistent with
literature yielding in experimentally observed device
characteristics.

To model the tandem cell designs, first, we perform opti-
cal simulations of the full structure. Then, the carrier genera-
tion profiles so obtained are used in the transport simulator
to separately characterize J — V' for the sub-cells. Finally,
the sub-cells are connected in series using a circuit model
(with negligible series resistance) to obtain the final J —V
characteristics of the tandem cell.

The electronic properties of the materials (perovskite, a-
Si, and c-Si) considered in this study are chosen in such a
way that we obtain the state-of-the-art efficiencies of 24%
for HIT cell and 20% for the perovskite cell (see Tables S2
and S3 in the supplementary material for parameter list).?
The corresponding J — V characteristics are provided in Fig.
3(a). In the following discussions, we will show how these
two technologies can be arranged in tandem to achieve high
performance solar cells.

For a traditional tandem solar cell, a sufficiently thick
top sub-cell should absorb all the photons above its bandgap,
transmitting the rest of the solar spectrum to the bottom cell.
The bottom sub-cell then absorbs above its bandgap from the
remaining part of the spectrum. The optimum bandgap for
the top cell is selected such that the sub-cell currents are
matched and output power is maximized. Ideally, a top cell
with Eg ~ 1.7eV is required to match current produced by
the c-Si bottom sub-cell, to achieve the maximum efficiency
for the combination.>”

Unfortunately, in the case of the perovskite/HIT series
tandem cell (see Fig. 1(b)), the perovskite bandgap (1.55eV)
is considerably smaller than the optimum bandgap of the
top-cell (Eg ~ 1.7eV).*® This makes the traditional tandem
design sub-optimal because 300400 nm thick typical perov-
skite top-cell would absorb so many photons that the bottom
HIT cell (c-Si absorber) would not be able to produce suffi-
cient Jgc. This mismatch in Jgc dramatically suppresses the
power output from the tandem cell. Even for a relatively thin
top-cell (e.g., Lpyx ~ 170 nm, see Fig. 2), the currents are
mismatched by 4 mA/cm? (red line, JS1: green line, JEVK).
Therefore, a delicate thickness control is essential in design-
ing the traditional tandem cell with these mismatched sub-
cells.

Fig. 2 shows that the sub-cell currents can be matched
by varying the thickness of the perovskite (Lpyk) layer. The
minimum absorption between the two sub-cells approxi-
mately defines the tandem cell Jg¢. Therefore, we maximize
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FIG. 2. Absorbed sunlight (in terms of corresponding current density J,,) is
shown for perovskite (green) and HIT (red) sub-cells as a function of Lpyg.
The Jgc of the series tandem cell will be limited to min(J<, J2VK) | as shown
by the dashed black lines. L g is set to 200um.

min(J2YK J<0) for achieving the highest overall current
(black dashed line in Fig. 2). As the sensitivity of Jg¢
(~min(JEYK J51)) on the c-Si layer thickness is negligible,
L.s; = 200 um in HIT cell is chosen for the optimized tan-
dem cell. In contrast, the matched current is highly sensitive
to Lpyx and even 20nm variation will lead to more than
1 mA/cm? lowering of short circuit current—this translates
to more than 1% loss in tandem cell efficiency. The optical
simulation indicates that the efficiency would be optimal at
Lpyg = 135nm (see absorption spectrum in Fig. S2 in the
supplementary material).>

Once the cell thicknesses are determined from optical
simulation, the analysis of carrier transport produces the full
J — V characteristics. First, consider the individual J —V
characteristics of perovskite and HIT cells, as shown in Fig.
3(a). The HIT solar cell has a higher Jg¢ but lower V¢ com-
pared to the perovskite cell (as E& < ELYX). In a tandem
structure, the sub-cell currents must be matched, as shown in
Fig. 3(b). Jsc in the tandem cell (~18 mA/ cm?) after current
matching is lower than both the perovskite (~24.5mA /cm?)
and the HIT (~40.5mA /cm?) cells. The Vo of the tandem
cell adds up to ~1.65V from the sub-cells. The total effi-
ciency is 1y ~ 25%, which is only slightly higher than the
individual cells, 1y ~ 24% and 1pyg ~ 20%. Therefore,
with careful layer optimization, it is possible to obtain mod-
est efficiency gains through traditional tandem configura-
tions; however, it may not be cost effective.

In practice, it is difficult to control Lpyx within
20-30nm by spin or drop-casting, causing the average gain
to be much lower than the optimal. Also, in a tandem cell,

0 T T T O ' LI }
HIT PVK I
10 HIT PVK 1 1 suof | sub) T
N N o
§ -20F 1 §-20 Tandem]
3_30- 4 3_30- niir | 11% 4
- - sub | 14%
-40-_j {7 -aop VK :
nr | 25%
e 1 1 1 N 1 1 1
500 05 1 15 2 5GO 05 1 15 2
(a) V (V) (b) V (V)

FIG. 3. J —V characteristics of (a) individual HIT and perovskite cells (b)
HIT (red) and perovskite (green) sub-cell J — V' characteristics are shown
along with the tandem cell (black dashed line). Inset table shows sub-cells
contribution to the efficiency.
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the sub-cells underperform compared to their individual
limits (7% ~ 14% vs. npyx ~ 20%; niih ~ 11% vs.
Nair ~ 24%). A reduced coupling between the sub-cells is
desired and the characteristic bifacial configuration of the
HIT cell (see Fig. 1(c)) offers a simple solution, with normal-
ized output 1} — 33% (output power normalized to 1-sun
illumination), as discussed below.

The bifacial design allows light to enter the device from
both top and bottom faces. In a HIT cell, the back ITO must
be inserted between a-Si and metal contact to improve the
optical properties and reliability>* so that a transparent back-
contact is available at no extra cost. Fig. 1(a) shows that the
bifacial panel accepts direct solar illumination from the front
and albedo reflected light from the background (grass, con-
crete, snow, etc.). The traditional and the bifacial perovskite-
HIT tandem are identical (Fig. 1(b) vs. 1(c)), except for the
back Al contact. As a result, slight increase in series resist-
ance is expected for the bifacial design; for this study, we
assume that this effect is negligible.

The front side of the cell is exposed to direct sunlight—
the high energy part of the spectrum with energies >EL'K
(1.55eV) is now mostly absorbed in a 350 nm perovskite sub-
cell (see absorption spectrum in Fig. S3 in the supplementary
material).”> The bottom HIT sub-cell absorbs few photons
from the remaining spectrum (see the blue line in Fig. 4). In a
typical tandem, with no albedo reflectance (R4 = 0), 7 would
be severely affected. However, the partially reflected light
from the ground/surroundings, characterized by the albedo re-
flectance (R4 < 100%), improves photo-generation in the HIT
sub-cell considerably (red dashed line in Fig. 4). For the tradi-
tional tandem cell discussed earlier, 17, was limited by the con-
straint of matched sub-cell currents. Since the bifacial tandem

cell improves JHIT | one can use a thicker perovskite to improve
JggK , free from typical constraints of a tandem cell, i.e.,

restriction on Lpyg Vs. Lg;. For this analysis, we choose these
thicknesses to be 350 nm and 200 um, respectively.

We can now compare the bifacial HIT cell and the bifa-
cial tandem for varying R4. For low R4 (<20%), the perov-
skite has higher current than the HIT sub-cell (see Fig. 5(a)),
and the efficiency is limited by the HIT cell. As we increase
scattered light entering through the bottom cell, the absorp-
tion in the HIT sub-cell will increase linearly with Ry.
However, the tandem Jgc will be limited by the lower of the
two sub-cells currents, shown by the black line in Fig. 5(a).
Beyond R4 > 20%, the tandem current is limited by the per-
ovskite sub-cell. This also explains why the tandem cell

HIT sub-cell

PVK sub-cell |

N
N

88 o

PEDOT:PSS
Perovskite

Photo-generation rate (#/cm3/s)

b=
01a a
Q;
1016
0 0.102 0‘30.44_’1 50 100 150 2004_200.45
20nm 20nm
Depth (um)

FIG. 4. Spatial photo-generation profile in the tandem cell. The primary sun-
light is from the left.
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FIG. 5. (a) Jgc of the sub-cells and the bifacial tandem cell as function of
albedo R4 is shown. (b) Output #; (normalized to 1-sun) of the perovskite
and the HIT sub-cells (green and red areas) are shown. The bifacial tandem
(black dashed line) outperforms the bifacial HIT cell (blue solid line) for
R4 < 40%. Common backgrounds such as grass, white concrete, and snow
have Ry of approximately 30%, 60%, and 90%, respectively.?>*

output x; increases with R4 and then saturates to ~33%
beyond R4 > 20% (see Fig. 5(b)). Further, from Fig. 5(b) we
observe that for a practical range of R4 < 40% the tandem
design (black line) outperforms the typical bifacial HIT cell
(blue solid line) by a considerable margin. Obviously, this
bifacial design requires a slightly modified stacking of the
cells—a suggested process flow is described in the supple-
mentary material. >’

To summarize, in this paper we have explored the per-
formance potential of perovskite-HIT tandem cell based on
state-of-the-art sub-cells. We find that a traditional tandem
design requires an optimized perovskite thickness of Lpyx ~
135nm to provide a modest 25% efficient cell.
Unfortunately, the efficiency gain is compromised due to
sensitivity to Lpygx and both the cells underperform com-
pared to their individual efficiencies. A bifacial tandem
design resolves the current matching problem and improves
the performance to 33%. As an added advantage, this effi-
ciency gain is insensitive to thicknesses of perovskite and c-
Si layers. Further, it outperforms the bifacial HIT cell over a
practical range of albedo reflection. Therefore, it offers a via-
ble, robust HIT-perovskite tandem for low-cost, highly effi-
cient PV technology.

We gratefully acknowledge research support from the
Bay Area PV Consortium (a Department of Energy project
with Prime Award number DE-EE0004946), and by the US-
India Partnership to Advance Clean Energy-Research
(PACE-R) for the Solar Energy Research Institute for India
and the United States (SERIIUS), a joint program by U.S.
Department of Energy and and the Government of India.
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