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Perovskite/silicon (Si) tandem solar cells have been recognized as the next-generation photovoltaic technology with
efficiency over 30% and low cost. However, the intrinsic instability of traditional three-dimensional (3D) hybrid perovskite
seriously hinders the lifetimes of tandem devices. In this work, the quasi-two-dimensional (2D) (BA)>(MA),,_1Pb,I3,+1
(n=1,2,3,4,5) (where MA denotes methylammonium and BA represents butylammonium), with senior stability and
wider bandgap, are first used as an absorber of semitransparent top perovskite solar cells (PSCs) to construct a four-
terminal (4T) tandem devices with a bottom Si-heterojunction cell. The device model is established by Silvaco Atlas based
on experimental parameters. Simulation results show that in the optimized tandem device, the top cell (n = 4) obtains
a power conversion efficiency (PCE) of 17.39% and the Si bottom cell shows a PCE of 11.44%, thus an overall PCE of
28.83%. Furthermore, by introducing a 90-nm lithium fluoride (LiF) anti-reflection layer to reduce the surface reflection
loss, the current density (Jsc) of the top cell is enhanced from 15.56 mA/cm? to 17.09 mA/cm?, the corresponding PCE
reaches 19.05%, and the tandem PCE increases to 30.58%. Simultaneously, in the cases of n = 3, 4, and 5, all the tandem
PCEs exceed the limiting theoretical efficiency of Si cells. Therefore, the 4T quasi-2D perovskite/Si devices provide a more
cost-effective tandem strategy and long-term stability solutions.

Keywords: two-dimensional, device simulation, antireflection layers, tandem solar cells

PACS: 88.40.H—, 88.40.J—, 88.40.hj

1. Introduction

Silicon (Si) solar cells have dominated the photovoltaic
market so far due to their high performance and high reliabil-
ity since their advent in 1954.'1 Now their power conversion
efficiency (PCE) has reached 26.67%,?! which is approaching
their maximum theoretical PCE of 29.4%.13 To break through
this efficiency bottleneck at a lower cost, a tandem technol-
ogy of metal halide perovskite top cells and crystalline Si
bottom cells has attracted explosively increasing attention in
both academia and industry areas.*>! This is due to the per-
ovskite solar cells (PSC) possessing the advantages of tunable
bandgap, bipolar transport, high carrier mobility, easy fabri-
cation process, low cost, and the rapidly increased PCE from
3.8% t0 25.7% during ten years.[*1%1 Also the theoretical PCE

11 what is

of perovskite/Si tandem cells is as high as 43%,
more exciting is that they have achieved a laboratory PCE of
29.80% (certified), an efficiency over the theoretical limit of
Si cells.

Perovskite/Si tandem solar cells mainly include two
structures of two-terminal (2T, monolithic) and four-terminal
(4T, mechanically stacked) devices.!'?!3 Comparing with the

2T devices, the main issue of current matching does not exist
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in 4T devices, where the top perovskite cell and bottom Si cell
can be fabricated separately and optimized individually, pre-
senting the natural process compatibility. Nowadays, a PCE
of 28.3% has been reported in 4T-perovskite/Si devices,!'¥]
which is also very close to the theoretical limit of Si cells.
More importantly, owing to the intrinsic instability of per-
ovskite under light, heat, and moisture conditions induced by
the organic cation (MA™ or FAT) components, 1] the lifetime
of organic—inorganic hybrid perovskite devices (several years)
is shorter than that of Si cells (> 20 years), which will signif-
icantly shorten the operating life of 2T-perovskite/Si tandem
devices. While in the 4T tandem modules, the degraded top
cells can be replaced easily by new PSCs and the bottom Si
modules keep working, which provides another route to im-
proving the longtime stability of perovskite/Si tandem devices
in practical applications.

To further improve the stability of perovskite material,
it has been proved to be effective to substitute MA™ or
FA™ by inorganic cation (Cs™), however, the relatively wide
bandgap of more stable CsPbIBr; (~ 2.0 eV)!'® or CsPbBr;3
(~ 2.3 eV)!'7] limits the ability to absorb light and the PCE
of corresponding PSCs; the high crystal temperature (over
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200 °C)[181 is also not expected for the cost-effective PSCs.
Fortunately, the emerging quasi-2D perovskite materials have
been considered as one of the most promising strategies to
address the instability problem, and found wide applications
in light-emitting diodes, photodetectors, and solar cells.!1?20]
The quasi-2D perovskite was obtained by cutting off a piece
of traditional 3D perovskite along its crystallographic plane
and inserting big organic cations to separate the inorganic
parts, which behaves like multilayer quantum wells and ex-
hibits greatly improved air, phase, and thermal stability.[>!]
Simultaneously, the PCE of quasi-2D PSCs increased steadily
and exceeded 20%%>23] by orientation adjustment, organic-
spacer-cations design, composition engineering, and device
engineering.?!]

The most studied Ruddlesden—Popper (RP) 2D perovskite
showed a structure of (RNH3)2A,—1M,X3,,+1, where R rep-
resents an aliphatic alkylammonium or aromatic cation, n
denotes the ‘quantum-well’ thickness or the layer number

of perovskite sheets.!?*!

Particularly, both the n and or-
ganic components can be used to modulate the bandgap, ab-
sorbance, and exciton binding energy of 2D perovskite ma-
terial. In 2016, the successful fabrication of vertically ori-
ented (BA),(MA)3;Pb4l;3 by hot—casting[19J paved the way to
develop RP 2D-PSCs, and now the PCE over 18% has been
reported.[>-27 Song et al. performed a systematic spectro-
scopic ellipsometry study and extracted the optical dielectric
functions and complex refractive indices of phase-pure RP and
DJ phase perovskite, which opens the door for modeling and
simulating 2D perovskite-based optoelectronic devices. 8!

In this work, the semitransparent quasi-2D PSCs with an
absorber of (BA);(MA),,_1Pb,l3,.1 (n=1, 2, 3, 4, 5) is used
as a top cell to construct a 4T-tandem solar cell with an Si-
heterojunction bottom cell. The tandem device model has
been established by Silvaco Atlas based on the experimental
parameters, and the photovoltaic performances for quasi-2D
perovskite/Si PSCs have been studied systematically. Simu-
lation results for single-junction PSCs show that the device
presents a senior PCE of 17.64% when the n value is chosen as
4, which is consistent with the experimental report. In the 4T-
tandem device, the top cell (n = 4) obtains a PCE of 17.39%
and the filtered Si bottom cell possesses a PCE of 11.44%, thus
an overall PCE arrives at 28.83%. Furthermore, when a 90-nm
LiF anti-reflection layer is introduced, the Jy. of the top cell is
enhanced from 15.56 mA/cm? to 17.09 mA/cm?, i.e., the in-
crement is 9%, the corresponding PCE reaches 19.05% and
the overall PCE of the tandem device rises to 30.58%. Simul-
taneously, in the case of n = 3, n =4, and n =5, all the tandem
PCE exceeds 30%, which is greater than the limiting theoreti-
cal efficiency of silicon cells. Therefore, besides the improved
long-term stability, the 4T quasi-2D perovskite/Si devices pro-
vide a more cost-effective tandem strategy to break through the

theoretical efficiency limit of Si cells and hold their dominance
in the PV market.

2. Theory and methods

Silvaco TCAD Atlas device simulator is used to estab-
lish the model of single-junction quasi-2D RP PSCs and 4T-
perovskite/Si-heterojunction tandem based on the optical and
electrical parameters (see Tables S1 and S2 in supporting in-
formation) in experimental reports.?*=37! In addition, because
the carrier dynamics of quasi-2D perovskite films are closely
related to the n value, the mobility, carrier concentration and
effective state density are inconsistent with different n values.
Taking the perovskite film with n = 4 as a reference, the per-
ovskite model with different mobilities, doping carrier concen-
tration, and effective state density is analyzed and calculated.
Figure S1 in supporting information shows the relationship be-
tween the electrical performance and mobility of the device. It
can be seen that the change in mobility has no great influence
on the electrical performance of the device. Table S3 shows
the relationship between the electrical properties of the device
and the carrier concentration. When the carrier concentration
(Np) changes, the electrical properties of the device do not
change significantly. From Table S4, with the increase of the
state density (Nc and Ny), only the open-circuit voltage (Vo)
of device changes within the theoretical range**3%31 and
other parameters are basically unchanged. Therefore, since
the electron mobility (Myy,), hole mobility (Myp), Np, Nc, and
Nv have little influence on the overall calculation, n = 1, 2,
3, 4, and 5 are calculated on the basis of My, = My, = 50,
Np =1x 103, and Nc = Ny = 1 x 10%°. The device geometry
as well as the structure of quasi-2D (BA)2(MA),—1Pb,I3,+1
perovskite whenn=1,n=2,n=3,n=4, and n =5 is shown
in Fig. 1. Here, it is assumed that the quantum-well structured
quasi-2D perovskite has homogeneous energy landscape and
shows no cascade energy transfer behaviors. The top cell pos-
sesses a structure of ITO/SnO,/quasi-2D perovskites/spiro-
OMeTAD/ITO, the LiF acts as an anti-reflection layer, and
the parameters of Si-heterojunction cells are identical to those
in our previous research.[#% In addition, a refractive match-
ing layer*!l with a refractive index of about 1.414 is used be-
tween the top cell and the bottom cell to reduce the light loss at
the interface between the sub-cells. Then the light absorption,
J-V characteristics, and optical electric field distributions are
systemically studied to obtain an optimal tandem device struc-
ture and understand the photoelectric conversion mechanism.
The simulations are mainly based on three basic equations,
i.e. Poisson’s equation, carrier continuity equation, and drift-
diffusion equation, *?! and the detailed calculation method can

be found in our previous researches. [40:43-44]
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(a) (b)
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Fig. 1. (a) The 4T-tandem solar cell structure and (b) schematic crystal structure of quasi-2D RP (BA)2(MA),_;Pb,I3,+1 perovskites with

various values of n and bandgap.

3. Results and discussion

Comparing the conventional 3D perovskites, the remark-
ably enhanced stability against moisture of the 2D perovskites
can be attributed to the Van der Waals interactions between the
organic spacer cations. The lower the value of n, the higher the
stability for 2D perovskite is.[*? It has been verified that the
2D perovskite with n = 1 immersing in water can be main-
tained several minutes without any decomposition from per-
ovskite to lead iodide.®! On the other hand, the bandgap of
2D perovskites increases with the decreasing of n value, and
the wider bandgap will limit their light absorption range and
the PCE of PSCs.
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Fig. 2. (a) Calculated J-V curves and (b) photovoltaic parameters of single
junction quasi-2D (BA)2(MA),—1Pb,I3,+1 PSCs with varying n values.

Consequently, the cases of n < 5 for Ruddlesden—Popper
(BA)2(MA),—1Pb,I3,+1 perovskite are investigated in this
work. For the single junction 2D PSCs with an opaque Ag
electrode, the calculated J-V curves and photovoltaic param-
eters are shown in Figs. 2(a) and 2(b). It can be observed that
the Jyc increases with n value increasing, but the V,, shows
the opposite trend, and there is no significant change for the
FF, the resulting PCE continuously increases when the value
of n is lower than 4 and begins to degrade when the value
of n is set to 5. Thus the quasi-2D PSCs with n = 3, 4, and
5 (PCE =15.34%, 17.63%, and 17.53%) can achieve higher
PCE and more balance between photovoltaic performance and
stability, which is consistent with the experimental result.4”]
For the lower n of 1 and 2, the wider bandgaps (2.14 eV and
2.41 eV) limit the Ji. and PCE, although the corresponding
PSCs have larger V. and better stability. However, owing
to the low absorption coefficients and poor carrier transport
caused by the strong quantum confinement effect, the 2D per-
ovskite with n = 1, 2 cannot be preferred for photovoltaic ap-
plications.

For the 4T-tandem device of 2D perovskite top cell and
Si bottom cell, the efficient segmented spectral absorption be-
tween sub-cells is a key to optimizing the overall PCE of tan-
dem devices. Here, the semitransparent 2D PSCs (n =1, 2, 3,
4, 5) with an ITO rear electrode are stacked with the Si hetero-
junction cells. Figure 3 displays the calculated photon absorp-
tion and J-V curves of 4T perovskite/Si tandem devices. It
can be seen that the semitransparent 2D PSCs mainly absorb
the incident photons at short wavelength and the Si bottom
cell harvests the long wavelength photons filtered by the top
cell, and the light absorption of sub-cells can be tuned by the
n value of 2D perovskite. When it comes to the photoelec-
tric conversion capacity, the semitransparent 2D PSC shows a
lower PCE than that of opaque 2D PSC (Fig. 2), which is due
to the transmission loss caused by the ITO electrode. Even so,
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their PCEs increase with the n value increasing from 10.40%
(n=1)to 17.39% (n = 4). However, comparing with the ref-
erence Si cell with a PCE of 24.4% and Ji. of 36.83 mA/cm?,
the Js. and PCE of the filtered Si bottom cell rapidly degrade
to 25.88 mA/cmz(by 36.9%) and 15.39% (by 29.7%) when n

with the value of n increasing from 1 to 5. The correspond-
ing overall PCEs of 4T tandem devices are 25.79% (n = 1),
28.29% (n = 2), 28.51% (n = 3), 28.83% (n = 4), and 28.67%
(n =5), respectively. Obviously, the tandem devices with top
2D PSCs (n = 3, 4, 5) have acquired a PCE close to the theo-

equals 1, and further decreases to 18.59 A/cm® and 11.29%  retical efficiency limit of Si cells.
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Fig. 3. Calculated absorption spectra and J-V curves of quasi-2D perovskite/Si tandem solar cells with different n values.

In order to further improve the PCE of perovskite/silicon
tandem solar cells, reducing the refection loss at the top-
cell/air interface may be an efficient optical strategy, and typ-
ical various thickness anti-reflection layers of LiF are used to
cap the top 2D PSCs. Compared with the highest PCE of 2D
perovskite (n = 4)/Si tandem devices, the overall PCE as a
function of LiF thickness is shown in Fig. 4(a), and it can be

observed that the optimal thickness of LiF anti-reflection layer
is about 90 nm, corresponding to an improvement of 30.58%
in PCE. Also in Fig. 4(b), for the 2D top PSCs with 90nm-
thick LiF and different values of n, all the PCEs of tandem
devices are enhanced noticeably and exceed 30% when the
value of n equals 3, 4, and 5. The detailed J-V curves of
sub-cells can be found in Fig. S1 in the supporting informa-
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tion. Therefore, only by adding an anti-reflection layer, the
PCE of quasi-2D perovskite/Si tandem device can surpass the
theoretical efficiency limit of Si cells, which is also compara-
ble to those of both 4T 3D-perovskite (hybrid or inorganic)/Si
tandem devices and the 2T perovskite/Si tandem cells. At the
same time, the quasi-2D perovskites provide a selection of tan-
dem structure with longer operation stability.

The optimized photovoltaic performance of quasi-2D
perovskite (n = 4)/Si tandem device is further discussed in
Fig. 5. The top PSC shows a PCE of 19.05% with Js. =
17.09 mA/cm?2, Voe = 1.39 V, and FF = 0.8; the bottom Si
cell realizes a PCE of 11.53% with Jic = 19.00 mA/cm?,
Voc = 0.76 V, and FF = 0.8; and the tandem device achieve
a total PCE as high as 30.58%. It is apparent that the substan-
tially enhanced Jy. by 9.8% is responsible for the champion
PCE, which is confirmed by the obvious increase of photoab-
sorption in the wavelength from 500 nm to 700 nm as shown in
Fig. 5(b). The relatively large intensity of optical electric field
at 540 nm and 640 nm in Fig. 5(d) accord well with the above
results. Simultaneously, the introduction of LiF layer triggers
off an oscillation behavior of absorption in the Si bottom cell
(Fig. 5(c)), but still be helpful for the Si bottom cell as Jy
(0.15 mA/cm?) increases slightly. In addition, the PCE and Jy.
loss of bottom Si cell are 52.7% and 48.4% in comparison with
those of the reference Si cell, respectively, which, however, are
still lower than the 63.7% and 63.8% of the most efficient 3D-
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Fig. 6. Optical electric field distributions of tandem cells (a) with and (b)
without LiF antireflection layer. (c) Difference between electric field distri-
butions in panels (a) and (b) after adding LiF antireflection layer.
Furthermore, the 3D images of optical electric field distri-
butions as a function of wavelength and position in top quasi-
2D (n = 4) PSCs are shown in Fig. 6 to understand the optical
mechanisms. Here, E; and E, represent the optical electric
field in 2D PSCs without and with an LiF antireflection layer.
In Figs. 6(a) and 6(b), most of the photons at short wavelengths
in a range of 300 nm—700 nm are absorbed by the top 2D per-
ovskites; while the electric field distributions at the long wave-
length ranging from 700 nm to 1100 nm determine the photon
energy that can be harvested by the Si bottom cell and the ob-
vious oscillation of electric field distributions accords with the
behavior of photoabsorption in Fig. 5(c). At the same time, the
overall intensity of optical electric field in quasi-2D PSCs is
slightly enhanced after utilizing the LiF anti-reflection layer,
which can be clearly distinguished by the difference in elec-
tric field intensity displayed in Fig. 6(c). Here, the negative
intensity near 750 nm and 900 nm are consistent with the in-
terference minimum of absorption in Fig. 5(c), and the positive
intensities at all other wavelengths prove the optical modula-
tion effect of LiF anti-reflection layer. On the other hand, the
4T quasi-2D (n = 5) perovskite/Si tandem devices also obtain

a total PCE of 30% (see Fig. S5); what is interesting is the
current density of top and bottom cells (17.79 mA/cm? and
18.17 mA/cmZ) are very close to each other, thus the natural
current matching makes it possible to construct a 2T-tandem
devices of quasi-2D (n = 5) PSCs and Si bottom cells. There-
fore, this work may open the door to the design and fabrication
of quasi-2D perovskite/Si tandem devices with both 4T and 2T
structures. Of course, the more efficient reflective layers (dou-
ble or triple), organic-spacer-cation design, composition and
device engineering can be used to improve the performance of
quasi-2D top PSCs, and the experimental investigation will go
further in future.

4. Conclusions

Semitransparent quasi-2D RP PSCs are introduced for
the first time to construct 4T tandem devices with the Si-
heterojunction bottom cells. By establishing the Atlas device
model and performing systemic simulations from optical and
electrical aspects, a PCE over 30% is achieved for quasi-2D
(BA)2(MA),—1Pb,I3,+1)/Si tandem cells with three values of
n (3, 4, and 5) and the LiF anti-reflection layer at the air/top
cell interfaces. When n equals 4, corresponding to a perovskite
bandgap of 1.9 eV, the optimized top quasi-2D PSC and bot-
tom Si cell show a PCE of 19.05% and 11.53%, respectively,
and the total PCE of the tandem device reaches 30.58%, which
exceeds the theoretical efficiency limit of Si based solar cells.
More importantly, compared with the traditional 3D PSC, the
quasi-2D PSC possesses a comparable PCE and can obviously
improve air, phase, and thermal stability. Therefore, the 4T
quasi-2D perovskite/Si device provides a more cost-effective
tandem strategy and long-term stability solution. This work
is instructive for designing and fabricating the perovskite/Si
tandem solar cells.
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