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Monolithic perovskite/Si tandem solar cells (TSCs) have experienced rapid development in recent years, demonstrat-
ing its potential to exceed the Shockley–Queisser limit of single junction Si solar cells. Unlike typical organic-inorganic
hybrid perovskite/silicon heterojunction TSCs, here we propose CsPbI3/TOPCon TSC, which is a promising architecture
in consideration of its pleasurable thermal stability and good compatibility with current PERC production lines. The op-
tical performance of CsPbI3/TOPCon TSCs is simulated by the combination of ray-tracing method and transfer matrix
method. The light management of the CsPbI3/TOPCon TSC begins with the optimization of the surface texture on Si sub-
cell, indicating that a bifacial inverted pyramid with a small bottom angle of rear-side enables a further minimization of the
optical losses. Current matching between the subcells, as well as the parasitic absorption loss from the front transparent
conductive oxide, is analyzed and discussed in detail. Finally, an optimized configuration of CsPbI3/TOPCon TSC with a
31.78% power conversion efficiency is proposed. This work provides a practical guidance for approaching high-efficiency
perovskite/Si TSCs.

Keywords: perovskite/Si tandem solar cells, simulation, TOPCon, CsPbI3

PACS: 88.40.H–, 88.40.hj, 84.60.Jt DOI: 10.1088/1674-1056/ac693d

1. Introduction
Crystalline silicon (c-Si) solar cells have occupied over

90% photovoltaic market due to their low cost, high effi-
ciency and mature industrialization. The power conversion ef-
ficiency (PCE) of current world record cell for single-junction
c-Si solar cells is 26.7% which is close to the 29.4% effi-
ciency limit of Si.[1,2] In order to break through this effi-
ciency ceiling, one approach is to fabricate multi-junction so-
lar cells which can effectively enhance the utilization of the
solar spectrum by reducing the thermalization loss. The the-
oretical efficiency of Si based two-junction solar cells can ex-
ceed 45% which is quite attractive.[3] The calculation result
manifests that Si (Eg = 1.12 eV) based TSC requires an ab-
sorption material with Eg ∼ 1.70 eV in the top cell so as to
maximize the efficiency.[3] Halide perovskites with tunable
bandgap (1.5 eV–2.3 eV), high absorption coefficient and good
defect tolerance,[4,5] have rapidly enhanced the PCE from
3.8% to 25.7% in the last ten years.[6,7] The bandgap of per-
ovskite can be ideally adjusted to 1.67 eV–1.75 eV by chang-
ing the composition of ABX3.[8]

It is quite incredible that the PCE of perovskite/Si
(PVK/Si) TSCs has developed extremely fast, from 13.7% in
2015[9] to 29.8% in 2021,[10] exceeding that of the c-Si so-
lar cells. In high-efficiency PVK/Si TSCs, silicon heterojunc-
tion (SHJ) solar cell is usually chosen as the bottom cell be-
cause of its high PCE and high open-circuit voltage (Voc).[11]

However, the SHJ totally distinguishes from the mainstream
passivated emitter and rear cell (PERC), leading to a quite
high levelized cost of electricity (LCOE). The tunnel oxide
passivated contact (TOPCon) silicon solar cell is another out-
standing candidate for the bottom Si solar cell which is com-
patible better with existing PERC production lines and has
manifested a high record efficiency of 26.0%.[12] The LCOE
of PVK/TOPCon TSCs has been calculated to be lower than
PVK/SHJ TSCs for both utility and residential installation by
Fraunhofer ISE.[13] Currently, the researches of PVK/Si TSCs
mainly focus on organic-inorganic hybrid perovskite due to
its relatively high efficiency. However, its thermal stability is
still a huge challenge.[14] On the other hand, the all inorganic
perovskite CsPbI3 has been demonstrated to be more superior
thermal stability and incredibly increased PCE from 2.9% to
20.37% in 6 years.[15,16] Meanwhile, the optimal bandgap of
CsPbI3 is 1.72 eV,[17] which is suitable for the application of
PVK/Si TSCs.

To further improve the PCE of PVK/Si TSCs, one effec-
tive way is to reduce optical loss by employing light trapping
structures. Upright pyramid structure is the most common
texture in silicon solar cells, and achieved by etching silicon
wafer in a mixed alkali solution.[18] In the PVK/Si TSCs, the
upright pyramid structure is usually employed in rear side of
silicon solar cell while the front side is polished because of the
difficulty in obtaining uniform perovskite film by spin coat-
ing on textured surface.[19,20] However, the front planar sur-
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face of silicon results in poor light tapping capability. In order
to cope with this challenge, upright pyramidal polydimethyl-
siloxane (PDMS) structure has been introduced on the top
of TSCs.[21] Micrometer-thick perovskite top cell was spin-
coated on fully upright pyramidal textured silicon solar cell
to avoid shunt paths.[20] Double-side-textured silicon cell with
sub-micrometer pyramids was employed in order to minimize
the thickness of perovskite film by solution process.[22] Fur-
thermore, the inverted pyramid structure was proposed as a
more promising texture, which has a lower reflectivity than
upright pyramid.[23,24] It was introduced into the PVK/Si TSC
by adding an inverted pyramidal PDMS antireflective coat-
ing, which would complicate the fabrication process.[25] Di-
rectly texturing on Si seems a more practical approach to mass
production.[26] Nevertheless, such a research is still relatively
limited, and more attention should be paid to realizing the ap-
plication of such an excellent texture to PVK/Si TSC.

Herein, we design the optics of CsPbI3/TOPCon TSCs
based on optical simulation that combines transfer matrix
method (TMM) with ray-tracing method. The optical losses of
different surface structures of silicon bottom solar cells such as
rear-side upright pyramid (r-UP), bifacial upright pyramid (b-
UP), and bifacial inverted pyramid (b-IP), are systematically
discussed. In order to further optimize the surface structure
of silicon, the dependence of optical loss on the bottom an-
gle of rear-side b-IP is investigated particularly. Meanwhile,

the photogenerated current densities of TSCs are calculated
by varying the thickness of CsPbI3 layer and Si bulk consid-
ering the fact that the current density matching is a key is-
sue in two-terminal TSCs. Moreover, through comparing the
optical performances of various transparent conductive oxide
(TCO) layers, we find the hydrogenated indium oxide (IO:H)
a more attractive front TCO candidate. Finally, the PCE of
the CsPbI3/TOPCon TSC can achieve 31.78% when the best
matched current density is realized.

2. Device simulation parameters
The sketches of CsPbI3/TOPCon TSCs with various tex-

tures are shown in Fig. 1. The material, function, and thick-
ness of each layer are listed in Table 1 (their refractive in-
dexes and extinction coefficients can be found in Fig. S1 in
Supporting information. Both upright pyramid and inverted
pyramid are 2-µm wide with an angle of 54.7◦, consistent
with our previous experimental data.[23] As the thickness of
SiOx layer is extremely thin (∼ 1.5 nm), its influence can be
reasonably ignored during the optical simulation. The rear
and front ITO electrodes possess an identical carrier concen-
tration of 2.0×1020 cm−3 in that too high carrier concentra-
tion will result in high free carrier absorption at long wave-
lengths. The interlayer ITO has a carrier concentration of
4.9×1020 cm−3 for the sake of favorable charge transfer be-
tween the subcells.[27]

ITO-front

NiOx

Si

Poly-Si

ITO-inter

SiOx

ITO-rear

(a) (b) (c)

CsPbI3

SnO2

Fig. 1. Simulated structures of PVK/Si TSCs, showing (a) rear upright pyramid textured, (b) bifacial upright pyramid textured. and (c) bifacial inverted
pyramid textured.

Table 1. List of simulation parameters.

Material Function Thickness Reference

ITO front front electrode 100 nm [28,29]

NiOx hole transport layer 20 nm [30]

CsPbI3 light absorption layer 1000 nm [31]

SnO2 electron transport layer 20 nm [28,32]

ITO inter interlayer 20 nm [28,29]

Si light absorption layer 180 µm [33]

Poly Si selective contact layer 100 nm [13,34]

ITO rear rear electrode 70 nm [13,29]

The optical properties of the CsPbI3/TOPCon TSCs were
simulated by the widely used ray-tracing method and TMM
for the Si thick layer and other thin layers, respectively.[35] The
origin code of simulation can be acquired from website.[36]

The normal incidence AM1.5G spectrum (from 300 nm to
1200 nm in steps of 10 nm) was chosen as the illuminant.
In order to calculate the photogenerated current density, the
internal quantum efficiency (IQE) was assumed to be 100%.
Thus, the photogenerated current density could be determined
by integrating the photon flux of the AM1.5G solar spectrum
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with the corresponding absorptance, expressed as the follow-
ing equation:[32]

JG i =−e
∫ 1200 nm

300 nm
Ai (λ )ΦAM1.5G (λ ) dλ , (1)

where JG i denotes the photogenerated current density corre-
sponding to the absorption layer i, e is the elementary charge,
λ is the wavelength, Ai (λ ) is the absorptance of layer i as a
function of λ , ΦAM1.5G (λ ) is the photon flux according to the
AM1.5G spectrum.

2.1. Textures

In order to figure out what kind of texture is more ben-
eficial for the improvement of optical performance, three
CsPbI3/TOPCon TSCs with different silicon textures were
constructed. As shown in Fig. 1(a), the Si bottom cell
is r-UP textured, which is widely used in high-efficiency
PVK/Si TSCs in view of its compatibility with the spin coating
process.[37] Since bifacial texture is believed to be more supe-
rior in improving the optical performance,[38] two kinds of bi-
facial textures are compared, namely b-UP and b-IP (Figs. 1(b)
and 1(c)). Figures 2(a)–2(c) display the absorptance of CsPbI3

thin film and Si bulk, as well as the reflectance and trans-
mittance of TSCs, which were simulated by incorporating the
ray-tracing and TMM. The photogenerated current density of
CsPbI3 (JG CsPbI3 ) and Si (JG Si), and the lost current density
triggered by reflection (JR) and transmission (JT) as well, were

calculated according to Eq. (1), and the results are shown in
Fig. 2(d). It can be clearly seen that the CsPbI3 layer ab-
sorbs the light in the wavelength range from 300 nm to 720 nm
due to its bandgap energy (718 nm) while the Si absorbs the
light in a wave length range of 600 nm–1200 nm, indicating
that the CsPbI3 layer with a thickness of 1000 nm can absorb
most of the light below 600 nm. Compared with the single-
side rear textured TSC, the bifacial textured counterparts im-
mensely enhance the absorption of both CsPbI3 layer and Si
bulk. Introducing pyramidal texture in the front of Si enables
the JG CsPbI3 to significantly increase from 16.13 mA/cm2 to
19.07 mA/cm2. Note that the CsPbI3 layer on the top of pyra-
mid structure will conformably repeat the pyramid feature if
fabricated by an appropriate method, making the reflectivity
greatly reduced (Fig. 2(b)). An ignorable lowered absorption
of Si in the wavelength region from 1020 nm to 1200 nm oc-
curs in both b-UP and b-IP, due to the dramatically increased
transmittance and unequally reduced reflectance.

When the bifacial upright pyramid texture is replaced by
inverted pyramid, the JG CsPbI3 and JG Si further increase by
0.16 mA/cm2 and 0.40 mA/cm2, respectively. The inverted
pyramid texture has a desirable capability to minimize the re-
flectivity of the TSC, which is attributed to the increased triple
bounce of incident light in the whole wavelength range from
300 nm to 1200 nm.[23] Moreover, the transmission of the light
above 1000 nm can be partly suppressed, leading the JG Si to
increase more than JG CsPbI3 .
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Fig. 2. Optical properties of CsPbI3/TOPCon TSCs with three different textures, showing (a) absorptance of CsPbI3 layer and Si bulk, (b) reflectance
of TSCs, (c) transmittance of TSCs, and (d) current densities of absorbed or lost lights (in units mA/cm2).
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2.2. Bottom angle of rear-side inverted pyramid

In Subsection 2.1, we have proved that b-IP texture is
a better option for PVK/Si TSC when considering the opti-
cal property. In order to further improve the optical perfor-
mance of the TSCs, we discuss the influence of the bottom
angle (θ ) of rear-side inverted pyramid on the minimization
of optical loss as shown in Fig. 1(c). Our previous work in-
dicated that the b-IP texture with a small θ in a range of
10.0◦–20.0◦ can improve the optical gain of PERC compared
with the quintessential 54.7◦.[39] The mass producible inverted
pyramid structure fabricated by Cu-assisted chemical etch-
ing is usually bifacial texture.[40] On the other hand, θ can
be gradually reduced by controllable single-side etching in
HF/HNO3/H2O mixture,[39] which guarantees that the follow-
ing simulation of the inverted pyramid textured TSCs with θ

varying from 0.0◦ to 54.7◦ is instructive and practicable.
Figures 3(a) and 3(b) show the JG CsPbI3 , JG Si, JR, and

JT varying with angle θ . Obviously, JG CsPbI3 basically keeps
constant around 19.23 mA/cm2 in the whole range of θ , while
JG Si, changes much complicatedly. As θ increases, the opti-
cal losses from reflection and transmission are quite opposite,
while the transmission is more dependent on θ . According
to Figs. 3(c) and 3(d), as the 1000-nm CsPbI3 layer and 180-
µm Si bulk are thick enough to absorb most of the light below
930 nm, θ only influences the reflection and transmission of
the wavelength above 930 nm which cannot be absorbed by
CsPbI3 layer. In this case, the absorption curves of CsPbI3

layers with θ values of 0.0◦, 10.0◦, and 54.7◦ are almost over-
lapped as seen in Fig. 3(e), meaning that the JG CsPbI3 is inde-
pendent of the rear side texture of Si.
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Fig. 3. (a) Photogenerated current density of CsPbI3 layer and Si bulk with respect to θ ; (b) current density loss of TSC triggered by reflection and
transmission versus θ ; (c) wavelength-dependent reflectance, and (d) transmittance of TSC for different values of θ ; absorptance of (e) CsPbI3 layer
and (f) Si bulk for different values of θ .

Unlike the absorption of the CsPbI3 layer, the absorp-
tion of Si bulk depends heavily on θ (Fig. 3(f)) since the
changed part of wavelength in reflectivity and transmission
spectrum by varying θ can be absorbed by Si bulk as shown in
Fig. 3(f). The JG Si gradually increases from 19.93 mA/cm2 to
20.43 mA/cm2 when θ rises from 0.0◦ to 21.5◦, then abruptly
drops to 19.32 mA/cm2 as θ increases to 30.0◦, and finally
gently fluctuates to 19.35 mA/cm2 when θ turns to typical
54.7◦. When θ ≤ 25.0◦, the transmission loss JT swings up
slightly while the reflection loss JR decreases by varying de-
grees. In consequence, JG Si generally gains an increase in this
angle range. Especially for θ between 10.0◦ and 21.5◦, both
the JT and JR are relatively low, contributing to a relatively
high JG Si. In a range of 25.0◦ < θ < 30.0◦, the transmis-

sion loss aggravates rapidly, leading JG Si to decrease rapidly.
The variation of JT and JR become comparatively gentle after
the angle exceeds 30.0◦. However, the decrease in reflectivity
is not sufficiently enough to compensate for the gradually in-
creasing transmittance, leading JG Si to decrease slowly . The
maximum of JG Si can reach to 20.51 mA/cm2 with a small
θ (10.0◦), which is 2.9% higher than in the planar and even
6.0% higher than the as-etched inverted pyramid. The main
reason why a small θ has the ability to minimize the optical
loss can be that the total internal reflection possibly happens at
the top and bottom interface of TSCs on the way of light inci-
dent from TSCs to the air. According to the Snell’s law, when
the light comes from Si to the air, the relationship between the
incident angle and the refraction angle at each interface can be

088801-4
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expressed as the following formula:[41]

nSi sinαSi = nj sinαj = n0 sinα0, (2)

where nSi and αSi are the refractive index and incident angle
of Si, nj and αj are the refractive index and incident/refraction
angle of the layer j between Si and air, n0 and α0 are the re-
fractive index and refraction angle of the air, respectively. In
other words, the incident angle in Si for the total internal re-
flection at the top or bottom interface of TSCs only depends
on nSi and n0. Our previous work have illustrated that when
θ > 4◦, the reflection in the front interface of TSCs will gen-
erally decrease with the increase of θ because of the enhanced
probability of total internal reflection; when θ < 24◦, the trans-
mission in the rear interface of TSC will be suppressed for
the same reason.[39]Therefore, a small θ can make a trade-off
between reflection and transmission, contributing to a higher

JG Si. Thus, in order to maximize the optical harvest in PVK/Si
TSCs, the rear side texture should become smoother, which
will be simultaneously beneficial to the passivation of the rear-
side surface of Si subcell.

2.3. Thickness of CsPbI3 layer and Si bulk

Current density matching between the top subcell and
bottom subcell is one of the most critical issues in two-
terminal TSCs. In order to maximize the series current density
of the CsPbI3/TOPCon TSCs, the thickness value of CsPbI3

layer and Si bulk should be delicately modulated to achieve a
positive match. Asymmetrical b-IP with a bottom angle 10◦ of
rear-side was chosen for the texture of Si subcell in this sub-
section. The thickness of CsPbI3 layer varies from 400 nm to
2200 nm in steps of 20 nm, while the Si bulk’s ranges from
40 µm to 210 µm in steps of 10 µm.

J
G
 (

m
A

/
c
m

2
)

J
G
 (

m
A

/
c
m

2
)

JG↩Si

JG↩CsPbI

JG↩Si

JG↩CsPbI

CsPbI3

CsPbI3

600 1000 1400 1800 2200

50

70

90

110

130

150

170

190

210

17.32

17.63

17.94

18.25

18.57

18.88

19.19

19.50

19.81

600 1000 1400 1800 2200
17.0

18.0

19.0

20.0

21.0

22.0

23.0

400 600 800 1000 1200
0

0.2

0.4

0.6

0.8

1.0

A
b
so

rp
ta

n
c
e

Wavelength (nm)

400 nm
800 nm
1200 nm
1600 nm
2000 nm

600 1000 1400 1800 2200

50

70

90

110

130

150

170

190

210

17.04

17.69

18.35

19.00

19.65

20.30

20.96

21.61

22.26

50 90 130 170 210
17.0

18.0

19.0

20.0

21.0

22.0

23.0

400 600 800 1000 1200
0

0.2

0.4

0.6

0.8

1.0

A
b
so

rp
ta

n
c
e

Wavelength (nm)

120 mm

160 mm 
200 mm 

S
i 
th

ic
k
n
e
ss

 (
m
m

)
S
i 
th

ic
k
n
e
ss

 (
m
m

)

CsPbI3 thickness (nm)

CsPbI3 thickness (nm) Si thickness (mm)

CsPbI3 thickness (nm)

J
G
↩
C

sP
b
I 
 (

m
A

/
c
m

2
)

J
G
↩
S
i 
(m

A
/
c
m

2
)

(a) (b)

(e)

(c)

(f)(d)

40 mm

80 mm 

Si

Si

Fig. 4. Simulated optical performances of CsPbI3/TOPCon TSCs with different values of thickness of CsPbI3 layer and Si bulk. (a) Photogenerated
current density of CsPbI3 layer; (b) JG CsPbI3 and JG Si, with Si bulk thickness fixed at 180 µm; (c) absorption spectrum of CsPbI3 layer and Si bulk,
with thickness of Si bulk fixed at 180 µm but thickness of CsPbI3 layer varied; (d) photogenerated current density of Si bulk; (e) JG CsPbI3 and JG Si,
with thickness of CsPbI3 layer fixed at 400 nm; (f) absorption spectra of CsPbI3 layer and Si bulk, with thickness of CsPbI3 layer fixed at 400 nm but
thickness of Si bulk varied.

Figure 4(a) displays the calculated JG CsPbI3 as a func-

tion of both CsPbI3 layer and Si bulk thickness. Obviously,

the thickness of bottom Si has no significant influence on

JG CsPbI3 . Since the perovskite subcell is on the top of the TSC,

JG CsPbI3 mainly depends on the thickness of CsPbI3 layer.

With the increase of CsPbI3 thickness, JG CsPbI3 first grows

rapidly and then slowly approaches to saturation (Fig. 4(b)).

The maximum JG CsPbI3 can reach to 19.79 mA/cm2 when the

thickness of CsPbI3 layer rises to 2180 nm. As shown in

Fig. 4(c), owing to the high absorption coefficient of CsPbI3,

400-nm-thick CsPbI3 layer can adequately absorb the light in

a range from 300 nm to 500 nm, but is insufficient for the light

above 500 nm. When the thickness of CsPbI3 layer increases

to 1200 nm, it will absorb most of the light with wavelength

shorter than 690 nm. With the further increase of CsPbI3 layer

thickness, the light in this region could be mostly absorbed.

On the contrary to the JG CsPbI3 , the JG Si heavily relies

on not only the thickness of Si bulk but also the thickness of

CsPbI3 layer, specifically for the light below 720 nm. With the

CsPbI3 layer thickness increasing from 400 nm to 2200 nm,

JG Si first decreases quickly and then shows a slow-down trend

(Fig. 4(d)). When the thickness of CsPbI3 layer is smaller than

1200 nm, the thinner the CsPbI3 layer, the more the light in

the wavelength range between 500 nm and 720 nm escapes
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from CsPbI3 layer and then is absorbed by Si bulk. As the
thickness of CsPbI3 layer grows more than 1200 nm, the vast
majority of light in this region is already adequately absorbed
by CsPbI3 layer, thus having a lower influence on JG Si. On
the other hand, the thickness of Si bulk gives rise to a posi-
tive influence on the JG Si (Fig. 4(e)). As can be observed in
Fig. 4(f), even 40-µm-thick Si layer is thick enough to com-
pletely absorb the escaped light (500 nm–720 nm) from the
CsPbI3 layer. The thickness of Si bulk primarily determine
the absorption of near-infrared light. The thicker the Si bulk is,
the less the optical loss in this region will be achieved, thereby
improving JG Si greatly. Since the JG Si is determined by both
CsPbI3 layer thickness and Si bulk thickness, it fluctuates over
a wide range from 17.06 mA/cm2 (Si 40 µm, CsPbI3 2200 nm)
to 22.25 mA/cm2 (Si 210 µm, CsPbI3 400 nm).

Basically, the short-circuit current density (Jsc) of the
entire two-terminal TSC reaches up to the lower one of the
two subcells, bringing out the key problem of current match-
ing. Figure 5 exhibits the Jsc of CsPbI3/TOPCon TSCs and
thickness of both CsPbI3 layer and Si bulk for current density
matching. When the CsPbI3 layer is thinner than 600 nm, Jsc

is unilaterally restricted by the JG CsPbI3 , indicating that even
40-µm Si is thick enough to match with CsPbI3 layer. With
the increase of CsPbI3 layer thickness, the Si bulk should be
thickened correspondingly. At present, the thickness of in-
dustrial used Czochralski (CZ) Si wafer is ∼ 180 µm, which
is absolutely thick enough to match with a 2000-nm CsPbI3

layer. According to previously published experimental data,
the thickness of CsPbI3 layer is usually less than 1000 nm as
a result of crystallization quality, implying that the Jsc of the
CsPbI3/TOPCon TSC will be mainly determined by the thick-
ness of CsPbI3 layer. On the other hand, the bottom Si sub-
strate has sufficient space to become thinner. The maximum
Jsc can reach to 19.79 mA/cm2 when the thickness of Si bulk

and CsPbI3 layer are 180 µm and 2180 nm, respectively.

CsPbI3 thickness (nm)

CsPbI3 thickness (nm)

500 1000 1500 2000
40

60

80

100

120

140

160

180

200

S
i 
th

ic
k
n
e
ss

 (
m
m

)
S
i 
th

ic
k
n
e
ss

 (
m
m

)

17.05

17.40

17.74

18.09

18.43

18.78

19.12

19.47

19.81

400 800 1200 1600 2000

40

80

120

160

200

 J
sc

 o
f 
T

S
C

s 
(m

A
/
cm

2
)(a)

(b)

Fig. 5. (a) Short-circuit current density of CsPbI3/TOPCon TSC and (b)
matched thickness of CsPbI3 layer and Si bulk.

2.4. Front TCO

The optimized structure of CsPbI3/TOPCon TSC is
shown in Fig. 6 according to the discussion above and its op-
tical loss analysis. With the excellent bifacial texture and the
matched thickness of CsPbI3 layer and Si bulk, the whole op-
tical loss can be reduced to 6.53 mA/cm2. Of these various
optical losses, parasitic absorption loss from the front ITO oc-
cupies the largest proportion, which reaches to 1.80 mA/cm2.
Therefore, restraining the parasitic absorption in the top TCO
layer is an effective way to further enhance the optical perfor-
mance of the CsPbI3/TOPCon TSC.
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Fig. 6. Optical performance of optimized CsPbI3/TOPCon TSC. (a) Simulated structure with optimized texture and absorber thickness; (b) photogener-
ated current density and optical losses of CsPbI3/TOPCon TSC (in units mA/cm2).
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An excellent front TCO needs to satisfy high conductiv-
ity, high transmittance and low parasitic absorption at the same
time. To achieve a trade-off between transparency and con-
ductivity, TCO is required to possess high electron mobility
instead of high free carrier density.[42] In addition to the most
shared ITO, indium zinc oxide (IZO) and IO:H are also key
members of TCO, which possess lower near-infrared absorp-
tion due to their high carrier mobility and relatively low carrier
density. The IO:H, in particular, offers high carrier mobility
over 100 cm2·V−1·s−1 and a suitable carrier density on the
order of 1020 cm−3.[43–45] With the purpose to minimize the
parasitic absorption loss from the front TCO, the optical per-
formance of CsPbI3/TOPCon TSC displayed in Fig. 6(a) was
simulated with different front TCOs.

Figures 7(a) and 7(b) exhibit the refractive indexes n and
extinction coefficients k of ITO, IZO, and IO:H (230-◦C an-
nealed), respectively.[29,46,47] Obviously, the k of IO:H is much
lower than that of ITO and IZO in a wavelength range from
320 nm to 1200 nm, indicating a lower parasitic absorption
with the same thickness. The IZO has a higher k in a range
of 300 nm–460 nm, and a lower one in a range of 460 nm–
1200 nm than the ITO. The absorption curves of these three
TCOs are shown in Fig. 7(c). The IO:H presents the low-
est parasitic absorption loss, that is 0.24 mA/cm2, which is
consistent with the extinction coefficient. Comparatively, the
value for IZO just slightly decreases to 1.72 mA/cm2 due

to the substantial aggravation in a short wavelength range
(300 nm–460 nm), although the parasitic absorption in a wide
wavelength range is controlled. In this case, the JG CsPbI3

and JG Si can be further improved to 20.27 mA/cm2 and
20.51 mA/cm2, respectively, when the front ITO is replaced
by IO:H (Fig. 7(d)). Therefore, IO:H has the potential to be a
preeminent material for the application in PVK/Si TSCs.

2.5. Device performance

After addressing all the optimization processes,
the desirable architecture of the CsPbI3/TOPCon
TSC can be described as IO:H (100 nm)/NiOx

(20 nm)/CsPbI3(2200 nm)/SnO2 (20 nm)/ITO inter
(20 nm)/Si (170 µm)/SiOx (1.5 nm)/Poly Si (100 nm)/
ITO rear (70 nm). We are able to accurately model the en-
tire absorptance and external quantum efficiency (EQE) of the
CsPbI3/TOPCon TSC as illustrated in Fig. 8, which quantifies
the optical losses in the integrated device. The best matched
Jsc can reach to 20.27 mA/cm2, which is determined primarily
by the thickness of CsPbI3 layer. After optimizing the front
TCO, the front surface reflection and the parasitic absorption
of interlayer ITO become the top two optical losses. Thus,
introducing a suitable surface antireflective film and search-
ing for a more promising interlayer material will be the next
research directions for further improving the optical perfor-
mance of the CsPbI3/TOPCon TSCs.
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To date, the efficiencies of champion CsPbI3 solar cell
and n-type TOPCon solar cells are 20.37% and 25.8% with
VOC of 1.198 V and 0.724 V, respectively.[16,48] We used these
measured Voc and the simulated JG as input parameters to cal-
culate the potential PCE of the CsPbI3/TOPCon TSC. The
model used to calculate the PCE is provided in Fig. S2 in Sup-
porting information. We reconstructed the J–V curves of both
subcells by calculating the implied voltage at each injected
current, yielding a “pseudo” J–V curve for each subcell after
shifting the J–V curve by the respective photogenerated cur-
rent density JG from the optimized JG CsPbI3 (20.27 mA/cm2)
and JG Si (20.28 mA/cm2). The J–V curve of the TSC was
obtained by applying the voltages to the subcells for each cur-
rent density. The high FF (82.52%) calculated from the recon-
structed J–V curve of TSC can be regarded as the maximum
achievable value for this TSC if the electrodes and all charge
selective layers are free of series resistance losses. Table 2
displays the simulated photovoltaic parameters of the subcells
and the CsPbI3/TOPCon TSC. A 31.78% PCE can be expected
based on the favorable texture, matched current density and
improved front TCO.

Table 2. Simulated photovoltaic parameters of CsPbI3/TOPCon TSC.

Cells Jsc (mA/cm2) Voc (V) FF (%) PCE (%)

CsPbI3 subcell 20.27 1.20 82.49 20.06
TOPCon subcell 20.28 0.70 82.71 11.74

Tandem 20.27 1.90 82.52 31.78

3. Conclusions
The optical performance of CsPbI3/TOPCon two-

terminal TSCs is simulated by the combination of ray-tracing
and TMM. Compared with planar front surface, bifacial tex-
ture can significantly enhance the absorption of both CsPbI3

layer and Si bulk due to the reduced front reflection triggered
off by the front texture. Meanwhile, the b-IP textured TSC
has a more superior photogenerated current density than b-UP

textured counterpart. By reducing the bottom angle θ of rear-
side inverted pyramid to 10.0◦, the JG Si is further improved to
20.51 mA/cm2, 2.9% higher than 0.0◦ and even 6.0% higher
than typical 54.7◦. A small θ can make a perfect trade-off
between reflection and transmission of the light ranging from
1000 nm to 1200 nm, contributing to the enhancement of JG Si.
When it comes to current matching, the thickness of CsPbI3

layer and Si bulk should be well matched. Currently, CsPbI3

films are usually thinner than 600 nm, thus a 40-µm thin Si is
thick enough to match the photogenerated current density. For
industrial CZ Si (∼ 180-µm thick), the Jsc of CsPbI3/TOPCon
TSC is restricted mainly by the thickness of CsPbI3 layer. Af-
ter optimizing the surface texture and matching the thickness
values of photoactive layers, the parasitic absorption of front
ITO becomes the largest optical loss. The IO:H will be a
promising candidate for the front TCO with a minimized par-
asitic absorption loss as low as 0.24 mA/cm2, considering its
merits of high carrier mobility and relatively low carrier den-
sity. Finally, Jsc is achieved to be as high as 20.27 mA/cm2,
and a PCE over 30% can be expected.
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J, Tetzlaff D, Wietler T, Höhne U, Kähler J D, Brendel R and Peibst R
2016 Energy Procedia 92 199

[35] Byrnes S J 2016 arXiv: 1603.02720v5 [physics.comp-ph]
[36] GitHub Nanunanuk SMARTI: Ray tracing tool for solar cell and mod-

ule optics (accessed: May 2022)
[37] Wang J M, Chen K, Xie W G, Shi T T, Liu P Y, Zheng Y F and Zhu R

2019 Acta Phys. Sin. 68 158804 (in Chinese)
[38] Sahli F, Werner J, Kamino B A, Bräuninger M, Monnard R, Paviet-
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