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attracted great attention due to signiﬁcantly
improved stability compared with organiccontaining perovskites.[3–5] Although the
PCE of all-inorganic perovskite solar cells
lags somewhat behind, excellent progress
is being made with the best devices reaching 18% PCE.[6–10]
Among all-inorganic perovskite solar
cells, those based on CsPbI3 perovskite
(α, β, or γ phases) thin ﬁlms are particularly
attractive due to the optical bandgap lying
in the range of 1.68–1.73 eV.[11–17] This
means that CsPbI3 perovskite thin ﬁlms
are well suited for the development of
ultrahigh-efﬁciency tandem cells, whereby
a perovskite top cell is partnered together
with a low-bandgap (1.1 eV) solar cell
such as crystalline silicon (c-Si). However,
realizing air-stable CsPbI3 perovskite thin
ﬁlms remains a challenge at present.
This is because a typical CsPbI3 perovskite
exhibits a thermodynamic instability at room temperature and
transforms spontaneously and very quickly (within a matter
of minutes) from black perovskite (α, β, or γ phase) into the undesirable yellow-phase CsPbI3 (δ-CsPbI3) in air.[13,18] So far, several
groups have investigated the structural phases of CsPbI3 perovskite.[10,18–20] It was reported that black perovskite β-CsPbI3 and
γ-CsPbI3 are distorted phases, which are slightly splitted relative
to the α-CsPbI3 phase.[20] In contrast to the yellow δ phase consists
of double-chains of noncorner-sharing [PbI6/2] octahedral, the
three black phases of α, β, and γ show obviously corner-sharing
[PbI6/2] octahedral.[20]
It is well known that the optical design and optimization
to achieve the minimum optical losses are important to
develop high-efﬁciency perovskite/c-Si tandem devices.[21–24]
Such investigations can not only provide an effective guide on
high-performance device fabrication but also offer an analysis and
feedback to the experimental results such as light absorption in
the absorber and the resulting photocurrent density and quantum
efﬁciency. These information are also important in designing a
light-manipulation structure based on perovskites such as reﬂector
grating, absorber grating, and waveguiding layer.[25–28] In addition,
the obtained optical simulation results can be used as inputs to an
electrical model to predict full device performance.
Before performing such tasks, however, knowledge of complex
optical constants of CsPbI3 perovskite thin ﬁlms is mandatory.
There are already many reports on the determination of the optical
constants of organic–inorganic hybrid perovskites.[29–33] There are

Air-stable inorganic cesium lead iodide (CsPbI3) perovskite thin ﬁlms with
a bandgap of 1.7 eV are a promising candidate for tandem cell solar cells,
comprising a perovskite top cell with a crystalline silicon bottom cell. The device
design and simulations are important to develop high-efﬁciency photovoltaic
devices. However, knowledge of complex optical constants of the CsPbI3 thin
ﬁlms is mandatory to complement such tasks. Herein, air-stable inorganic CsPbI3
perovskite thin ﬁlms are prepared using one-step synthesis through a spincoating method. Variable angle spectroscopic ellipsometry (VASE) is then conducted at ﬁve angles (43.9 , 48.9 , 53.9 , 58.9 , and 63.9 ) to obtain ellipsometric data (Ψ and Δ). The thickness nonuniformity model of the perovskite thin
ﬁlm combined with an effective medium approximation for describing rough
surface is adopted to achieve excellent ﬁtting. The complex optical constants
of the CsPbI3 thin ﬁlm are experimentally obtained in the wavelength range of
300–1200 nm. The present results open the door for design and simulations on
high-efﬁciency CsPbI3/c-Si tandem solar cells.

The power conversion efﬁciency (PCE) of the organic–inorganic
hybrid perovskite solar cells (PSCs) based on lead halides progressed rapidly from 3.8% in 2009 to 24.2% in 2019.[1,2] In recent
years, all-inorganic perovskite thin ﬁlms for solar cells have
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also some reports regarding all-inorganic perovskite thin ﬁlms
such as CsPbBr3 and CsPbI3.[34,35] However, looking into the
reported refractive index (n) and extinction coefﬁcient (k) of
CsPbI3 thin ﬁlms in ref. [35], it is found that the reliability is
low, for example, the k values are much below zero (minimum
k value is up to about 0.25) in the wavelength (λ) range of
750–1050 nm and 1350–1700 nm. In addition, no any details
including the adopted model, ﬁtting parameters, comparison
between the ellipsometric data and the ﬁtting results, as well as
sample stability were given.[35] Because the PCE of CsPbI3 perovskite solar cells is progressing fast with latest report of up to
18%,[10,18–20,36] the experimental determination of the optical constants of CsPbI3 perovskite thin ﬁlms is never as urgent as now.
In this work, we experimentally determine the complex optical
constants of air-stable inorganic CsPbI3 perovskite thin ﬁlms.
Air-stable CsPbI3 perovskite thin ﬁlms are synthesized using a
one-step solution method. Variable angle spectroscopic ellipsometry (VASE) is measured at ﬁve angles (43.9 , 48.9 , 53.9 , 58.9 ,
and 63.9 ) to obtain the complex optical constants of the present
CsPbI3 thin ﬁlms. It is noteworthy that the CsPbI3 samples in
this work were measured under ambient conditions without
any encapsulation. This is made possible through the CsPbI3
perovskite thin ﬁlm remaining air-stable long enough for the
VASE measurements to take place (the VASE measurements
take 3 min here). To achieve excellent ﬁtting of the measured

ellipsometric data parameters (Ψ and Δ), an appropriate model
is constructed using commercially available software (WVASE32
v.3.888, J. A. Woollam). Here, we adopt a model of perovskite
thin ﬁlm with nonuniform thickness, where one Tauc–Lorentz
(T–L) oscillator and four Gaussian (Gau) oscillators are chosen to
describe the bulk CsPbI3 ﬁlm and an effective medium approximation (EMA) with the voids of 50% is used to describe rough
surface. Finally, the experimental complex optical constants are
determined in the wavelength range of 300–1200 nm, which fully
covers the spectrum response range of a CsPbI3/c-Si tandem cell.
The resulting optical constants can be used in optical simulations
to explore different photovoltaic device designs based on CsPbI3
absorbers.
Figure 1a shows the measured X-ray diffraction (XRD) pattern
of the prepared CsPbI3 thin ﬁlm on the bare glass substrate. The
diffraction peaks at 14.34 , 20.68 , 22.98 , 24.07 , 25.18 , 28.94 ,
32.35 , and 35.92 correspond to (110), (020), (120), (121), (022),
(220), (130), and (132) planes of the γ-CsPbI3 perovskite. The
measured UV–vis absorbance spectrum and photoluminescence
(PL) spectrum of the CsPbI3 thin ﬁlm are shown in Figure 1b.
Through the use of a Tauc plot, the optical bandgap can be estimated from the plotting of (Ahv)2 versus photon energy (hv), as
shown in Figure 1c, where the present CsPbI3 perovskite thin
ﬁlm exhibits a direct bandgap at 1.738 eV. It is determined from
the PL measurement that the peak emission wavelength is

Figure 1. a) The XRD pattern of the CsPbI3 thin ﬁlm on the bare glass substrate. b) The measured wavelength-dependent absorbance of the present
perovskite thin ﬁlm and PL measurement. c) The Tauc plotting for estimating optical bandgap of the perovskite thin ﬁlm. d) CsPbI3 surface proﬁle across
the ellipometry measurement region.
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around 718 nm, which is close agreement with the optical
bandgap estimated from the absorbance spectrum (Figure 1c).
Figure 1d shows CsPbI3 surface proﬁle across the ellipometry
measurement region, where the shown scan length is 3000 μm
(note that the size of beam spot is in a diameter of 200 μm).
Figure 1d shows that the present CsPbI3 thin ﬁlm is not uniform
in terms of thickness. More evidence regarding the nonuniform
thickness will be subsequently presented by using cross-sectional
scanning electron microscopy (SEM) images. It means that the
thickness nonuniformity model should be considered to ﬁt the
ellipsometric data for generating complex optical constants.
The measured thin ﬁlm thickness and surface roughness of the
CsPbI3 thin ﬁlm through the cross-sectional SEM and surface
atomic force microscope (AFM) are shown in Figure 2. In the
current work, the surface roughness deﬁnes vertical root-meansquare roughness. As shown in Figure 2a,b, it can be seen from
two SEM images taken at two locations of the same sample that the
thicknesses are quite different. Combing Figure 1d, these facts
indicate the thickness of the present thin ﬁlm is not uniform.
Based on the measurements, the estimated bulk thickness of
the CsPbI3 thin ﬁlm is 500 nm (uncertainty: 25 nm) and the
thickness variation is 14% (uncertainty: 2%). Figure 2c shows
a surface AFM image for the region of 2  2 μm, where the surface
roughness value is 15 nm.
It is found that even under a normal environment (room temperature and humidity of 60%), the present CsPbI3 perovskite
thin ﬁlms can remain stability of structure for up to 15–20 min,
which offers a sufﬁcient time window to ﬁnish the VASE measurement (only 3 min) and thus avoiding the need for sample
encapsulation to prevent sample from degrading. Figure 3a
shows a schematic of a perovskite thin ﬁlm of nonuniform thickness on a glass substrate (note that here the drawing of nonuniform thickness is not scalable and just is used for a model
illustration). Figure 3b is the chosen model to ﬁt the measured
ellipsometric data (Ψ and Δ). Through the optimization, it is
found the best ﬁtting results are as follows: nonuniform thickness variation is 11.8% for the perovskite thin ﬁlm, where this
thickness variation is a ﬁtting parameter during the optimization;
one T–L oscillator and four Gau oscillators are used to describe
the bulk CsPbI3 thin ﬁlm; and an EMA with a x ¼ 50% void component is used to describe the rough surface of the perovskite
thin ﬁlm. During the aforementioned simulations, a square

convolution proﬁle shape was adopted, which is based on the
cross-sectional SEM images measured. If the triangular or
Gau proﬁle shapes are used for a replacement of square, the
obtained wavelength-dependent complex optical constants are
not affected. It means that the present case is not sensitive to
these three kinds of shapes. The measured and ﬁtted Ψ
and Δ are shown in Figure 3c,d in the wavelength range of
300–1200 nm, respectively. It can be seen that very good ﬁtting
results are achieved for both Ψ and Δ. The average thickness of
the perovskite thin ﬁlm and surface roughness extracted from
the ﬁtting results are 468 and 9 nm, respectively. Finally, the
obtained parameters from the best ﬁtting and the estimated values from the measurements are shown in Table 1. It is found that
the surface roughness is 15  3 nm, which is estimated from the
AFM measurement. This value is higher than the ﬁtting result of
9 nm. The bulk thickness of the perovskite thin ﬁlm from the
cross-sectional SEM images is 500  25 nm. The ﬁtted bulk
thickness of the CsPbI3 thin ﬁlm is 468 nm. Regarding the nonuniformity variation of CsPbI3 thin ﬁlm, the estimated nonuniformity variation from SEM measurement is 14  2%, whereas
the ﬁtted value of nonuniformity variation is 12%. If the measurement uncertainty is considered, a good agreement is shown
between the ﬁtting results and measurements.
From the aforementioned, we can obtain the dispersive n and
k values in wavelength range of 300–1200 nm. The result is
shown in Figure 4, where the results from a literature are
included to conduct a comparison. Ref. [35] reported the
angle-dependent complex optical constants of CsPbI3 perovskite
thin ﬁlm at incident angles of 55 , 60 , 65 , and 70 . However,
this literature neither gave any details regarding the adopted
model and ﬁtting parameters nor gave reasons why their complex
optical constants are dependent of incident angles. In general,
the complex optical constants of a material, for example, a perovskite thin ﬁlm, should be independent of incident angles.
For a comparison, the n and k values in the wavelength of
400–1200 nm at the two angles of 55 and 70 in ref. [35] are
shown in Figure 4. The values of optical constants at the other
two angles of 60 and 65 in ref. [35] are not plotted because they
are between that at the two angles of 55 and 70 . In contrast to
ref. [35], our complex optical constants are independent of incident angle and this is normal. In addition, our n values are much
higher than that of ref. [35] except for the values at the wavelength

Figure 2. a,b) Two SEM images of the CsPbI3 thin ﬁlm taken at different locations. c) The surface AFM image of the CsPbI3 thin ﬁlm with an area of
2 μm  2 μm.
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Figure 3. a) Schematic diagram of the present sample structure (not to scale). b) Constructed model for the ﬁtting. c) The measured and ﬁtted psi (Ψ) at
the ﬁve angles of 43.9 , 48.9 , 53.9 , 58.9 , and 63.9 . d) The measured and ﬁtted delta (Δ) at the angles of 43.9 , 48.9 , 53.9 , 58.9 , and 63.9 .

Table 1. The extracted parameters from the best ﬁtting to ellipsometric
data and the estimated values from the measurements.
drough

9 nm (ﬁtting result)

15  3 nm (estimated from AFM)

dbulk

468 nm (ﬁtting result)

500  25 nm (estimated from SEM)

12% (ﬁtting result)

14  2% (estimated from SEM)

Nonuniformity
variation

Oscillator parameters from the best ﬁtting
An

En or E0n [eV]

Cn [eV]

Egn [eV]

Brn [eV]

1: T–L

23.91 eV

1.82

0.20

1.69

–

2: Gau

2.23

2.67

–

–

0.58

3: Gau

0.59

2.16

–

–

0.34

4: Gau

3.97

3.41

–

–

0.80

5: Gau

2.43

4.34

–

–

1.01

Oscillators

of 440 nm. In terms of extinction coefﬁcient, it is seen from
Figure 4 that in our case, the k values become zero when the
wavelength is greater than around 718 nm. In contrast, it is surprising to see that k values get minus (up to 0.25) at the wavelength range of 750–1050 nm for incident angle of 55 and the
wavelength range of 840–990 nm for incident angle of 70 .
It indicates that the n and k results reported in ref. [35] are in
a low reliability. In contrast, the minimum k values are zero
in our case. It is also seen in Figure 4 that there are three peaks

Phys. Status Solidi RRL 2020, 14, 2000070

2000070 (4 of 7)

Figure 4. The experimentally determined refractive index n and extinction
coefﬁcient k of the present air-stable CsPbI3 thin ﬁlm in the wavelength
range of 300–1200 nm. For comparison, the angle-dependent n and
k values (at 55 and 70 ) reported in ref. [35] are plotted.

of n and k curves in our case, which show a very similar feature
to a reported well-known CH3NH3PbI3 perovskite thin ﬁlm.[29]
The three peaks are three oscillators.[29,37] The three absorption
peaks of the extinction coefﬁcient at around 347, 452, and
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667 nm correspond to the three exciton transition energies
of 3.57, 2.74, and 1.86 eV, respectively.[29,37] Because the two
quantities of n and k are not independent each other, when the
k values are determined, the n values can be obtained through the
Kramers–Kronig relationship (vice versa), which can cause peak
difference between n and k, as shown in Figure 4. This phenomenon is also found in previous reports.[29,37]
To investigate the reliability and repeatability of our complex
optical constants as shown in Figure 4, three perovskite samples
exhibiting different thicknesses and degrees of surface roughness
were measured on the Yiguang instrument. The variation of the
obtained n and k values is less than 2% due to the uncertainty,
compared with our results of Figure 4. In addition, we have also
conducted the measurements based on the Sentech instrument,
where a large beam spot size of 2–4 mm in a diameter was
involved and a longer measurement time of 12–15 min was taken
at three angles of 50 , 55 , and 60 (the VASE measurements on
the Yiguang instrument at ﬁve angles of 43.9 , 48.9 , 53.9 , 58.9 ,
and 63.9 were ﬁnished in a fully automatic way, which took only
3 min). It is found that the complex optical constants exhibit a
good agreement with the results from the Yiguang measurement
(the variation is less than 3%), as shown in Figure S1, Supporting
Information. This indicates that the present n and k results are
highly reliable as an excellent consistency is shown regardless
of speciﬁc samples, incident angles, and instruments. The present
results of the complex optical constants can be used to help developing high-performance the CsPbI3 perovskite-based optoelectronic devices including high-efﬁciency CsPbI3/c-Si tandem
solar cells through design and simulation.
Air-stable inorganic CsPbI3 perovskite thin ﬁlms were prepared. VASE measurements were conducted at ﬁve angles
(43.9 , 48.9 , 53.9 , 58.9 , and 63.9 ) and the ellipsometric
parameters were obtained. To ﬁt the data, the model of the perovskite thin ﬁlm with nonuniform thickness was adopted, where
one T–L oscillator and four Gau oscillators were used to describe
the bulk CsPbI3 thin ﬁlm and the EMA with the voids of 50% was
used to describe the surﬁcial roughness. As a result, the experimental complex optical constants of the CsPbI3 thin ﬁlm were
obtained in the wavelength range of 300–1200 nm. The variation
of the obtained complex optical constants was assessed based on
different samples and instruments. As a result, a high repeatability was obtained. The present results have opened the door to
conduct design and simulations on the photovoltaics devices
based on air-stable CsPbI3 thin ﬁlms including high-efﬁciency
CsPbI3/c-Si tandem solar cells.

Experimental Section
Preparations: CsPbI3 perovskite thin ﬁlms were deposited through
one-step deposition method. The precursor solution was prepared by
dissolving 1 M PbI2, 1 M CsI (99.9%, Sigma), and 1 M dimethylammonium
iodide (DMAI; purity > 99.9%, Dyesol) in dimethylformamide (DMF,
purity > 99%, Sigma) solvent at room temperature. The solution was
spin-coated on the glass substrate that has been preheated to 70  C at
2000 rpm for 20 s. Then, the samples were annealed at 200  C to obtain
CsPbI3 perovskite thin ﬁlms, followed by cooling at room temperature.
During annealing, most of DMAI molecules would be evaporated and
ﬁnally, the main composition was CsPbI3 perovskite. The deposition processes were conducted in dry air (humidity is between 10% and 20%).
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Characterizations: To investigate the crystalline structure, the XRD
spectra of inorganic perovskite CsPbI3 thin ﬁlms on glass substrate were
conducted using an X-ray diffractometer (Philips PW-1830) equipped with
X-ray tube Cu Kα radiation. The absorbance spectrum of the CsPbI3 thin
ﬁlm on the glass substrate was measured from the CsPbI3 side using a
spectrophotometer (Perkin Elmer Lambda 20) to determine the optical
bandgap. The PL spectrum was measured with calibrated CCS200 spectrometer (Thorlabs) using 75 mW laser with the wavelength of 405 nm for
excitation. The laser beam was focused and directed into an integrating
sphere (Labsphere) with a diameter of 15 cm. An optical ﬁber with a diameter of 1 mm (FP1000URT, Thorlabs) was used for collection of the emission
from the integrating sphere. Integration time of 60 s was used for the collection of PL emission. The spectral response of the whole detection system
was calibrated using a calibration lamp (HL-3plus-INT-CAL, Ocean Optics).
SEM (Zeiss Supra 60VP) images were obtained to assess the cross-sectional
morphology and thickness. Optical proﬁler (Bruker Contour GT-K) was used
to measure CsPbI3 surface proﬁle. An AFM (Bruker Dimension Icon) was
used to investigate surface roughness of the sample. Ellipsometry measured
a change in polarization as light reﬂected from the sample of CsPbI3 thin
ﬁlm. This polarization change was represented as an amplitude ratio, Ψ, and
the phase difference, Δ. The CsPbI3 perovskite thin ﬁlm samples were measured on the ellipsometer (China Yiguang) at ﬁve variable angles of 43.9 ,
48.9 , 53.9 , 58.9 , and 63.9 to obtain the values of Ψ and Δ. The VASE
measurements were conducted directly after CsPbI3 ﬁlm deposition and the
measurements were completed within 3 min. The size of beam spot was
200 μm in diameter.
Models and Fitting: For ellipsometric parameters Ψ and Δ can be
related to the ratio of Fresnel reﬂection coefﬁcients Rp and Rs for p- and
s-polarized light, respectively, as described in Equation (1)
ρ ¼

Rp
¼ tanðΨÞeiΔ
Rs

(1)

The VASE technique measured the ratio of the two values and therefore
the measured results were highly accurate and reproducible.[38] To construct a model of the sample and ﬁt the experimental data (Ψ and Δ),
a commercial software package (WVASE32 v.3.888, J. A. Woollam) was
used. The present sample structure was a perovskite thin ﬁlm on a glass
substrate. The Cauchy dispersion function was used to describe the property of glass substrate. For the perovskite thin ﬁlm, it was divided into two
parts: one was bulk planar perovskite layer (this thickness was deﬁned
as dbulk) and the other was a thin surﬁcial layer with a certain roughness
(the surface roughness was deﬁned as drough). The oscillators such as T–L
and Gau were successfully used to describe the dielectric function of the
perovskites.[29–33] The T–L oscillator function and Gau oscillator function
are expressed in Equation (2) and (4), respectively.[38]
εn

TL

¼ εn1 þ iεn2

(2)

where, when E < Egn, εn2 ¼ 0; and when E > Egn,

εn2 ¼

An E0n C n ðE  Egn Þ2 1

ðE2  E20n Þ2 þ C 2n E2 E


(3)

In Equation (2), the subscript T–L indicates that the model is based on
the Tauc joint density of states and the Lorentz oscillator. The four ﬁtting
parameters are An, E0n, Cn, and Egn, where these parameters are in units of
energy of eV and used for the WVASE ﬁtting.
εn

Gau

¼ εn1 þ iεn2

(4)

where
2
εn1 ¼ P
π

Z∞
0

ξεn2 ðξÞ
dξ
ξ2  E2

EE 2
EþE 2
n
n
εn2 ¼ An e σ
 An e σ

(5)

(6)
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Brn
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 lnð2Þ

(7)

In Equation (4), the subscript Gau indicates that the model is based on
the Gaussian oscillator. The three ﬁtting parameters are An (dimensionless), En (eV), and Brn (eV), where the three parameters are used for
the WVASE ﬁtting.
The Bruggeman EMA is usually suitable to describe rough perovskite
surﬁcial layer, where the medium consists of the mixture of x % air void
and (100  x)% perovskite material, where x can take a value in the range
from 0 to 100. When a perovskite thin ﬁlm does not have parallel interfaces, a nonideal model of thickness nonuniformity should be considered
for model construction, where it can be implemented at “model options”
of the WVASE. This thickness nonuniformity is simulated by calculating
data for the structure using a series of slightly different thickness for perovskite layer in the model. The commercial software package (WVASE32
v.3.888, J. A. Woollam) offers three convolution proﬁle shapes (square,
triangular, and Gaussian) for the structure.
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