THE JOURNAL OF

PHYSICAL CHEMISTRY
L e t te rS pubs.acs.org/JPCL

Complex Refractive Index Spectra of CH;NH;Pbl; Perovskite Thin
Films Determined by Spectroscopic Ellipsometry and
Spectrophotometry

Philipp Ltiper,*’Jr Michael Stuckelberger,T Bjoern Niesen,Jr Jérémie Werner,T Miha Filipié,i Soo-Jin Moon,
Jun-Ho Yum,® Marko TopiE,;t Stefaan De Wolf," and Christophe Ballif"*

§

"Ecole Polytechnique Fédérale de Lausanne (EPFL), Institute of Microengineering (IMT), Photovoltaics and Thin-Film Electronics
Laboratory, Rue de la Maladiére 71b, 2002 Neuchatel, Switzerland

J:Faculty of Electrical Engineering, University of Ljubljana, Trzaska 25, 1000 Ljubljana, Slovenia
SCSEM SA, PV-center, Jaquet-Droz 1, 2002 Neuchatel, Switzerland

© Supporting Information

ABSTRACT: The complex refractive index (dielectric function) of planar CH;NH,PbI,
thin films at room temperature is investigated by variable angle spectroscopic ellipsometry
and spectrophotometry. Knowledge of the complex refractive index is essential for
designing photonic devices based on CH;NH;PbI; thin films such as solar cells, light-
emitting diodes, or lasers. Because the directly measured quantities (reflectance,
transmittance, and ellipsometric spectra) are inherently affected by multiple reflections,
the complex refractive index has to be determined indirectly by fitting a model dielectric
function to the experimental spectra. We model the dielectric function according to the
Forouhi—Bloomer formulation with oscillators positioned at 1.597, 2.418, and 3.392 eV
and achieve excellent agreement with the experimental spectra. Our results agree well
with previously reported data of the absorption coefficient and are consistent with

Kramers—Kronig transformations. The real part of the refractive index assumes a value of
2.611 at 633 nm, implying that CH;NH;Pbl;-based solar cells are ideally suited for the
top cell in monolithic silicon-based tandem solar cells.
O rganic—inorganic perovskites have recently attracted Perovskite-based photonic devices such as light-emitting
strong interest as a solar cell absorber material as diodes, lasers, and single-junction or tandem solar cells consist
perovskite-based solar cells have attained within only a few of thin-film layer stacks that manage light in- and out-coupling
years impressive energy conversion efficiencies with certified as well as charge carrier injection or extraction. For a thorough
values under standard test conditions of up to 20.1%.'> optical design of multilayer photonic devices, detailed knowl-
Methylammonium lead triiodide (CH;NH,PbL,), the material edge of the complex refractive index (dielectric function) over

the full relevant spectral range is essential.

So far, only very limited information on the optical and
dielectric properties of CH;NH;Pbl; is available. Most
investigations focused on the low-frequency range, that is,
frequency <1 MHz**">* and from 50 to 150 GHz.>® For the
visible spectral range, a dielectric constant of 6.5 at a
temperature of 4.2 K was reported.”® Moreover, the absorption

used in the most efficient perovskite solar cells, has a bandgap
(Eg) of ~1.57 €V,** a very sharp absorption edge,® and an
impressively low difference between open-circuit voltage (V)
and its bandgap potential (Eg/q).°® Organic—inorganic
perovskites have also been identified as a promising solid
state lighting material® and for lasing applications'®~"* and have

been employed for thin-film electronic devices as well."*'¢ coefficient of CH,NH;Pbl, measured by photothermal
The bandgap and high photovoltaic efficiencies also render deflection spectroscopy (PDS) between 1.5 and 3.5 eV, was
organic—inorganic perovskites a suitable material for tandem reported by De Wolf et al® Recently, also the complex
solar cells, which represent the most straightforward way to refractive index in the visible was obtained from ellipsometry
Overcoming the efﬁciency limits of established bottom cell data, however, without providing experimenta] detaﬂs.12
technologies, such as crystalline silicon (c-Si) or copper indium Because ellipsometric data of thin films are inherently affected
gallium diselenide (CIGS), or emerging technologies such as by multiple reflections and interferences, an accurate and
kesterites.>”'”'® ‘While the potential of CH;NH,Pbl,/c-Si reliable description of thin film optical properties requires
tandems has already been pointed out, all investigations have so

far relied on postulated and spectrally constant refractive index Received: November 21, 2014

data for CH;NH;PbI;, as refractive index spectra were not yet Accepted: December 9, 2014

available.'? ™! Published: December 10, 2014
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Figure 1. Scanning electron micrographs in top view (a) and cross section (inset) and atomic force micrograph (b) of the investigated film. Both
images show a conformal morphology of the film with typical grain sizes of 100 to 300 nm.

modeling of the dielectric function (complex refractive index)
to fit the ellipsometric and spectrophotometric data. (Let us
remind that the complex refractive index, N = n — ik, contains
the same information as the dielectric function, € = ¢, — i€,
with &, = n* — k* and &, = 2nk. While the dielectric function is
closely related to the material’s band structure, the refractive
index is commonly used to describe the response of the
material to light. Hereinafter, we use the terms synonymously
depending on the context but refer to “dielectric function”
when describing the theory and the model.) Optical analysis of
complete CH;NH;Pbl; solar cells and the CH;NH;PbI; layers
therein was reported,””*® but the complex sample structures
involved might have compromised the uniqueness of the fit and
required a large number of free parameters.

We determine the complex refractive index (dielectric
function) of CH;NH;PbI, at room temperature by simulta-
neous fitting to variable-angle spectroscopic ellipsometry
(VASE) and spectrophotometry (UVVis) data. To the best of
our knowledge, this is the first accurate and unambiguous
determination of the complex refractive index of CH;NH,PbI,.

In general, ellipsometry is based on determining the change
in polarization state, that is, the complex reflection coefficients
for perpendicular (s-) and parallel (p-) polarization, r, and r,,
respectively, upon reflection at an interface between two media.
Because r, and r, are material-specific parameters that depend
directly on the dielectric function of the material, spectroscopic
ellipsometry is a powerful tool to determine the dielectric
function over a broad spectral range. Detailed information can
be found in ref 29. The dielectric function is obtained indirectly
by fitting a dielectric function model to the experimental data,
taking into account all external parameters such as the incident
angle, the sample structure, and surface roughness. To increase
the accuracy and reliability of the results, reflectance and
transmittance spectra can be included in the modeling and
fitting procedure. Such a combined approach enhances the
uniqueness of the fit** and allows for a direct comparison of the
fitted model with the more intuitively accessible reflectance and
transmittance spectra.

CH;NH;PbI; films consist of nanocrystals with reported
grain sizes between 10 and 500 nm.>' ~** Surface roughness in
the order of 5 to 100 nm is common,****° and also large void
volume fractions have been observed for some preparation
routes.> Surface roughness and voids cause light depolarization
and thus affect the information content of ellipsometric data,
which might lead to ambiguous results. We attribute the fact
that a thorough optical characterization of CH;NH;Pbl; based
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on ellipsometry has not been reported so far to the difficulties
arising from the surface roughness and the nanomorphology.
To determine the dielectric functions unequivocally, we used a
simple sample structure and a CH;NH,;PbI; layer that was
optimized toward conformal and planar film deposition and
characterized its surface morphology independently with
scanning electron microscopy (SEM) and atomic force
microscopy (see Methods).

Scanning electron micrographs in top view and cross section
view (Figure 1a) as well as AFM scans (Figure 1b) confirmed
that the film was conformal and spatially homogeneous. The
vertical root-mean-square roughness derived from AFM scans is
Ry =14 nm.

‘We model the film as a double layer consisting of a bulk layer
with thickness dpy and a surface roughness layer with thickness
drougty 28 sketched in Figure 2. To model the surface roughness,

Air (n=1, k=0)
dRough
dBulk
Glass dGlass
Air (n=1, k=0)

Figure 2. Sample structure used for the optical model.

we employ the approach introduced by Aspnes et al,*® which
assumes an effective medium consisting of $0% air (n = 1, k =
0) and S0% film, using the Bruggeman effective medium
approximation.37

To take the nanocrystalline nature of the CH;NH,Pbl, films
into account, we use the Forouhi—Bloomer®® model in the
parametrization of Jobin Yvon® (“new amorphous”) for the
complex refractive index (see Methods).

The ellipsometry spectra and the reflectance and trans-
mittance, all acquired with light incidence from the film side,
are plotted in Figure 3 (symbols).

The most prominent feature in the optical spectra is the well-
known absorption edge at ~1.55 eV, seen in Figure 3b as a
sharp drop in transmittance at a wavelength of ~800 nm. In the
region of strong absorption, Iy approximately resembles the
spectral features of the extinction coefficient, k. In this spectral
region, that is, for CH;NH;PbI; at photon energies between 2
and 4 eV, two clear absorption peaks located at ~2.5 and ~3.5
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The Journal of Physical Chemistry Letters

Wavelength (nm)

15001000 500

T =
P

Energy (eV)

Energy (eV)

3 2 1
1.0 T T

Reflectance
o Experiment
—— Modelled (Eq. 4)

Transmittance
Experiment
Modelled (Eq.

1000 1500
Wavelength (nm)

2000

Figure 3. VASE spectra (a) for the measurement angles of 50 (diamonds), 60 (squares), and 70° (circles) and reflectance and transmittance spectra
(b) along with the results of the dielectric function model of eq 4 (lines) fitted to the data (symbols). The dielectric function parameters are listed in

Table 1.

eV are apparent in the ellipsometry spectra (Figure 3a). We
remark that similar absorption 0peak positions were also
reported by Hirasawa et al.*’ for the orthorhombic
CH;NH,PbI; phase at 4.2 K, and transitions at 1.63 and 2.58
eV at room temperature were reported by Xing et al.*'

On the basis of this empirical evidence, we fit the
experimental spectra using the dielectric function of eq 4 (see
Methods) with three oscillators having initial positions at 1.5,
2.5, and 3.5 eV.

The fit results are plotted in Figure 3 as lines together with
the experimental data shown as symbols. All fit parameters are
listed in Table 1. Over the full measured spectral range,

Table 1. Dielectric Function (eq 4) Parameters of the Best
Fit to the Data (cf. Figure 3), Corresponding to x* = 5.49
(see Methods)

model parameter fit result
ARough 10.56 nm
Ay 300.4 nm
Mg 1.990
E, 1553 eV
h 0.149
E, 1.597 eV
I, 0.080 eV
f 0.078
E, 2418 eV
T, 0387 eV
fs 0.056
E, 3.392 eV
T, 0.448 eV

excellent agreement between the experimental data and the
model can be observed (= 5.49, see Methods). To check our
model for redundant parameters, we also tried to reproduce the
experimental data with a lower number of oscillators. It is
possible to obtain some agreement in restricted spectral ranges
with only one or two oscillators, which stay close to the
positions mentioned above. However, a reasonable fit over the
full spectral range between 0.6 and 4 eV requires three
oscillators. Figure 3 illustrates that our model reproduces all
features of the experimental spectra; that is, there is no need to
introduce more oscillators or other components to the
dielectric function model.

The film thickness and surface roughness were treated as free
parameters in the fitting procedure. The values of dy = 300.4
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nm and dg,,g, = 10.6 nm obtained from the fit are in excellent
agreement with the independently measured values of 299.3
nm (obtained by profilometry) and 14 nm (obtained by AFM)
for the thickness and roughness, respectively, further under-
lining the robustness of the result.

The refractive index spectra (n, k) of the bulk material,
calculated from the final fit, is plotted in Figure 4a. The three
oscillators are clearly visible as peaks in the extinction
coefficient.

For temperatures of 4.2 K, Hirasawa et al. reported exciton
energies of 1.633, 2.8, and 3.8 eV measured by diffuse
reflectance.** Moreover, the 1.633 eV absorption peak is
known to blueshift as the temperature increases to the
orthorhombic-tetragonal phase transition at ~170 K*** and
then to redshift again upon further heating.*** Additionally,
the absorption loses its excitonic character as the temperature
increases and kT is in the range of the exciton binding energy.
Values in the range of 37%° to 50 meV** were reported for
the latter. Recently, very similar transitions energies, 1.63 and
2.58 eV, were reported by Xing et al. based on transient
absorption measurements for CH;NH;Pbl; at room temper-
ature.*! In view of these results, we conclude that the oscillator
positions reported in Table 1 correspond to the same electronic
transitions that were observed before by Hirasawa et al.** and
Xing et al.*!

Please note that the complex refractive index spectra
published recently in refs 25 and 12 resemble our result only
approximately (Figure 4), deviating considerably in both the
magnitude of n and k and the spectral shape. The real part of
the refractive index assumes a value of 2.61 at a wavelength of
633 nm, implying that CH;NH;PbI; is ideally suited as an
antireflective coating for silicon solar cells. This is a remarkable
result, as it underlines the promise of monolithic
CH;NH;PbI;/silicon tandem solar cells with potential
efficiencies bezfond the fundamental conversion limit of silicon
photovoltaics.*’

Figure 4b compares the absorption coefficient calculated
according to a = 4ak/J, with A being the wavelength, along
with the absorption coefficient directly measured by PDS.® The
two spectra are in very good agreement over the full spectral
range of interest. In particular, the absorption edge measured
by PDS is reproduced remarkably well by the model dielectric
function reported here (Figure 4b inset), with excellent
agreement down to values of @ = 10* cm™ (k = 0.01). The
model result also reproduces the kink at 2.5 eV that is apparent
in the PDS measurement, however not as prominently. Please
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Figure 4. Refractive index (a) and absorption coefficient (b).
note that our result also reproduces all spectral features of the B METHODS

room temperature absorbance spectrum reported by Kitazawa
et al.*® between the energy of the bandgap and 4 eV, including
the kink at 2.5 eV, the pronounced increase around 3 eV, the
peak at 3.5 eV, and the decrease between 3.5 and 4 eV.

Figure S shows the dielectric function (&, &,) calculated with
the parameters in Table 1.
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Figure S. Dielectric function (&, €,) of CH;NH,Pbl; calculated with
eq 4 (Methods) and the parameter set of Table 1 (corresponding to
the fit shown in Figure 3).

For the real part of the dielectric constant, a value of £, = 6.5
at a temperature of 4.2 K was derived,*® which is in very good
agreement with our result.

In conclusion, we have presented the first accurate
determination of the complex refractive index (dielectric
function) of CH;NH,Pbl; based on simultaneously fitting
variable-angle ellipsometry, reflectance, and transmittance
spectra. Our model consists of three oscillators according to
the Forouhi—Bloomer formulation that are centered at 1.597,
2.418, and 3.392 eV, and are consistent with Kramers—Kronig
transformations. The result describes all features within the
spectral range of 0.6 to 4 eV (4 = 300 to 2000 nm) and agrees
well with previously reported data. The real part of the
refractive index at 633 nm is 2.61, rendering CH;NH;PbI;
ideally suited as an antireflection coating for silicon solar cells.
This underlines the promise of CH;NH;PbI,;/Si tandem solar
cells with potential efficiencies beyond the fundamental
conversion limit of silicon photovoltaics. We believe that our
results will help to further improve the design and modeling of
perovskite-based optoelectronic devices.
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Sample Preparation. Thin CH3;NH;Pbl; films were prepared
according to a procedure described by Jeon et al.** Lead iodide
(PbL,) and methylammonium iodide (CH;NH,I) with a
concentration of 1.4 M and a molar ratio of 1:1 were dissolved
at 60 °C in a 7:3 v/v y-butyrolactone/dimethyl sulfoxide
mixture. After the solution cooled to room temperature, it was
spin-coated on a 500 um thick cleaned Schott AF 32 glass
substrate. Five seconds before the end of the last spin coating
step, toluene was dripped onto the rotating sample, which
resulted in an improved uniformity of the CH;NH;Pbl; crystal
growth. The sample was then annealed at 100 °C for 10 min.
Solution processing and thermal annealing were performed in a
N, atmosphere.

Sample Characterization. Ellipsometry measurements were
carried out with a Horiba Jobin Yvon UVISEL iHR320
ellipsometer47 under incident angles of 50, 60, and 70° for
photon energies between 0.6 and 6 eV with 50 meV increment.
Reflectance and transmittance spectra were measured with a
PerkinElmer Lambda 950 spectrophotometer between 320 and
2000 nm with 10 nm increment. All measurements were done
at room temperature (~298 K). The film morphology and
surface roughness were characterized with a Bruker Dimension
Icon atomic force microscope, and the film thickness was
determined with a KLA Tencor P16+ profilometer. The film
morphology was determined with a JEOL JSM-7500TFE SEM.

The directly measured quantities in polarization modulation
ellipsometers are the first and second harmonics of the base
modulation frequency of the polarized light, I, and I, after
reflection from the sample surface®

I =L, + I sin(6) + I cos(5)) 6))
I is the total light intensity, I} and I, are time-independent
parameters, and O is the time-dependent phase. Ellipsometric
data are frequently expressed by the amplitude ratio y and
phase difference A between s- and p-polarization

tan(y) = Inl/Inl A =6, = & @)
where Ir,| and Ir| are the amplitude of the reflection coefficient
for p- and s-polarization, respectively, and J,, and J,, are their

respective phases. These quantities are parametrizations of I
and I
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To take the nanocrystalline nature of the CH;NH;Pb; films
into account, we use the Forouhi—Bloomer®® model in the
parametrization of Jobin Yvon® (“new amorphous”) for the
complex refractive index,

N
B(E-E) + C

Z 2 27
Pt (E-E) +T;

n(E) =ny, +

N f(E-E)
Z (E - E) +Ff;

j=1

for E > Eg
k(E) =

0; forE > Eg @)

with

f,
%—éﬁ—@—@%

G = 2415, - £y

E is the energy, Eg is the bandgap, and E, fj, and [; are the
position, strength, and width of one oscillator. Please note that
the Forouhi—Bloomer model is Kramers—Kronig consistent.
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The complex refractive index, the dielectric function, and the
absorption coefficient are available in tabular form. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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