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Mixed organic-inorganic halide perovskites have emerged as a promising new class of semiconduc-
tors for photovoltaics with excellent light harvesting properties. Thorough understanding of the op-
tical properties of these materials is important for photovoltaic device optimization and the insight
this provides for the knowledge of energy band structures. Here we present an investigation of the
sub-room temperature dependent optical properties of polycrystalline thin films of CH;NH;Pbl;
perovskites that are of increasing interest for photovoltaics. The complex dielectric function of
CH;NH;PbI; in the energy range of 0.5—4.1¢eV is determined between 77 K and 297 K using spec-
troscopic ellipsometry. An increase in optical permittivity as the temperature decreases is illus-
trated for CH3;NH;PbI;. Optical transitions and critical points were analyzed using the energy
dependent second derivative of these dielectric functions as a function of temperature. © 2016
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4941710]

In recent years, mixed organic-inorganic halide perov-
skites have demonstrated great potential as a material for low-
cost, high-efficiency thin film photovoltaics owing to their
excellent light harvesting'™ and transport properties.”™
Comprehensive studies of the optical properties of these mate-
rials are needed for establishing robust optical models to
improve the design of solar cells. The cubic-tetragonal-ortho-
rhombic phase transition of CH;NH;3Pbl; perovskite has been
systematically investigated by Calorimetric and IR spectros-
copy’ as well as single crystal/powder X-ray diffraction.'®!!
CH;NH;Pbl; undergoes a phase transition from cubic to tet-
ragonal at circa 330K, and it forms an orthorhombic structure
below approximately 160 K. The complex refractive index of
CH3;NH;3Pbl;_Cl, and CH3NH;Pbl; perovskite films have
been reported by many groups recently.'>° Temperature de-
pendent dielectric constants of CH;NH3;PbX5 (X =1, Br, Cl)
were determined at microwave frequencies (50, 90, and
150 GHz) by Poglitsch and Weber,”' showing a discontinuity
in the complex permittivity of all the halides at the orthorhom-
bic/tetragonal phase transition, while no apparent changes
were observed for the tetragonal/cubic transition. Similar
behaviour was found by Onoda-Yamamuro er al.** for fre-
quencies between 20 Hz and 1 MHz. These observations were
attributed to the methylammonium cations being fully ordered
in the orthorhombic phase, while disordered in the tetragonal
and cubic phases. The absence of dramatic changes in optical
properties across the tetragonal to cubic transition could be
attributed to the large sub-picosecond structural fluctuations at
high temperature phase, equivalent to optical transition time-
scales. It is necessary to study the corresponding optical
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properties of CH3NH;Pbl; in the visible/near infrared region
with their increasing relevance for photovoltaic device design.
This work differs from previous work as it studies the tempera-
ture dependent dielectric functions of CH;NH3Pbl; determined
at a wider energy range of 0.5—4 eV by spectroscopic ellipsom-
etry from room temperature (RT) down to 77 K. Energy transi-
tions as well as interband critical points (CPs) are also
investigated by analysing second derivative spectra.

CH;NH;PbI; films were deposited on clean thin (1 mm
thick) microscope glass substrates using the gas-assisted tech-
nique.”* In brief, 25 ul 45 wt. % CH;NH;Pbl; dimethylforma-
mide (DMF) solution, prepared from Pbl, and CH3;NH;I in a
molar ratio of 1:1, was spread on the substrate, then spun at
6500 rpm. After 2s a dry argon gas was blown on the substrate
whilst spinning. The sample was then annealed at 100 °C.

A J. A. Woollam V-VASE Ellipsometer with a Janis
Research Model ST-400 UHV Supertran cryostat system
attached utilising liquid nitrogen cooling was used to measure
the temperature dependence of the films. Prior to attaching the
cryostat the samples were measured in air at 65° and 70° inci-
dents to establish an optical model for the room temperature op-
tical properties.

Delta offset corrections for the cryostat windows were
determined using the manufacturer’s standard routine using
a 20 nm thick thermal oxide on silicon wafer and calibrated
for multiple angles. To remove any backside reflection from
the glass substrate, which interferes with the window offset
delta correction, the glass samples had the rear surface care-
fully roughened via sandblasting.

The dielectric function was determined by modelling
using the computer software WVASE®, with two Psemi-
Triangle (PSTRI) oscillators® at fundamental bandgaps
around 1.6eV and 2.8 eV appropriately describing the optical

© 2016 AIP Publishing LLC
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FIG. 1. Modelled (black dashed lines)
and experimental (green solid lines)

800 1200 1600 2000 2400
Wavelength (nm)

(a), (c) amplitude component ¥ and
(b), (d) phase difference A of a
CH;NH;PbIj; perovskite film deposited
on glass substrate. The ellipsometry
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data are collected at (a), (b) room tem-
perature and (c), (d) 77K for two inci-
dent angles 67° and 70°.
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transitions. Gaussian oscillators were used to model the
remaining regions of the spectrum. Details are described in
Refs. 17 and 18. Figure 1 show the fits to experimental am-
plitude component ¥ and phase difference A of the polarized
reflected light from the surface of a CH3;NH3Pbl; perovskite
film deposited on a thin glass substrate at RT and 77K.
CH;NH;PbI; perovskite film thickness was determined to be
260 nm with 46 nm surface roughness and 7% void at room
temperature, and the same structural parameters were used

800 1200 1600 2000 2400
Wavelength (nm)

for all the lower temperature modeling’s. An almost perfect
match between the experimental and simulated data was
achieved. Fittings to the other temperatures are given in the
supplementary material >

Dynamic ellipsometry data were also collected under con-
tinuous cooling and heating to investigate the optical properties
over the phase transition regions. The sample was first cooled
down in-situ from room temperature to 77 K, and subsequently
heated up to room temperature again at a rate of 1.6 K/min. As
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FIG. 3. Experimental (a) Psi and (b)
Delta values recorded at 1.59¢eV pho-
ton energy (780nm) while cooling the
sample from 200K to 100K (blue
squares) and while subsequently heat-

o ing the sample from 100K to 200K
%m (red circles). The ellipsometry data are
1 collected for an incident angle of 70°.

The heating and cooling rate was set at
1.6 K/min.
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shown in Figure 2, obvious changes could be observed across
the phase transitions, although some hysteresis was observed.
The hysteresis is also seen in the samples stabilized at each
temperature for over an hour, indicating that it is a long term
effect. The tetragonal-orthorhombic phase transition occurs at
approximately 156 K, while the orthorhombic-tetragonal phase
transition temperature is circa 144 K.

The ellipsometry data at about 780 nm exhibits the most
dramatic changes during phase changes, with Figure 3 show-
ing the ellipsometry data at this wavelength plotted as a
function of temperature. Obvious hysteresis behaviour could
be observed during the cooling and heating cycles. This fea-
ture has also been reported for dielectric permittivity** and
optical density®’ previously, while future work is required to
verify the origin of this phenomenon. Notably, the
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FIG. 5. Absorption coefficient of CH;NH;Pbl; perovskite measured at vari-
ous temperatures. The inset (b) shows enlarged features of (a) at the fre-
quency range between 1.5 eV and 1.8 eV.
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ellipsometry data after this cooling-heating cycle are almost
identical with original values confirming the optical proper-
ties after phase transitions are reversible.

Temperature dependent real and imaginary dielectric
functions were determined and are presented in Figure 4.
The temperature of the sample was allowed to stabilize for
approximately 1h between measurements. Obvious evolu-
tions of fundamental peaks could be observed as shown in
the insets of Figures 4(a) and 4(b). Sharper peaks emerge in
orthorhombic phases, which are attributed to stronger exci-
tonic transitions.”® A slight decrease in the dielectric con-
stant could be observed with increasing temperature in each
phase. This is consistent with the behaviour in other lead
containing semiconductors like PbS, PbSe, and PbTe.?’

The absorption coefficient, o, was calculated from the
extinction coefficient k and is plotted in Figure 5(a). The
direct bandgap at E,=1.61¢eV, and two absorption peaks at
E;=2.5eV and E;=3.4eV (Refs. 30 and 31) are apparent
in the absorption spectra. Consistent with previous reports,
E( and E, transitions gradually shift towards higher energies
as the temperature increases in each phase, whereas interest-
ingly, the E; peak position was not as strongly shifted. A
blue shift in the bandgap could be seen with increasing tem-
perature in both the orthorhombic phase (77-130K) and tet-
ragonal phase (160-297 K).

To obtain a better understanding of energy band struc-
tures in CH3;NH;Pbl; perovskites, CP analysis was per-
formed by fitting the second derivative spectra of the
dielectric functions®? by
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FIG. 6. Second derivatives of the real and imaginary parts of the dielectric function of CH3;NH;3Pbl; perovskite measured as a function of energy at (a) room
temperature and (b) 77 K. The experimental data is shown as open circles, while fitted values are plotted using solid lines.

TABLE 1. Critical points of CH3;NH;Pbl; obtained by fitting the second
derivatives of the real and imaginary parts of the dielectric function at differ-
ent temperatures.

TABLE II. Temperature coefficient OE/OT of CH;NH;Pbl; determined for
tetragonal and orthorhombic phases.

Critical
Temperature Critical Critical Critical point Eq Critical point Critical point
(K) point Ej (eV) point E; (eV) point E; (eV) Phases (meV/K) E; (meV/K) E, (meV/K)
77 1.681 2.657 3.144 Orthorhombic 0.30 —0.26 2.85
130 1.697 2.643 3.295 Tetragonal 0.32 —0.49 1.10
160 1.596 2.553 2.955
200 1.608 2.556 3.043
240 1.625 2542 3073 phase, respectively, that are reflected to the zone centre in the
208 1.639 2487 3.115 lower symmetry tetragonal and orthorhombic phases.zo’34

where A, @, E, and I" are the amplitude, excitonic phase
angle, threshold energy and broadening of the peak, respec-
tively. The exponent 7 is f% for one dimensional, O for two
dimensional or % for three dimensional critical points. n
equals —1 when describing excitonic optical transitions. In
this analysis, n = —1 was used for all CP energies to account
for the expected excitonic features (Figure 6).2%

The critical points observed at Eq, E;, and E, (Table I)
agree well with the optical transitions previously assigned to
excitations from the highest and second highest valence bands
to the lowest conduction band split-off (Ey and E;) and from
the doubly degenerate highest valence to the higher level
split-off conduction band (E,) in the Brillion zone of the cubic

As shown in Figure 7, the energies for critical points E,
E,, and E, vary almost linearly with temperature. As previ-
ously reported, commonly used models describing the temper-
ature dependence of conventional semiconductors are no
longer suitable for perovskite materials.>> An obvious blue
shift could be observed for E and E, with increasing tempera-
ture, while E; shows a red, although smaller, shift. The band
gap shift with temperature is principally associated with the
combined effect of thermal expansion of the lattice and
electron-phonon interaction.*®>” The blue-shift of the first
bandgap (i.e., Ey) in tetragonal and cubic phase has been
recently shown to be due to the energy downshift of the con-
duction and valence band with temperature, with a higher
strength for the latter.*® The red-shift of E, still needs to be
investigated. The temperature coefficient of E, determined for

FIG. 7. Temperature dependence of
the interband critical point energies of
CH;NH;PbI; for tetragonal and ortho-
rhombic phases.
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the tetragonal phase CH3NH;Pbl; of 0.32meV/K is in good
agreement with previously reported values (Table IT).*~°

We have reported the temperature dependent optical
properties of the CH;NH;Pbl; perovskite in the range of 77K
to 297 K. The dielectric functions as well as interband critical
points were determined in the 0.5—4 eV energy range. Increase
in temperature results in a slight decrease in the dielectric con-
stants for both orthorhombic and tetragonal phases. Critical
point energies E, and E, show an obvious blue shift with
increasing temperature, while E; is red-shifted.

The Australian Centre for Advanced Photovoltaics is
supported by the Australian Government through the Australian
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