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Transmission spectra of singe crystals of MAPbI3 hybrid perovskites near

the edge of fundamental absorption
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The paper presents the transmission spectra of hybrid perovskite MAPbI3 single crystals near the fundamental

absorption edge in a wide temperature range. The absorption coefficient α of the single crystal samples is estimated

at a temperature T = 150K for the light with a photon energy E = 1.6 eV and at T = 40K for E = 1.8 eV. The

obtained values turned out to be several orders of magnitude smaller than the values of α for thin-film samples

known from the literature. A sharp shift of the fundamental absorption edge by ∼ 100meV was observed at a

temperature T1 = 160K of the structural phase transition from the tetragonal to the orthorhombic phase. The

temperature hysteresis of the shift of the fundamental absorption edge near T1 was recorded, which is characteristic

of a first-order phase transition.
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Introduction

During the last decade hybrid metalloorganic perovskites

(MOPs) with the chemical formula ABX3, where A is

cation of methylammonium (MA+ =CH3NH
+
3 ) or for-

mamidinium (FA+, NH2CH=NH+
2 ), B is metal cation (Pb,

Sn), X is halogen anion (I, Br, Cl), attract many researchers

from all over the world as new promising materials for

use in optoelectronic devices such as thin-film solar cells

(SC) [1–5], high sensitivity photodetectors [6,7], lasers, and
LEDs [8]. South Korean and Swiss researchers in April

2021 reported a record value of efficiency of a single

junction MOP solar cell equal to 25.6% [9]. Interest in these

materials is due to a set of special optical and photoelectric

characteristics that MOPs have. First of all, these are the

optimal, tunable depending on the perovskite composition

band gap, high absorption coefficient, non-trivial spin dy-

namics [10–13], light-induced structural dynamics [14–19],
and long lifetimes of charge carriers [20–24].
Despite the large number of papers devoted to the study

of the optical properties of MOPs, there is no full under-

standing of the fundamental processes that occur in hybrid

perovskites when interacting with electromagnetic radiation.

The main component of the solar cell is a photosensitive

semiconductor layer, in which charge carriers are generated

as a result of the absorption of incident radiation photons.

In this regard, the determination of the value of the layer

absorption coefficient is necessary for the development and

optimization of SC. The available papers on the study

of absorption coefficients near the band edge in MOP

mainly focus on absorption in thin films [25,26], which

are used as an absorbing and/or transport layer in solar

cells and other optoelectronic devices. However, it is better

to study the fundamental parameters on single crystals,

in particular, due to the presence of grain boundaries in

polycrystalline films that scatter the incident radiation. Such

losses can lead to overestimated values of the absorption

coefficient.

In the present paper, the transmission spectra near

the edge of fundamental absorption of large high-quality

MAPbI3 single crystals were studied.

Experiment

Synthesis of MAPbI3 single crystals

Bulk MAPbI3 single crystals of good quality were

grown at the Rzhanov Institute of Semiconductor Physics

of the Siberian Branch of the of Russian Academy of

Science according to the method described in detail in the

papers [27,28]. For the synthesis of MAPbI3 polycrystalline

powder, a reaction between two precursors was used:

MAI (methyl ammonium iodide) and PbI2 (lead iodide).
The resulting MAPbI3 powder was dissolved in hydroiodic

acid HI until saturation at 65◦C, then the solution was

placed in a closed reaction chamber with a precision

temperature decreasing from 65◦C to 21◦C with increments

of 0.1◦C per hour. Within 10−12 days black shiny single

crystals grew up to 1 cm in size.
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The composition and structure of the grown single

crystals were verified by X-ray diffraction and X-ray pho-

toelectron spectroscopy. The good structural quality of the

single crystal surface was demonstrated by the RHEED

method (reflection high-energy electron diffraction) [29].

Transmission spectra measurements in the near

infrared and visible ranges

The transmission spectra were measured on a unique

experimental setup, including Bruker IFS 125HR high-

resolution Fourier spectrometer and Cryomech ST 403

closed cycle cryostat. A single crystal 1.4mm thick was

fixed on a copper substrate using silver paste. Then

the substrate was attached to the copper finger of the

cryostat in such a way that the natural face of the

crystal (100) was directed perpendicular to the incident

radiation. The temperature of the copper finger could

vary from 5 to 350K. Globar was used as a radiation

source. The radiation that passed through the crystal was

recorded by a silicon detector operating in the range of

8500−20000 cm−1. The spectra were obtained with a

resolution up to 2 cm−1.

Results and discussion

The transmission spectra of the MAPbI3 single crystal

in the frequency range of 11695−14518 cm−1 are shown

in Fig. 1. As the temperature is lowered from 340K to

250K, the absorption edge slightly shifts, first to the blue,

and then from 250K to 160K — back to the red region of

the spectrum. In typical inorganic semiconductors, such as

Si, Ge, or GaAs, the band gap edge shifts to higher energies

region with temperature decreasing, according to Varshni’s

empirical relation:

Eg = E0 −
αT 2

T + β
, (1)

where E0 is the band gap width at T = 0K, α, β are

constants [30]. Such unusual behavior for MAPbI3 was also

observed in previous papers [31–33]. In paper [32], it was
supposed that it is associated with the energy increasing of

the valence band maximum with temperature decrease.

The structural phase transition at temperature T2 = 330K

from the cubic to the tetragonal phase is not marked by any

features on the temperature dependence of the position of

the fundamental absorption edge. At the temperature T1

of the structural phase transition from the tetragonal to the

orthorhombic phase, a dramatic shift of the fundamental

absorption boundary by 0.11 eV, i.e. from 1.63 to 1.52 eV,

is observed. Such a difference of about 100meV between

the energies of the band edge in two structural phases was

observed earlier in papers [25,34] and was explained by the

tilt effect of the [PbI6]
4− octahedrons upon transition from

one phase to another [35].
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Figure 1. Transmission spectra of MAPbI3 single crystal near

the fundamental absorption edge at temperature of 44K and

in the region of low-temperature structural phase transition at

temperatures from 140K to 170K (a) and presented as intensity

map in the axes frequency−temperature (b). Sample thickness is

1.4mm. The white horizontal lines mark the temperatures of the

structural phase transitions T1 and T2 .

The transmission spectra at low temperatures show a

narrow exciton band with an absorption maximum at

about 1.62 eV at 5K, which agrees with the results of

earlier studies. For example, in the paper [26], where

MAPbI3 polycrystalline films were studied, the peak at

1.64 eV in the optical density spectra at a temperature of

4.2K was also explained by exciton transition. The position

of the exciton peak 1.633 eV (T = 4.2K) was found from

the reflection spectra of MAPbI3 single crystal using the

Kramers−Kronig relation [36]. The exact calculation of the

absorption coefficient of thin-film perovskite CH3NH3PbI3
using the reflection and transmission spectra gave a value of
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Figure 2. Temperature dependences of the position of the

absorption edge of the MAPbI3 single crystal, obtained by cooling

(blue circles) and heating (red triangles) of the sample.

1.640 eV (T = 4.2K) for energy of the exciton peak [25].
Further theoretical modeling of absorption spectra allowed

the authors [25] to separate the contributions from states of

continuum and bound electron-hole pairs (exciton states)
and find the exciton binding energy Eex = 20± 2meV

for the low-temperature orthorhombic phase. In the

present paper, Eex could not be determined because of the

saturation of the transmission spectra of thick single-crystal

sample.

In paper [25], the absorption coefficient α in the range

from 1.5 to 2.0 eV was obtained from the reflectance (R)
and the transmittance (Tr) according to the expression:

α = −
1

d
ln

(

Tr
1− R

)

, (2)

where d is sample thickness. The sequence of absorption

spectra in the temperature range of 4−295K with incre-

ment of 5−10K (Fig. 3 in the Supplementary Information

to the paper [25]) clearly shows a sharp shift of the band

edge during the phase transition from orthorhombic to

tetragonal structure, the formation of exciton peak with

temperature decreasing, and the coexistence of two phases

in the temperature range of 140−170K. Our data are in

qualitative agreement with the data [25], however, there are

significant quantitative discrepancies. In particular, at 155K,

the residual peak at the energy ∼ 1.60 eV of the high-

temperature phase with the maximum absorption coefficient

αm = 104 cm−1 was observed in [25] on the high-frequency

side of the exciton peak belonging to the low-temperature

phase. We also observe this peak (Fig. 1, a), however,

the maximum absorption coefficient is αm = 18 cm−1, but

not 104 cm−1. In high temperature tetragonal phase, the

transmission spectra of the single crystal 1.4mm thick

studied in this work are saturated above the absorption

edge. Below the phase transition temperature in the low-

temperature orthorhombic phase the sample is partially

transparent above the exciton peak. Such the absorption

coefficient decreasing was also registered in [25]. In

particular, it was reported that α(170K) = 3.2 · 104 cm−1,

while α(40K) = 2.9 · 104 cm−1 at energy of 1.8 eV (Fig. 3
in the Supplementary Information to paper [25]). At

this wavelength (1.8 eV corresponds to λ = 689 nm) our

1.4mm thick sample is completely opaque at 170K. It

would remain completely opaque even at 4K if the

absorption coefficient was ∼ 104 cm−1 according to [25].
The estimate of the absorption coefficient for the trans-

mission spectra of our CH3NH3PbI3 single crystal gives

α(40K, λ = 689 nm) = 28 cm−1. Thus, the obtained ex-

perimental data for single crystal of good optical quality

convincingly show that for the thin films, studied in [25],
some losses (for example, scattering) were not taken into

account, which led to overestimated values of the intrinsic

absorption coefficient of CH3NH3PbI3 near the fundamental

absorption edge.

Figure 2 shows the temperature dependences of the

position of the fundamental absorption edge near the low-

temperature phase transition, obtained from the transmis-

sion spectra of CH3NH3PbI3 single crystal 1.4mm thick

and recorded during cooling and heating of the sample.

The position of the absorption edge was determined as

the value of the maximum of the derivative dTr/dE . A

noticeable temperature hysteresis with a width 1T = 2K is

seen, which confirms the first-order phase transition. The

complex form of the dependence is due to the fact that the

spectra have complex structure due to the coexistence of

two structural phases in the transition region.

Conclusion

The optical transmission of a good-quality single crystal

of a hybrid organometallic perovskite, methylammonium

lead iodide MAPbI3 was measured near the fundamental

absorption edge, in a wide temperature range (5−330K).
A shift of the band edge of about 100meV was observed

during the structural phase transition between the tetragonal

and orthorhombic phases, as well as the formation of an

exciton peak upon temperature decreasing. The fact that the

transition is of the first order is confirmed by the presence of

hysteresis. The absorption coefficients α (1.6 eV, 150K) and
α (1.8 eV, 40K) were estimated. Their values are almost by

three orders of magnitude lower than the values obtained

on thin MAPbI3 films [25]. This may be due to the fact that

the films have losses due to scattering, for example, at grain

boundaries, and they are not taken into account. The true

values of the absorption coefficient in the substance should

be measured on single crystals of good quality.
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