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Low temperature excitonic spectroscopy
and dynamics as a probe of quality in hybrid
perovskite thin films†

Som Sarang,a Hidetaka Ishihara,b Yen-Chang Chen,b Oliver Lin,b Ajay Gopinathan,a

Vincent C. Tungb and Sayantani Ghosh*a

We have developed a framework for using temperature dependent static and dynamic photoluminescence

(PL) of hybrid organic–inorganic perovskites (PVSKs) to characterize lattice defects in thin films, based on

the presence of nanodomains at low temperature. Our high-stability PVSK films are fabricated using a novel

continuous liquid interface propagation technique, and in the tetragonal phase (T 4 120 K), they exhibit

bi-exponential recombination from free charge carriers with an average PL lifetime of B200 ns. Below

120 K, the emergence of the orthorhombic phase is accompanied by a reduction in lifetimes by an order

of magnitude, which we establish to be the result of a crossover from free carrier to exciton-dominated

radiative recombination. Analysis of the PL as a function of excitation power at different temperatures

provides direct evidence that the exciton binding energy is different in the two phases, and using these

results, we present a theoretical approach to estimate this variable binding energy. Our findings explain

this anomalous low temperature behavior for the first time, attributing it to an inherent fundamental

property of the hybrid PVSKs that can be used as an effective probe of thin film quality.

1. Introduction

Organic–inorganic perovskite (PVSK) materials began their
foray into the field of photovoltaics (PVs) as sensitizers in solar
cells,1 but have since transitioned to the primary role of an
active material in a new generation of hybrid PVs. PVSK solar
cells have demonstrated impressive power conversion efficiencies,
routinely ranging between 15 and 22%.2–4 This results from
PVSKs possessing a unique combination of properties: the high
mobility5–7 and charge carrier lifetimes6,8 of inorganic semi-
conductors,9 but the flexibility and ease of fabrication of organic
materials.10–13 Researchers in the field are actively engaged in
optimizing PV performance enhancement, and in the span of
just a couple of years significant progress has been made,
including the growth of large high-quality single crystals with
micron-scale carrier diffusion lengths,8,14 improved stability in
thin film samples and faster sample preparation techniques.15

Compared to the effort invested in the PV aspect of PVSKs, there
have been fewer investigations in the study of the fundamental
properties of hybrid PVSKs. The characteristics that make PVSKs
ideal for energy harvesting applications also make them well

suited in the field of opto-electronics,16 particularly for high
efficiency lasers17 and broadband photo detectors.18 Recent
magneto-optical studies have demonstrated magnetic-field induced
state mixing, opening up an entirely new set of possibilities
regarding the use of PVSKs in spin-based quantum information
platforms.19 Given the range of possible uses, understanding the
fundamentals of charge generation, transport and recombination
is essential for not only developing high-efficiency PVs, but also
to fully harness the capabilities of hybrid PVSKs for applications
in a broader applied context.

Spectroscopic techniques have been key in most of the
recent studies that have provided critical insights into the PVSK
phase space. This includes a structural phase transition from
tetragonal to orthorhombic,20,21 where the transition temperature
depends on the halide composition and concentration.22,23 For
CH3NH3PbI3�xClx this typically occurs in the range 140–120 K.
Optical spectroscopy has shown that the photoluminescence
(PL) of the tetragonal phase red-shifts with decreasing temperature,
resulting in a positive thermal coefficient, contrary to what is
observed in the majority of semiconductors.20,22 This emission
is homogenously broadened,18 and has long recombination
times on the order of hundreds of nanoseconds.23,24 The onset
of the orthorhombic structure at low temperatures results in a
sharp increase of the recombination rate and carrier lifetimes
drop to tens of nanoseconds.21 The mechanism behind this
abrupt and sudden change has proven to be difficult to pin down.
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Another aspect where both anomalies and possible answers
were highlighted by spectroscopic measurements is with regard to
the excitonic binding energy (EB). It is typically evaluated to be
anywhere in the range 30–100 meV from PL22 and photo-absorption
data,25 an indication that a considerable fraction of excitons must be
present at room temperature (an equivalent of 25 meV). But experi-
ments have shown that room temperature PL is dominated by free
charge carriers.25 Magneto-absorption measurements have shown
empirical evidence that EB is temperature dependent, decreasing to
6 meV by 300 K.26 This has been posited as a reason why hybrid
PVSKs are unstable under ambient conditions, a subject at the very
root of the biggest hindrance to their commercial viability. The value
of a thorough investigation of the PVSK phase space is therefore not
limited to pedagogical interests, but essential for critical insights
into fundamental properties that will allow rational design and
fabrication to extract the best performances.

We focus on static and dynamic PL spectroscopy of hybrid
halide organic PVSKs fabricated using a high throughput and
potentially scalable continuous liquid interface propagation
(CLIP) technique27,28 that has produced uniform thin films
and demonstrated improved sample stability, often extending to
weeks under ambient conditions. Using extensive temperature-
dependent static and time-resolved spectroscopy, we have
addressed several unresolved issues. First, we have systemically
quantified the carrier recombination with temperature in the
region o140 K. These measurements show that charge lifetimes
decrease with decreasing temperature, unusual for semiconductors,
but indicative of radiative excitonic recombination. Next, by
monitoring photoluminescence emission as a function of excitation
power, we have demonstrated that the sudden increase in
recombination rates accompanying the phase transition is
related to the nature of the dominant charge carriers, which
switch over from free electrons and holes to excitons. Additionally,
we have developed a theoretical approach that allows estimation of
the exciton binding energy directly from spectroscopic data. And
finally, we have established a simple and direct technique to gauge
PVSK film quality, a finding that will be of significant use in device
design and development.

2. Experimental techniques

PVSK thin films are deposited on an indium tin oxide (ITO)
substrate using the CLIP technique previously reported by our
groups.27 Methylammonium iodide (MAI) and lead(II) chloride
(PbCl2) are uniformly dispersed in anhydrous dimethyl sulf-
oxide (DMSO) and N-methyl-2-pyrrolidione (NMP) (4 : 6, v/v) at a
concentration of 2.64 M and 0.88 M, respectively. The ITO
substrates are treated by UV/ozone prior to deposition for
20 min to improve the wettability. The precursor solution is
electrohydrodynamically sprayed and kept aside in a Petri dish
for 15 min, followed by annealing using a heat gun until the
colour of the thin films changed to dark brown. Scanning
electron microscope (SEM) images of the sample [Fig. S1a
and b, ESI†] show both the uniformity and large crystal grains
on the order of almost 10 mm. Specifically, the cross-sectional SEM

image [Fig. S1(c), ESI†], reveals a continuous, single-slab like grain
in the out-of-plane direction. For optical measurements we use two
excitation sources: a pulsed supercontinuum source (NKT Photonics)
and a continuous wave diode laser tuned to 532 nm (Coherent Inc.).
The PL data are taken using an Acton 300i spectrometer and then
dispersed onto a thermoelectrically cooled charge-coupled device
with a spectral resolution of 0.18 nm. For the time-resolved
measurements we use a time-correlated single photon counting
(TCSPC) system (Picoquant) in conjunction with a supercontinuum
source that allows us to vary the repetition rate. The temperature
dependent measurements are done in a cryo-free system from
Advanced Research Systems with a base temperature of 10 K.

3. Results and discussion

The results of optical characterization of the tetragonal structure
above the phase transition (T 4 120 K) are summarized in Fig. 1.
At room temperature, the emission is centred on 1.6 eV. As
T is lowered, the emission spectrum narrows and red-shifts
[Fig. 1(a)]. Fitting the spectrally integrated PL intensity (IPL)
with temperature using IPL(T) = I0/[1 + A exp(�EB/kBT)] allows us
to extract EB = 105 � 3 meV [Fig. 1(b)]. However, it has been
suggested that this approach of predicting EB is inaccurate, as
emission at different temperatures has contributions from
varying proportions of excitons and free charge carriers.25

The rate of change of the exciton and free charge carrier
concentration can be explicitly written as:

@n

@t
¼ �ð1� gÞRnp� gRnpþ KdX

@p

@t
¼ �ð1� gÞRnp� gRnpþ KdX

@X

@t
¼ �KdX � KrX þ Gþ gRnp� Rnr

Fig. 1 (a) Temperature dependent emission of the tetragonal phase. (b) Peak
full-width at half maxima (FWHM, triangles) and spectrally integrated emission
intensity (circles) varying with temperature T. The fits are discussed in the text.
(c) Spectrally-integrated PL at 294 K as a function of excitation power density.
The lines compare linear (dashed) and quadratic (solid) fits to the data.
(d) Time-resolved emission on a semi-log scale showing two distinct lifetimes
in the tetragonal phase.
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where n, p and X are the electron, hole and exciton concentrations,
respectively, R is the recombination rate of electrons and holes,
g is the proportion of electrons and holes recombining to form
excitons, Kd is the exciton dissociation rate, G is the exciton
generation rate, and Kr and Rnr are the rates of radiative and
non-radiative exciton recombination. At the excitation powers
used the non-radiative sites are saturated, and hence the non-
radiative rate may be considered to be constant. Generation of
free charge carriers is solely attributed to exciton dissociation.
Charge trapping is not considered to be a contributing factor, as
the extent of any unintentional doping is negligible compared to
the photo-excited carrier concentration (B1015 cm�3). Nor are
exciton–exciton interactions, as they are noticeable only at a
high free carrier concentration (41021 cm�3). Under continuously
pulsed illumination it is safe to assume that all the generated
charge carriers recombine and the dissociation of excitons to holes
and electrons to be in dynamic equilibrium. Since the electron–
hole recombination (Rnp) is proportional to the photo-generated
densities of the electrons and holes and the exciton radiative
recombination (KrX) is proportional to the exciton concentration,
we get

IPL B x2[Ntot]
2 + (1 � x � k)Ntot

where IPL is the spectrally integrated emission and x is the
fraction of free carriers. (1 � x � k) is the fraction of excitons
that undergo radiative recombination, where k is the fractional
population that contributes to non-radiative recombination.16–29

Ntot is the total charge carrier concentration, which in turn is
linearly proportional to the excitation power P. Thus, the
contribution of the free carrier recombination to the emission
leads to IPL p P2, while the corresponding contribution from
exciton recombination will show up as IPL p P. Therefore, we
can estimate the relative fraction of free carriers and excitons by
fitting a second order polynomial to data as shown in Fig. 1(c).
The square root of the quadratic part represents the fraction of
electrons/holes and the linear part corresponds to the fraction
of excitons undergoing radiative recombination. Using this method,
we can accurately estimate the fraction of excitons, utilizing the
internal quantum efficiency spectra of these films.16–29 For example,
a clear quadratic dependence of the data at 294 K as shown in
Fig. 1(c) suggests that the emission is a result of recombination of
mostly free carriers and not excitons, though there might still be
excitons undergoing non-radiative recombination.

We begin our investigation into the low temperature phase
space by studying the PL at the initiation of the structural
transition from tetragonal-to-orthorhombic phase and map the
spectra as functions of emission energy and temperature in
Fig. 2(a). Unlike the behaviour at T 4 120 K, the tetragonal
emission (centred on 1.59 eV at 120 K) now blue-shifts and
broadens considerably between 120–100 K. At 90 K it merges
with an emerging low energy side-band, while the orthorhombic
peak (1.65 eV) dominates the spectral signature. On lowering
the temperature further, the orthorhombic peak is clearly visible
and the spectral region enclosed by the dashed box still shows a
weak emission from the tetragonal phase. The relative novelty of
hybrid PVSKs means that the energy states of these systems are

not definitively understood yet. Using this PL data we have
summarized our results to sketch an energy level diagram in
Fig. S2(b) (ESI†). The persistence of the tetragonal phase at low T
is supported by absorption data.25 For a quantitative analysis,
we fit the emission over the entire energy range using three
Gaussian distributions (see Fig. S2, ESI†), centred about the
emission energies designated as P1–P3 at 120 K, which means
these are not fixed peak positions, but rather, identify the
starting points. The integrated emission intensity and peak
position of each of these are plotted with T in Fig. 2(b) and
(c), respectively. The data for P3 in Fig. 2(b) shows that after the
phase transition progresses to completion at T = 90 K, the
spectral weight associated with this peak is unchanged down
to 10 K, while its spectral position in Fig. 2(c) shows a minor
red-shift with decreasing T. The results of the analysis of P1 and
P2 are more complex and illuminating. P2 centres on the
tetragonal emission and its spectral weight decreases steadily,
disappearing by T B 80 K in Fig. 2(b). Its peak position in
Fig. 2(c) shows no discernible variation between 120 K and 80 K.
The demise of P2 is accompanied by the emergence of a broad
sideband, labelled P1, at T = 100 K, but this too quenches with
decreasing temperature, as seen in Fig. 2(b). Its peak positions
in Fig. 2(c), however, show that while the sideband emerges
separate from the tetragonal peak at first, for T o 90 K it is likely
that P1 is a contribution from remnants of the tetragonal phase
after all.

The most striking spectroscopic change that accompanies
the structural transition is in the PL recombination rates across
the entire spectral range. The time-resolved PL at T = 294 K
[Fig. 1(d)] shows a bi-exponential decay with long and short
lifetimes of 186 and 24 ns, respectively, corresponding to an

Fig. 2 (a) PL intensity mapped with emission energy and temperature.
Arrows highlight the spectral positions of peaks under investigation for
T o 120 K, dashed lines show the position of peaks. (b) Spectrally
integrated PL and (c) centre wavelength of the peaks shown in part
(a) varying with temperature.
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average recombination lifetime of 169� 2.4 ns, and this persists
till T = 130 K (Fig. S3, ESI†). At T = 120 K the recombination
lifetime drops abruptly and drastically by an order of magnitude,
a result that has been previously observed but not studied
systematically or in-depth, and consequently, not fully elucidated.
One proposition is an energy transfer process where the carriers
of the high-energy orthorhombic phase may diffuse to the small
inclusions of the persisting tetragonal phase that provide a low
energy channel for recombination.21 The co-existence of two
phases has been observed in a number of systems before and
the smaller inclusions are stabilized due to the strain or pressure
developed within the films.30,31 These inclusions could be a result
of lattice-mismatch or lattice defects in the high temperature
phase that induce spontaneous plane shifts during phase
transition in the films, and can have major effects on the film
conductivity and other photovoltaic properties.30,31 Due to
extensive scattering at these lattice boundaries originating from
randomly oriented lattices, there will be increased resistance
and lowered mobility of charge carriers.32 These locations have
also been observed as electron trapping sites in magnesium
oxide (MgO) films and hence minimizing these mismatch sites
or defects is of paramount importance to enhance film quality.33

In Fig. 3 we highlight our results of the spectrally-resolved time-
resolved PL in the range of 120–10 K. Fig. 3(a) maps the PL as a
function of time and temperature, with the ‘0’ on the time axis
demarcating the arrival of the excitation pulse for emission peak
P3, which we can tie to the PL from just the orthorhombic phase.
Fig. 3(b) shows the corresponding data for emission from the low

energy states which is peak P2 for temperatures between 120 K
and 100 K, and P1 for T o 100 K. The insets in both these
figures show representative time-resolved PL traces at 80 and
50 K. Comparing the two data sets, the most noticeable observation
is how much faster the recombination at the orthorhombic site
is than that from the lower energy states associated with the
tetragonal phase. This gives credence to the hypothesis that
there is energy transfer from the high to low energy sites. Fig. 3(c)
shows the first 3 ns following the arrival of the excitation pulse
for the low energy states. The observed initial rise, which slows
with decreasing T, is a charging time denoting signal build-up as
carriers arrive from the high energy state, providing further
confirmation. In cases of such incoherent energy transfer, the
recombination times of the high energy states are reduced from
their normal value as carriers migrate to the low energy sites and
recombine there instead. This is observed very clearly in ensembles
of semiconducting quantum dots,34 and the result is a monotonic
increase of recombination times as the emission energy decreases.
However, the longest lifetime observed at the lowest energies is
never longer than the native unaltered lifetime of the system.
Therefore, while there is definitely some aspect of energy transfer
between the close-lying low temperature states in the hybrid
PVSKs, there could also be variations in intrinsic charge carrier
dynamics of the films due to the presence of high temperature nano-
scale domains that could further lead to the faster recombination. It
does not explain at all why the recombination from the remnants
of the tetragonal phase should have such a highly reduced
lifetime as well. Studying the change in optical properties and
charge carrier dynamics will be an effective tool to characterize
these lattice defects and will be a check for film quality. As
Fig. 3(d) demonstrates, the recombination times show further
variations with decreasing temperature. The orthorhombic
emission decays faster as T decreases. And for T o 100 K, the
low energy PL shows an even steeper reduction. This decrease of
lifetimes as T is lowered, while unusual in direct band-gap
semiconductors where reduced phonon coupling to photo-
generated carriers increases charge lifetimes, is an indication
of the emission PL being dominated by radiative excitonic
recombination.

In an effort to explain these changes in carrier dynamics, we
focus on the type of carriers that lead to recombination at
different temperatures. In Fig. 4(a) we plot the variation of IPL

with P at different temperatures, fit the data with a second order
polynomial and compare the linear and quadratic coefficients of
these fits in Fig. 4(b). As expected, at T = 294 K the quadratic
component is responsible for almost the entire weight, confirming
that radiative recombination is driven entirely by free carriers
and the exciton fraction solely comes from the nonradiative
part. However, at 200 K there is a linear component that
accounts for almost 25% of the total weight, implying the
radiative recombination of both free carriers and excitons, with
the majority still being the former. By 80 K the majority
component in IPL is linear, accounting for 60% of the total
weight. Based on this monotonic change with T we conclude
that there is a crossover from free carriers to exciton-dominated
radiative recombination, and in Fig. 4(c) the calculated free

Fig. 3 Time-resolved PL data mapped with temperature and time for
(a) high energy peak, P3 and (b) low energy states (P1 and P2). (insets)
Sample time traces. (c) Initial rise of the time-resolved PL for low energy
states at different temperatures. (d) Recombination lifetimes extracted
from exponential fits to data in (a) and (b) with symbols corresponding
to peaks in Fig. 2(b). Fit errors are 0.17 ns for (a) and 0.015 ns for (b).
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charge carriers using the Saha–Langmuir equation is plotted
for an exciton binding energy of 100 meV. The Saha–Langmuir
equation,35,36 derived in the context of ionization of gases,
provides a relationship between this fraction x and temperature
T for a constant ‘ionization’ energy, which in this case is EB.
The calculated x with T for EB = 100 meV and electron carrier
density n = 1015 cm�3 (squares) underestimates the crossover T
considerably. Our experimental parameters indicate a carrier
density in the range of 1015–1016 cm�3, but we re-calculate by
increasing the free carrier concentration to n = 1018 cm�3

(triangles), which moves the crossover T higher, but does not
replicate the experimental fractions of charge carriers. In fact,
there exists no reasonable combination of EB and n that can
mimic the experimental x. We therefore consider more closely
the statistical mechanics underlying the dissociation of the
excitons into electron–hole pairs.

The equilibrium constant for this reaction exc " e + h is
given by K = (NeNh)/Nexc. The corresponding free energy DG is:

DG = �kBT ln K = �kBT ln[x2/(1 � x)Ntot]

where Ntot is the total number of all carriers (free electrons/
holes and excitons). Rearranging, we arrive at:

ln[x2/(1 � x)] = �DG/kBT � ln Ntot.

This is the form of a standard Van’t Hoff plot,37 and is
shown in Fig. 4(d), where we plot ln[K] as a function of 1/T. In
order to calculate the total exciton concentration (1 � x), we will
need to find the fraction undergoing non-radiative recombination.
From the IQE spectra reported by our group,27,28 we can estimate it
to be 0.2 in the 500–680 nm wavelength range. This value is a
constant and does not vary with temperature as all the recom-
bination sites are occupied. The slope of this plot yields the
change in free energy, �DG, and therefore, leads us to the
following conclusions: (a) the slope is negative, implying that

the change in free energy is positive, i.e., energy is needed to
dissociate excitons, an expected result; and (b) the slope
changes with T, and has a larger negative value in the low
temperature phase compared to the high temperature phase,
indicated by dotted lines in Fig. 4(d), which clearly shows that
the binding energy is different in the two temperature regimes.
We now use this measured free energy to calculate the exciton
binding energy as follows:

DG ¼ �kBT ln ZeZh=Zexc½ � ¼ �kBT ln exp �EB=kBTð ÞZe
�Zh

�

Zexc
�

� �

and

DG ¼ EB � kBT ln
Ze
�Zh

�

Zexc
�

� �

where * denotes the translational partition functions. For an
ideal gas Z* = (Ze*Zh*)/(Zexc*) = ((2pm*kBT)/h2)3/2V, and m* =
(me mh)/mexc and we use a numerical value of 0.1 me. Combining
the above equations while keeping EB constant, yields the Saha
equation. The calculated EB for the high temperature phase had
an average value of 95 meV and the low temperature phase had
a value of 45 meV. The reason for the change in binding energy
could be due to band bending at the domain boundaries, and
hence the change could be a convenient indicator of these domains,
which indirectly helps us determine the amount of lattice
defects in the films.

4. Conclusions

Hybrid PVSKs show great promise for a variety of applications,
making it imperative that we invest in understanding their
fundamental properties. We have used low temperature spectro-
scopy to study the phase space of CH3NH3PbI3�x Clx and our
results demonstrate that the notable spectral and dynamic
changes that accompany the structural phase transition occur
due to the presence of domains in the low temperature phase.
These low temperature domains can be an effective way to
characterize lattice defects in the high temperature film. We
use the variation of spectrally integrated PL with excitation
power to estimate the proportion of each carrier type at different
temperatures and apply fundamental statistical physics principles
to calculate EB from these data. We calculated the average EB

values in the two temperature regimes and found the high
temperature value (95 meV) to be very close to the numerical
value of 105 meV derived from a fit to temperature dependent
PL data. This leads us to conclude that the typical approach to
measure EB gives us an average value, while evaluating the PL at
specific temperatures over a range of excitation powers offers a
more accurate result. This change in binding energy indirectly
lets us estimate film defects in the high temperature phase and
can be an effective check of film quality. We have also developed
a direct method to estimate the binding energy of excitons in
hybrid PVSKs. Our approach provides a route towards checking
films for lattice defects and ensuring the high quality necessary
for superior performance and will assist greatly in ongoing
materials engineering efforts to minimize defects and electron

Fig. 4 (a) Integrated PL counts varying with excitation power at T = 294,
200 and 80 K for the peak designated P2 in Fig. 2(a). Lines are polynomial
fits (*R2 value = 0.99). (b) The relative weight of the linear (shaded) and
quadratic (solid) components derived from the fits in (a). (c) Calculated
fraction of free carriers as a function of T for EB = 100 meV, n = 1018 cm�3

and n = 1015 cm�3. (d) Calculated exciton binding energy varying with T
(R2 = coefficient of determination).
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trapping sites, therefore making the application of PVSK photo-
voltaics a reality.
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