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Abstract: The authors report amplified spontaneous emission (ASE) behaviour from methylammonium lead iodide
(CH3NH3PbI3) perovskite films of different thicknesses. The ASE threshold carrier density noticeably decreased with thickness,
indicating the existence of different traps with perovskite films of smaller thicknesses. We attribute this behaviour to the
presence of surface states, whose origin can result from different practical fabrication steps with samples of small thicknesses.
The ASE threshold carrier density increased from 3.29 × 1018 cm−3 at a film thickness of 650 nm to 7.73 × 1018 cm−3 at a film
thickness of 80 nm. This work warns that while decreasing the film thickness is of practical importance to reduce the ASE
threshold pump current, e.g. in electrically driven light-emitting diodes, the solution processing of perovskites, newly re-
discovered for their potential photonic and photovoltaic applications, can be a restraining factor. Band gap renormalisation
(BGR) is also observed in the prepared films as a redshift in the ASE peak with increasing the pump power, and the BGR
coefficient is estimated to be ∼ 6.3 × 10−8 eV cm.

1 Introduction
In recent years, organometal halide perovskites have gained a
tremendous research boost as efficient photovoltaic light harvesters
and as promising photonic materials as well. The physical
properties of MAPbX3 thin films have further been cemented
toward light-emitting diodes [1–3]. These materials have the
crystalline structure ABX3, where A is an organic molecule such as
methylammonium (MA) or formamidinium, B is an inorganic
metal (e.g. Pb and Sn), and X is a halogen atom (Cl, Br, and I).

For photonic applications, the easily tunable direct bandgap of
this class of materials and the low-cost solution-based fabrication
process have been important triggers for extensive research efforts
to be instigated [4–6]. As an evidence for stimulated emission, and
thus promise for lasing applications across the visible and near-
infrared [5, 7, 8], amplified spontaneous emission (ASE) using
optical pumping has been well demonstrated for different OMHP
systems with low ASE threshold pump energies [5, 9]. An
indication of low threshold ASE from CH3NH3PbI3 thin films and
vertical microcavity lasing from CH3NH3PbI3 crystals was first
reported early in 2014 [10, 11]. The quality of the perovskite
material can be altered by tuning the different cations and anions in
the perovskite lattice [10]. Since then, such hybrid perovskite
materials have shown great capacity for light-emissive
technologies due to their spectral tunability and high
photoluminescence (PL) yield. MAPbX3 films were found to
exhibit random lasing [12] as well as lasing from different
geometrically designed resonators [13–15]. Optical gain from
perovskite nanostructures [14, 16] and colloidal perovskite
nanocrystals [17–19] have also been demonstrated.

For electrically driven lasing devices, reducing the thickness of
the optically active layer is an essential engineering step to reduce
the ASE threshold pump current. Therefore, careful investigation
of the effect of perovskite thickness is an important prerequisite,
especially with the chemical nature of perovskite film deposition.

In this work, we report a careful study on the effect of thickness
on the ASE threshold pump energy, where the renowned MA lead

iodide perovskite (CH3NH3PbI3) has been chosen for this purpose.
Briefly, the results show that the ASE threshold pump energy
increases from 2.35 to 3.65 µJ/cm2 when the thickness is increased
from 80 to 650 nm. However, careful calculation of the ASE
threshold carrier density (nth) with the different thicknesses
revealed an unexpected dependence, where nth noticeably
decreases with thickness. The value of nth decreased from 7.73 × 
1018 to 3.29 × 1018 cm−3 when the film thickness is increased from
80 to 650 nm. Bandgap renormalisation (BGR) was also studied in
our work and observed as a systematic red shift of the ASE
emission with increasing pump energy. A BGR constant of 6.3 × 
10−8 eV cm was obtained.

2 Experimental
All samples were fabricated on microscopic glass slide substrates
by the spin-coating technique. First, glass substrates were
sequentially cleaned in detergent water, deionised water, and
ethanol (for 15 min each) by an ultrasonic bath. The single-step
spin-coating deposition approach is adopted to prepare the films
[20–24]. In this method, the deposition solution consists of MA
iodide (CH3NH3I) and lead iodide (PbI2) precursors dissolved in a
mixed solvent of dimethyl formamide:dimethyl sulphoxide having
a 1:1 volume ratio. The total weight of the two dissolved
precursors, i.e. CH3NH3I (Sigma Aldrich) and PbI2 (Sigma
Aldrich), was used as a tuning factor for the resulting film
thickness [4]. Therefore, the mixture of the two precursors was
dissolved in different weight concentrations of 10, 20, 30 and 40%.
Each weight concentration produced a different film thickness.
Weight concentrations of 10, 20, 30 and 40%, respectively,
produced film thicknesses of 80, 230, 500 and 650 nm. After that,
the coated films were placed on a hotplate set at 100°C for 30 min
in ambient air.

The film thickness was measured using a surface porfilometer
(Veeco Dektak 150). The absorption measurements were carried
out using a Jasco V-650 spectrophotometer. The films were excited
with 70 ps laser pulses of variable power having an excitation
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wavelength of 532 nm and a repetition rate of 15 Hz. The laser
pulse source is a Q-switched Nd:YAG Pico Second Tunable Laser
System (LS-2151, LOTTIS II). The beam size was focused to ∼ 2 
mm by a convenient lens. The energy of the pulses was controlled
using neutral density filters. The output signal from the sample was
collected through an optical fibre with a collimating lens attached
with a spectrograph (QE65 Pro, Ocean Optics). The excited carrier

density in the films (nth) was estimated using the linear absorbance
spectra of the films, their measured thicknesses and energies of the
incident laser pulses.

3 Results
3.1 Linear absorption and power-dependent PL properties

Fig. 1 shows the linear absorption spectra of the four prepared
films. The absorption onset can be observed at ∼780 nm for all
samples, which corresponds to the near band edge of MAPbI3 [4,
25, 26]. No shifts in fundamental absorption peaks of the
perovskite MAPbI3 are noticed for all the thin films under study.
The absorbance increases with film thickness, as predictable, for
which the absorption coefficient can be estimated to be in the range
of ∼104 cm−1 in the visible range for all the prepared films, which
is in agreement with countless reports in the literature [4, 25, 26]. 

We then study the influence of thickness variation of the
emission characteristics of MAPbI3 films with photo-excitation
power. All films of thicknesses 80, 230, 500 and 650 nm were
systematically studied and pumped with increasing excitation
energy. We found for all prepared films of different thicknesses, the
PL emission has an abrupt increase after a certain pump power
threshold, indicating ASE. The spectral ASE behaviours from the
four perovskite films are shown in Fig. 2, which presents spectral
PL, for each film, at various pumping energies. The right column
shows the PL intensity on the log scale for clarity of the ASE
onset. One can notice the transition from spontaneous emission
(SE) to ASE regimes by looking at the linewidth narrowing, which
decreases from a broad peak of ∼50–60 nm linewidth below the
ASE threshold to a sharp peak of ∼6–8 nm linewidth above the
threshold. This linewidth narrowing is a clear signature of optical
gain (or ASE) [10, 11, 27–29]. The samples were excited up to 5
times the threshold energy and showed stable narrowing of the full-
width-at-half-maximum values at around ∼7 nm for all tested
thicknesses. The 650 nm film has a relativity narrower ASE peak.
Additionally, in addition to the broad PL peak, a new PL peak
emerges at the low energy side upon the onset of ASE, which we
call the ASE peak. The origin of this splitting of the broad emission
band above the threshold is debatable in the literature [10, 30]. 

Above the ASE threshold, the ASE peak is red-shifted upon
further increasing the excitation energy. Over an excitation energy
range between 2 and 10 µJ, an ASE redshift of up to ∼ 10 nm is
observed, which is consistent with previous reports [10, 27–29].
Fig. 3 shows the ASE peak position dependence on excitation
energy. Although the trend is similar, the sensitivity of the ASE
peak position to the excitation energy is, in general, larger for
thicker films. For example, a redshift of 11 nm can be obtained for
the 650 nm film compared to 7 nm for the 230 nm film under 3 µJ
variation in excitation energy. In fact, ASE originally developed
due to an increase in both the optical gain and absorption rate. The
balance between optical gain and self-absorption gives rise to a
red-shifted ASE peak that is located near the tail of the absorption
edge [10]. 

Fig. 4 shows the integrated PL versus incident energy density
for the prepared films. The integrated PL is extracted by
convenient Gaussian peak fitting of the PL emission curves of
Fig. 2. For each sample, we can define two regions: namely
spontaneous (below threshold) and stimulated (above threshold)
emission. Besides the linewidth narrowing discussed above, the
existence of the two regions of emission is considered a strong
indication of coherent beam regime [10]. The threshold energy can
be estimated as the intersection point between the SE and the ASE
lines. ASE threshold energies were found to be 2.35, 2.91, 3.65 and
3.78 µJ/cm2, respectively, for the 80, 230, 500 and 650 nm films.
These low ASE threshold values are characteristic of perovskite
materials and are attributable to their small capture cross-sections
of trap states, low bimolecular recombination and ‘slow’ Auger
recombination properties [10, 14]. The slope of the PL versus
energy density curves in the ASE region is an indicator of the
quantum efficiency of the ASE process. The slopes are calculated
and plotted in Fig. 5 for all prepared films. The quantum efficiency
increases with increasing the film thickness indicating better

Fig. 1  Absorption spectra of MAPbI3 perovskite films of different
thicknesses

 

Fig. 2  PL spectra evolution with increasing excitation pump energy for
MAPbI3 perovskite films of different thicknesses

 

IET Optoelectron., 2019, Vol. 13 Iss. 1, pp. 2-6
© The Institution of Engineering and Technology 2018

3



quality of the films prepared at higher thicknesses. This thickness
dependent variation is further investigated by the calculations of
the ASE threshold carrier density below. 

3.2 Energy dependent carrier density calculations

From a fundamental point of view, the balance between absorption
and stimulated emission rates gives rise to the optical gain. The
lifetime of the excited state in perovskite films may last for ∼10–
100 ns [24, 28, 31], which gives higher opportunity to achieve
higher rates of stimulated emission necessary for lasing. To
accurately account for the film thickness and the thickness-
dependent absorption, the excited carrier density has to be
evaluated for each pump fluency. This way, the effect of film

absorption on the resulting PL will be eliminated and the films can
be directly compared for their optical activities [9].

Carrier density can be estimated from the absorbed photon
density, which depends on the film thickness. The total number of
photons nph  in the pulse can be estimated using the following
relation:

nph = Epulse
hc/λexcitation

, (1)

where Epulse  is the energy of the incident laser pulse. The number
of absorbed photons nabs depends on the film thickness and
absorption coefficient. Both film thickness and absorption
coefficient are included in the absorbance that is presented in
Fig. 1, where

nabs = nph − nphexp −A , (2)

where A is the absorbance (A = α d) at the excitation wavelength,
α is the absorption coefficient, and d is the film thickness.
Assuming no losses, each absorbed photon will then result in one
excited electron in the conduction band (carrier). In a unit volume,
the number of excited electrons nexcited electrons has to be divided by
the excitation volume πr2d, where r is the beam radius and d is the
film thickness in order to eventually estimate the charge carrier
density (n).

Fig. 6 shows the PL versus carrier density curves for all
samples. Noticeably, the relation between PL and carrier densities
does not follow with the static relation trend in Fig. 4. When the
film thickness is increased, the ASE threshold is anti-intuitively
decreased until saturation is reached above 500 nm film thickness.
The ASE threshold carrier density decreases from 7.73 × 1018 to
3.29 × 1018 cm−3 when the film thickness is increased from 80 to
650 nm. 

This result can be explained by the existence of surface defects,
which increases as the thickness decreases. At higher thickness, the
percentage of surface defects to the whole film volume will be low,
which is reflected by a higher quantum efficiency of the film as
well. At 80 nm thickness, the higher surface/volume ratio results in
a higher density of surface traps, which increase the ASE threshold
carrier density. Additionally, the spin-coating deposition of
perovskite films with homogeneous and complete coverage
becomes more critical for thinner films, which results in other
possible origins of surface defects (e.g. deposition of islands rather
than compact films [32]). Surface defects will work as traps for
excited carriers, which will prevent their recombination to produce
ASE photons. When the film thickness is increased, the ASE
threshold is subsequently decreased until saturation is reached at
the 650 nm film, beyond which the ASE behaviour is mainly
dominated by the bulk properties of the grown films. Fig. 7

Fig. 3  Peak position versus excitation energy for MAPbI3 perovskite films
of different thicknesses

 

Fig. 4  ASE pump energy thresholds of perovskite (MAPbI3) films at
different film thicknesses

 

Fig. 5  Slope (relative efficiency) versus film thickness for perovskite
(MAPbI3) films
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compares the thickness dependence of both ASE threshold pump
energy and ASE threshold carrier density. 

3.3 Band gap renormalisation (BG) coefficient

BGR is also studied in this work and observed as a systematic red-
shift of the ASE emission with increasing pump energy. BGR is a
many-body problem of charge carriers in semiconductors, where
interactions of electrons and holes under high population
conditions ultimately result in narrowing the bandgap [33, 34].
BGR can be estimated using the following formula [32]:

ΔE = 2γn1/3, (3)

where ΔE is the renormalised value of the bandgap at high-carrier
densities, γ is the bandgap renormalisation (BGR) coefficient, and
n is the carrier density. The redshift in the emission peak with
increasing pump power can be used to estimate BGR under
respective pump powers. As mentioned above, the surface traps at
small thicknesses result in reduced efficiency of radiative
recombination, which result in higher ASE threshold carrier
density and reduced quantum efficiency. Therefore, the 650 nm
thick sample (at which ASE threshold carrier density saturates; see
Fig. 7 and the discussion thereafter) is the closest sample that
represent the intrinsic properties of bulk MAPbI3 perovskite.

Accordingly, the BGR coefficient is evaluated for the 650 nm
sample as can be seen in Fig. 8, which shows the plot of ΔE versus
n1/3 for the 650 nm particular sample. Due to the 3D and cavity-free
structure of the present sample and the relatively big laser spot size
of ∼2 mm, different scattering and other gain losses can likely
result in a gain clamping condition [35]. As a result of gain
clamping, the carrier density does not increase significantly when
increasing the fluence. Since saturation of gain at higher carrier
densities prevent further renormalisation of the bandgap, only the
first points above ASE threshold are used to extract the BGR
coefficient. From the slope of the fitting line, the BGR coefficient
could be estimated to be ∼ 6.3 × 10−8 eV cm. 

4 Conclusion
In conclusion, the effect of film thickness on the ASE behaviour of
high-quality CH3NH3PbI3 perovskite films is investigated and is
shown to be an influential factor in their ASE behaviour. The film
thickness turned out to have a determining role on the final optical
properties of the perovskite films. The ASE threshold carrier
density is doubled when the thickness is decreased from 650 to 80 
nm, mostly attributed to the development of surface traps with
small thicknesses. Further investigation of the traps involved, and
subsequently improving the fabrication steps, should rather
minimise this effect. BGR is observed in the prepared films as a
redshift in the ASE peak with pump power, with a BGR coefficient
of ∼6.3 × 10−8 eV Cm.
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