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Abstract

Inorganic metal halide perovskites are relevant semiconductors for optoelectronic
devices. In this work the successful deposition of thin films of CsPbBr3 and
CsPbCl3 have been obtained by Radio-Frequency magnetron sputtering. A
detailed photoluminescence (PL) spectroscopy study of the as-grown samples was
conducted at the macro and micro scale in a wide temperature range (10-300 K)
to fully characterize the PL on sample areas of square centimeters, to assess the
origin of the inhomogeneous broadening and to quantify the PL quantum yield
quenching. Our results prove that this technique allows for the realization of high
quality nanometric films with controlled thickness of relevance for optoelectronic
applications.
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Introduction

Inorganic metal halide perovskites (IMHP) are an emerging class of semiconduc-

tors for photonics, photovoltaics and optoelectronics [1]. The interest to investigate

such kind of perovskites comes from their promising properties: the highly-efficient

radiative recombination, being direct bandgap materials; the tunability of light

emission, by varying the material composition to cover the entire visible spectral

range [2, 3, 4]; the robustness towards defects [5, 6]; the high carrier mobility; the

low-cost and easiness of synthesis and deposition, unlike other semiconductors (Si,

GaAs, GaN, etc.) commonly used for applications of interest. The latter is a crucial

aspect; indeed the processes typically required for the fabrication of solid-state light

emitters and solar cells are expensive, running counter to the demand of the market

for lower-cost devices. Moreover, the material morphology, which determines the

final features and quality of a device based on IMHP, can be easily controlled, from

bulk to ordered nano/micro-structures and polycrystalline thin films, by choosing

the proper growth protocol [7, 8]. When compared to hybrid halide perovskites,

IMHP exhibit significantly improved long-term stability, keeping the same excel-

lent optoelectronic properties [9, 10]. In the last decades, hybrid perovskites (in

particular CH3NH3PbI3) proved to be particularly interesting for applications in

energy harvesting, but they suffer from poor long-term stability (few thousands of

hours [11]) due to the rapid degradation of their organic component. Therefore,

significant efforts of the research have been recently directed to significantly im-

prove the stability of hybrid perovskites and to develop high quality fully inorganic
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perovskites. In particular, caesium lead halide perovskites (CsPbX3 X=Cl, Br, I)

are excellent candidates for the realization of high-performance light emitters that

cover the UV-visible spectral range. CsPbBr3, having a bandgap at 2.3 eV, could

help in overcoming the green gap problem of nitrides for realizing green LEDs [12],

whereas CsPbCl3, with a bandgap around 3 eV, shows an efficient blue emission

useful for white light generation, when coupled with a converting phosphor. White

light generation can also be obtained by multilayer structures of CsPbCl3, CsPbBr3

and CsPbI3.

However, one of the main problems that limits the scalability of the material

for innovative perovskite-based devices comes from the lack of sample homogeneity

over large areas. Solution-based techniques, which represent the most common route

used for the deposition of perovskite thin films, do not guarantee the control of the

homogeneity over an area of several square centimeters, being therefore unsuitable

for industrial production of devices. Moreover, these techniques cannot be used

for the realization of CsPbCl3 films because of the lack of proper solvents for its

deposition.

In this work we demonstrate the first successful deposition of polycrystalline thin

films of fully inorganic perovskite of CsPbBr3 and CsPbCl3 by Radio-Frequency

(RF) magnetron sputtering. In this way we succeeded in obtaining films with a good

degree of compactness and homogeneity concerning the material optical properties

at a micro-scale and macro-scale level.

Methods

Several films of CsPbCl3 and CsPbBr3 with thickness in the range from 70 to 140

nm were deposited by RF magnetron sputtering onto properly cleaned soda lime

glass (SLG) substrates [13, 14].

CsPbX3 powder was obtained through a mechanochemical procedure described

in literature [15]. It consists in the grinding of the two precursor salts (CsX and

PbX2) in equal molar ratio in a mixer mill (Retsch model MM400) [13, 14]. The

sputtering target (5 cm diameter disk) was realized by pressing the perovskite pow-

der by means of a pneumatic press (11.5 MPa working pressure) for 24 h at 150°C.

The magnetron sputtering equipment is a Korvus HEX (Korvus Technology Ltd.)

equipped with an RF source working at 13.56 MHz. The deposition was performed

at room temperature with an RF power of 20 W and argon gas flow of 20 sccm.

In these conditions, the dynamic working pressure was 2 · 10−6 atm and the depo-

sition rate resulted to be in the range from 5 to 7 · 10−2 nm s−1. The film thickness

was monitored during the deposition by using a quartz crystal nanobalance until it

reached the desired value. During this time, the sample holder was kept rotating to

assure thickness homogeneity.

Optical characterization was performed by photoluminescence (PL) spectroscopy

in a wide temperature range (from 10 to 300 K) with different kind of experiments

conducted at the macro-scale (excited area ∼ 104 µm2) and micro-scale (excited

area ∼ 1 µm2). Continuous wave (CW) PL experiments were performed by standard

setup exciting the PL with different laser sources in the range 266-400 nm. Time-

resolved PL spectra were acquired by a streak camera after excitation of the sample

at ∼ 365 nm with a frequency doubled 1.2 ps mode-locked Ti:sapphire laser with a
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time resolution of ∼ 5 ps. In both kind of experiments the sample was excited in a

quasi back-scattering geometry and the PL spectral resolution was 1 meV.

The transmittance measurements were performed by means of a white Xenon

lamp and the macro-PL and transmittance spectra were acquired at the same time

on the same sample spot.

For micro-photoluminescence (micro-PL) measurements the samples were kept

in a low-vibration Janis ST-500 cryostat, which in turn was mounted on a Physik

Instrumente x-y translation stage for scanning the sample surface. The PL was

collected by a home-made confocal microscope setup equipped with a Mitutoyo

100x objective (378-806-3, NA = 0.7) or a Mitutoyo 50x objective (378-818-4,

NA = 0.42). The micro-PL signal was spectrally dispersed and detected using an

Acton SP2330i spectrograph, mounting a 1200 gr/mm grating blazed at 300 nm or

at 750 nm, and a Si CCD Acton Pixis 100F. The spatial resolution of the system is

about 500 nm (1 µm) with the 100x (50x) objective, while the spectral resolution is

about 250 µeV. The excitation source was provided by a mode-locked Ti:Sapphire

tunable laser (Spectra Physics Tsunami, 700-900 nm spectral range, 200 fs pulse du-

ration, 12.2 ns pulse period) frequency doubled by a BBO crystal and pumped by

a frequency doubled CW Nd-YAG laser.

Results and discussion

In this paper we present results of 70 nm thick CsPbBr3 and CsPbCl3 films grown

on glass by RF magnetron sputtering [13, 14]: similar results are found for 140 nm

thick samples.

Morphological and structural characterization

The as-grown samples appear to be quite compact at a micro-scale level as from the

SEM micrographs reported in Figure 1a for CsPbBr3 and in Figure 1c for CsPbCl3.

From these morphological results, it is clearly evident that the samples are char-

acterized by a continuous network of sub-micrometer size crystals with a random

distribution of bigger crystals with typical micrometer-size, unlike spin-coated films

where an ensemble of separate crystals is commonly found [16]. Scanning near-field

optical microscopy (SNOM) topography map (not shown), acquired for the 70 nm

thick CsPbBr3 sample, indicates that the mean film thickness is about 72 nm and

the surface roughness is slightly less than 20 nm over an area of several tens of

square micrometers.

The room temperature XRD spectra for both samples (grazing incidence in black

and θ-2θ in red), shown in Figure 1b and in Figure 1d, clearly indicate the presence

of the correct crystalline phase for CsPbBr3 (ICDD PDF-4+ 18-0364) and CsPbCl3

(ICDD PDF-4+ 18-0366), orthorhombic (group 62) [17] and tetragonal (group 99)

[18] crystalline phase respectively. The broad band in θ-2θ configuration originates

from the glass substrate. In θ-2θ pattern two strong (h00) lines, observed in both

samples, suggest the presence of a significant amount of textured grains along the

[001] directions perpendicular to the substrate, confirmed by the SEM micrographs

of Figure 1. In the grazing incidence condition, instead, the larger crystals con-

tribute only to the (100) line and the presence of small peaks suggests that the

nanocrystalline network lacks of orientation.
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Figure 1 SEM micrograph (a) and XRD spectra (b) of a CsPbBr3 sample; SEM micrograph (c)
and XRD spectra (d) of a CsPbCl3 sample.

Optical characterization

In Figure 2 optical images and room temperature micro-PL maps, acquired in the

same sample area, are shown for CsPbBr3 and CsPbCl3 along with typical spectra

extracted from the PL maps. For both CsPbBr3 and CsPbCl3 the intensity of the

micro-PL, shown in Figure 2b, is uniform except for the presence of hot spots: the

average PL value and the standard deviation are (9±4)·103 arb. units for CsPbBr3
and (1.2±0.5)·103 arb. units for CsPbCl3. The average value and the standard

deviation of the PL peak energy (Figure 2c) are (2.372±0.007) eV for CsPbBr3 and

(3.007±0.010) eV for CsPbCl3, indicative of a very good degree of homogeneity of

the spectral characteristics.

Moreover, an identical shape of the PL spectrum is found for both kind of samples

(Figure 2d) irrespective of the slight peak energy difference, indicating that the

shift of the PL peak energy in the micro-PL maps comes from a local strain at a

micrometer or sub-micrometer scale. The room temperature PL broadening, which

comes from the homogeneous contribution, is ∼ 70meV for both kind of samples.

Macro-PL (in blue) and transmittance (in red) spectra, acquired in the same

spot of the sample, at 10 K are presented for CsPbBr3 and CsPbCl3 in Figure

3a,b. The PL spectra show one main dominant peak at 2.33 eV and 2.97 eV for

CsPbBr3 and CsPbCl3, respectively. Lower intensity contributions are also observed

in both spectra: one at 2.32 eV for CsPbBr3 and two at 3.0 eV and 3.03 eV for
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Figure 2 Micro-PL measurements at room temperature of (upper panel) CsPbBr3 and (lower
panel) CsPbCl3 samples deposited on glass: a) Optical image of the sample acquired in a
20 × 40 µm2 area; b) PL intensity variations in the same sample area; c) Energy of the PL peak
in the same sample area; d) PL spectra at different points in the micro-PL map.

CsPbCl3. The PL line broadening at 10 K for the main peak is ≤ 20meV. This

value is comparable with the value observed at the same temperature in micro-PL

measurements, indicating that it comes from disorder on a sub-micrometer scale,

which is below the micro-PL resolution.

Both for CsPbBr3 and CsPbCl3, the low energy transmittance resonance and the

PL dominant emission agree with literature data of bulk crystals and thin films

[3]. More controversial is the attribution of the higher energy resonance observed in

the transmittance spectra. For CsPbBr3, given the energy separation (∼ 30meV)

between the two transmittance minima compatible with the exciton binding energy

[19], it could suggest that the high energy resonance comes from the 2S state.

However, this attribution is unlikely given the same amplitude of the resonances in

the transmittance spectra. For CsPbCl3 the high energy transmittance minimum

corresponds to a PL band around 3.03 eV. Given the morphology of the CsPbCl3

(Figure 1c), where a compact layer of nanocrystals combined with the presence of

micrometer crystals is evident, and in consideration of the time resolved results (see

Figure 4), the presence of the high energy transmittance minimum could be related

to the nanocrystalline network (NCN). Therefore, having CsPbBr3 and CsPbCl3 a

similar morphology (Figure 1a,c), we more likely consider that also in the case of

CsPbBr3 the higher energy transmittance resonance comes from the NCN.
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Figure 3 Photoluminescence (PL) and transmittance (T) spectra at 10 K of a (a) CsPbBr3 and a
(b) CsPbCl3 film deposited on glass.

Figure 4 Streak camera images at 10 K of a CsPbBr3 (a) and a CsPbCl3(b) film along with the
normalized PL decays (Log scale) extracted from the image at three different energies.

Recombination Dynamics

The PL evolution on a time window of 800 ps is shown in the streak camera images

(Figure 4a,b) for both CsPbBr3 and CsPbCl3 at 10K, along with the normalized

PL decays (Log scale) extracted from the image at three different energies. The

three energies correspond to: low energy side due to emission in the Urbach tail

(2.29 eV), localized exciton emission (2.33 eV), and free exciton recombination at

2.35 eV for CsPbBr3; for CsPbCl3 localized exciton emission (2.97 eV), free exciton

recombination (2.99 eV), and at 3.02 eV the weak emission which corresponds to

the high energy resonance observed in the transmittance spectra of Fig. 3b. Non

exponential decays are commonly found in this class of materials [16] with evidence

of an exciton localization at low temperature and the presence of a high energy

tail due to free carrier recombination. Comparable PL decay time constants for

CsPbBr3 and CsPbCl3 are found: τ1 ∼ 40 ps and τ2 ∼ 400 ps. However, it should

be noted that the fast component (τ1) dominates in CsPbCl3. An increase of the
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Figure 5 Arrhenius curves for CsPbBr3 (green) and CsPbCl3 (blue) samples, obtained by plotting
the PL intensity as a function of 1/T. The fitting curve (dashed red) is described by equation 1.

lifetime is observed up to ∼ 90 K in both samples followed by an overall decrease,

less than one order of magnitude, up to room temperature.

The Arrhenius curves (Figure 5) for both kind of samples turn out to be very

similar and can be fitted by the formula:

y =
1

1 + 25e−
Ea1

kT + 2.7 · 105e−
Ea2

kT

(1)

where Ea1
and Ea2

are the two activation energies, which values are reported in

table 1.

Activation energy Value [meV]
Ea1

10 ± 2
Ea2

95 ± 5
Table 1 Values of the activation energies obtained by fitting the experimental data with equation 1.

In particular, the activation energy (95 meV) of the main non radiative channel

does not agree with the exciton binding energy and therefore exciton ionization

cannot describe the PL decrease at high temperature. As a consequence, the PL

quenching more likely originates from a reduced number of carriers and excitons

that initially populate the radiative states [14]. Moreover, having measured the PL

yield at room temperature, from the Arrhenius plot we estimate a ∼ 90% PL yield

at 10 K, as expected for this kind of materials.

Our results prove that the deposition technique based on RF magnetron sputtering

allows for the realization of high quality compact thin films comparable to state of

the art samples.

Conclusions
Successful deposition of nanometric polycrystalline CsPbBr3 and CsPbCl3 films

has been obtained by RF magnetron sputtering. This technique turns out to be
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promising in particular for CsPbCl3 deposition, especially when limitations in re-

alizing films by standard solution-based techniques are considered. Samples with

film roughness below 20 nm for thickness ≥ 70 nm have been realized. The struc-

tural and optical properties of the as-deposited samples were investigated proving

an overall quality, comparable to solution-based growth inorganic perovskites. Re-

markable is the low value of PL broadening at low temperature, which is evidence

of a submicrometric disorder.

Having demonstrated the quality of several square centimeters samples realized by

this technique, without the need of any post-growth treatment, we believe that RF

magnetron sputtering could represent a very promising alternative to solution-based

synthesis especially when multi-layer deposition is required for device realization.
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Figures

Figure 1

SEM micrograph (a) and XRD spectra (b) of a CsPbBr3 sample; SEM micrograph (c) and XRD spectra (d)
of a CsPbCl3 sample.



Figure 2

Micro-PL measurements at room temperature of (upper panel) CsPbBr3 and (lower panel) CsPbCl3
samples deposited on glass: a) Optical image of the sample acquired in a 20 × 40 μm2 area; b) PL
intensity variations in the same sample area; c) Energy of the PL peak in the same sample area; d) PL
spectra at different points in the micro-PL map.



Figure 3

Photoluminescence (PL) and transmittance (T) spectra at 10 K of a (a) CsPbBr3 and a (b) CsPbCl3 �lm
deposited on glass.

Figure 4

Streak camera images at 10 K of a CsPbBr3 (a) and a CsPbCl3(b) �lm along with the normalized PL
decays (Log scale) extracted from the image at three different energies.



Figure 5

Arrhenius curves for CsPbBr3 (green) and CsPbCl3 (blue) samples, obtained by plotting the PL intensity
as a function of 1/T. The �tting curve (dashed red) is described by equation 1.


