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CsPbBr3 represents a highly attractive material for perovskite light‑emitting diodes (PeLEDs) in the green 
spectral range. However, the lack of deposition tools for reproducible and scalable growth of perovskite 
films is one of the major obstacles hindering PeLED commercialization. Here, we employ the highly 
scalable showerhead‑assisted chemical vapor deposition (CVD) method to produce uniform pinhole‑free 
 CsPbBr3 films for PeLED application. The precursors CsBr and  PbBr2 are evaporated under low vacuum 
in  N2 carrier gas. By adjusting the  PbBr2 sublimation temperature, process conditions for CsBr‑rich, 
stoichiometric, and  PbBr2‑rich  CsPbBr3 layer growth have been developed. A substrate temperature of 
160 °C enables direct growth of these  CsPbBr3 films on a polymeric hole transport layer (HTL), finally 
yielding PeLEDs with a maximum luminance of 125 cd/m2. Although the device efficiency still lags behind 
solution‑processed counterparts, our approach presents the first demonstration of PeLEDs containing 
 CsPbBr3 films processed in a perovskite showerhead‑assisted CVD reactor.

Introduction
Beyond photovoltaics, which has been the main targeted market 
of metal halide perovskites in the last decade  [1–4], photonic 
applications have emerged as another appealing field  [5–7]. 
Perovskite films demonstrate readily tunable emission colors 
and sharp photoluminescence spectra  [6, 8–10]. In PeLED 
application, high external quantum efficiencies exceeding 20% 
are achieved  [6], rendering these compounds auspicious can-
didates for photonics as well as for next-generation displays. 
Most popular perovskite emitters are methylammonium, for-
mamidinium, or cesium lead trihalides  (MAPbX3,  FAPbX3 or 
 CsPbX3, X = I, Br, Cl).  CsPbX3 as a fully inorganic compound 
naturally features superior thermal and chemical stability  [11, 
12]. However, the lack of deposition tools with precise process 
control on an industrial scale  [13] remains a critical obstacle 
for the commercialization of PeLEDs. High-quality perovskite 
emissive films are typically fabricated via spin-coating, suffer-
ing from low reproducibility and a limitation of substrate size. 
More advanced methods based on solution processes, includ-
ing doctor-blading and printing, yield perovskite films with a 

poor morphology  [14, 15]. Furthermore, solution processing 
is not compatible with established state-of-the-art LED display 
patterning technologies, is inefficient in terms of precursor 
consumption, and makes use of toxic solvents strictly regulated 
in industrial fabrication. Thus, vacuum thermal evaporation 
(VTE) and CVD as solvent-free technologies featuring accu-
rate reproducibility and intrinsic material purity are promising 
for commercial perovskite deposition  [16, 17]. Using VTE, Li 
et al. demonstrated the formation of dense and smooth  CsPbBr3 
layers deposited by co-evaporation of the precursors CsBr and 
 PbBr2  [18]. Obtained PeLEDs exhibited a maximum EQE of 
3.3% and a luminance of 9442 cd/m2. As an alternative VTE 
approach, Ajjouri et al. applied single-source evaporation of 
previously prepared  CsPbX3 powder to obtain emissive perovs-
kite thin films  [19]. Compared to VTE, CVD promises higher 
material usage efficiency and improved film uniformity, espe-
cially on large-area substrates  [20]. However, CVD has been 
much less investigated than VTE, owing to the lack of applicable 
CVD technology. So far, CVD tools for perovskite deposition 
are usually based on tube furnace systems  [21], with limited 
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process control and scalability. Nevertheless, PeLEDs fabricated 
in such simple reactors demonstrated efficiencies up to 1.6% and 
a luminance approaching 5,000 cd/m2 [22].

In this work, we introduce a custom-developed perovskite 
hot-wall showerhead-assisted CVD tool along with an opti-
mized low-vacuum (2 hPa) CVD process for the growth of dense 
 CsPbBr3 emissive films. Fully vapor-deposited  CsPbBr3 layers 
are obtained by simultaneous sublimation of both halide pre-
cursors (CsBr and  PbBr2). The influence of sublimed precursor 
ratio on film crystallinity, morphology, and optical properties 
is studied. The first PeLED containing fully inorganic  CsPbBr3 
films deposited via showerhead-assisted CVD is demonstrated, 
paving the way for large-area PeLED production.

CVD technology
CsBr (beads, Sigma-Aldrich, 99.999%) and  PbBr2 (beads, Alfa 
Aesar, 99.999%) are used as precursor materials for  CsPbBr3 
layers. Perovskite films are deposited on an established 
PeLED anode stack consisting of glass/ITO (100 nm)/PTAA 
(poly(bis(4-phenyl)(2,4,6-trimethylphenyl)amine), 10 nm). The 
entire PeLED stack as well as an energy diagram are depicted 
in Fig. 1. CVD of  CsPbBr3 is performed in a custom-designed 
hot-wall reactor at 2 hPa system pressure by simultaneous subli-
mation of both precursors in two Creaphys thermal evaporators 
at temperatures of 600 °C for CsBr and 340–360 °C for  PbBr2.

The simplified flow diagram of the system is depicted in 
Fig. 2a. The total  N2 carrier gas flow is set to 700 standard cubic 
centimeters per minute (sccm) (500 sccm for CsBr, 100 sccm 
each for  PbBr2 and purge flow) by mass flow controllers (MFC). 

Both gas streams loaded with sublimed precursors impinge 
perpendicularly and are merged in a static forced-mixing unit. 
A high-temperature run-vent system is employed to prevent 
undesired deposition during heat-up and cool-down phases. 
The heated showerhead (Fig. 2b) spreads the carrier gas flow, 
enabling homogeneous deposition on temperature-controlled 
substrates (160 °C) up to 108  cm2 in area (12 cm × 9 cm). On 
this substrate size, a maximum center-to-edge perovskite layer 
thickness deviation of 9% has been determined (measured for a 
methylammonium bismuth iodide film with 100 nm thickness 
in the substrate center). In situ monitoring of the deposition 
rate is performed using a quartz crystal microbalance (QCM) 
mounted over the showerhead. The employed parameters for 
the QCM measurement are: CsBr density 4.44 g/cm3 [23],  PbBr2 
density 6.66 g/cm3 [24], Z-factor 1.0. The deposition time for 
each layer is in the range of 100–110 min.

Results and discussion
The CVD system has originally been developed for the depo-
sition of hybrid organic–inorganic perovskites, requiring rela-
tively low temperatures of 500 °C for piping and reactor interior 
heating to prevent parasitic condensation. However, to deposit 
all-inorganic  CsPbBr3 layers, temperatures exceeding the reac-
tor limit of 500 °C are necessary. To sublime CsBr precursor 
molecules, a crucible temperature of 600 °C (vapor pressure 
curve shown in Fig. S1) has to be applied, which would require 
wall temperatures > 600 °C. Consequently, parasitic condensa-
tion and re-evaporation of CsBr on the inner system surfaces 
will occur. For that reason, a limited and less controllable CsBr 

Figure 1:  (a) Schematic illustration of PeLED device architecture and (b) the corresponding energy level diagram. The values of energy levels are taken 
from the literature [25–28].
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deposition rate is expected. As initial experiments, single-pre-
cursor deposition of CsBr (600 °C crucible temperature) is per-
formed to determine its growth rate. A high  N2 carrier gas flow 
of 500 sccm through the CsBr source and a low base pressure 

of the system of 2 hPa are applied to achieve a high gas velocity 
and thus, to reduce parasitic CsBr condensation. Consequently, 
a reasonable CsBr deposition rate of 0.02 nm/s is achieved. An 
XRD spectrum of a deposited film (Fig. S2) confirms that CsBr 

Figure 2:  (a) Simplified flow diagram of the CVD tool including MFC, two sources for simultaneous sublimation of CsBr and  PbBr2, a mixing unit, run-
vent valves, and the reaction chamber. (b) Cross-section of the CVD reaction chamber.
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is successfully deposited. In the case of  PbBr2, its lower sublima-
tion temperature prevents parasitic condensation (vapor pres-
sure curve shown in Fig. S1). In contrast to CsBr, this allows an 
accurate control of the  PbBr2 deposition rate by adjusting the 
crucible temperature. In the following, for the growth of per-
ovskite films, the CsBr temperature is fixed at 600 °C, whereas 
the  PbBr2 temperature is varied in the range of 340–360 °C. This 
allows us to control the CsBr to  PbBr2 ratio during the process. 
The qualitative evaluation of film composition and perovskite 
phases for three samples processed at  PbBr2 crucible tempera-
tures of 340 °C, 350 °C and 360 °C is performed by XRD analyses 
(Fig. 3).

The diffractograms of the CVD films are compared to that 
of a solution-processed  CsPbBr3 reference (also deposited on 
glass/ITO/PTAA). All three CVD samples exhibit characteristic 
features indicating an orthorhombic  CsPbBr3 phase  [29], as also 
observed in the solution-processed reference sample. The signal 
at 35.4° can be assigned to the (400) planes of ITO  [30]. It can 
be seen that the CVD samples processed with  PbBr2 tempera-
tures of 340 °C and 360 °C in addition show multiple reflections 
which are not observed for the reference film. In general, the 
co-existence of  CsPb2Br5 and  Cs4PbBr6 phases along with stoi-
chiometric  CsPbBr3 can be expected due to their high thermo-
dynamic stability and similar formation enthalpies  [31, 32]. The 
XRD peaks of the CVD sample processed with the highest  PbBr2 
temperature of 360 °C can be assigned either to the orthorhom-
bic  CsPbBr3 (green dots) or to  CsPb2Br5 (blue squares) phases. 
Based on the CsBr-PbBr2 phase diagram, the  CsPb2Br5 phase is 
obtained under  PbBr2-rich conditions (33% CsBr, 67%  PbBr2)  
[33] and crystallizes in a 2D layered structure  [34]. Therefore, 
by reducing the  PbBr2 temperature, stoichiometric  CsPbBr3 or 
CsBr-rich phases are likely to be formed. Indeed, the XRD pat-
tern of the CVD sample processed at 350 °C matches that of the 
reference film and shows all characteristic peaks arising from 
crystal planes of the pure orthorhombic  CsPbBr3 phase  [29]. 
It should be noted that  PbBr2 or CsBr residues cannot be fully 

excluded due to the limited sensitivity of grazing-incidence XRD 
analysis and the possible formation of amorphous phases. As 
expected by further lowering the  PbBr2 temperature to 340 °C, 
in addition to  CsPbBr3, the CsBr-rich 0D perovskite phase 
 Cs4PbBr6 becomes prominent  [35]. Interestingly, the reference 
layer from liquid phase does not exhibit any peaks related to 
 Cs4PbBr6, although it is processed with an excess of CsBr in 
the perovskite precursor solution  (PbBr2:CsBr molar ratio of 
1.0:1.7).

As shown by the SEM images in Fig. 4, all CVD layers are 
fully closed, which is required to prevent short circuits in PeLED 
stacks. Unlike solution processing, for which the PTAA film 
requires  N2 plasma treatment in order to ensure wettability of 
the precursor solution to achieve a closed layer, CVD process 
does not require any pretreatment  [36]. This confirms that poor 
precursor wetting on hydrophobic surfaces is not an issue in 
CVD processes, opening more flexibility regarding the choice 
of novel electrode substrates and charge carrier selective films 
for PeLED optimization. The SEM cross-section analysis (insets 
in Fig. 4) further demonstrates layer thicknesses in the range of 
100—180 nm and smooth perovskite films, allowing a homoge-
neous deposition of electron transport layer (ETL) and LiF/Al 
cathode. For all CVD samples, the morphology is characterized 
by rounded grains, similar to those of the solution-processed 
reference sample and films in earlier reports  [37]. The CsBr-
rich sample (340 °C, dual  CsPbBr3-Cs4PbBr6 phase) exhibits less 
defined domains, which might correspond to  CsPbBr3 crystal-
lites embedded in a matrix of  Cs4PbBr6. Ling et al. have also 
observed both phases and assigned the small grains to  CsPbBr3 
and the larger domains to  Cs4PbBr6  [38]. The average domain 
size determined by the linear intercept method  [39] is calcu-
lated to be about 100 nm. For the CVD samples with higher 
 PbBr2 content, an increase in crystallite size is observed. The 
stoichiometric sample (350 °C) exhibits an average grain size 
of 110 nm, while the  PbBr2-rich sample shows an increased 
domain size of 140 nm. Thus, in CVD processes, the average 
domain size is affected by the ratio of the sublimed precursors 
CsBr and  PbBr2. It should be noted that these stoichiometry-
dependent characteristics can also be identified for other CVD 
layers (not shown here) which are of thicknesses different from 
those shown in Fig. 4.

In Fig. 5, the normalized room temperature steady-state PL 
spectra of the CVD films and the solution-processed reference 
are depicted. The PL emission maximum of the reference layer 
is localized at 520 nm, matching the optical bandgap of  CsPbBr3 
between 2.3 and 2.4 eV  [40]. The luminescence of the CsBr-rich 
CVD sample and the reference processed at CsBr-rich condi-
tions are centered at the same wavelength of 520 nm. A full 
width at half maximum (FWHM) of 75 meV and 92 meV is 
determined for the reference and the CsBr-rich CVD sample, 
respectively. In literature, a comparable FWHM of 82 meV has 

Figure 3:  XRD measurement results of CVD films on glass/ITO/PTAA 
substrates with different  PbBr2 crucible temperatures ranging from 340 
to 360 °C, and a reference pattern of spin-coated  CsPbBr3.
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been reported  [41]. A stepwise increase of the  PbBr2 content in 
perovskite films leads to a redshift of the PL spectrum to 521 nm 
(stoichiometric sample) and 525 nm  (PbBr2-rich sample). A 
similar behavior has also been observed in solution-processed 
 CsPbBr3 films  [42]. Most likely, this red shift is caused by a 
higher density of shallow defects present in perovskite films 
with a higher Pb content. The absence of additional emission 
peaks arising from  Cs4PbBr6 or  CsPb2Br5 can be explained by 
their optical bandgaps.  CsPb2Br5 possesses an indirect band-
gap  [31], inhibiting efficient radiative recombination processes. 
In the case of  Cs4PbBr6, its direct wide bandgap (3.9 eV)  [31] 
hinders optical excitation of charge carriers due to insufficient 
energy of the excitation laser (3.1 eV, 405 nm). Interestingly, 
despite different compositions, all CVD samples show similar 
absolute PL intensities without a clear dependence on phase 
composition. Compared to the reference film, however, the 
CVD samples exhibit 3 orders of magnitude lower absolute PL 
intensities. Considering that CVD- and solution-processed films 
share comparable morphologies, the absolute PL intensity can 
be correlated to the radiative recombination efficiency. Hence, 
it can be deduced that CVD samples also contain a significant 
density of deep trap states, leading to dominant non-radiative 

Figure 4:  SEM top-view images of layers deposited by CVD with different  PbBr2 temperatures of 340 °C, 350 °C, and 360 °C compared to a  CsPbBr3 
reference sample processed via spin-coating. Corresponding cross-section images are shown in the insets. ITO is located between the red dashed lines.

Figure 5:  Normalized room temperature steady-state PL spectra of films 
grown by CVD with different  PbBr2 temperatures of 340 °C, 350 °C, and 
360 °C compared to a solution-processed  CsPbBr3 reference.
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recombination processes. According to literature, the presence 
of dual  CsPbBr3-CsPb2Br5 or  CsPbBr3-Cs4PbBr6 phases can 
enhance the PL intensity via defect passivation (halide vacancies, 
under-coordinated  Pb2+) in perovskite films  [34, 38]. However, 
no PL enhancement effect is observed for the CVD samples. It 
is worth noting that the interaction between different perovskite 
phases and their effect on PL intensity remains enigmatic in 
such multiphase perovskite films and further optimization and 
studies are required.

To further investigate the intrinsic material differences 
between the CVD sample grown at CsBr-rich conditions and 
the  CsPbBr3 reference film, absorbance measurements are 
performed. The recorded spectra are depicted in Fig. 6. Both 
samples feature comparable peak extinction coefficients rang-
ing from 2.2 ×  104 to 2.4 ×  104  cm−1 (Fig. 6a), which are consist-
ent with literature data  [43]. Thus, differences in the absolute 
PL intensities cannot be correlated to a distinctive absorption 
behavior. As already stated above, a lower internal quantum effi-
ciency (IQE) of luminescence in the case of the CVD samples 
might explain the limited PL intensities due to strong contribu-
tion of non-radiative recombination. The characteristic excitonic 
absorption peaks for both samples are located at 2.4 eV. This 
agrees with the observations made in literature for polycrys-
talline  CsPbBr3 films and illustrates the generation of excitons 
being relevant for their absorption behavior  [44]. In halide 
perovskites, the role of excitons during emission is controver-
sially discussed. Most likely, for a holistic understanding of the 
recombination behavior, free charge carrier as well as excitons 
have to be considered  [45–47]. The energy of the absorption 
maximum is only 30 meV higher than the emission maximum. 
This Stokes shift could be attributed to the existence of shallow 
defects or inhomogeneous broadening.

Time-resolved PL decay curves of the CsBr-rich CVD and 
the reference samples are depicted in Fig. 6b. It can be seen that 
the CVD sample exhibits an initial rapid decay of its PL intensity 
with a time constant < 1 ns, which is in the range of the response 
time of the analyzer. Thus, the actual recombination process may 
be even faster and is likely related to dominant non-radiative 
recombination kinetics induced by Shockley–Read–Hall recom-
bination of free carriers or exciton quenching  [48, 49]. After the 
fast initial drop by two orders of magnitude, the PL intensity 
declines slower, following an exponential behavior with a time 
constant of 10 ns. This is an indication of a different dominant 
recombination mechanism at lower non-equilibrium carrier 
densities. In contrast, the reference film features a slower decay 
of PL intensity (time constant 10 ns), which fits to the efficient 
radiative recombination evidenced by its high PL intensity. The 
rapid non-radiative recombination mechanism in the CVD-
CsPbBr3 film is most likely caused by a high density of defects. 
Such defects, located in the bulk, grain boundaries or at inter-
faces to adjacent layers, could be caused by the CVD process 
itself. However, defects might just as well be induced as a con-
sequence of the limited heating capabilities of the CVD tool. 
This circumstance could have adverse effects on film purity as 
prematurely deposited CsBr might react with humidity or oxi-
dize when opening the system to ambient air (e.g., during source 
reloading). As parasitically deposited material re-evaporates 
in subsequent deposition experiments, oxidized CsBr species 
can potentially be incorporated into the growing films. Their 
concentration is expected to be maximal in early stages of film 
deposition, i.e., close to the HTL/perovskite interface, which will 
be shown below to be of special relevance for PeLED operation.

As a next step, we realized a PeLED based on the Cs-rich 
CVD-processed  CsPbBr3 film as emissive layer. The PeLED 

Figure 6:  (a) Absorption coefficients and (b) time-resolved PL intensities of the CVD sample (CsBr-rich, 340 °C) and the spin-coated  CsPbBr3 reference.
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architecture consists of ITO/PTAA/perovskite/TPBi/LiF/Al, as 
illustrated in Fig. 1a. A picture of the operating device is shown 
in Fig. 7a. A pronounced green electroluminescence (EL) with a 
brightness of 120 cd/m2 at a driving voltage of 4.3 V is obtained. 
To our knowledge, this demonstrates the first operational PeLED 
based on  CsPbBr3 deposited by showerhead-assisted CVD. 
Regardless of similar PL characteristics for all CVD samples, 
only the CsBr-rich CVD-PeLED and the reference device emit 
detectable EL. The EL spectra of the CVD-PeLED are compared 
to that of a solution-processed reference device in Fig. 7b. Both 
spectra show similar center emission wavelengths of 523 nm 
and 520 nm with narrow FWHM of 23 nm and 17 nm for the 
PeLED with CVD- and solution-processed  CsPbBr3 films, 
respectively. The absence of detectable EL in stoichiometric 
and  PbBr2-rich CVD-PeLEDs might be caused by a lack of the 
 Cs4PbBr6 phase in the perovskite film. As has been reported in 

literature,  Cs4PbBr6 could lead to defect passivation [38]. In our 
case, the presence of  Cs4PbBr6 does not appear to show impact 
on the absolute PL intensity, whereas its presence in the film is 
most likely the reason for light emission of the CsBr-rich CVD-
PeLED. This could be related to different carrier densities and 
spatial distributions during optical and electrical excitation. In 
contrast to optical excitation from the sample top during PL 
measurements, electrical excitation probably leads to a recom-
bination zone localized closed to the HTL/perovskite interface 
due to electron accumulation in  CsPbBr3  [50]. Thus, EL is more 
prone to non-radiative loss channels located at the HTL/perovs-
kite interface (reasons for a high level of impurity incorpora-
tion in this region have been discussed above). The CVD sample 
reaches a maximum luminance of 125 cd/m2 (Fig. 7c), which 
is around two orders of magnitude lower compared to that of 
the spin-coating reference (11,500 cd/m2). In literature, PeLEDs 

Figure 7:  (a) Operating pixel (0.11  cm2) of the CVD-PeLED (CsBr-rich) at 120 cd/m2
. (b) EL spectra of the CsBr-rich CVD-PeLED and the spin-coated 

reference measured at 100 cd/m2 and 6000 cd/m2, respectively. (c) L-V curves of both devices. (d) J-V characteristics of PeLED with a  CsPbBr3 layer 
processed by CVD (CsBr-rich, stoichiometric,  PbBr2-rich) and via spin-coating.
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achieve a maximum luminance between 0.5 and 9442 cd/m2 in 
the case of thermally evaporated  CsPbBr3  [18, 51] and 5,025 cd/
m2 for CVD-based  CsPbBr3  [22]. The external quantum effi-
ciency (EQE) is calculated to be 0.003%, which is several orders 
of magnitude lower compared to that of the reference PeLED 
(1.1%). The inferior PeLED performance can be traced back to 
the still high defect densities in the perovskite films especially 
at the HTL/perovskite interface.

When the PeLEDs are operated at high driving current den-
sities (> 100 mA/cm2), defect migration and device overheating 
can be induced, degrading device performance  [52]. Compared 
to the PeLED reference with a current density of 200 mA/cm2 
at 4.5 V, the CsBr-rich CVD-PeLED exhibit significantly larger 
current densities > 1 A/cm2 (Fig. 7d). For higher voltages, the 
luminance of the CVD-PeLED starts dropping as can be seen in 
Fig. 7c. Comparing the threshold voltages for current onset  (Vth, 
defined at a current density of 0.1 mA/cm2) of all J-V curves,  Vth 
is in the range of 1.3 V to 1.5 V for the CVD samples compared 
to 2.4 V for the spin-coating reference device. Thus, devices 
consisting of CVD-CsPbBr3 most likely suffer from charge 
imbalance and carrier leakage. Based on the energy alignment 
of the PeLED stack (Fig. 1b), electron injection from TPBi into 
 CsPbBr3 is quasi-barrier-free, whereas holes have to overcome 
a certain energy step to be injected into the emissive layer  [50]. 
A possible cause for the onset of current at too low  Vth values 
might be the high defect density in the perovskite films, espe-
cially at the HTL/perovskite interface. Efficient electron injec-
tion is expected to cause electron accumulation at the HTL/
EML interface, facilitating direct non-radiative recombination 
processes via local defects (w/o injection into the perovskite 
valence band). Samples with thermally more robust inorganic 
 NiOx as HTL (Fig. S3) show comparable properties and suggest 
that such low values of  Vth are related to the perovskite film 
rather than to a potential HTL degradation.

Conclusion
In this work, we employed a custom-built showerhead-assisted 
CVD tool for the deposition of  CsPbBr3 films. We demon-
strated the control of film stoichiometry by varying the  PbBr2 
source temperature in the range of 340–360 °C with constant 
CsBr source temperature of 600 °C. The formation of compact 
and uniform perovskite films with grain sizes between 100 and 
140 nm enables their application in thin-film electronic devices. 
We demonstrate the first  CsPbBr3-based PeLEDs deposited 
by showerhead-assisted CVD with a maximum luminance of 
125 cd/m2. Studies on the optical properties of perovskite films 
employing steady-state and time-resolved PL spectroscopy indi-
cate lower PL intensity and a reduced effective lifetime of excited 
species for the CVD sample compared to the spin-coating refer-
ence. This was traced back to a high density of deep trap states 

as a major cause for the dominant non-radiative recombination 
processes in CVD-CsPbBr3. Ongoing work on intrinsic material 
differences between the CVD- and solution-processed  CsPbBr3 
films is expected to clarify the reasons for the high defect densi-
ties and indicate potential paths for improvement. Besides, fur-
ther upgrades and optimizations of the custom-built CVD tool 
will enable investigations into a broader range of growth con-
ditions and eliminate parasitic CsBr deposition. Subsequently, 
CVD-PeLEDs with higher luminance are aspired, matching the 
efficiencies of the spin-coating reference. The presented study 
highlights the feasibility of depositing dense  CsPbBr3 films by 
CVD directly into device stacks combined with process scal-
ability and precise control, rendering this technology a favorable 
candidate for commercial large-area production.

PeLED fabrication
For PeLED fabrication, pre-structured ITO-on-glass substrates 
(2.5 cm × 2.5 cm, Automatic Research) are cleaned with ace-
tone and isopropyl alcohol in an ultrasonic bath. Afterward, the 
substrates are thoroughly cleaned with  O2 plasma for 15 min 
at 100 W. All following steps are conducted either in purified 
 N2 atmosphere or under vacuum conditions. PTAA (Sigma-
Aldrich, 99.99%) is prepared by dissolving PTAA powder in 
anhydrous toluene with a concentration of 2 mg/ml. 50 µl of 
PTAA solution is then spin-coated at 6000 rpm for 30 s and 
annealed for 10 min at 100 °C to form the HTL. For the solu-
tion-processed  CsPbBr3 emission layer (EML) serving as a refer-
ence, CsBr and  PbBr2 are dissolved with a molar ratio of 1:1.7 in 
dimethylsulfoxide (DMSO) to obtain an 11 wt% solution  [36]. 
Before spin-coating, we expose the PTAA film to  N2 plasma 
for 20 s to ensure full coverage with  CsPbBr3. 100 µl of the pre-
cursor solution is spin-coated at 2000 rpm for 40 s, followed 
by thermal annealing at 80 °C for 10 min. CVD of  CsPbBr3 is 
performed in a custom-designed hot-wall reactor as described 
above without any plasma treatment of PTAA. After transferring 
the substrates into an AIXTRON OVPD Gen1 cluster tool with-
out exposure to air, the ETL TPBi (2,2’,2’’-(1,3,5-benzinetriyl)-
tris(1-phenyl-1-H-benzimidazole), Sigma-Aldrich, 99.99%, 
30 nm) is deposited at a base pressure of 0.9 hPa and a substrate 
temperature of 20 °C. Lastly, LiF (1 nm) and Al (100 nm) are 
deposited via VTE through shadow masks. The entire PeLED 
stack is depicted in Fig. 1. The substrate contains 8 PeLED pixels 
with an area of 0.11  cm2 each.

Characterization methods
Structural characterization of the deposited  CsPbBr3 films is 
carried out by grazing-incidence X-ray diffraction (XRD) 2Θ 
scans with a fixed angle of incidence using a Philips XPERT 
PRO tool. Scanning electron microscopy (SEM, Zeiss Sigma) 
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is performed to evaluate layer morphology and to measure film 
thickness. For steady-state photoluminescence (PL) measure-
ments, a Horiba iHR320 spectrometer combined with a ther-
moelectrically cooled Synapse CCD detector and a 405 nm 
diode laser (Z-Laser GmbH) are used. Further optical analysis 
is conducted by UV–VIS absorption measurements and time-
resolved PL spectroscopy. Absorption spectra are recorded using 
a Shimadzu UV2550 double-beam spectrometer in combination 
with an integration sphere in transmission geometry to reduce 
scattering. Time-resolved PL analysis is performed utilizing a 
Becker & Hickl HPM-100-40C hybrid detector and a pulsed 
405 nm laser diode (PicoQuant with a pulse width < 50 ps and a 
repetition rate of 40 MHz).

For PeLED characterization, EL and J–V–L (current den-
sity–voltage–luminance) characteristics are measured using a 
Red-Tide spectrometer and an HP Agilent 66332A sourcemeter.
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