
Effects of Oxygen Plasma on the Chemical, Light-emitting, and 
Electrical Transport Properties of Inorganic and Hybrid Lead Bro-
mide Perovskite Nanocrystal Films 
Francisco Palazon,†§* Fang Chen,† Quinten A. Akkerman,† Muhammad Imran,† Roman Krahne,† and Liberato 
Manna†* 

† Nanochemistry Department, Istituto Italiano di Tecnologia, Via Morego 30, 16163 Genova, Italy 
§ Instituto de Ciencia Molecular, ICMol, Universidad de Valencia, C/ Catedrático J. Beltrán 2, 46980 Paterna, Spain 
 

Keywords: Perovskite, nanocrystals, plasma, optoelectronics, photoluminescence, conductivity 

 

ABSTRACT 

We show that oxygen plasma affects in different ways the structural, chemical, optical and electrical properties of methylammonium and cesium 
lead bromide nanocrystals. Hybrid organic-inorganic nanocrystals were severely and quickly degraded by oxygen plasma at 50 W. Their pho-
toluminescence was quenched with almost 100% loss of initial quantum yield. This is linked to the decomposition of the nanocrystals. Inorganic 
nanocrystals were more resistant to oxygen plasma in the same conditions. Despite a moderate loss of photoluminescence and electrical con-
ductivity, oxygen plasma had a positive impact, removing unbound ligands resulting in a more ohmic behavior of the film. This paves the way 
to the application of oxygen plasma in the development of perovskite-based optoelectronic devices. 

Lead halide perovskite nanocrystals (LHP NCs) are being in-
creasingly used as active materials in different optoelectronic devices 
such as light-emitting diodes (LEDs)1–9 and solar cells.10–14 Although 
it is possible to fabricate these devices fully by solution processes,15 
it is also common to employ plasma-assisted processes such as 
plasma-enhanced chemical vapor deposition (PECVD) or plasma-
enhanced atomic layer deposition (PEALD) for the formation of 
various layers acting as charge extraction materials or antireflective 
coatings.16–18 For perovskite devices, plasma-assisted processes have 
been used for the deposition of bottom layers of TiO2

19–21 and 
SnO2.22 Xiao et al. have also demonstrated the beneficial use of argon 
plasma directly on perovskite films23 while others have grown pro-
tective alumina layers on perovskites by ALD.24 However, to the best 
of our knowledge no report on the use of oxygen plasma on perov-
skites has been published so far. This is likely linked to the high sen-
sitivity of perovskites towards multiple external agents. Numerous 
works have detailed the evolution (in many cases degradation) of 
LHP NCs exposed to water, air, thermal annealing, and several 
chemicals such as amines, thiols, and different halide anion 
sources.25–31 Hereafter we detail the structural, chemical, optical and 
electrical properties of hybrid methylammonium lead tribromide 
(MAPbBr3) and fully-inorganic cesium lead tribromide (CsPbBr3) 
colloidal NCs deposited as thin films, exposed to oxygen plasma for 
varying amounts of time, and used in simple planar devices with top-
contacted electrodes (see Scheme 1). 

 

 
Scheme 1. Schematic representation of the process studied here involv-
ing (a) colloidal synthesis of lead bromide NCs passivated with surfac-
tants bearing long aliphatic chains; (b) deposition of these NCs on a 
substrate by drop-casting or spin-coating; (c) exposure of the film to ox-
ygen plasma for different times and (d) evaluation of the photolumines-
cence (not shown in the scheme) and electrical conductivity on a simple 
device with top-contacted electrodes. 
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Colloidal CsPbBr3 and MAPbBr3 NCs where synthesized by a 
previously reported hot-injection method with benzoyl bromide 
precursor.32 The optical characterization of both NCs in solution 
and TEM images of drop-casted NCs are presented in Figure S1, 
showing good size and shape monodispersity as well as strong ab-
sorption onsets around 510 nm - 525 nm and corresponding Stokes-
shifted photoluminescence (PL). In order to investigate the chemi-
cal and structural stability upon exposure to oxygen plasma of these 
NCs, both solutions were drop-cast on zero-diffraction silicon wa-
fers. After drying in vacuum, the samples were exposed to oxygen 
plasma for different amounts of time at the same operation condi-
tions (see Experimental Section for more details) and were analyzed 
by X-ray diffraction (XRD) and X-ray photoelectron spectroscopy 
(XPS), as reported in Figure 1. 

XRD analyses (Figure 1a,b) show that in both cases the NCs re-
tain their crystalline structure, corresponding to orthorhombic CsP-
bBr3 (ICSD 97851) and cubic MAPbBr3 (ICSD 252415), upon ex-
posure to oxygen plasma. Hence it could be thought that O2 plasma 
in these conditions is chemically innocuous to the NC films. Fur-
thermore, the XRD peaks remain broad, as expected from these 
NCs.32 Therefore, oxygen plasma does not lead to NC sintering, as 
is the case of post-deposition thermal annealing processes.30,31 De-
spite this apparent insensibility of the NC films towards O2 plasma, 
XPS analyses (Figure 1c-e) show significant differences. It must be 
noted that while XRD probes the whole film (ca. 1 micron thick) and 
is hence less sensitive to changes occurring at the surface, XPS 
probes only the surface (ca. 10 nm). Hence, it appears that O2 
plasma affects mainly the top few nanometers to few tens of nanome-
ters of the film. In the case of CsPbBr3 NCs (Figure 1c,e), the 
changes at the film surface are minimal. Figure 1c shows that the in-
itial amount of organics in the film, as evaluated by XPS is high (ca. 
90%). This value is in line with previous reports.33 It is likely that the 
surface of the film is especially rich in organics, especially since the 
film is prepared by drop-casting. This is because as the solvent evap-
orates, the NCs (which are heavier than single ligand molecules) 
sediment first, and excess organics (unbound long-chain molecules) 
remain dissolved in the residual solvent. Once the solvent evapo-
rates entirely, most excess organics are left on top of the NC film. 
This organic-rich (insulating) film on top of the NCs can be very 
detrimental for optoelectronic applications, preventing the charge 
injection/extraction to/from the NC film. These residual organics 
on CsPbBr3 NC films can be partly removed by oxygen plasma, alt-
hough the relative percentage of carbon remains rather high (ca. 83 
%). The Cs:Pb:Br stoichiometry as evaluated by XPS (Figure 1e) 
appears to show a loss of bromine. Nonetheless, given that the initial 
composition is Br-rich, we can infer that what is removed is mostly 
unbound OlAm+-Br- complexes (in agreement with the depletion of 
nitrogen seen in Figure 1c). Hence, we can conclude that oxygen 
plasma is beneficial in this case to clean the film surface without al-
tering the NCs, either at the surface (Figure 1c,e) or in the bulk (Fig-
ure 1a). 

 

Figure 1. XRD and XPS analyses of drop-cast films exposed to oxygen 
plasma for different time periods. The left column (a, c, e) presents the 
evolution of CsPbBr3 NC films while the right column (b, d, f) corre-
sponds to MAPbBr3. XRD diffractograms of both films upon different 
times of plasma exposure is presented in panels (a) and (b) along with 
reference patterns for bulk orthorhombic CsPbBr3 (ICSD 97851) and 
cubic MAPbBr3 (ICSD 252415) represented as blue columns. Panels 
(c) and (d) present the carbon (black) and nitrogen (blue) atomic per-
centage of the films versus plasma exposure time. Panels (e) and (f) pre-
sent the Cs:Pb:Br (e) and N:Pb:Br (f) relative amounts. The data for 
panels (c-f) is computed from XPS spectra (see Figure S2). 

 

In the case of MAPbBr3 NCs (Figure 1d,f), the changes are more 
significant, pointing to the higher lability of hybrid NCs. The initial 
organic content in the film (Figure 1d) is comparable to the one for 
CsPbBr3 NCs. In the first 5 minutes of oxygen plasma, this amount 
remains high. During this time, the N:Pb:Br ratio (Figure 1f) is dif-
ficult to determine given the low signal of the corresponding peaks 
(see Figure S2). Nonetheless, the stoichiometry remains reasonably 
close to the expected 20:20:60 ratios. A large difference is seen at 
longer times, where the carbon percentage drops significantly to ca. 
60%. Although it is tempting to attribute this to the removal of un-
bound ligands, it must be noted that contrary to CsPbBr3, the MAP-
bBr3 NCs themselves have an organic component. Therefore, an ad-
ditional reason for such decrease in carbon content can be the deg-
radation of NCs, and more specifically the loss of MA and Br, either 
in the form of MABr or under other forms, like CH3NH2 and HBr, 
in accordance to previous studies on possible degradation pathways 
for such LHPs.34 This degradation is confirmed by looking at the 
N:Pb:Br ratios (Figure 1f). Indeed, after the first 5 minutes, nitrogen 
is barely detectable and the bromine content is greatly reduced. Fur-
thermore, the XPS signal for bromine reveals a progressive oxidation 
from bromide to bromine oxides (see Figure S3). Hence, we can 
conclude that a prolonged exposure to oxygen plasma at 50 W leads 
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to loss of MABr and formation of lead and bromine oxides at the sur-
face of the NC film. This higher lability of hybrid LHP NCs can also 
be seen by XRD on thin films (Figure S4). 

In order to evaluate how the chemical evolutions described so far 
affect the physical properties of these NC films, we prepared spin-
coated thin films on glass substrates to perform optical characteriza-
tions as well as electrical transport measurements, with gold elec-
trodes deposited on top of the NC films (see the Experimental Sec-
tion for more details on sample preparation). 

 

Figure 2. Time traces of the PL intensity decay recorded at the wave-
length of maximum PL from MAPbBr3 NC films (a) and CsPbBr3 NC 
films (b) (note that the time scales span over a different range). Evolu-
tion of absolute PLQY values for films of both compositions as a func-
tion of plasma exposure time (c), and I-V curves of CsPbBr3 NC films 
exposed for different times to oxygen plasma (d) (the legend on panel 
(b) applies for panels a, b, and d). 

 

Figure 2 shows the PL quantum yield (PLQY) and PL decay 
traces of both films of LHP NCs after exposure to oxygen plasma for 
different times (see Figure S5 for PL spectra) as well as current-volt-
age curves for CsPbBr3 NC films. In accordance with the general 
conclusion from chemical characterization, MAPbBr3 NC films 
show a much faster and drastic degradation of their PL properties 
than films of CsPbBr3 NCs. Indeed, the hybrid NC films lose over 
75% of their PLQY in the first minute of exposure to oxygen plasma 
and show barely any PL at all at longer times (PLQY < 1% after 15 
minutes; Figure 2c). This is accompanied by a gradual drop in PL 
lifetime (Figure 2a) pointing to the degradation of the NCs. In con-
trast, the films of CsPbBr3 NCs retain about 50% of their initial 
PLQY even after 15 minutes, evidencing their higher stability. Con-
cerning CsPbBr3 PL decay lifetimes, we observe a clear decrease af-
ter the first minute of plasma which may be attributed to the for-
mation of non-radiative trap states linked to the removal of surface 
ligands. However, upon further exposure, PL decay traces remain 
very similar (as does the PLQY value from 5 min to 15 min) which 
points to the high stability of fully-inorganic NCs towards oxygen 
plasma. Figure 2d presents current-voltage curves of CsPbBr3 NC 

films after different times of plasma exposure (hybrid organic-inor-
ganic NCs were too severely degraded to record reliable electrical 
transport measurements). The oxygen plasma has an important ef-
fect on the electrical transport properties of these NC films. On the 
reference film before plasma exposure (Figure 2d, black curve) the 
I-V curve manifests strong hysteretic behavior, and repeated record-
ing of the I-V curves evidences irreproducibility of the traces.  Expos-
ing the film to oxygen plasma for 1 minute at 50 W (red curve) leads 
to much lower currents, but to reproducible and stable I-V curves 
with only minor hysteresis, and almost ohmic (linear) behavior. A 
longer exposure (green and blue curves) reduces the conductivity of 
the NC film further, which indicates that high doses of plasma may 
eventually degrade the electrical properties of the NC film. 

In summary, we have shown that oxygen plasma, as commonly 
used in different processes involved in device nanofabrication has 
important effects on LHP NC films. When hybrid organic-inorganic 
NCs are used, the film undergoes rapid degradation on its top few 
tens of nanometers under the conditions used here. This results in 
an almost total quenching of its PL and electrical transport proper-
ties. In contrast, fully inorganic cesium-based NCs exhibit a signifi-
cantly enhanced stability than their hybrid counterpart. Indeed, alt-
hough the PL is partly quenched by the removal of surface ligands, 
almost 50 % of the initial PLQY is maintained even after 15 minutes 
of oxygen plasma at 50 W. Furthermore, although electrical conduc-
tivity of CsPbBr3 NC films is diminished upon exposure to oxygen 
plasma, the films show a more ohmic behavior with linear current-
voltage curves and almost no hysteresis in contrast with pristine 
films. 
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