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The dual-source vacuum deposition of 2D perovskite films of the type PEA2PbX4, (PEA =
phenetylammonium and X = I-, Br-, or a combination of both) is presented. Low-temperature
deposited 2D perovskite films showed high crystallinity with the expected trend of bandgap as
a function of halide type and concentration. Importantly, we observed an unavoidable halide
cross-contamination among different deposition runs, as well as a strong dependence of the
material quality with the type of halide precursors used. These findings should be taken into
account in the development of vacuum processing for low-dimensional mixed halide
perovskites.

Two-dimensional (2D), layered perovskites are a wide family of semiconductors with general
formula (R-NH3)2MX4, where inorganic sheets of corner-sharing metal (M, mostly Pb2+ and Sn2+)
halide (X) octahedra are separated by bilayers of aliphatic or aromatic mono-ammonium cations
(R-NH3), or single layers of diammonium cations.1,2 2D perovskites present a large compositional
flexibility which allows to design and modulate their electrical and optical properties for specific
applications. A wide spectrum of materials can be obtained through simple substitution of halide

anion and organic cations.3 As in the analogous 3D perovskites,4 halide substitution/mixing results
in marked changes of the optical properties, as the valence band is formed from a mixture of metal
s-orbitals and halide p-orbitals, while the conduction band is composed mainly of metal p-orbitals.
Increasing the halide electronegativity (from I to Br and Cl) result in a significant downward shift
of the valence band maximum and, to a less extent, in an upward shift of the conduction band
minimum, thereby increasing the bandgap (Eg).5,6 In low dimensional perovskites, due to the
alternation of inorganic semiconducting and organic insulating sheets, electrons and the holes are
confined within the inorganic framework, causing quantum and dielectric confinement effects.7
These leads to a much higher exciton binding energy (Eb) in 2D perovskites (hundreds of meV)
compared to the 3D counterparts (tens of meV).8,9 In contrast to 3D perovskites, 2D perovskites
offers also less restrictions to the size of the cations that can be accommodated between the
inorganic sheets, in compliance with the Goldschmidt tolerance parameter.10,11 While the length
of the organic cation has only minor effect on the electronic and optical properties of the
semiconductor, its dielectric constant εorg, (which varies depending on the chemical structure of
the cation) can be used as a tool to influence Eg and Eb.9,12,13 The high Eb limits the conversion of
excitons to free carriers and consequently the charge carrier mobility in pure 2D perovskites. The
latter can be recovered by increasing the thickness of the inorganic slabs such as in 2D
Ruddlesden–Popper perovskites.14 Thanks to the possibility to modulate the optical and electronic
properties, 2D perovskites have been investigated for several applications, such as
electroluminescence device (LED),15,16 field effect transistors (FET),17 photodetector18,19 and solar
cells.20–22 2D perovskites were initially studied in the 1990s and recently the interest towards this
family of semiconductors is resurgent. While solution processing and single crystal fabrication of
2D hybrid perovskite has been widely reported, vacuum processing of these materials remains
rather unexplored. To the best of our knowledge, only one reports exists on fully co-evaporated
2D perovskites,23 while other works have described a sequential vacuum-deposition and a flash
evaporation of low-dimensional Ruddlesden–Popper perovskite films.11,24–26 Vacuum deposition
present important advantages over solution-based methods, such as the fine control over the film
thickness, high material purity, and is intrinsically additive. Moreover it eliminate the issues
related to the use of solvents such as the solubility limit of the precursors and the presence of
resilient solvent in the final film.27

In this work we report the synthesis of different pure and mixed halide 2D perovskites by dual
source vacuum deposition and we investigated their structural, optical and charge transport
properties. We deposited the pure phenethylammonium lead iodide (PEA)2PbI4 and
phenethylammonium lead bromide (PEA)2PbBr4 by sublimation of the corresponding organic
ammonium and metal halides, phenethylammonium iodide (PEAI), phenethylammonium bromide
(PEABr), lead iodide (PbI2) and lead bromide (PbBr2). Furthermore, we explore the preparation of
mixed halide compounds using different organic and lead halide precursors. In particular, we codeposited perovskite films using PEABr and PbI2 or PEAI and PbBr2, respectively. The 2D films
were deposited by simultaneous co-deposition of the precursors, after the calibration of the
deposition rate of each compound. The calibration factors were obtained by comparing the
thickness of the thin-films as detected from the quartz crystal microbalance sensors with that
measured with a mechanical profilometer. Organic salts are often not thermally stable and not easy
to sublime due to the possible dissociation in their volatile precursors.28 However, once properly
outgassed in a high vacuum chamber, PEAI and PEABr can be sublimed with a low and stable rate
at the minimum temperature required for evaporation, around 160 °C. The inorganic materials
were sublimed at temperatures ranging from 260 to 300 °C.
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Fig. 1 X-ray diffraction analysis of 200-nm thick, vacuum-deposited 2D perovskites thin films after
annealing for 5 min at 100 °C. “Y obs” indicates the experimental traces while “Y calc” indicates
the calculated intensities based on whole-pattern fitting (Le Bail refinement).

The mixed halide (PEA)2PbBr2I2 perovskites films were prepared with the same procedure and
will be described in the text as (PEABr)2PbI2 when deposited by co-sublimation of PEABr and
PbI2 and as (PEAI)2PbBr2 in the case of PEAI and PbBr2 co-evaporation. All the thin film
depositions were performed in the same vacuum chamber. The relative deposition rate of the
organic halides and lead salts was 2:1, accordingly with the compounds stoichiometry. Details of
the thin-film deposition are provided in the Supporting Information.
The structural features of the layered perovskite were studied by X-ray diffraction (XRD) on cosublimed thin films (Fig. 1 and S1). As can be seen from Fig. S1, vacuum-deposited films of

(PEA)2PbX4 (X = Br or I) show similar diffractograms before and after thermal annealing, albeit
with more intense and sharper diffraction peaks for annealed samples (especially in the bromide
case). This suggests that crystallization of the desired materials occurs directly during the
deposition process at room temperature, while crystallinity can be slightly enhanced after a short
thermal annealing at 100 ºC. Therefore, we performed thermal annealing as standard process for
all compositions. Whole-pattern Le Bail refinements (solid lines) were performed on the acquired
diffractograms (open circles) with Fullprof software (see experimental section for details). Fig. 1
shows that all diffractograms can be well-fitted by considering a P -1 space group with varying
lattice parameters as detailed in Table 1.
Table 1 Lattice parameters derived from Le Bail fits of different samples. Space group = P -1.
Sample

a (Å)

b (Å)

c (Å)

α (°)

β (°)

γ (°)

(PEA)2PbI4

11.49

11.73

17.14

99.63

105.36

89.85

(PEA)2PbBr4

11.60

11.63

17.51

99.57

105.55

89.83

(PEABr)2PbI2

11.60

11.63

17.49

99.61

105.62

89.81

(PEAI)2PbBr2

11.60

11.56

17.48

99.59

105.67

89.79

Table 1 shows that as the halogen becomes smaller, the c-axis parameter, perpendicular to the
inorganic perovskite sheets, increases from 17.14 Å for (PEA)2PbI4 to 17.51 Å for (PEA)2PbBr4.
Qualitatively, this can be clearly seen by a shift of the corresponding (00l) peaks to lower angles
(see comparison in Fig. S2). This behavior, which could be considered counterintuitive, has
already been reported on the same and in similar materials, and it has been attributed to a different
orientation of the phenethylammonium cations between the inorganic layers.29,30 When the
octahedra contract (due to smaller and more electronegative halides) the alkylic substituents of the
organic cations will adopt a higher angle with respect to the surface of the inorganic slabs and
result in a larger distance between them. Furthermore, it is obvious from Fig. 1 that all films show
a preferential orientation along the [001] direction (i.e., perovskite slabs parallel to the substrate).
This is common for 2D perovskites and 2D materials in general, but not favorable for charge
transport within a thin film device.31–34 In the case of the (PEAI)2PbBr2 sample prepared from cosublimation of PEAI and PbBr2 we also note intense reflections for (010) and (020) planes at 2θ =
7.8º and 2θ = 15.6º respectively as well as a broad signal around 2θ = 12.8 º which could be

attributed to a combination of (1-11) and (-1-12) planes and possibly PbI2 formed from cosublimation. Hence, it appears that this sample shows a more heterogeneous crystallinity.
The morphology of the 2D perovskites films was studied by scanning electron microscopy (SEM,
Fig. 2) and atomic force microscopy (AFM, supporting Information Fig. S4). The top-view SEM
image of the (PEA)2PbI4 perovskite (Fig. 2a) show well-defined, randomly distributed platelets
formed by multiple grains with size ranging from 200 nm to 400 nm. The surface was found to be
rather rough, with a quite high root mean square roughness and average height (Tab. 2 and Fig.
S4a). The pure bromide (PEA)2PbBr4 perovskite films are also characterized by the presence of
platelets, this time more compact compared to the iodide counterpart. The grain size is in the range
of hundreds nm and the topography is characterized by a reduce RRMS and a zAVG ( Tab. 2 and Fig.
S4b). The morphology and grain size of the mixed (PEABr)2PbI2 perovskite films was found to be
very similar to the pure bromide 2D films, although with a much flatter topography as described
in Tab. 2. Finally, the (PEAI)2PbBr2 films (Fig. 2d) presents the more heterogeneous morphology,
with small platelets and large lamellar aggregates, resulting in a very rough surface, also in this
case with high RRMS and zAVG values (Tab 2 and Fig. S4d). The overall high roughness of the
vacuum deposited 2D perovskite films might be related with the slow sublimation of the precursors
towards the substrate. Due to the highly oriented crystal structure of 2D perovskite and the high
reactivity and affinity of the precursors, the grain growth proceeds faster than the nucleation rate,
resulting in rough films with large platelets and other out-of-plane structures.

a)

b)

c)

d)

Fig. 2 SEM pictures of vacuum deposited (a) (PEA)2PbI4 (b) (PEA)2PbBr4 c) (PEABr)2PbI2 and d)
(PEAI)2PbBr2 thin-films. The scale bar in all SEM images is 1 µm.
Table 2 Root mean square roughness RRMS and average height zAVG of different samples.
RRMS (nm)

ZAVG (nm)

(PEA)2PbI4

25.8

95.0

(PEA)2PbBr4

10.9

28.3

(PEABr)2PbI2

4.0

14.1

(PEAI)2PbBr2

29.2

74.8

Sample

The steady state optical characterization of the vacuum-deposited 2D perovskite films is presented
in Fig. 3. The optical absorption of the (PEA)2PbI4 films shows a band in the UV and an intense
excitonic peak centered at 503 nm, with a full width at half maximum (FWHM) of 35 nm. When
the film of (PEA)2PbI4 was excited with a LED at 340 nm, intense photoluminescence (yellow
dashed line) centered at 521 nm was observed. The peak has a FWHM of 24 nm and a Stokes shift
of 80 meV. The values of Stokes shift and FWHM are larger than the ones seen for (PEA)2PbI4
thin films prepared by solution processing (see supporting information Fig. S3).
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Fig. 3 Optical absorption and photoluminescence spectra (excitation at 340 nm) of 200 nm thick
films of (a) (PEA)2PbI4, (b) (PEA)2PbBr4, (c) (PEABr)2PbI2 and (d) (PEAI)2PbBr2 perovskites.

2D (PEA)2PbBr4 film exhibit the expected optical absorption band at higher energy, compared to
the analogous iodide compound, with a very sharp excitonic peak (FWHM=15 nm) centered at
403 nm. However, another weak absorption band was detected at 434 nm, which cannot be
ascribed to the pure PEA2PbBr4 phase. Intense and narrow photoluminescence centered at 410 nm
and with FWHM of 17 nm was observed, with a small Stokes shift of 60 meV. The excitonic
absorption and PL peaks of the vacuum-deposited (PEA)2PbBr4 2D perovskite agrees well with
the results obtained from solution-processed films, in terms of Stokes shift and FWHM (see
supporting information Fig. S3). However, other two peaks were systematically detected in the PL
spectrum, a low intensity peak centered at 434 nm and a more intense and broad band centered at
507 nm. Most likely, the additional small intensity peak can be associated to the presence of a

bromide-rich, mixed bromide/iodide phase, while the broad PL band at lower energy can be
ascribed to the formation of an iodide-rich phase. This considerations point towards a possible
halide cross-contamination in the evaporation chamber, which was used for the vacuum processing
of both (PEA)2PbBr4 and PEA2PbI4 perovskite. In order to verify this hypothesis, we carried out
energy-dispersive X-ray spectroscopy (EDS) on the films in a scanning electron microscope
(SEM). In the 2D (PEA)2PbI4 films we found an I/Br ratio I/Br = 14.3, indicating that
approximately 6% of the total halide content comes from bromide. In the case of the 2D
(PEA)2PbBr4 perovskite, the Br/I ratio was as low as 3.5, meaning that as much as 22% of the total
halide content is due to iodide contamination. The EDS analysis justified the observed optical
properties of the perovskite film, and clearly indicates that there is cross-contamination between
different precursors from different vacuum-deposition runs. Interestingly, in the case of the 2D
(PEA)2PbI4 films there is a rather low bromide contamination, while the contamination of iodide
in 2D (PEA)2PbBr4 films is more relevant. The contamination can be due to i) re-evaporation of
previously deposited materials from the surface of the chamber or even to ii) halide exchange
between the subliming vapors and the chamber itself. These processes can be more or less
pronounced depending on the volatility of the materials as well as on their chemical reactivity, as
observed in our iodide and bromide compounds.
The optical absorption of the mixed halide (PEABr)2PbI2 perovskite (Fig. 3c), deposited by dual
source sublimation of PEABr and PbI2, was found to be blue shifted with respect to that of the
(PEA)2PbI4 and red-shifted compared to (PEA)2PbBr4, as expected for a mixed halide perovskite.
The excitonic absorption was centered at 446 nm (FWHM = 36 nm), while the PL peak was found
to be asymmetric with maximum at 464 nm (FWHM= 34 nm), implying a large Stokes shift of
110 meV. The EDS analysis revealed a Br/I ratio of 0.9, very close to the expected stoichiometry
for the (PEABr)2PbI2 perovskite and with only a negligible 2% excess of iodide. At this halide
ratio, 3D perovskites usually show halide segregation effects,35 due to the poor miscibility of the
iodide and bromide phases. For this reason, we studied the evolution of the PL over time under
continuous laser irradiation (375 nm). Immediately after illumination, we noted the presence of
the previously observed high energy peak at 464 nm with a weak component at lower energy
(approximately 500 nm). With continuous irradiation, the low energy component dominates the
PL spectrum, implying the formation of iodide-rich phases where carriers are efficiently

transferred and radiatively recombine. This is hence in agreement with what generally observed
for other mixed halide perovskites.
Rather different optical properties were observed for the other mixed halide (PEAI)2PbBr2
perovskite films, obtained by simultaneous sublimation of PEAI and PbBr2. The absorption
spectrum in Fig. 2d show an excitonic peak at 412 nm, close to that of the pure bromide compounds
(PEA)2PbBr4, and a weak absorption at approximately 490 nm, which is close to the excitonic
absorption of the pure iodide (PEA)2PbI4 perovskite. This behavior suggests the coexistence of
different domains, as also confirmed by the PL spectrum, which shows a broad band composed of
several peaks: one with maximum at approximately 434 nm and a second, more intense at 475 nm
with a shoulder around 504 nm. The optical characteristics are consistent with the presence of a
dominant, bromide-rich phase and of a second iodide-rich one. This hypothesis is supported by the
elemental analysis, which revealed a Br/I ratio of 1.8, implying that approximately 65% of the
halide consists in bromide. The high bromide content of the (PEAI)2PbBr2 films could also
partially explain why the corresponding unit cell parameters are close to those of the (PEA)2PbBr4
(Table 1). When PbBr2 is reacting with PEAI during the co-deposition process, the halide exchange
is limited to an iodide inclusion of about only 30-40 mol%. On the other hand, the co-deposition
of PbI2 and PEABr was found to lead to perovskites with a well-balanced halide content. This
phenomenon could be ascribed either to a higher chemical reactivity of PEABr, or to a higher
stability of PbBr2 compared to PbI2. Some literature points towards the latter hypothesis, as the
energetic stability of lead halides increases with increasing halide electronegativity (from iodide
to bromide).36,37
The vacuum-deposited 2D perovskite films were further studied by mean of time-resolved
microwave conductivity (TRMC). Fig. 4 shows the time-dependent photoconductivity traces for
all the 2D perovskites reported here. Three different excitation wavelength (pulsed laser excitation
at 510 nm, 403 nm and 445 nm) were applied according to the maximum absorption at the excitonic
peak of each compound. Upon excitation, electron-hole pairs are generated within the inorganic
sheets of the 2D perovskite and, due to the strong confinement (large Eb), they will mostly exist as
bound excitons, hence not contributing to the photoconductance. This is important as in these
compounds the TRMC signal is not directly a measure of the charge mobility, but rather its product
with the free carrier generation yield.14
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Fig. 4 (a) Time-resolved microwave conductivity traces of vacuum-deposited 2D perovskite
selectively excited at 510, 403 and 445 nm. (b) normalize time-dependent photoconductance of
the same sample series.

From the maximum change in TRMC signal (Fig. 4a), recorded with an excitation density on the
order of 1012 photons/cm2, one can immediately observe that the pure iodide 2D compound
(PEA)2PbI4 present a larger photoconductance (0.1 cm2/Vs) as compared to the bromide and mixed
halide analogs. The photoconductance of (PEA)2PbI4 is consistent with the low yield of excitons
dissociation into mobile carriers, and is comparable to previously reported values for similar
solution-processed 2D perovskite films.14 The lower absolute photoconductance observed for
(PEA)2PbBr4 and mixed (PEABr)2PbI2 and (PEAI)2PbBr2 film can be ascribed to the lower
crystal/grain size, as observed by electron microscopy (Fig. 2). Among these materials, the larger
grains in (PEAI)2PbBr2 films might hence be responsible for the slightly higher photoconductance
observed for this specific compound (0.02 cm2/Vs). In order to evaluate the charge carrier
recombination, the TRMC traces were normalized (Fig. 4b) allowing a direct comparison of the
recombination lifetime t1/2 (time after excitation when the charge carrier concentration drops to 1/2
of its initial value). Interestingly, the pure bromide (PEA)2PbBr4 perovskite showed a longer
lifetime (160 ns) compared to the pure 2D iodide films (t1/2 = 70 ns). This trend is somewhat
unexpected, as Eb was reported to increase when moving from iodide to bromide perovskites,
implying a lower photoconductance but also a lower lifetime for bromide compounds.38 The larger

lifetime is hence most likely correlated with the presence of iodide in (PEA)2PbBr4, acting as
carrier traps and causing slower charge recombination within the material. Finally, the overall
lower lifetimes observed for the mixed compounds (40 ns) correlates with an increased disorder
due to the presence of mixed halide domains. In all cases the lifetime values observed here well
compare with literature data.14
In summary, we have presented the dual-source vacuum deposition of 2D perovskite films of the
type PEA2PbX4, where PEA is phenetylammonium and X stands for I-, Br-, or a combination of
both. As for vacuum-deposited 3D perovskite films, we observed a high degree of crystallinity for
all 2D compounds even at room temperature, a remarkable feature which is advantageous for the
fabrication of multilayer perovskite stacks. The 2D perovskite films exhibited the expected trend
in bandgap, increasing from the pure iodide to pure bromide materials, and intermediate for the
mixed halide compounds. Through the series of experiments carried out here, we have observed
an unavoidable halide cross-contamination among different deposition runs. Its implication is
particularly relevant for the fabrication of wide bandgap perovskite films (here (PEA)2PbBr4),
where the presence of iodide unavoidably results in multiple luminescence features due to the
heterogeneous energy landscape within the semiconductor. Hence it is mandatory to have a
dedicated chamber for a given composition in order to ensure the formation of high purity
perovskite compounds. We have also investigated the preparation of mixed I/Br 2D perovskites
by co/sublimation of either PEAI and PbBr2 or vice versa. Interestingly, Br/I 1:1 stoichiometry
could only be obtained when using PbI2 and PEABr, most likely due to the higher reactivity of
PbI2 (as compared to the more stable PbBr2) towards the organic cations. This is another important
observation to be considered when designing vacuum deposition of low-dimensional, mixed halide
compounds. The materials were also analyzed by time-resolved microwave conductivity (TRMC).
The pure iodide PEA2PbX4 showed photoconductance and lifetime values in agreement with
previously reported solution-processed thin films, making it an interesting candidate for
implementation in multilayer optoelectronic devices.
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Experimental Section
Materials. C8H12IN (PEAI) and C8H12BrN (PEABr) were purchased from Lumtec. PbI2 and PbBr2
were purchased from Tokyo Chemical Industry CO (TCI). All materials were used as received.
Thin-films preparation. ITO-coated glass and glass substrates were subsequently cleaned with
soap, water and isopropanol in an ultrasonic bath, followed by UV-ozone treatment. They were
transferred to a vacuum chamber integrated into a nitrogen-filled glovebox (H2O and O2 < 0.1
ppm) and evacuated to a pressure of 10-6 mbar. The vacuum chamber used to sublimate the organic
halides PEAI and PEABr and lead salts PbI2 and PbBr2 was equipped with temperature-controlled
evaporation sources (Creaphys) fitted with ceramic crucibles and independent temperature
controllers and shutters. Three quartz crystal microbalance (QCM) sensors were used: two
monitoring the deposition rate of each evaporation source and a third one close to the substrate
holder monitoring the total deposition rate. All the sources were individually calibrated for its
respective material.

XRD characterization. X-ray diffractograms were collected with a Panalytical Empyrean
diffractometer equipped with CuKα anode operated at 45 kV and 40 mA and a PIXcel 1D detector

in scanning line mode. Single scans were acquired in the 2Θ = 5° to 50° range, in Bragg-Brentano
geometry in air. All XRD analysis was carried out with Fullprof software. Whole-pattern Le Bail
fits assuming a Thompson-Cox-Hastings pseudo-Voigt lineshape are performed to refine lattice
parameters.

Optical Characterization. Absorption spectra were collected using a fiber optics based Avantes
Avaspec 2048 Spectrometer in air. Photoluminescence was measured using a compact
fluorescence lifetime spectrometer C11367, Quantaurus- Tau, with continuous wave 340 nm LED
light source, in air.

Morphological Characterization. The surface morphology of the thin films was analyzed using
atomic force microscopy (AFM,Multimode SPM, Veeco, USA). Electron microscopy
characterization (SEM and EDX) was performed using a Hitachi S-4800 microscope operating at
an accelerating voltage of 10 kV.

Time-resolved microwave conductivity. For the TRMC measurements, the 2D perovskite films
were mounted in a sealed microwave resonance cavity within a nitrogen glovebox. The TRMC
technique monitors the change in reflected microwave power by the loaded microwave cavity upon
pulsed laser excitation at various wavelengths (403 nm, 445 nm, and 510 nm). The photoconductance (∆G) of the sample was deduced from the laser-induced change in normalized
microwave power (∆P/P) by
−K∆G(t) =

∆P(t)
P

where K is the sensitivity factor. The yield of generated free charges φ and mobility
∑ µ = (µe + µh ) comprise the photoconductance, ∆G max:
𝜂𝜂 � 𝜇𝜇 =

Δ𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚
𝐼𝐼0 𝑒𝑒𝑒𝑒

Normalized TRMC traces can specifically show comparison of samples on charge carrier decay
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Figure S1. XRD patterns of a vacuum deposited a) PEA2PbI4 and b) PEA2PbBr4 measured as
prepared
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Figure S2. XRD patterns of a vacuum deposited PEA2PbI4 and PEA2PbBr4
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Figure S3. Optical absorption and photoluminescence of 2D PEA2PbI4 (λabs 518 nm, FWHM 20
nm and λem 528 nm, FWHM 19 nm ) and 2D PEA2PbBr4 (λabs 403 nm, FWHM 14 nm and λem 410
nm, FWHM 17 nm ) perovskites thin films prepared from solution process.
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Figure S4. AFM topographies at different magnifications of a) PEA2PbI4, b) PEA2PbBr4 c)
(PEABr)2PbI2 and d) (PEAI)2PbBr2 2D perovskite thin films.
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Figure S5. Evolution of the photoluminescence spectra of the (PEABr)2PbI2 thin film under
continuous excitation with a CW laser at 375 nm. Each spectrum is collected every 10 s, going
from purple to dark red.

