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Stabilizing Metal Halide Perovskite Films via Chemical
Vapor Deposition and Cryogenic Electron Beam Patterning

Randy Burns, Dylan Chiaro, Harrison Davison, Christopher J. Arendse, Gavin M. King,*
and Suchismita Guha*

Halide perovskites are hailed as semiconductors of the 21st century. Chemical
vapor deposition (CVD), a solvent-free method, allows versatility in the growth
of thin films of 3- and 2D organic–inorganic halide perovskites. Using CVD
grown methylammonium lead iodide (MAPbI3) films as a prototype, the
impact of electron beam dosage under cryogenic conditions is evaluated. With
5 kV accelerating voltage, the dosage is varied between 50 and 50000 μC
cm−2. An optimum dosage of 35 000 μC cm−2 results in a significant blue shift
and enhancement of the photoluminescence peak. Concomitantly, a strong
increase in the photocurrent is observed. A similar electron beam treatment
on chlorine incorporated MAPbI3, where chlorine is known to passivate
defects, shows a blue shift in the photoluminescence without improving the
photocurrent properties. Low electron beam dosage under cryogenic
conditions is found to damage CVD grown 2D phenylethlyammoinum lead
iodide films. Monte Carlo simulations reveal differences in electron beam
interaction with 3- and 2D halide perovskite films.

1. Introduction

The steep performance improvement in organic–inorganic
halide perovskite solar cells[1] over the past decade has resulted in
exploiting their optical and electronic properties in a vast range of
optoelectronic devices such as light-emitting diodes, lasers, pho-
todetectors, transistors, spintronic, and memory devices.[2–6] The
3D systems with monovalent cations (A), bivalent metal cations
(M), and halide anions (X) share the general formula of AMX3.
The A cations such as methylammonium (MA) or formami-
dinium (FA) occupy cages formed by the corner sharing the inor-
ganic octahedra (MX6). Pb or Sn are the most common choices
for theM cation. The optical properties in thesematerials emerge
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from excitonic physics, which is further
enhanced in 2D organic-inorganic halide
perovskites (OIHP)[7] where a layer of
the MX6 octahedra is interspersed with
a barrier layer comprising long organic
cations, forming a type-I quantum-well ar-
chitecture since the electron-hole pairs
are confined to the perovskite layer.
Stressors such as moisture, local heat-

ing, and illumination by ultraviolet light de-
compose the OIHP into its precursor ele-
ments. The degradation of MAPbI3 upon
exposure to moisture occurs at the hydro-
gen bond between the MA+ cation and the
[PbI6]

4− inorganic units.[8] Although a nom-
inal concentration of moisture is known to
promote crystallization during the growth
of MAPbI3,

[9] exposure to excess moisture
results in its decomposition into its precur-
sors and hydrated phases. A combination of
3D and 2D perovskites is, however, seen to

prevent moisture degradation.[10] Furthermore, the long-term
stability of MAPbI3 solar cells even in a N2 atmosphere could be
challenging if temperatures are in the normal operating range
of ≈85 °C.[11] Towards enhancing the air stability of OIHPs, sev-
eral strategies including the use of antisolvents have been used
for solution processed thin films.[12,13] Chemical vapor deposi-
tion (CVD), without the use of any solvents, has resulted in more
air stable films compared with spin-coated films. Without any
encapsulation and with storage under ambient conditions, solar
cells using CVD grown MAPbI3 films were found to be stable
for up to three weeks.[14] However, residual PbI2 is often an issue
with both spin-coated and CVD grown films. Although slight ex-
cesses of PbI2 can passivate defects, toomuchmay be detrimental
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to device performance where large hysteresis in current-voltage
sweeps is seen. Chlorine complexes in iodide perovskites are
known to passivate defects. Chlorine in the precursor solution-
processed films (PbICl or PbCl2) was seen to stabilize the final
perovskite filmMAPbI3.

[15] Doping with RbCl2 forms an inactive
PbI2-RbCl2 complex that is effective in stabilizing the perovskite
phase.[16] Using a three-step CVD process, our earlier work has
shown that the formation of an intermediate PbICl complex re-
sulted in MAPbI3 films with the same structural phase over a
temperature range from 20 to 300 K.[17]

Understanding the degradation pathways in halide perovskites
at the atomic scale has been challenging since these materi-
als are electron-beam (e-beam) sensitive.[18] Although transmis-
sion electron microscopy (TEM) has been used for mapping
the overall morphology of OIHPs,[19] mapping at the atomic
scale has been an insurmountable task. Cryo-electronmicroscopy
(EM) techniques, however, are promising and have demon-
strated the degradation pathway at the nanoscale in MAPbI3 due
to moisture,[20] and other defects.[21] Furthermore, patterning
OIHPs for nanoscale devices has remained a challenge due to
both e-beam damage as well as limitations of an appropriate re-
sistmaterial. The success of cryo-EM suggests that cryogenic con-
ditions may allow a viable route towards nanopatterning OIHPs
with an e-beam. The work by Jin and co-workers have demon-
strated the feasibility of e-beam treatment on OIHPs under cryo-
genic conditions.[22,23] However, these studies were conducted on
solution-processed spin-coated samples. CVD provides an alter-
nate route for the growth of OIHP films with a high degree of
controllability and thus far, e-beam patterning techniques have
not been demonstrated on such films.
CVD and other physical vapor deposition techniques have

been adopted by several research groups for the synthesis of
OIHP films[24–27] including 2D OIHPs.[28,29] A two-step low pres-
sure CVD method developed in our prior work was seen to pro-
duce high quality MAPbI3 films. The first step involves the for-
mation of a PbI2 film in a CVD reactor which is then converted
byMAI vapors to form the perovskite film.[14,30] The increased air
stability of these CVD grown films is believed to be due to a com-
bination of excellent surface coverage with reduced moisture-
trapping pinholes and well-oriented vertical columnar grains.
MAPbI3 undergoes structural phase transitions as a function of
temperature. Under ambient conditions, MAPbI3 is typically in
the tetragonal phase (space group (SG) I4/mcm) and undergoes
a phase transition at 320 K to a cubic phase (SG: pm3̄m). Further,
a tetragonal to an orthorhombic (SG: Pnma) phase transition oc-
curs below 160 K.[31–33] However, it should be noted that since the
three phases are so closely related to the octahedral tilt of the PbI6
cage and orientational ordering of theMA+ ions, the phase transi-
tion temperatures are strongly dependent on the growth method
and annealing conditions.[25,34] Using a three step CVD process
starting with lead chloride to form the perovskite film: PbCl2 →
PbICl → MAPbI3, we found the sample to remain in the same
phase (SG: I4/mcm) throughout the temperature range from 20
to 300 K.[17] It should be pointed out that Cl mainly acts as a
dopant or a passivating agent since no trace of Cl could be found
after conversion into the perovskite film (MAPbI3). These two
perovskite films: two-step CVD grown MAPbI3 and three-step
CVD grown MAPbI3:Cl initiated by PbCl2 have identical optical
properties under ambient conditions and thus form a test-bed for

comparison of e-beam treatment and patterning to evaluate their
stability and optical properties. The synthesis steps for these two
perovskites are shown in Figure 1a,b. A scanning electronmicro-
scope image of the MAPbI3 film, synthesized using a two-step
process, depicts the average grain size to be larger than 1 μm.We
note that the grain size of MAPbI3:Cl is smaller (≈500 nm) com-
pared with MAPbI3.

[17] Further, prior work has demonstrated the
success of a two-step CVD process for the growth of high qual-
ity 2D OIHPs based on phenylethylammonium and butylammo-
nium cations.[29]

Ice lithography, a nanopatterning technique using ice resists
such as frozen water or organic solvents, offers a path for pat-
terning delicate, free-standing, or 3D structures.[35–37] Although
this technique was demonstrated almost two decades ago,[38]

commercial unavailability of a scanning electron microscope
(SEM) with a cryogenic stage combined with a metal deposition
chamber has been a bottleneck towards making it a mainstream
nanopatterning tool. A recent demonstration of patterning metal
contacts on MAPbBr3 nanoplates using water and other ice re-
sists is an encouraging direction toward achieving perovskite
nanoelectronics.[23]

As a first step towards patterning CVD grown OIHPs with an
e-beam, in this work we use cryogenic conditions with the sam-
ples at 110 K for irradiating the films. The photoluminescence
(PL) fromMAPbI3 andMAPbI3:Cl blue shifts along with a strong
enhancement in intensity when exposed to the e-beam. For pho-
tocurrent measurements, the e-beam patterning was achieved in
a small channel region of 20 or 40 μm × 1000 μm. A strong en-
hancement in the photocurrent upon irradiating with a wave-
length of 532 nm is observed in e-beam patterned MAPbI3,
which is, however, not observed in e-beam patterned MAPbI3:Cl.
Our results show that low e-beam dose under cryogenic con-
ditions contributes to enhanced stability and optical properties
in MAPbI3, resulting in an improved photocurrent which most
likely arises due to the purging of defect sites. In MAPbI3:Cl,
where Cl is already known to passivate defect sites, the e-beam
irradiation has almost no effect in improving the photocurrent
properties. E-beam patterning of 2D OIHPs was also carried out;
however, in this case the films were severely damaged even with
a very low dose of the e-beam. Monte Carlo simulations provide
insights into the differences between e-beam interaction in 3D
and 2D OIHPs.

2. Results and Discussion

The two-step CVD growth of MAPbI3 mainly results in films
that are in the tetragonal phase at room temperature. De-
tailed temperature-dependent synchrotron-based x-ray diffrac-
tion (XRD) studies fromMAPbI3 films, shown in Figure 2a, high-
light the typical structural phases as reported in literature with
the orthorhombic (Pnma) phase appearing below 150 K. Repre-
sentative Le Bail fits at 300 and 120 K are shown in Figure 2b.
Figure 2c plots the PL data as a function of temperature. It should
be noted that only one PL peak at 770 nm is seen throughout the
temperature range of 20-300 K. This is contrary to several solu-
tion processed MAPbI3 samples reported in literature where the
tetragonal ↔ orthorhombic phase transition is marked by two
PL peaks.[22,39] Our results, therefore, suggests that temperature-
dependent PL data is not always in lockstep with phase
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Figure 1. CVD synthesis steps. a,b) Two- and three-step synthesis of MAPbI3 and MAPbI3:Cl films, respectively. c) SEM image of MAPbI3, which was
synthesized by a two-step process without the addition of any chlorine.

transitions in OIHPs; the two peak PL is more likely a hall-
mark of defect emission and the excitonic recombination.[29] As
reported earlier, detailed temperature-dependent XRD measure-
ments from MAPbI3:Cl conclusively showed that the sample re-
mains in the tetragonal phase throughout a broad temperature
range (20–300 K).[17]

2.1. E-Beam Grid Patterning: Photoluminescence Properties

The OIHP films were grown on SiO2/Si
++ substrates. A square

grid with 2 μm × 2 μm e-beam irradiated square tiles with 2 μm
spacing and overall dimensions of 32 μm x 32 μm was produced
through irradiation from an electron beam with an acceleration
voltage of 5 kV while the sample was under vacuum at 110 K.
Figure 3 shows the PL position and intensity from the e-beam
treated area of the MAPbI3 film. The dosage of each tile was var-
ied according to Dose = 50 + 794m + 6343n μC cm−2, where
m and n are indices which correspond to the row and column
number respectively wherein m, n = 0, 0 corresponds to the tile
in the top left corner as demonstrated in Figure 3a. The highest
dose was 50 000 μC cm−2, which corresponds to the bottom right-

most tile. The PL from the e-beam treated area wasmeasured by a
high-resolution spectrometer using a confocal microscope (with
spectral resolution of 0.01 nm), where each individual tile was ex-
posed to a 514 nm laser excitation. The PL intensity map (in blue
and red color) as a function of the e-beamdosage is superimposed
on the optical image of the sample in Figure 3b. With an increase
in e-beam dosage, there is a significant increase in the measured
PL intensity with the highest dosage of 50 000 μC cm−2 tile ex-
periencing a fivefold increase in intensity. Figure 3d plots the PL
spectrum from an untreated area, where the central peak is at 770
nm. Figure 3c is a raster scan of the PL spectra across the pat-
terned squares from the top left to the bottom right of Figure 3b.
Along with increasing PL intensity as a function of the e-beam
dosage, a blueshift of the PL energy compared with the PL from
the untreated area is observed, similar to the work by Jin et al.[22]

As the beam dosage was increased from 50 to 50000 μC cm−2 in
grid patterning, there was, however, no further blue shift of the
PL.
It should be noted that the optical illumination spot size of

3 μm for the e-beam treated area is of the same order as the grain
size (Figure 1c) and combined with high spectral resolution, in-
terference effects are observed in the PL (Figure 3c). Interference

Figure 2. Temperature-dependent XRD and PL from CVD grown MAPbI3. a) XRD pattern from 20 to 300 K at intervals of 10 K. b) Le Bail fits at 300 and
120 K. The red circles are the experimental data. The black line represents the fit. c) PL spectra from 20 to 300 K.
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Figure 3. PL properties from an e-beam patterned grid inMAPbI3. a) PL intensity of each individual e-beam irradiated tile. Tile (7,7) exhibits the strongest
PL response, over five times higher than the top left. b) Optical image of the irradiated tiles superimposed with the PL intensity of each. c) PL spectrum
of each individual tile as a function of increased dosage from 50 to 50000 μC cm−2. d) PL spectrum of a reference untreated MAPbI3 thin film, measured
with a low-resolution spectrometer.

effects in PL have been observed in other photovoltaics thin film
materials such as Cu(In,Ga)Se2 (CIGS).

[40,41] These effects are
more pronounced in a back-reflection geometry where the sur-
face normal to the sample is at 0° to the detector. Comparing
Figure 3c,d, we note that the PL from an untreated area of the
sample was measured with a low-resolution spectrometer (spec-
tral resolution of 0.5 nm) with a geometry that was not in perfect
back-reflection.
In the study by Jin et al.,[22] where spin-coated OIHP films

were used, the maximum dose received by any individual tile
of MAPbI3 was 24800 μC cm−2 by which point the PL response
significantly decreases; a dose of 13300 μC cm−2 showed the
maximum PL intensity. Evidently, our CVD deposited OIHP
films show increased resilience towards e-beam induced stim-
uli as compared to the spin-coated films. SEM images of the un-
treated and treated areas of MAPbI3, close to the highest dose,
are shown in Supporting Information. The morphology of the e-
beam treated and untreated films looks similar, although there is
an apparent etching of the top layer as discussed in Section 2.3.
A similar e-beam treatment was also performed for CVD

grown MAPbI3:Cl films. Since for this sample the structural
phase remains throughout in the tetragonal phase,[17] e-beam ir-
radiation at 110 K implies that unlike for the MAPbI3 sample
which undergoes a phase transition to the orthorhombic phase
during irradiation, the Cl incorporated sample remains in the
tetragonal phase. As observed in ref. [17] the perovskite grain
sizes in MAPbI3:Cl are smaller than in MAPbI3, which arises
due to the inherent small grain sizes of the intermediate mixed

halide of PbICl. Once the sample was cooled to approximately
110 K, a resistive heater was used to increase the temperature
with images taken at a variety of temperatures (Figure S3, Sup-
porting Information). Also, the morphology of the film is un-
changed after e-beam patterning (Figures S4 and S5, Support-
ing Information). This sample also shows an enhancement in
the PL intensity along with a blue shift (see Supporting Infor-
mation). The high defect density at grain boundaries is the ori-
gin for e-beam induced morphology changes.[42] Therefore, the
lack of morphology changes, particularly at the grain boundaries,
confirms the structural integrity of the CVD grown films. Un-
like mixed-halide perovskites, where photo-induced phase seg-
regation may occur due to the migration of iodine (I) ions to-
wards the grain boundaries,[43,44] the three-step CVD growth re-
sults in perovskite films where no trace of Cl is detected at least
by energy dispersive X-ray spectroscopy or X-ray photoelectron
spectroscopy.[17,45] Cl acts more like a dopant during the growth
process, passivating the defects. It is unlikely that after e-beam
treatment, there would be any Cl migration. However, to obtain
full insights into any phase segregation and passivation at the
grain boundaries, Kelvin probe force microscopy[46] and shear-
force scanning probe microscopy[47] investigations may be re-
quired. Such studies reveal how the electronic bands bend at the
grain boundaries and the nature of the driving force behind I-
phase separation.
The e-beam interacts with the sample mainly by purging the

top surface layer of the perovskite which can contain a variety of
defects. It is reported that, for a pristine and defect-free MAPbI3
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Figure 4. a) Optical image of the surface of MAPbI3 with gold contacts thermally evaporated on top with a treated channel region. The inset shows the
PL at the bottom boundary between the treated channel and untreated channel region, marked by the red dashed lines. This PL has the highest intensity
of any region several times over in addition to an intermediate blue shift between the untreated and fully treated regions. b) PL spectra of the interior
treated channel and the untreated channel regions. Points within channel show large blue shifts to ≈750 nm in addition to a threefold increase in PL
intensity.

sample, the activation energy required to dislodge an I atom from
the ionic bond with Pb is ≈4.05 eV whereas samples that con-
tain point defects such as halogen vacancies have a lower activa-
tion energy of ≈3.5 eV.[48] As a consequence, surfaces with more
defects exhibit an increased vulnerability towards the e-beam ir-
radiation process. We posit that the resulting surfaces are more
likely to contain fewer defects that would lower the activation en-
ergy of any process which results in dissociation of ionic bonds.
As the higher defect density surface is effectively removed from
the sample, the remaining material then displays enhancement
in PL and other characteristics. One should expect for thin films
with an intrinsically lower defect density that higher dosages of
the e-beam are required to observe the same effects in samples
with more defects. This could explain the higher dose require-
ments of the CVD grown MAPbI3 thin films compared to the
spin- coated samples in order to see a similar increase in the PL
intensity and a blue shift of the PL spectrum.

2.2. E-Beam Continuous Patterning: Photoluminescence and
Photocurrent

As a next step of cryogenic e-beam patterning, a continuous re-
gion in a narrow channel region demarcated by gold electrodes
on OIHP films was carried out. After the CVD growth of the per-
ovskite films on SiO2/Si

++ substrates, gold contacts with a narrow
channel region of 25 and 50 μm were evaporated on the films.
These architectures served as three-terminal devices for dynamic
photocurrent measurements. In addition to measuring the pho-
tocurrent, the advantage of this patterning style is that it allows
us to capture the PL from a region where the sample is e-beam
treated versus a region in the same channel, where it was not
treated. The channel region was exposed to a uniform e-beam
dosage of 35 000 μC cm−2.
An optical image from MAPbI3 in Figure 4a highlights the

e-beam treated area between the two dashed red lines. The dis-
coloration of the film compared to the surrounding areas clearly
demonstrates the optical effects of the treatment. In order to con-

firm that the discolored region corresponded to an enhanced,
treated MAPbI3 instead of an undesired de-converted PbI2 re-
gion, PL measurements were carried out within, above and be-
neath the channel. Figure 4b demonstrates a greatly enhanced
PL intensity for every spot measured within the e-beam treated
area that is roughly three times more intense compared to the PL
intensity from regions that were not treated by the e-beam. Ad-
ditionally, we now observe a clear blue shift of the PL peak from
≈775 to ≈750 nm that was less pronounced in the grid exposure
in the previous section. Similar changes in the PL are observed
in the MAPbI3:Cl sample after e-beam treatment (see Figure S7,
Supporting Information).
Although, in the case of the grid, the highest dose received

was 50 000 μC cm−2, the completely contiguous treatment of the
channel appears to have received a higher effective dose than the
individual grid tiles. It should be noted that the overall e-beam ex-
posure time plays a role, which is longer in the contiguous treat-
ment compared with the individual 2 μm × 2 μm grid. With this
dose of 35 000 μC cm−2, the blue shift of the PL energy is realized
in addition to an enhancement in intensity. The PL was alsomea-
sured at the very thin boundary region at the edge of the channel
as shown in the inset of Figure 4a. At this location, the blue shift
in PL appears to be in an intermediate wavelength of ≈765 nm
between the fully treated channel and the untreated surround-
ing areas. Additionally, this boundary region which received an
intermediate dose has a greatly enhanced PL that is ≈15 times
the intensity of the untreated region and even ≈3 times the in-
tensity of the channel. This implies that the optimal PL intensity
response occurs at a dosage less than is required to observe the
maximal blue shift and that it does not directly correlate with a
minimal amount of defect states.

2.2.1. Photocurrent Measurements

The photocurrent was measured by exciting a 532 nm line from
a laser diode as a function of the incident power in the chan-
nel region of two independent devices, one where part of the
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Figure 5. a) Photocurrent of MAPbI3 for an untreated channel. b) Photocurrent of MAPbI3 for a treated channel. The treated channel has a photocurrent
magnitude that is greater by a factor of ≈5. The lateral voltage across the contacts is plotted on the horizontal axis.

channel region was exposed to the e-beam as shown in Figure 4a
and another where there was no e-beam treatment. Figure 5a,b
compares the photocurrent of two such MAPbI3 devices with a
voltage sweep from −10 to +10 V across the two contacts. The
e-beam irradiation treatment of the sample consistently resulted
in an increase in the photocurrent magnitude of roughly a factor
of 5 as seen in the semi-log current density versus voltage plots.
The increase in the photocurrent magnitude is attributed to a re-
duction of defects states in the top layer of the perovskite film af-
ter exposure to the e-beam. Surprisingly, the MAPbI3:Cl samples

show no changes in the photocurrent upon e-beam treatment.
For a better comparison of the photocurrent between MAPbI3
and MAPbI3:Cl and understanding the nature of the photocarri-
ers including under e-beam irradiation treatment, dynamic pho-
tocurrent measurements were carried out.
The dynamic photocurrentmeasurements were conducted un-

der a fixed laser (𝜆 = 532 nm) power density of 10 mW cm−2

with a chopper frequency of 2 Hz. Figure 6a–d plots the tran-
sient photocurrent response from four devices: untreated and e-
beam treated MAPbI3 and MAPbI3:Cl. Due to the three-terminal

Figure 6. Dynamic photoresponse measurements. Current versus time under 532 nm illumination under no bias (black line), −1 V (red line), and +1 V
(blue line) biases for a) untreated MAPbI3, b) e-beam treated MAPbI3, c) untreated MAPbI3:Cl, and d) e-beam treated MAPbI3:Cl. The insets show the
response times with the green dots depicting 10% and 90% of the photocurrent during the rise and fall cycles. e) Schematic of the device and the setup.
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Table 1. Photoresponse rise and fall times.

Sample 𝜏rise [ms] 𝜏 fall [ms]

Untreated MAPbI3 3.88 ± 0.30 4.18 ± 0.30

e-beam treated MAPbI3 3.28 ± 0.30 4.18 ± 0.30

Untreated MAPbI3:Cl 5.08 ± 0.30 5.97 ± 0.30

e-beam treated MAPbI3:Cl 8.21± 0.20 11.60 ± 0.20

device architecture, as schematically shown in Figure 6e, the gate
bias (Vg) could be independently varied as the photocurrent was
measured by applying a voltage of −10 V between the source (S)
and the drain (D) terminals. The absolute photocurrent between
each pair of samples is non-commensurate since there was some
shadowing effect of the gold electrodes and, although theMAPbI3
e-beam treated and untreated device measurements were from
25 μm channel lengths, there was a 20% decrease in the channel
length in the untreated sample which increased the overall mag-
nitude of the photocurrent. Similarly, for theMAPbI3:Cl samples,
the untreated device represents a 25 μm channel length whereas
the e-beam treated device represents a channel length of 50 μm.
However, the overall trends and the response times from the in-
dividual devices can still be compared.
The untreated MAPbI3 device (Figure 6a) shows a clear en-

hancement in the photocurrent with a gate bias of Vg = −1 V
and a decrease in the photocurrent with a gate bias of Vg = 1 V
compared with the no bias condition. This trend is also seen in
the untreated MAPbI3:Cl device (Figure 6c), albeit not as clearly
as in MAPbI3. It should be noted that the devices do not perform
as transistors, i.e., under these low bias voltages, there is no ad-
ditional charge injection, and the current primarily arises due to
the photocarriers which are generated by the incident light. The e-
beam treatedMAPbI3 device, on the other hand (Figure 6b), does
not show a distinction in the photocurrent when Vg is switched
from +1 to −1 V, and additionally, the dynamic photocurrent be-
comes noisy with the application of the bias. The e-beam treated
MAPbI3:Cl device (Figure 6d) shows a similar trend of the pho-
tocurrent upon switching the bias from +1 to −1 V as its un-
treated counterpart (Figure 6c). The insets show the response of
the photocurrent in terms of the rise (𝜏rise) and decay (𝜏 fall) times,
where 𝜏rise is defined as the time it takes for the photocurrent
to increase from 10% to 90% of its maximum value and 𝜏 fall is
the time for the maximum photocurrent to decrease from 90%
to 10% of its value. The response times were obtained from the
unbiased devices and are tabulated in Table 1.
OIHPs are known for their dual nature of conduction with

mixed ionic-electronic transport.[49–52] Not only do ions enhance
the conductivity in perovskite solar cells but they also modify
the internal electric field due to the accumulation of ions at
interfaces.[53] Transient capacitance measurements from verti-
cal architectures have revealed the presence of multiple ionic
species.[54] Our observation for the untreatedMAPbI3 device sug-
gests that the increase/decrease in the photocurrent upon switch-
ing the bias arises from trapping of ions at defect sites. Negative
Vg implies trapping of positive ions such asMA+ whichmay alter
the internal electric field in a way that the overall photocurrent is
enhanced. A positive bias which may trap the negative ions (I−)
has a reverse effect on the overall photocurrent. As the above PL

studies suggest that the e-beam treatment passivates defect sites
in MAPbI3, it could mean less favorable trapping sites for ions
in a three-terminal architecture without providing a pathway for
altering the internal field. The response times (for the unbiased
condition), however, are comparable with the untreated MAPbI3
device. The rise time is faster for the e-beam treated device. It
should be noted that the overall photocurrent is much higher for
the e-beam treated MAPbI3 device (Figure 5); interface biasing
simply provides a tool for further validation that the defect sites
in MAPbI3 are passivated upon e-beam treatment. The situation
in MAPbI3:Cl is quite different. Since Cl has been known to al-
ready passivate defects, the e-beam treatment does not further
improve the photocurrent properties. If anything, the response
times increase for the e-beam treated device.
Overall, e-beam irradiation of 3D OIHP films under cryogenic

conditions is seen to impact the PL and photocurrent properties,
and our results suggest theremay be at least two different effects.
The blue shift of the PL energies inMAPbI3 has been typically as-
sociated with structural changes. Under pressure, for example,
MAPbI3 undergoes a structural phase transformation from the
tetragonal (SG: I4/mcm) phase to a cubic phase II (SG: Im3̄) at
≈0.4 GPa[55] and at a slightly lower pressure of 0.25 GPa in CVD
grownMAPbI3.

[30] This phase transition is associated with a blue
shift of the PL energy due to an enhanced octahedral tilting.[55]

After e-beam irradiation, both MAPbI3 and MAPbI3:Cl samples
show a blue shift along with an intensity enhancement of the PL.
This change in the PL may be related to a structural change, sim-
ilar to what is seen under high pressure. Future x-ray diffraction
studies from the e-beam exposed part of the sample will be ben-
eficial for obtaining a complete understanding of the structural
changes. The photocurrent studies, on the other hand, point in
the direction of a reduction of defect states in the MAPbI3 film
after exposure to the e-beam. In MAPbI3:Cl, where the PbICl
phase helps with the stability of the final perovskite film due
to an effective stress release along with a passivation of defects
due to residual PbCl2,

[15] the e-beam irradiation does not further
contribute to the passivation of defect sites.

2.3. E-Beam Propagation Simulations

E-beam irradiation typically results in three modes of dam-
age: displacement, ionization or radiolysis, and electrostatic
charging.[18] Under cryogenic conditions, these damage routes
are mitigated in MAPbI3 as seen in this work. However,
when we irradiated the 2D organic-inorganic halide perovskite,
phenylethylammonium lead iodide (PEA2PbI4), grown by CVD,
with a much a lower dose of the e-beam compared with the 3D
system, there was severe damage to the film (Figure S8, Support-
ing Information). The damage in 2D perovskites is most likely
due to radiolysis, which is material dependent. In order to under-
stand these differences between the 3D and 2D perovskite sam-
ples, we modeled the effects of e-beam irradiation on perovskite
thin films using a Monte Carlo program, CASINO (V3.3),[56]

which is designed to calculate electron-sample interactions in
SEM.[57] The program allows for the implementation of a variety
of physical models and can simulate 3D sample geometries. We
implemented the model by Browning et al.[58] for electron cross
section and the model by Joy and Luo[59] for energy loss. These
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Figure 7. a) Simulation of normalized energy density distribution in PEA2PbI4 and MAPbI3 by 5 keV e-beam. Representation of 200 arbitrarily selected
electron trajectories in b) MAPbI3 and c) PEA2PbI4 slabs of 1 μm × 1 μm and 300 nm thickness. The e-beam trajectory was simulated with the perovskite
layers being placed on 90 nm SiO2 and infinitely thick Si to match the experimental conditions. The blue lines represent the primary beam, and the red
lines represent backscattered electrons.

models assume gradual medium-dependent energy loss along a
trajectory punctuated by elastic scattering events. The program
generates an energy scan, representing the energy density de-
posited by the incident beam throughout the sample. We inte-
grated these values over the XY plane (normal to the beam) to
determine energy deposition as a function of depth.
Figure 7 shows the results of our simulations. 106 electron tra-

jectories at 5 keV were simulated in MAPbI3 and PEA2PbI4 with
mass densities of 4 and 2.55 g cm−3, respectively. The perovskite
slabs of 1000 nm × 1000 nm by 300 nm thickness were modeled
on a 90 nm SiO2 layer placed on an infinitely thick Si layer to
match the experimental condition. Figure 7a demonstrates the
normalized energy distribution of incident electrons along with
a visual representation of backscattered (red lines) versus pri-
mary beam electrons (blue lines) in Figure 7b. The mean pen-
etration depth into MAPbI3 was 79.9 nm and into PEA2PbI4 was
110.9 nm. Implementation of other physical models yielded sim-
ilar results. The significantly higher mass density of MAPbI3, as
compared to the 2D perovskite PEA2PbI4 containing light, or-
ganic spacer regions facilitate a faster attenuation of the electrons
along the depth of the sample. Consequently, the incident elec-
trons distribute energy more densely amongst the top layers of
the 3D perovskite and travel deeper into the 2D perovskite. In
general, 2D perovskites exhibit significantly enhanced moisture
stability due to the organic cation spacers preventing diffusion
of water molecules, however, we see that the lack of heavy ele-
ments in the spacer region contributing to the lower density of
the 2D perovskite renders the film more vulnerable to acute irra-
diation. The e-beam irradiation damaged the PEA2PbI4 film (see
Figure S8, Supporting Information) as indicated by the dark re-
gion around the grid and the grid itself exhibited negligible PL in
comparison to an untreated region on the same film.
To further account for differences in the morphology between

e-beam treated and untreated regions in 3D perovskites, surface
profiles from the channel region in MAPbI3 were measured us-
ing an atomic force microscope (AFM). As a consequence of the
top layers of the film receiving large e-beam doses, the AFM

data suggests that several monolayers have been removed during
the process of e-beam treatment along with some morphological
changes (see Figure S9, Supporting Information), although other
explanations including densification are formally possible. In the
case of e-beam treatment of the channel for photocurrent mea-
surements as in Figure 4, 3.8 nm of the top surface of the film
was apparently etched by the e-beam compared to the adjacent
untreated region. In this manner, the material is sublimated off
from the top surface until a layer further from the original sur-
face receives a sufficiently low dose that is able to be withstood. At
this dose, an effective annealing process occurs and the remain-
ing surface experiences enhanced PL and conductive properties.

3. Conclusion

In conclusion, several hybrid perovskite thin filmmaterials were
grown using a multi-step CVD method and then exposed to
e-beam irradiation at cryogenic temperatures. For the 3D per-
ovskites, the PL was greatly enhanced. Differences in photore-
sponse properties were observed in MAPbI3 and its defect pas-
sivated counterpart (during growth), MAPbI3:Cl. Photocurrent
measurements were conducted on samples with regions of e-
beam irradiated channels wherein the photocurrent was signif-
icantly enhanced in the MAPbI3 thin film likely due to a reduc-
tion in the defect density of the surface. Dynamic photocurrent
measurements reveal the nature of trapping sites with a faster re-
sponse time for e-beam treated MAPbI3 whereas improvements
to the photocurrent of the chlorine incorporatedMAPbI3:Cl films
wereminimal due to the passivation of defect sites by Cl ions dur-
ing growth. The 2D perovskite, PEA2PbI4, was severely damaged
by the e-beam even at very low dosage. The low mass density in
the 2D perovskites confers a reduced resiliency towards e-beam
irradiation, as seen in the Monte Carlo simulations. The e-beam
penetration depth is almost 40% higher in PEA2PbI4 compared
with MAPbI3. Cryogenic e-beam patterning along with the CVD
growth of 3D halide perovskites is a promising approach for en-
hancing the optoelectronic properties.
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4. Experimental Section
Materials: Phenethylammonium iodide (PEAI), methylammonium io-

dide (MAI), lead (II) iodide (PbI2 99%), and lead (II) chloride (PbCl2 98%)
were purchased from Sigma-Aldrich (St. Louis, MO, USA) and were uti-
lized without any purification or modifications.

CVD Growth: Vapor deposition processes were carried out using a
two-zone furnace from SAFTherm (Model # STG-100-12-2). The furnace
allowed for the independent control of the temperature between each zone
with the interface region between zones I and II being highly insulated with
different temperature control units. High purity (99.999%) nitrogen gas
was used as a carrier in the reactor. The flow rate of the carrier gas was
mediated via a mass flow controller from MTI Corporation. All growths
were done in a multiple-step process. For the non-chlorine incorporated
films, lead iodide was first sublimated at a 400 °C source temperature and
carried downstream to a SiO2 substrate held at 160 °C. The resulting com-
pact lead iodide thin film was then exposed to organic iodide vapors (MAI,
PEAI) and converted from lead iodide to the final perovskite in the second
step. After the furnace heating curve concluded, the samples were slowly
cooled in the reactor by maintaining the N2 carrier gas flow for an hour
at which point the furnace was opened and cooled by a fan. After another
hour at this step, the inside of the reactor would be near room tempera-
ture, the nitrogen gas flow and vacuum pump would be turned off, and
the reactor would then be exposed to atmospheric pressure wherein the
samples were finally extracted. The chlorine incorporated MAPbI3:Cl film
was grown in a three step process as discussed in ref. [17]. The thickness
of the 3D MAPbI3 films was approximately 350 nm and that of PEA2PbI4
was approximately 250 nm.

50 nm thick gold contacts were deposited in a high vacuum deposition
chamber (10−5 mbar) on top of the fully converted perovskite thin films.
The gold formed a pattern where the channel width was 1000 μm and the
channel length was 20–50 μm depending on the individual device. After
the gold was deposited, perovskite films were then exposed to electron
beam radiation in the channel region in a geometry ≈300 μm wide and
with a length spanning the entire distance of each individual channel.

E-Beam Treatment: Samples were irradiated using a field emission
scanning electron microscope (JSM-7001F, JEOL Inc.). The instrument
is equipped with a cryogenic stage, a nanopattern generation system
(JC Nabity Lithography Systems) and other custom features described
previously.[60] Electron treatment for the exposure sweep tiles was per-
formed at a temperature of 112 ± 4 K, at an acceleration voltage of 5 kV
with a probe current of 0.9 ± 0.14 nA, which was incident on the sam-
ple with 1.987 × 108 e nm−2 s−1. For the channel treatment, a pattern of
150 mm × 400 mmwas exposed within a set of 100 μmwide channels at a
temperature of 112 ± 4 K with the beam parameters set to 5 kV and probe
current of 3.47 ± 0.14 nA (7.66 × 108 e nm−2 s−1).

Characterization: X-Ray Diffraction: Grazing incidence temperature-
dependent X-ray diffraction measurements were performed at sector 33-
BM-C in the Advanced Photon Source at Argonne National Laboratory.
The incidence angle was 2.9° and the temperature varied between 20 and
300 K.

Scanning Electron Microscope (SEM): During the e-beam treatment,
the temperature sweep images were taken at 5 kV with a probe current
of 13 pA. The SEM images were acquired at an acceleration voltage of 2–5
keV with a beam current of 50 pA. Other SEM images were acquired using
a Thermo Scientific Apreo.

Photoluminescence (PL): The PL measurements were conducted in
back-reflection geometry using a Renishaw inVia spectrometer. A 514 nm
Ar+ ion laser with a diameter spot size of <3 μm was used to excite the
samples. The setup allowed for the visualization of the treated regions con-
taining patterns with as small as 2×2 μm features where the laser could
then be focused on individual tiles and regions on the sample.

Photocurrent and Dynamic Photocurrent: For the photocurrent mea-
surements, a 532 nm laser diode was used as the excitation source in
tandem with a Keithley 2400 source meter and a mechanical chopper for
dynamic photocurrent measurements. For the steady state photocurrent
measurements, the channel voltage was swept from −10 to +10 V while
varying the laser power. The dynamic photocurrent measurements were

measured with a lock-in amplifier (Zurich Instruments-MFLI). The chop-
per was set to a frequency of 2 Hz.

Atomic Force Microscope (AFM): Images were acquired in air using
tapping mode on a commercially instrument (Asylum Research, Cypher)
using OPUS Micro Cantilevers from μmasch (160AC-NA) with a nominal
drive frequency of 300 kHz. The 256 × 256 pixel scans were carried at a
speed of 12.52 μm s−1.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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