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ABSTRACT: Co-evaporation of metal halide perovskites by thermal evaporation is an attractive Gz (10° )
method since it does not require harmful solvents and enables precise control of the film P 0'5'0 =5
thickness. Furthermore, the ability to manipulate the Fermi level allows the formation of a graded

homojunction, providing interesting opportunities to improve the charge carrier collection
efficiency. However, little is known about how these properties affect the charge carrier dynamics.
In this work, the structural and optoelectronic properties of co-evaporated MAPDI; films varying
in thickness (100, 400, and 750 nm) with a gradient in composition are analyzed. The X-ray
diffraction patterns show that excess Pbl, is only present in the thick layers. From X-ray
photoelectron spectroscopy depth analysis, the I/Pb atomic ratio indicates methylammonium
iodide deficiencies that become more prominent with thicker films, resulting in differently n-
doped regions across the thick MAPDI; films. We suggest that due to these differently n-doped
regimes, an internal electric field is formed. Side-selective time-resolved microwave photo
conductivity measurements show an elongation of the charge carrier lifetimes on increasing
thickness. These observations can be explained by the fact that excess carriers separate under the influence of the electric field,
preventing rapid decay in the thick films.
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B INTRODUCTION configurations on the small-area devices and over 18% on
perovskite minimodules.'”**

Although deposition of MAPbI; by wet chemical deposition
has been extensively examined, the effects of the co-
evaporation processing parameters on the structural and
electronic properties of MAPbI; films are complex and still
under investigation. Recently, it was reported that the
deposition speed and polarity of the substrate can substantially
affect the preferred crystal orientation and morphology of

14 L . L
emerging in other applications, such as X-ray detectors, light- MAPDI, films.” In addition, by tuning the deposition rates of

emitting diodes, field effect transistors, and memory the precursors during th'e co-evaporation, 'the crystalline phase
devices 11 of MAPDI; can be varied from the cubic to the tetragonal

25 .

In general, the production of the majority of MHP solar cells phase.™ On the other hand, _Ll et al. have shown that anot}.ler
is based on solution-processed deposition techniques. How- key advantage of co-evaporation is the possibility to customize
ever, deposition by thermal co-evaporation under vacuum the active film for different device architectures. Recently, we

) B . I I A P . .

conditions is an attractive alternative approach to obtain demonstrated Fhat usng b,13 with a .g.radual change in
uniform and compact thin films.'>~"® Elimination of solvents is precursors leading to a gradient in compos1t1lo7n, a PCE above
beneficial to the fabrication of tandem solar cells and 20% can be achieved in a pin configuration.” " Co-evaporated
preservation of the environment. More importantly, this perovskites have also shown to be very promising in enhancing

method is scalable and allows precise control of the film

With unprecedented progress, metal halide perovskite (MHP)-
based solar cells have reached power conversion efficiencies
(PCEs) of over 25% and are the most promising candidates for
next-generation solar cells.'~® These remarkable developments
are attributed to their intrinsic properties such as high
absorption coeflicients, relatively high charge carrier mobilities,
and long lifetimes as well as low densities of electronically
active trap states.””® At the same time, MHPs are also

thickness, even on textured surfaces.'”'® The first work Received: March 3, 2022 —
published in 2013 using thermal co-evaporation to deposit Accepted:  May 6, 2022
MAPDI;_,Cl, reported a PCE of 15.4% for small-area Published: May 18, 2022

devices.'” To date, the PCEs of perovskite solar cells based
on methylammonium lead iodide (MAPbI;) prepared by co-
evaporation reach over 20% in both nip"”~** and pin'’
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the optoelectronic properties of light-emitting field-effect
transistors. Thanks to the reduced ionic motion and absence
of tensile stress, it was possible to obtain light emission even at
room temperature,”® which was not possible with spin-coated
perovskites.”

Herein, we study how the charge carrier dynamics are
affected in MAPbI; films grown with a gradient in composition
formed by applying a gradient in pressure during the growth
process. We have used a constant source temperature for both
precursors, that is, methylammonium iodide (MAI) and Pbl,,
which results in a slowly varying background pressure during
the deposition.'” Since the perovskite §rowth can be largely
influenced by the substrate material, ® in this work, we
analyzed MAPbI, films with different thicknesses deposited on
quartz substrates. We performed X-ray diffraction (XRD),
scanning electron microscopy (SEM), and X-ray photo-
induced spectroscopy (XPS) to investigate the structural
properties of the deposited films, with a focus on the I/Pb
atomic ratio. It has been previously shown that variations in
stoichiometry can affect the Fermi level of the film.”” Hence,
we argue that on Fermi level alignment, an internal field is
formed in the 400 and 750 nm MAPDI; films. This internal
field has profound effects on the charge carrier dynamics as
determined by time-resolved microwave conductivity (TRMC)
measurements. We also analyzed the effect of a potassium-
acetate (MAI + KAc) treatment previously developed for co-
evaporated MAPDI; films on the gradient-grown MAPbI,
films.'”** We show that the treatment does not impact the
charge carrier lifetimes or trap densities but increases the
effective carrier mobilities slightly. These findings provide
more fundamental insight into how a gradual composition of
co-evaporated MAPDI; films affects the optoelectronic proper-
ties.

B EXPERIMENTAL METHODS

Preparation of the MAPbI; Films. The MAPbI, perovskite film
was deposited on amorphous quartz substrates with various
thicknesses by using a co-evaporation deposition method developed
in previous works."”'¥** The substrates were attached to a rotating
plate (10 rpm rotation speed) without temperature control (i.e.
floating temperature), and the target to substrate distance was around
30 cm. The perovskite was deposited by co-evaporating Pbl, powder
(TCI) and MAI powder (Lumtec) in effusion sources. The chamber
was first pumped down to a high vacuum condition of less than 8 X
107 Torr. Then, the Pbl, source was heated at 260 °C and MAI at
100 °C, respectively. After the MAI temperature increased to >70 °C,
the chamber pressure increased to >2 X 1075 Torr. The total
deposition time was around 20 min for the 100 nm film, 100 min for
the 400 nm film, and 180 min for the 750 nm film."” For the treated
films, the as-prepared MAPbI; perovskite film was post-treated using a
20 mM KAc and MAI (1:1 in molar ratio) mixed solution in
isopropanol (IPA). The pristine film and post-treated film were
annealed at 100 °C for 30 min according to the procedure previously
described.'?**

Photoconductance Measurements. The TRMC technique was
performed to investigate the photoconductance as a function of time
using an excitation wavelength of 500 nm for MAPbI;. With this
technique, the reduction in microwave power [AP(t)/P] induced by
the laser pulse (repetition rate 10 Hz) was related to the change in
conductance [AG(t)] by the sensitivity factor K

APT“) = —KAG(t)

B 1)

The TRMC signal is expressed in the product of mobility (s, + p)
and charge carrier yield ¢, which was calculated from the maximum
change in photoconductance AG,,,,

7050

Eyloef (2)

where F, is the fraction of light absorbed by the sample at the
excitation wavelength, I, is the laser intensity in the number of
photons per unit area per pulse, ¢ is the elementary charge, and S is
the ratio of the inner dimensions of the microwave cell. The samples
were placed in a sealed microwave cell inside a glovebox to ensure
that they are not exposed to ambient conditions during the
measurement.

Optical Characterization. Absorption spectra were recorded
using a PerkinElmer Lambda 1050 spectrophotometer equipped with
an integrated sphere. The samples were placed inside the sphere to
measure the total fraction of reflected and transmitted light (Fg,).
Then, the fraction of absorbed light (F,) was calculated by

Fy=1-Fyr

oy +p,) =

()

Structural Characterization. X-ray photoemission spectroscopy
measurements were conducted using a Thermo Fisher K-Alpha
surface spectrometer with a monochromatic Al Ka X-ray beam. XPS
depth profiles were collected by etching with an ionized Ar gun.
Elemental quantification was performed on the basis of survey spectra
from which a Shirley-type background was subtracted. This analysis is
performed with the Avantage software.

XRD patterns were obtained using a Bruker D8 ADVANCE
diffractometer in the Bragg—Brentano configuration using Co Ka (4 =
1.79 A) radiation at room temperature. Temperature-dependent XRD
patterns were obtained using a Bruker D8 DISCOVER diffractometer
(Cu Ka, 4 = 1.54 A) in combination with an Anton Paar XRK 900
Reactor chamber. The measurements were performed in the Bragg—
Brentano configuration with a variable slit size to keep the footprint
on the sample constant. The temperature was stepwise changed with
S K/min, and the measurements were performed under vacuum. The
dwell time was set to S min.

The morphologies of the perovskite films were characterized using
a scanning electron microscope (FESEM; JEJOL JSM-7600F). The
perovskites were deposited on glass/FTO substrates.

Electron-dispersive spectroscopy (EDS) spectra were obtained
using a scanning electron microscope (JEOL; JSM-6010LA) with a
silicon drift detector.

B RESULTS AND DISCUSSION

To investigate the optoelectronic properties of graded-MAPbI;
films, films with different thicknesses (100, 400, and 750 nm)
were deposited on quartz substrates by co-evaporation of Pbl,
and MAI according to the procedure previously de-
scribed.'”'”** The pristine graded MAPbI, films are denoted
hereafter as “untreated” films, while the graded MAPDI; films
which underwent a post-deposition spin-coating treatment
with an IPA solution containing KAc and MAI (MAI + KAc)"
are denoted as “treated”. Absorbance spectra of all MAPbI,
films are shown in Figure S1 in the Supporting Information.
Spectra of treated MAPDI, films are comparable to those of the
pristine films. In the inset of Figure S1, the wavelength-
dependent absorption spectra determined from the reflection
and transmission spectra (Figure S2) are reported. For all
samples, absorption coefficients close to 10° cm™ at 500 nm
have been found, similar to previously reported values for
MAPbI,.*°

Figure 1 shows normalized XRD patterns obtained with Co
Ka X-radiation for the MAPDI; films of different thicknesses
made by co-evaporation. The XRD measurements were
performed in the Bragg—Brentano configuration. For all
films, the two main characteristic peaks of the cubic perovskite
phase located at 16.6 and 33.3°”' indicate the good
crystallization of MAPDI; with a highly preferred orientation.
On increasing the thickness, the peak at 14.8° attributed to
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Figure 1. Normalized XRD patterns (Co Ka X-radiation) for
untreated and treated co-evaporated MAPbI; films with thicknesses of
100 (a), 400 (b), and 750 nm (c). The dashed vertical line indicates
the diffraction peak position of excess Pbl,.

Pbl, is visible in the 400 nm film (Figure 1b) and becomes
even more pronounced in the 750 nm MAPbI; film (Figure
1c), implying that excess Pbl, is far more present in the thicker
samples.”” On the other hand, in untreated and treated
MAPDbI,; films with an identical thickness, the amount of excess
Pbl, just slightly varies. It is worth noting that the
compositional information of various MAPbI; thin films at
different depths was measured previously using grazing
incidence XRD, with incident angles varying from 0.5 to
10°."” These XRD patterns indicated that excess Pbl, gradually
decreases going from the top surfaces to the bottom in both
thick MAPDI; films. This is in agreement with the low Pbl,
content found in the present 100 nm thick films.

In general, MAPDI; films reside at room temperature in the
tetragonal phase, which is thermodynamically the most
favorable phase.’” In dry atmospheres, it is also possible that
MAPDbI; adopts a cubic crystal structure at room temperature
using deposition by co-evaporation.”> The absence of the
(211) peak for these graded MAPbI; films prepared by co-
evaporation and deposited on quartz substrates suggests that
these MAPbI; films might have also a cubic phase (see Figure
S3). To obtain more structural information, XRD patterns
were measured by varying the temperature stepwise between
25 and 85 °C (Figure S4). Figure S4ab shows the (200)
diffraction peak of the 750 nm MAPDI; film, which shifts
toward lower angles upon heating due to the thermal
expansion of the lattice.”” The (200) peak is asymmetric,
with a minor contribution at lower angles (see Figure S4c),
indicating the presence of some tetragonal phase. On
increasing the temperature, the latter contribution becomes
even smaller, which might be related to the tetragonal-to-cubic
conversion. This indicates that the cubic phase coexists with
the tetragonal phase in the 750 nm co-evaporated MAPDI;

7051

films on quartz at room temperature. We speculate that the
excess Pbl, in combination with the quartz substrate might
hamper the complete conversion to the tetragonal phase. Such
phase retention of MAPDI, films on quartz substrates has been
reported previously.**

To examine the morphology and grain size in the MAPbI;
films with thickness and treatment, SEM was performed, and
top-view images are shown in Figure SS. In agreement with
previous reports on MAPDI; films prepared by co-evapo-
ration, > ~'7192%* 41l MAPDI, films consist of relatively small
crystalline domains (~100 nm), forming a uniform and
compact film. In a previous work,'” we have already shown
that the combined MAI and KAc treatment effectively
improved the film morphology as proved by the reduced
presence of pin-holes and the increased grain sizes for 750 nm
films, and here, we show that this result is consistent for all
three thicknesses investigated.

To obtain compositional information of the MAPbI; thin
films, we performed a depth profile analysis using XPS. In
Figure 2, the depth profiles of the atomic I/Pb ratio are shown

Thickness (nm)

100 nm

202122232425
I/Pb atomic ratio

Quartz

Figure 2. XPS depth profile (a). The atomic percentage ratio of I
(iodine) and Pb (lead) is displayed as a function of thickness for
various MAPbI; films. For 100 nm MAPbI; films, two black dots
represent the average I/Pb atomic ratio of the entire 100 nm film. For
the thicker MAPbI; films, the curves show the trends of the I/Pb
atomic ratio evolving with the thickness during the growth of
MAPDI;. Note: due to the effects of surface adsorbents at the surface
including, for example, oxygen, the first measurement before etching
has been excluded for all films. The schematic diagram of MAPbI,
films deposited on quartz with the corresponding thicknesses (b).

for all films. The detailed atomic percentage plots of all
elements in MAPDI; films are provided in the Supporting
Information, Figure S6. For the 100 nm thick film, we used the
average ratio in the center of the MAPbI; film yielding ratios of
2.42 and 2.32 for the untreated and treated films, respectively.

For both thicker films, two regimes in I/Pb ratio can be
discerned. In the first 200 nm next to the quartz substrate, the
I/Pb ratio reduces from about 2.4 to 2.1, implying that the
MALI deficiency rises with increasing film thickness. Above 200
nm, the I/Pb ratio remains fairly constant, yielding a rather
homogeneous, thick top film. Ratios below 3 indicate an MAI
deficiency; however, the obtained I/Pb ratio might, to some
extent, diverge from the actual ratio due to inaccuracies in the
detection and analysis. Nevertheless, trends in the I/Pb atomic
ratios within a single sample as well as differences in the I/Pb
atomic ratios between various samples can still be compared
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and analyzed. In addition, trends in the I/Pb atomic ratios are
consistent with XPS results previously reported, showing that
I/Pb ratios at the top surface reduced from 2.7 + 0.3 for the
100 nm MAPDI; film to 2.2 + 0.3 for the 750 nm MAPbI,
film."”

To confirm the elemental compositions of the MAPDI, films,
we performed additional EDS. In Figure S7, the average atomic
ratios of I/Pb in the entire film of 400 and 750 nm are shown
to be 2.8 and 2.5, respectively. Although these values are higher
than those found by XPS, the trend is similar. Moreover, the
XPS and EDS results are in line with the conclusions from
XRD showing an excess of Pbl, for the 400 and 750 nm films.

As expected, the trend of the I/Pb ratio followed the
background pressure during the deposition,'” which is
dominated by the partial pressure of MAL®® Hence, a
reduction in the vacuum pressure leads to a decrease of the
deposition rate of MAI, which thus results in the increasing
MAI deficiency in the top part of the thick MAPbI; films.

As previously reported, an MAI deficiency or an excess of
Pbl, can lead to n-type doping of the MAPbI; film.***5~°
With increasing MAI deficiencies, the film becomes more n-
type-doped, that is, the Fermi level increases as shown also
from the ultraviolet photoelectron spectroscopy data in our
previous paper.'” Hence, we conclude that the initial part close
to the substrate is less n-doped than the top part. To
understand how this affects the charge carrier dynamics, we put
forward a simplified band structure diagram as provided in
Scheme 1 consisting of two n-type semiconductors but with

Scheme 1. Simplified Band Diagram of a Co-evaporated
MAPbDI; Film with a Gradient Composition Assuming the
Top Part Is More Heavily n-Type Doped Than the Bottom
Part”

Quartz !

-—
Electric field

“On Fermi level alignment, a depletion film with an internal electric
field is formed. Hence, on optical excitation, excess holes and
electrons are separated by the internal electric field independent of the
excitation side. G, represents the photogeneration of charge carriers;
k, depicts the second-order recombination rate.

different Fermi energy levels. In equilibrium, an internal
electric field is formed, forcing the excess electrons to drift
toward the top part, while holes drift toward the bottom
region. This hypothesis implies that light-induced excess
carriers will be rapidly separated by drift independent from
the optical excitation side, resulting in longer charge carrier
lifetimes in the thick MAPbI; films.

To further verify our hypothesis regarding the band diagram,
we carried out TRMC experiments. Note that using this
approach, we can probe excess carriers as long as they are
mobile. Figure 3 shows the photoconductance traces (AG)
normalized by the number of absorbed photons as a function
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Figure 3. TRMC traces for untreated (a) and treated (b) films with
the thickness of 100, 400, and 750 nm recorded on excitation at 500
nm with incident light intensities corresponding to initial charge
carrier densities of 10" cm™ and normalized for the amount
absorbed photons. In (c), the half lifetime (left axis) and mobility
(right axis) extracted from TRMC traces as a function of thickness for
both untreated and treated MAPDI; films are shown.

of time. The initial increase of the signal originates from the
generation of free charge carriers, while the decay is attributed
to the immobilization of excess charge carriers via trapping or
the recombination of electrons and holes. With increasing light
intensity, the decay kinetics become faster, which is due to
enhanced second-order electron—hole recombination (see
Figure S8). More importantly, on increasing the thickness of
the MAPDI; films, the lifetimes of mobile carriers become
substantially longer for both untreated (Figure 3a) and treated
films (Figure 3b). This is in line with the assumption that in
thick MAPDI; films, the internal electric field separates the
excess holes and electrons, suppressing recombination, leading
to longer charge carrier lifetimes. In addition, excitation at
longer wavelengths (see Figure S9), leading to a more
homogeneous excitation profile within the thick perovskite
layers (see Figure S11), yields similar decay kinetics, which is
in agreement with our model. The decay kinetics are only
slightly slower than those displayed by time-resolved photo-
luminescence (TRPL) (see Figure S10 and ref 19). While
TRPL is only sensitive to radiative band-to-band recombina-
tion, TRMC probes carriers in the bands, providing a
complementary picture of the charge carrier dynamics in
perovskites, as also previously observed in a lateral perovskite
homojunction.”” For both untreated and treated films, the
signal heights which are corrected for the number of absorbed
photons are almost independent of the film thickness, meaning
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that the yield and mobility for the different thicknesses are very
comparable.

Figure 3c shows a 20% increase in the maximum signal
height on post treatment. Given the low exciton binding
energy of approximately 15 meV of MAPbI,,*" we can assume
that the free charge carrier generation yield, ¢, is close to unity
at room temperature for MAPbI;. Therefore, we conclude that
the summation of electron and hole mobilities, Zy, increases
from ~8.5 to 11.2 cm* V™! s7! for the untreated and treated
MAPDI,, respectively. This increase in effective mobility can be
related to the expanded crystal domain size, as previously
shown in spin-coated films,"” induced here by the KAc + MAI
treatment.

To further study the large difference in charge carrier
lifetimes, we measured the photoconductance using either
front- or back-side excitation at a wavelength of 300 nm
(Figure 4a). Since the penetration depth at 300 nm is less than
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Figure 4. Schematic representation of laser illumination from the
backside (Q; quartz) and front side (a). Intensity-normalized TRMC
traces for (b,c) 100, (d,e) 400, and (f,g) 750 nm evaporated MAPbI,
films recorded on excitation at 300 nm for front (brick red solid lines)
and back (dark red dashed lines) excitation at an incident intensity of
around 2 X 10° photons/cm?/pulse. Left and right panels are for
untreated and treated MAPDI;, respectively.

100 nm (see Figure S11), we can selectively excite the top
(using the front side) or bottom part (using the back side) of
the MAPDbI, film. Previously, TRMC traces recorded with front
and back illumination showed at very short timescales of tens
of nanoseconds a variation in rise time, which was linked to the
presence of excess Pbl, at the top surface for the 400 and 750
nm films."” In Figure 4b—g, the intensity-normalized photo-
conductance traces of MAPDbI; films recorded on excitation
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from both sides on 100 times’ longer timescales are shown. For
the 100 nm film (Figure 4b,c), the front- and back-side TRMC
traces do not reveal appreciable differences in the charge
carrier dynamics. This is consistent because identical regions
are probed regardless of the illumination side. Interestingly,
also for both thick films, overlapping TRMC traces are found
for excitation from the front- and back-sides (Figure 4d—g).
The negligible differences in the charge carrier lifetime in the
bottom and top parts imply that in both cases, the internal
electric field effectively separates the excess carriers. This
means electrons are effectively pulled toward the top part,
while holes drift toward the substrate side. By comparing
Figure 4d with 4e and 4f with 4g, we conclude that the
untreated and treated films with an identical thickness show
comparable trends. This implies that it is not the post-
treatment but the actual growth in film thickness during the
co-evaporation deposition process that is responsible for the
elongation of charge carrier lifetimes. The gradual composition
as discussed above is in line with these observations. In
addition, we can rule out that the MAPDI; region facing the
quartz surface is of a lower quality.

B CONCLUSIONS

In this work, the structural and optoelectronic properties of co-
evaporated MAPbI; films with compositional gradients with
and without potassium acetate treatment are investigated. XPS
depth analysis shows that the I/Pb atomic ratio decreases with
depth, indicating MAI deficiencies become more prominent
with thicker films, resulting in differently n-doped regions. We
suggest that on equilibration of the Fermi levels in these
differently n-doped regimes, a depletion film is formed. To
investigate how the band diagram affects the optoelectronic
properties, TRMC was used, showing a consistent elongation
of the charge carrier lifetimes with increasing thickness. This
can be explained by the drift of excess carriers induced by the
internal electric field, leading to physical separation and
preventing rapid recombination. TRMC results on selective
excitation at 300 nm prove that charge transport of holes and
electrons to the top and bottom parts of the film, respectively,
occurs equally well. There is no sign that the quality of the
initially formed film is inferior to the top part in terms of
mobility or trap state density. In addition, we observed an
increase of the electron and hole mobilities by 20% when
introducing the MAI + KAc treatment, which can be related to
the enlarged grain size of treated MAPDI;. The results from
this work provide valuable insights into the optoelectronic
properties of MAPDI; films with a graded composition.fl
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