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Depletion and Interface Enrichment
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We have used hard X-ray photoelectron spectroscopy (HAXPES) at different photon energies and
fluorescence yield X-ray absorption spectroscopy (FY-XAS) to non-destructively investigate
CH;3NH3Pbl;,Cly perovskite thin films on compact TiO,. This combination of spectroscopic techniques
allows the variation of information depth from the perovskite layer surface to the top-most part of the
underlying compact TiO, layer. We have taken advantage of this to understand the distribution of
chlorine throughout the perovskite/TiO, layer stack. No Cl is detected using HAXPES, indicating surface
depletion of Cl and allowing us to place an upper limit on the amount of CI in the perovskite layer: x <
0.07 and x < 0.40 to depths of ~10 nm and ~26 nm, respectively, beneath the perovskite film surface.
Our FY-XAS results, however, demonstrate that there is a higher average concentration of Cl throughout
the perovskite layer than at the surface (x > 0.40) consistent with both enhanced concentrations of Cl
deep beneath the perovskite film surface and near the CHsNH3Pbls,Cl, perovskite/TiO, interface. The
consequences of this distribution of Cl in the CH3NH3Pbls,Cl, perovskite layer on device performance

are discussed.

Introduction

The most common technology currently used to directly convert
sunlight into electricity is crystalline silicon-based (c-Si) solar
cells.*? Recently, a decline in the cost of c-Si-based solar cells has
allowed solar energy to economically compete with fossil fuels for
electricity generation in some parts of the world.> Whether the
current cost of c-Si solar cells or rate of cost decrease is sustainable,
however, remains an open question. This has led to increased
research and development efforts in alternative solar cell
technologies that may lead to further cost reductions or efficiency
enhancement and the concomitant wider adoption of solar energy
production.

Thin-film solar cell technologies promise to maintain or
even increase the rate of cost reduction of solar cell production.
Among the emerging thin-film solar cell technologies, solution
processed, organic-inorganic perovskite thin film-based solar cells
have recently demonstrated dramatic increases in power conversion
efficiency with values reaching 20.1 % within a few years.>®’ Such
cells portend to combine low-cost, solution-based production with
high efficiency.® To date, high efficiencies have been reported for
devices with methyl ammonium organometallic halide perovskites
absorber layers, in particular CH3NH;Pbl; and CH3NH3Pbl,Cly,. A
variety of deposition methods have been used to produce the
perovskite layers, and numerous device configurations have been
used.®*®*2 In this paper we focus on understanding the chemical
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composition of CH3;NH4Pbl;,Cl, absorber layers and, in particular,
the distribution of Cl throughout the layer.

The performance of CH3;NHsPbls,Cl, based solar cells
strongly depends on processing parameters.*!* Interestingly,
spectroscopic studies of CH3NHsPbl;,Cly layers indicate that the
layers are deficient in, if not completely devoid of, CI.1>¢ Yet the
solar cell devices that use CHsNH3Pbls,Cl, absorber layers have
demonstrated superior charge mobility and lifetimes compared to
solar cells made with Cl-free, CH3;NH3Pbl; absorber layers or other
mixed lead halide-based perovskite absorber layers implying that ClI
plays a key role in efficiency enhancement.'>"*® Recently Edri et al.
highlighted the high efficiency with which electrons are transferred
across the CH3NH4Pbly,Cl, perovskite/TiO, interface’® and
elucidated the charge carrier separation and working mechanism for
CH;3NH3Pbl5, Cl, based solar cells, describing it as characteristic of
a p-i-n solar cell. You et al. have reported a weak n-type or intrinsic
behaviour for a CH3NH;Pbl4,Cly layer in a
glass/I TO/PEDOT:PSS/CH3NH;Pbl,.CL/PCBM/AI structure®®
whereas Etgar et al. reported p-type behavior for a CH3NH3Pbl;
perovskite layer.!! These combined results imply that the p-i-n
behaviour suggested by Edri'® may arise from CI concentration
gradients within the perovskite layer. Surface photovoltage
measurements by the Cahen group indicated that the CH3;NHsPbls.
«CLJ/TiO, interface is the dominant interface for photovoltage
generation, and that the observed surface photovoltage was a result
of changes in band-bending within the absorber layer.? Roiati et al.
recently demonstrated the existence of oriented permanent dipoles at
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the CH3NH3Pbls,Cl/TiO, interface and hypothesized that the
perovskite layer is highly ordered near the CHsNH3Pbls,Cl/TiO,
interface.?! Recent theoretical calculations by Mosconi et al. showed
that the presence of Cl at the perovskite/TiO, interface leads to an
increased binding strength of the perovskite film to the TiO,
surface.?? In turn, this leads to stronger interfacial coupling between
the titanium d- and lead p-bands that aids electron injection,
increases electron accumulation at the interface, and causes a slight
shift in the TiO, conduction band to higher energies.?> Experimental
evidence for the presence of Cl at the perovskite/TiO, interface in
ultra-thin perovskite films (a few nm thick) was recently obtained
and supported by DFT calculations.® The DFT calculations
predicted a chloride-induced band bending at the perovskite/TiO,
interface that may improve the efficiency of charge collection.?®
Whether this holds true for film thicknesses approaching those used
in a device remains unclear. These studies all highlight how the
unique properties of CH3;NHsPbls,Cl, absorber layers and the
interface it forms with TiO, influence device performance. Some
uncertainty remains, however, as to the distribution of Cl within the
perovskite layer, if it is present at all, and what role it plays in device
performance.

We have conducted X-ray spectroscopic measurements
with a variety of information depths to determine the distribution of
Cl in CH3NH3PblsCl, perovskite absorber layers deposited on
compact TiO,. Specifically we have used hard X-ray photoelectron
spectroscopy (HAXPES) at different photon energies and
fluorescence yield X-ray absorption spectroscopy (FY-XAS) to
interrogate the chemical composition of the CHs;NH;Pbls,Cl,
perovskite layer from its surface, into its bulk, and through the
perovskite layer to the interface formed between the CH;NH3Pbls.
«Cly perovskite and underlying TiO,. The advantage of using these
spectroscopic techniques for depth dependent chemical information
over other frequently used techniques (e.g., energy-dispersive X-ray
spectroscopy (EDX) and sputtering) is their non-destructive nature
which guarantees that the measurement has not modified the
chemical composition of the perovskite film. Our results indicate
that the surface region is devoid of CI, within the sensitivity of the
employed spectroscopic methods, and that a higher concentration of
Cl is present in the deeper half of the perovskite film (i.e., nearer the
perovskite/TiO, interface than the surface) and perhaps at the
CH3NH3Pbl;,Cly perovskite/TiO, interface. The consequences of
this distribution of Cl within the CH3NH;Pbl,Cl, perovskite layer
on device performance are discussed.

Experimental

Hard X-ray photoelectron spectroscopy

Hard X-ray photoelectron spectroscopy (HAXPES) experiments
were conducted at the HiKE end-station on the KMC-1 beamline of
the BESSY-II electron storage ring.2* 2® This end-station is equipped
with a Scienta R4000 electron energy analyzer capable of measuring
photoelectron kinetic energies up to 10 keV. A pass energy of 200
eV was used for all measurements. Spectra were recorded with
photon energies set to nominal values of 2003 eV and 6009 eV using
the first and third diffraction order from a Si(111) double crystal
monochromator. Photon energy calibrations using the Au 4f;;, peak
and the Au Fermi edge consistently show that the true photon energy
is within a few eV of the set energy. Below, we simply use 2 and 6
keV to denote the spectra measured with these two photon energies.
The combined analyzer plus beamline resolution is better than 0.25
eV for spectra taken at both 2 and 6 keV. The top surface of the
sample was grounded for all measurements. The binding energy was
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calibrated by measuring the 4f spectrum of a grounded Au foil and
setting the Au 4f;, binding energy equal to 84.00 eV.

X-ray Absorption Spectroscopy

Cl K-edge fluorescence yield X-ray absorption spectroscopy (FY-
XAS) measurements were conducted at the HIKE end-station on the
KMC-1 beamline at the BESSY-II electron storage ring using a
Bruker XFlash® 4010 silicon drift detector with beryllium window
to detect the fluorescence photons. The incident photon energy was
scanned from 2814.4 eV to 2844.4 eV (see below for incident
photon energy calibration) and CI K, fluorescence (at 2618 eV) was
detected. To eliminate the detection of elastically scattered photons
we collect a relatively narrow photon energy window (approximately
133 eV wide) around 2618 eV when detecting the fluorescence
photons. This width is nearly equal to the detector resolution which
is estimated to be 132 eV for Mn K, fluorescence at 5899 eV
(Bruker AXS GmbH, Karlsruhe, Germany). The initial photon
energy for FY-XAS spectra was calibrated by measuring the kinetic
energy of photoelectrons emitted from the Au 4f level of a grounded
Au-foil using the first and third diffraction order of the designated
initial photon energy. The difference in kinetic energy of the
photoelectrons from the Au 4f levels using the first and third
diffraction order is equal to twice the photon energy. The photon
energy initially set to 2815 eV was calibrated to be 2814.4 eV. This
—0.6 eV was used as an offset for the photon energy over the entire
spectrum. The X-rays were incident on the sample at an angle of
3.7° from the plane of the sample surface, i.e., grazing incidence.
The detection angle was about 45°. The X-rays were horizontally
polarized and therefore the polarization vector was nearly normal to
the sample surface. The FY-XAS signal was divided by the current
measured from an ionization chamber filled with N, gas through
which the incident beam passed, l,, which is proportional to the
incident photon beam intensity. The spectra were further normalized
using the edge jump method.?

Sample Preparation

To prepare compact layers of TiO, a solution of titanium
isopropoxide in ethanol was used. A few drops of diluted
hydrochloric acid were added to the precursor solution to make it
more stable. The solution was then spin-coated at 2000 rpm for 60 s,
dried at 150°C and annealed at 500°C for 45 min.

The solution used for drop-casting the perovskite layer for
the annealing experiments was prepared following well established
synthesis methods.® 1 27 A solution composed of a 3:1 mixture of
CH;3NH;l:PbCl, in DMF was drop-cast onto a compact TiO, layer
on FTO/glass. Following drop-casting the sample was allowed to dry
for approximately five minutes before being introduced into the
load-lock chamber of the HIKE end-station. Once inside the load-
lock chamber the pressure was rapidly pumped down to below 10
mbar, at which pressure we assume that all the DMF had evaporated.
After further evacuation of the load-lock chamber to below 10
mbar, the sample was transferred into the chamber used for the
HAXPES measurements.

The 60 nm (nominal) thick perovskite layer on compact
TiO, sample was prepared at the University of Oxford by spin-
coating the CH;NH3Pbl,,Cl, precursor solution at 2000 rpm in a
nitrogen filled glovebox for 45 seconds. After spin-coating, the films
were left to dry at room temperature in the glovebox for 30 minutes,
to allow slow evaporation of the solvent. They were then annealed to
crystallize the perovskite in the glovebox at 90°C for 2.5 hours and
then heated to 120°C for 15 minutes. These samples were transferred
from the University of Oxford to the BESSY-II synchrotron facility
under inert gas. The samples were briefly exposed to air (< 5 min.)
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upon introduction into the load-lock chamber of the HIiKE end-
station. Samples prepared using the same procedure have shown that
the perovskite layer coverage is approximately 75 % for 50 nm thick
films and approximately 83% for 100 nm thick films.®® 100 %
coverage is difficult to achieve with these films. SEM images further
revealed that the incomplete coverage is due to small pores in the
otherwise flat film.™

Results and Discussion

Figure 1 shows Cl 2p HAXPES spectra taken with a photon energy
of 2 keV of a CH3NH;l + PbCl, film (3:1 molar ratio) drop-cast on a
compact TiO, layer before and after heating in ultra-high vacuum
(UHV) to 140 °C. The initially deposited, unannealed film shows a
strong CI 2p signal indicative of Cl in the surface region of the film.
The binding energy of the Cl 2p3, peak is 197.6 eV and is consistent
with the CI 2ps, binding energies observed for metal chlorides.?® We
estimate that spectra taken with photon energies of 2 keV have an

hv =2 keV
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Figure 1: Cl 2p spectra taken with a photon energy of 2 keV of a3 : 1
mole ratio, CH;NH,I : PbCl,, solution in DMF, drop-cast onto a
compact TiO, layer and dried in UHV; at room temperature before
heating (bottom). after heating to 140 °C (top).

information depth of approximately 10 nm (cf. S.I1.). The CI 2p
spectrum in Figure 1 shows that, after annealing the sample, the
concentration of Cl in the top 10 nm of the perovskite film has
drastically decreased to a level where it can no longer be detected.
We estimate that the concentration ratio of Cl to | in the surface
region must be less than approximately 0.024 (cf. S.I.), notably
lower than the CI : | concentration ratio of the initial solution (0.66).
We also note that in-situ monitoring of the Cl 2p signal during
annealing indicates that the CI concentration in the surface region of
the film begins to decrease at relatively low temperatures and has
already fallen below the detection limit by temperatures of about 50
°C (cf. S.1.).

As to what happens to the ClI, there are a few possibilities.
Since our measurements are conducted under UHV conditions it is
possible that Cl desorbs from the film and is pumped away as Clx(g)

This journal is © The Royal Society of Chemistry 2012
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or CH3NH3CI(g) during annealing of the perovskite film thereby
depleting the surface region of the film of CI.° Note that this may
also occur when annealing perovskite films in air or in inert
atmospheres, since Cl, is a gas at ambient conditions. The rate of Cl
depletion will depend on the rates of diffusion of Cl through the
perovskite layer and Cl, or CH3NH3CI formation and desorption.
Such a process would likely be very sensitive to annealing
conditions, including both temperature and time. Another possibility
is that as the film is annealed and the perovskite structure is formed
the CI diffuses more deeply into the bulk of the film (i.e., towards
the CH3NH;Pbl,ClL/TiO, interface) thereby depleting the surface
region of Cl and increasing the Cl concentration deeper within the
film. It is also possible that a combination of these mechanisms
occurs, i.e., some Cl is lost to the gas phase and some diffuses
deeper into the film as the perovskite layer is formed.

To determine if Cl is located deeper in the film we have
conducted photoelectron spectroscopy with multiple photon energies
of a 60 nm thick perovskite film deposited on a compact TiO, layer.
The photon energies used were 2 keV and 6 keV. The use of higher
photon energies increases the inelastic mean free path (IMFP) of the
photoelectrons emitted from a specific core level and therefore
increases the information depth of the measurement. We estimate
that the information depths for spectra taken with 2 and 6 keV are
approximately 10 nm and 26 nm respectively (cf. S.I.). Figure 2
shows the CI 2p and I 4s region of the 60 nm thick perovskite film
taken with these two photon energies. Again, neither spectrum
shows the presence of Cl. Due to a change in the relative
photoionization cross-sections of the Cl 2p and | 4s levels the
minimum amount of detectable CI relative to | is higher (CI : | <
0.15, cf. S.1.) for 6 keV excitation than the value for 2 keV excitation
(Cl : 1 < 0.024). Considering the chemical formula for the
perovskite, CH3NH3Pbl3.,Cl,, the concentration ratio of ClI : I is
equal to x/(3-x). Using our maximum possible values of the CI : |
ratio we can estimate a maximum possible value of x from the data
taken at the two photon energies. This value is 0.07 for the 2 keV
spectra and 0.40 for the 6 keV spectra. Combining this with our
estimated information depth and assuming a homogeneous

Cl 2p, 1 4s
Expected BE A
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Figure 2: Cl 2p and I 4s spectra taken with a photon energies of 2 keV
(black) and 6 keV (red) of a 60 nm thick CH;NH,Pbl, Cl, film on
compact TiO,. Note the absence of any detectable Cl in both spectra.
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distribution of Cl to this depth we find that x < 0.07 up to 10 nm
deep into the perovskite film and x < 0.40 up to 26 nm deep into the
perovskite film. Note again that the difference in the upper limit for
X at the two different depths is due to differences in the detection
limit of CI at the two different photon energies (caused by different
photoionization cross sections) as discussed above and does not
confirm or exclude the possibility of a Cl concentration gradient,
with a Cl concentration below the detection limit, throughout the
near-surface region of the perovskite film.

The information depth of photon-in / photon-out
spectroscopic techniques, such as fluorescence vyield X-ray
absorption spectroscopy (FY - XAS), is determined by the
attenuation length of the photons through the material of interest.*
The attenuation lengths of soft X-ray photons are typically much
larger than the IMFPs of the photoelectrons of XPS and HAXPES in
most materials. We have taken advantage of the increased
information depth of FY-XAS compared to HAXPES in an attempt
to detect Cl throughout the entire 60 nm thick perovskite film. In our
experiments the angle between the detector and the sample surface
(~45°) is much larger than the angle between the incident X-rays and
the sample surface (3.7°), and so the information depth for the FY-
XAS spectra is determined by the depth of penetration of the
incident photons beneath the sample surface. We have calculated
that the information depth for our FY-XAS measurements is
approximately 100 nm (cf. S.1.).3' Therefore, in our FY-XAS
measurements, we are approximately sampling the entire 60 nm
thick perovskite film and the top 40 nm portion of the compact TiO,
layer underneath.

Figure 3 shows ClI K-edge FY-XAS spectra for the 60 nm
CH3NH3Pbl 3., Cly perovskite film on top of a compact TiO, layer
(blue) and of a compact TiO, layer without any perovskite film
(green). In both cases we observe Cl K-absorption in the spectra
however the shapes of the two spectra differ. The Cl K-edge
spectrum of the perovskite/TiO, sample is composed of three broad
features located at ~ 2824.7 eV, 2827.4 eV, and 2832.3 eV, whereas
the Cl K-edge spectrum of the TiO, without the perovskite layer is
dominated by two peaks located at ~ 2824.1 eV and ~ 2832.5 eV and
a broad lower intensity shoulder between these two peaks located at
~ 2829.2 eV. The differences in the two spectra shown in Figure 3
reflect the fact that most of the CI observed in the perovskite/TiO,
sample has different local bonding than the CI in the compact TiO,
layer.?® The spectra in Figure 3 provide direct evidence for the
presence of Cl deep within the perovskite film. The Cl K-absorption
observed in the spectrum of the bare TiO, film is likely due to
residual Cl from the solution used to deposit the TiO, film (cf.
Experimental section). Further, comparing the FY-XAS spectrum of
the perovskite/TiO, sample to previously published FY-XAS spectra
of PbCl,, indicates that the local bonding of the CI observed in the
perovskite/TiO, sample also differs from that found in PbCl,.%2 The
FY-XAS measurements are bulk sensitive and probe the entire
thickness of the perovskite film and, as a result, we attribute the
CH3NH;Pbl 3., CL/TiO, CI-K edge spectrum (Figure 3, blue) to Cl
deep within the perovskite layer. Since the Cl K edge FY-XAS
measurements indicate that x > 0.40 on average throughout the
perovskite film (cf. S. 1.) and our HAXPES measurements indicate
that x < 0.40 in the top 26 nm of the film, there must be an enhanced
concentration of Cl within the bottom half of the perovskite film
(i.e., nearer the perovskite/TiO, interface than the surface) or at the
CH3NH3Pbl 3., CL/TiO, interface. We cannot entirely exclude that
the Cl in the TiO, layer (green) also contributes a small amount to
the spectrum of the CH3NH3Pbls.,CL/TiO, sample, but it is
apparent that its overall shape differs considerably. We are currently
conducting more detailed experiments to understand the local
bonding of the CI deep within the perovskite layer.
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Figure 3: C1 K edge FY-XAS spectra of a 60 nm thick CH,NH,Pbl, .Cl_
layer on compact TiO, (blue) and the compact TiO, layer without a
CH,NH,Pbl; ,Cl, layer on top (green). Note the distinctively different
shapes of the two spectra.

We note that we could not unambiguously detect the
presence of Cl in the perovskite layer with Cl K edge FY-XAS in all
CH3NH3Pbl 5., CL/TiO, samples that we have analysed. The
variation in interfacial Cl content from sample to sample likely
indicates that it is very sensitive to processing conditions, in
particular annealing temperature and time. However, the combined
observations of CI deep in the CH3NH3Pbl.,Cly film or at the
CH3NH3Pbl 5., ClL/TiO, interface and lack of Cl in the surface or
near-surface region for most samples point to an increased stability
of the Cl in the bottom half of CH3NH;Pbl5.,Cl, layers on compact
TiO, compared to the surface and near-surface regions. Since Cl
plays a beneficial role in CH3NH3Pbl.,Cly — based solar cell
devices,***"8 optimizing the processing conditions for maximum
benefit from this CI distribution is likely key to further enhance
device efficiency and achieve device performance consistency.

To summarize, our results indicate that the concentration
of Cl is higher (x > 0.40) in the bottom half of the perovskite film or
in the proximity of the perovskite/TiO, interface than in the top half
of the perovskite film. In addition, our HAXPES measurements
provide an upper limit to the amount of Cl present to certain depths
in the perovskite film: x < 0.07 up to 10 nm, and x < 0.40 up to 26
nm deep beneath the surface of the CH3NH3Pbl3.,Cly perovskite
layer and our FY-XAS measurements indicate x > 0.40 for depths
greater than 26 nm beneath the surface of the perovskite film. Note
however, that Cl may still be present at very low concentrations near
the surface and throughout the bulk of the perovskite layer. We now
discuss potential consequences of this distribution of ClI in the
perovskite layer.

The precise role of Cl in the perovskite layer remains
unclear, but understanding its location allows us to speculate about a
few possibilities. The presence of Cl deep within the perovskite layer
may affect both the structural and electronic properties of the
perovskite/TiO, interface. Surface science studies and ab initio
calculations of Cl adsorption on TiO,(110) indicate that Cl adsorbs

This journal is © The Royal Society of Chemistry 2012
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at both oxygen vacancy defects and regular Ti** sites on the surface
at room temperature with the oxygen vacancy defect sites being
more stable.®®*** These studies also indicated that at moderate
temperatures (initially starting at 120 °C) the CI can replace some of
the oxygen on the surface and reduce neighbouring Ti-sites from
Ti* to Ti®*. (Note that Cl only needs one electron to form a complete
shell, whereas oxygen needs two. The extra electron when CI
replaces O is left to reduce the neighbouring Ti**.) The presence of
Cl may lead to improved electronic properties of the
perovskite/TiO2 interface in multiple ways. The present study
suggests that if the ClI observed in the FY-XAS measurements is
located at the perovskite/TiO, interface this may quench oxygen
vacancy defect states that act as charge traps in the band gap of the
TiO, surface, and facilitate charge transfer across the interface.
Further, previous surface science studies also suggested that a
defect-mediated process may be responsible for the replacement of
oxygen in the TiO, surface by CI* In this mechanism, Ti
interstitials and oxygen vacancies migrate from the near-surface
region of the TiO, to the surface where they react with Cl. Such a
mechanism may be a driving force that causes Cl segregation to and
stabilization at the perovskite TiO, interface upon annealing the
perovskite film. This would also decrease the number of charge trap
states in the near-interface region of the TiO, at the perovskite/TiO,
interface and be consistent with the results of Mosconi et al. who
found higher electron injection efficiencies when Cl is present at the
interface.”? Cl located at the perovskite/TiO, interface may also
induce band bending and improve charge collection efficiency of the
electron-selective contact, TiO,.

In addition to enhancing the electronic properties of the
perovskite/TiO, interface region, the presence of Cl may provide a
better template for perovskite film growth leading to less disorder in
CH3NH3Pbl;,Cl, perovskite films compared to Cl-free CH3NH;Pbl;
films. Alluding to this are recent theoretical calculations by Mosconi
et al. showing that the presence of Cl at the perovskite/TiO, interface
increases the stability of [110] oriented films, the preferred
orientation for perovskite film growth on TiO,, leading to better film
crystallinity as a result of a templating-like mechanism.?? In turn, a
more highly ordered perovskite film may result in more favourable
electronic properties of the perovskite layer. A more defect-free
perovskite layer would likely provide a better layer for charge
transport than a highly defective layer.?! If this is the case, the
interfacial Cl induced crystallinity suggested by Mosconi et al.?2 may
help to explain the much longer electron and hole diffusion lengths
for mixed halide perovskite layers (CH3;NH3Pbl;,Cl,) compared to
tri-iodide perovskite layers (CH3NH3Pbl,).*"*® However, a similar
Cl-templating mechanism would also have to act at the CH3;NHsPbl;.
Cl/glass interface.” A Cl-templating mechanism would not play as
large a role in device structures using nano-structured TiO,, since
they do not require as long electron and hole diffusion lengths. This
may help to explain the observed efficiencies of devices made with
Cl-free, CH3NH;Pbl; absorber layers when combined with nano-
structured TiO,.1% Lastly, the much longer diffusion lengths in
CH;NH3Pbl;,Cly perovskite layers may also be explained by low
levels of ClI remaining throughout the perovskite layer (below the
detection levels of HAXPES) that act as a dopant and facilitate
charge transport.’®

Our results may also help to explain the p-i-n behavior of
CH3NH3Pbl.Cly solar cell layers suggested by Edri.'® Locations in
the layer of high CI concentration (i.e., deeper in the perovskite
layer, nearer the perovskite/TiO, interface as demonstrated here)
have n-type character,’® whereas those areas of little or no Cl (i.e.,
the surface and near-surface region of the perovskite layer in our
current study, or the perovskite/HTM (hole transport material)
interface in a device) have p-type character.! This may lead to p-i-n
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type behaviour in the film. We note however that more work is
required to understand the electronic consequences of the physical
location of the chlorine although rapid progress is being made in this
I,(:’,Spectl11,16,19722

Conclusion

HAXPES measurements using different photon energies have
demonstrated that the surface and near surface regions of a
CH;3NH3Pbl5,Cl, layer on compact TiO, are Cl depleted. The
detection limit of the HAXPES measurements allows us to put an
upper limit on the amount of Cl in the perovskite film as a function
of depth beneath the surface of the perovskite film. To depths of ~10
nm, x < 0.07 and to depths of ~26nm, x < 0.40 in the chemical
formula for the perovskite: CH3NH3Pbl,Cl,. Cl K-edge FY-XAS,
however, has revealed that, if present, the concentration of Cl is
enhanced deep in the perovskite film perhaps at or near the
CH3;NH;Pbl;,,CL/TiO, interface. The distribution of CI within the
perovskite layer is likely to be an important factor for understanding
and optimizing the function of CH3;NH;Pbl;,Cl, mixed-halide
perovskite based solar cells. Being able to control and manipulate
the CI distribution may provide a means to improve CH3zNH3zPbl;.
«Cly.based solar cell device performance through graded electronic
properties.
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Caption: X-ray spectroscopies have shown a higher chlorine concentration near the perovskite/TiO, interface
than throughout the rest of the perovskite film.
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Broader context:

Solution processed, thin-film solar cell technologies promise significant cost reductions for sunlight-to-electricity
conversion compared to crystalline silicon-wafer based technology. Thin-film organic-inorganic perovskite-based
devices have recently demonstrated dramatic increases in efficiency. Optimal performance for these devices has
been achieved with methyl ammonium lead halide absorbers using a mixture of chlorine and iodine. Despite typical
chlorine-to-iodine concentration ratios of 0.66 in the initial precursor solution, following deposition onto TiO, and
processing the perovskite films contain little or no chlorine. An important step towards understanding the apparent
beneficial effects of the chlorine is to know where the chlorine is located within the perovskite thin film. Using non-
destructive, X-ray spectroscopies to investigate the depth dependent chemical composition of chlorine and iodine
containing mixed halide perovskite films, we have observed a higher concentration of chlorine near the
perovskite/TiO, interface than in the rest of the thin film. With this information in hand, optimization of the Cl-
distribution in the perovskite layer via precisely controlled deposition and processing procedures may lead to
further improvement in device efficiencies.



