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Introduction

Elucidating the role of the hole-extracting
electrode on the stability and efficiency of
inverted CsSnlz/Cgo perovskite photovoltaicst

K. P. Marshall,® M. Walker,? R. I. Walton @2 and R. A. Hatton (2 *2

The correlation between the stability of thin films of black (B)-y CsSnls perovskite in ambient air and the choice
of supporting substrate is examined for the substrates: (i) soda-lime glass; (ii) indium tin oxide (ITO) glass; (iii)
copper iodide (solution processed)/ITO glass; (iv) poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDQT:PSS)/ITO glass; (v) and an optically thin (8 nm) gold film electrode. The performance of (ii)—(v) as
the hole-extracting electrode in inverted photovoltaic (PV) devices with a simple bilayer architecture is
compared for a test condition of 1 sun continuous solar illumination in air. CsSnls film stability is shown to
depend strongly on the density of pinholes and grain boundaries, although not on the preferred CsSnls
crystallite orientation. Solution processed Cul is shown to be unsuitable as a hole-transport layer (HTL) for
inverted CsSnls PV devices because it is almost completely displaced by the CsSnls precursor solution
during the spin coating process, and its large ionisation potential is poorly matched to the valence band
edge of CsSnls. Devices using an ITO (or Au) hole-extracting electrode with no HTL are found to be more
stable than those using the archetypal HTL; PEDOT:PSS. Spectroscopic analysis of the CsSnls layer
recovered from PV devices after 24 hours testing in ambient air (with no device encapsulation) shows that
=11% of the CsSnls film thickness is oxidised to Cs,Snlg due to air ingress, which shows that the
deterioration in device efficiency under continuous illumination does not primarily result from a reduction
in the light absorption capability of the perovskite film due to CsSnls oxidation. Additionally it is shown that
SnCl, added during CsSnls film preparation reduces the extent of p-type self-doping of the perovskite film
and serves as an n-type dopant for the adjacent evaporated Cgq electron transport layer.

their lower band gaps than lead analogues (typically 1.3-1.4 eV),
which are ideal for single junction PVs, very low exciton binding

Lead halide perovskites have been intensively researched for
use in photovoltaics (PVs) since 2009," and have already ach-
ieved a certified power conversion efficiency (n) of 22.1%, which
is approaching that of conventional silicon PVs.> However, the
possibility of Pb contamination of the environment as a result
of failure of the device encapsulants and/or improper disposal
at the end of life is a serious concern for commercial exploita-
tion because Pb is known to have high toxicity and can accu-
mulate in the food chain.*® This problem is particularly acute
for Pb perovskites because they decompose in the presence of
moisture to form water soluble toxic lead compounds such as
Pbl, and PbCO;.”® Consequently there is a need to identify
perovskite semiconductors suitable for PVs that use lower
toxicity replacements for Pb. Tin halide perovskites are one
such possibility, and are also particularly attractive because of
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energies (<20 meV) and very large charge carrier mobilities
(1-100 em® V' s7") which collectively bode very well for the
possibility of achieving a # comparable to that of Pb perov-
skites.>*> However, Sn perovskites have not been widely
researched because of the instability of Sn in the 2+ oxidation
state, which is easily converted to the 4+ state in the presence of
moisture and oxygen.”>'* Additionally, Sn halide perovskites are
susceptible to the formation of a high density of Sn vacancy
defects which can severely limit the device fill factor (FF) and
open-circuit voltage (Voc).">**

One approach to minimising tin vacancy density in Sn
perovskites is to synthesise the perovskite in a Sn-rich envi-
ronment,">***¢ although for device applications consideration
must also be given to the fate of the compound supplying the
excess Sn once the perovskite has formed, since the two
components inevitably form a complex two-phase film.*>*"'* We
have recently shown that SnCl, is particularly effective as
a source of excess Sn when synthesising CsSnl; perovskite, and
is pushed to the surface of the CsSnlI; crystallites where it serves
the additional role of doping the adjacent phenyl-Ce,-butyric
acid methyl ester (PCBM) when the perovskite film is integrated

This journal is © The Royal Society of Chemistry 2017
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into an inverted device architecture."”” Importantly SnCl, does
not significantly increase the toxicity of the material system;
indeed it is used an antioxidant in food, known as E512 in
Europe.*®

The stability of lead perovskite PVs is known to depend
strongly dependent on the choice of materials used for the
extraction of holes from the perovskite layer, particularly in
inverted device architectures, where it not only ensures optimal
interfacial energy level alignment for selective extraction of
holes but is also a key determinant of perovskite film structure
and morphology.”*** Herein we report the results of a study
focused on how the stability of inverted CsSnI; PV devices with
the structure: hole-extracting window electrode|CsSnI;:SnCl,-
|Coo|bathocuproine (BCP)|Al depends on the choice of hole-
extracting substrate. The hole-extracting electrode materials
compared are: (i) ITO coated glass, because it is the most widely
used transparent electrode and is sufficiently smooth to be used
in simple bilayer perovskite PV device architecture without an
additional layer to smooth the electrode surface. This system
serves as the benchmark against which the others are
compared; (ii) ITO/copper iodide (Cul), because Cul has
recently been used for both Pb**** and Sn* based PPVs, and is
reported to be a very stable hole-transport layer (HTL) for Pb
perovskite PV applications;*™* (iii) ITO/poly(3,4-ethylenedioxy-
thiophene):poly(styrenesulfonate) (PEDOT:PSS), because it is
the most widely used HTL used in inverted Pb perovskite PV
research®**® and, due to the very high doping level PEDOT:PSS
can be regarded as a synthetic metal; (iv) an optically thin (8§ nm
thick) Au electrode supported on glass fabricated using the
molecular adhesive layer method,* because Au is widely used in
perovskite PV research due to its high stability and, in the
context of this study, serves as a chemically stable and struc-
turally well-defined***® model electrode. To date the stability of
Sn PVs towards complex conditions (i.e. constant 1 sun illumi-
nation, moisture, elevated temperature) have been sparsely re-
ported,'**** and to our knowledge this is the first report
comparing the stability of inverted Sn perovskite PV with the
choice of hole-extracting electrode/HTL.

Experimental
B-y CsSnl; film deposition

In a dry nitrogen filled glove box (<1 ppm H,0 and O,), Snl,, CsI
and SnCl, were added to a vial in a 1:1 : 0.1 ratio. Anhydrous
N,N-dimethylformamide (DMF) was added to make the solution
up to 8 wt% by total mass of solids, and left overnight to allow
the material to dissolve. One drop of solution was cast onto
a substrate spinning at 4000 rpm, and allowed to spin for
60 seconds to form CsSnl;:SnCl, films with an intense dark
red/brown colour. The films formed while spinning as the
solvent evaporates.

Photovoltaic device fabrication

ITO coated glass slides were cleaned by immersing in acetone
and placing in an ultrasonic bath for 10 minutes. This process
was repeated using high purity water containing a few drops of
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Decon 90 surfactant, then with water only and finally iso-
propanol. The slides were then suspended in boiling acetone
vapour for 10 seconds and dried in a flow of nitrogen, before
UV/O; treatment for 15 minutes using a 185/254 nm light
source, before being transferred into the glovebox for device
fabrication.

Cul was spin cast from 50 mg ml~* di-n-propylsulfide solu-
tions at 2000 rpm, and left in the glovebox for 30 minutes to dry.
CsSnl; was spin cast at 4000 rpm from 8 wt% DMF solution.

Ceo Was deposited by thermal evaporation at ~500 °C at
a rate of 0.5 to 1 A s™* to a thickness of 40 nm. Bathocuproine
(BCP) was thermally evaporated at ~140 °C at a rate of
~0.5 A s7* to a thickness of 6 nm. Al was evaporated at a rate of
1 A s7* to a thickness of 50 nm.

8 nm Au electrode fabrication

Au films with a thickness of 8 nm were fabricated on glass
substrates using the procedure previously reported by our
group.” In brief, glass microscope slides were cleaned and
exposed to vapour of 3-aminopropyltrimethoxysilane and
3-mercaptopropyltrimethoxysilane in a desiccator at 40 mbar.
The Au films were UV/O; treated for 15 minutes immediately
prior to CsSnl; deposition.

X-ray diffraction (XRD)

XRD was performed on thin films of CsSnl; prepared from
8 wt% (total solids) DMF solution deposited onto a substrate
spinning at 4000 rpm for 60 s. Scans were recorded under a flow
of nitrogen using a Cu Ka,, source in 6-6 mode on a Bruker D8
Advance powder diffractometer equipped with an Anton-Paar
HTK900 gas chamber. The measured XRD patterns were cor-
rected for height offset (due to the height of the glass substrate)
by calibrating the 26 scale with reference to the expected peak
positions for pure B-y CsSnl;. Simulated diffraction patterns
were calculated using the program, Mercury 3.5.1 (ref. 35) using
crystallographic information files from the Inorganic Crystal
Structure Database (ICSD).

Photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) and ultra-violet photo-
electron spectroscopy (UPS) were performed on samples sup-
ported on Au coated glass using a Kratos AXIS Ultra DLD at
a base pressure of 5 x 10~'" mbar. Samples were loaded into
the spectrometer using an air tight sample transfer arm that
enables transfer from the glovebox to the spectrometer without
exposure to air. Au electrodes were UV/O; treated for 15 minutes
before sample deposition to achieve compact perovskite films.
For XPS analysis the sample was excited with X-rays from
a monochromated Al Ko source (hv = 1486.7 eV), with the
photoelectrons being detected at a 90° take-off angle. Peak
fitting was performed using the CasaXPS package,*® incorpo-
rating Voigt (mixed Gaussian-Lorentzian) line shapes and
a Shirley background. UPS was performed in the same vacuum
system as for XPS using a 21.22 eV He 1« light source.
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Electronic absorption spectroscopy

Ultraviolet/visible/near-infrared spectra were measured for
optically thin films of CsSnI; on glass or ITO glass substrates.

Optical field and electronic absorption simulations

The Essential Macleod V 9.7 (ref. 34) software simulation
package was used for simulating light intensity in devices.

Contact potential measurement

Work function measurements were performed using a Kelvin
probe referenced to freshly cleaved highly oriented pyrolytic
graphite in a nitrogen-filled glovebox co-located with the spin
coater and thermal evaporator.

Atomic force microscopy (AFM)

AFM was performed on a Veeco Multimode using films on glass
substrates. Analysis was performed using the program WSxM
4.0

Scanning electron microscopy (SEM)

SEM imaging was performed using a Zeiss SUPRA 55VP field
emission gun SEM and crystallite size analysis was performed
using the Image]*® program.

Results & discussion
B-y CsSnl; film structure and stability on different substrates

The perovskite B-y CsSnl; is known to degrade in ambient air in
a two-stage process; firstly into the one dimensional yellow
phase of CsSnl; (Y-CsSnl;) with the same chemical composition
upon reaction with moisture and then into the zero-
dimensional Sn(wv) salt Cs,Snls upon reaction with oxygen®***’
the latter of which has an absorption coefficient across the
visible spectrum ~10x smaller than that of B-y CsSnI;."
Exploiting the large reduction in absorption strength upon
oxidation to Cs,Snlg, the evolution of the absorption spectrum
of thin films of CsSnI; supported on the different substrates was
used to follow the oxidation of CsSnI; films in air: Fig. 1(a)—(c).

It is evident from Fig. 1 that the stability of CsSnl;:SnCl,
films decreases in the order ITO glass > glass = Cul/ITO glass >
PEDOT:PSS/ITO glass > Au. Whilst glass is not useful as an
electrode it is a simple transparent reference substrate against
which the optical properties of the perovskite film on the other
more complex substrates can be compared. The spectrum of
CsSnI;:SnCl, on ITO includes a broad local minimum at
~400 nm that is not a feature of CsSnI; films on all of the other
substrates; Fig. 1(a) and (b) and ESI Fig. S1(a)-(c),7 although
optical modelling reveals that this feature results from an
optical interference effect (Fig. S2t) rather than from a differ-
ence in electronic structure.

The stability of CsSnlI;:SnCl, films supported on different
HTL/electrodes towards air-oxidation is inevitably a complex
function of: (i) the intrinsic stability of the perovskite film
(which strongly dependents on its morphology, including the
crystallite size and orientation); (ii) the density of pinholes and
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Fig. 1 Evolution of electronic absorption spectrum of CsSnlz +
10 mol% SnCl, films deposited on ITO glass (a) and PEDOT:PSS (b)
when exposed to ambient air (RH = 38%). Fig. 1(c) shows the evolution
of absorbance at a wavelength of 500 nm for CsSnls:SnCl; films on
ITO, ITO:Cul, ITO:PEDOT:PSS, Au and glass. In all cases the CsSnls
solution concentration was 8 wt% which resulted in a film thickness of
~50 nm. In each case the background has been subtracted.

fissures in the film which determines the surface area of film
exposed to the environment, and therefore its susceptibility to
oxidation; (iii) the intrinsic stability of the underlying substrate
material(s) towards oxidation in air; (iv) and the intrinsic
stability of the interfaces between the films, and the relative
importance (i)-(iv) is not easily disentangled. It is however
evident from Fig. 1 and 2 that for perovskite films on ITO glass,
glass, Cul and PEDOT:PSS the decrease in perovskite film
stability correlates with a decrease in the perovskite coverage of
the underlying substrate: excluding the perovskite film on Au,
the film on ITO glass is the most compact with a significant
number density of pin-holes with diameter 15-25 nm. On Cul
the perovskite film has a high density of elongated fissures
along grain boundaries, while on the PEDOT:PSS substrate the
perovskite film is non-uniform with some regions being densely
packed with a pinhole density and pin-hole size comparable to
that on ITO glass (Fig. 2(e)), and others have a high density of
large fissures (Fig. 2(d)). The decrease in stability with reduced
perovskite coverage of the underlying substrate can be ration-
alised in terms of the greater surface area of the perovskite film
presented to the oxidising environment. The stability of the
underlying substrate towards ambient air may also play a role
given that PEDOT:PSS is known to be hygroscopic® and the first
stage of CsSnl; film oxidation (i.e. conversion of B-y CsSnl; to
Y-CsSnl;) results from the interaction with water.'” The stability

This journal is © The Royal Society of Chemistry 2017
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Fig.2 SEMimages of CsSnlz + 10 mol% SnCl, deposited on top of (a) glass, (b) ITO, (c) Cul, (d) PEDOT:PSS (low coverage section), (e) PEDOT:PSS

(high coverage area), (f) Au. The scale bar (b)-(f) is equal to 1 pm.

of CsSnl;:SnCl, film on Au does not follow this trend because it
is the least stable towards air-oxidation whilst also has the most
compact and uniform film morphology with a relatively low
density of very small (13-17 nm) pinholes. Given that the Au
electrode is stable in ambient air,” the poor stability of the
CsSnl;:SnCl, film on Au most likely stems from instability in the
perovskite film itself. Close inspection of the SEM images in
Fig. 2(b) and (f) reveals that CsSnI;:SnCl, films on Au have the
smallest and most uniform crystallite sizes; ~2200 nm?® vs.
~4900 nm* on ITO glass, and so it is likely that the higher
density of grain boundaries enables more rapid water and
oxygen penetration into the film, giving rise to increased
instability despite the high film coverage of the underlying
substrate, as previously been reported for lead halide perov-
skites.*® Collectively these observations show that the stability
of CsSnl; films towards air oxidation depends not only on the
density of microscopic pin-holes and fissures but also on the
density of grain boundaries between CsSnl; crystallites, with
highest stability offered by perovskite films that are compact
and comprise larger crystallites.

X-ray diffraction (XRD) was used to confirm that the B-y
phase of CsSnl; is formed, and to investigate the possibility that
the stability of the perovskite films depends on the orientation
of the crystallites making up the film, since different crystal
faces would be expected to have different reactivity towards
water and oxygen, due to the different arrangement and density
of atoms presented to the atmosphere (Fig. 3).

The XRD patterns shown in Fig. 3 confirm the presence of
only B-y CsSnl; on all substrates, and indicate that there is
a preferred orientation for crystallites on Cul and Au, because
the intensity of the reflection at ~29° (202 and 040) is greatly
increased as compared to that at ~25° (220 and 022). However,
the large differences in preferred crystallite orientation do not
correlate with film stability towards oxidation in air, since films

This journal is © The Royal Society of Chemistry 2017

on Cul and Au have very similar preferred orientation, but very
different stability in air (Fig. 1(c)).

Solution processed Cul has been reported to be an effective
as a HTL in lead perovskite PV prepared using DMF as the
solvent for perovskite deposition.**** However, whilst the SEM
image in Fig. 2(c) shows that CsSnl; films on Cul have high
coverage of the underlying substrate, the XRD pattern; Fig. S4,1
shows complete disappearance of the intense Cul (111) peak
when a CsSnl; film is deposited on top of a Cul film by spin
coating, indicating the ~40 nm Cul film is dissolved and dis-
placed by the CsSnl; solution during the spin coating process.
This conclusion is supported by the absorption spectrum of the
perovskite film deposited on Cul; Fig. S5, which shows only
a small perturbation of shape of the CsSnl;:SnCl, spectrum at
wavelengths below ~350 nm, which corresponds to the onset of
strong absorption in Cul. Additionally, cross-sectional AFM
image analysis of scored Cul/CsSnl;:SnCl, films; Fig. S6,1 shows

Au

Cul

| A\ )\ ——PEDOT: PSS

——Glass
A NN, .

20 25 30 35 40 45
26 (%)

Intensity (a.u.)

Fig. 3 XRD patterns of films of CsSnls + 10 mol% SnCl, on ITO, Au,
Cul, PEDOT:PSS and glass substrates and simulated. Also shown is the
simulated B-y CsSnls spectrum (bottom). Asterisks (*) indicate
reflections associated with the ITO background (Fig. S37).
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that the measured thickness of the film is 35-40 nm, which is
only half the combined thickness of separate Cul and perovskite
overlayer. Energy-dispersive X-ray analysis of the films (Fig. S7
and Table S1}) also show that Cu is barely detectable in
Cul/CsSnl;:SnCl, films supported on ITO glass, whilst the
indium signal from the underlying ITO substrate is very intense.
AFM imaging and electronic absorption spectroscopy of Cul
films before and after spin casting DMF, Fig. S8(a-c),T reveal
that Cul films are partially soluble in DMF, which would be
expected to give rise to a complex interpenetrating interface
between the Cul and perovskite overlayer, with a significant
amount of Cul remaining at the interface between the ITO glass
and the perovskite film. However, the weight of experimental
evidence is consistent with almost complete displacement of
the ~40 nm Cul film to form a perovskite film with comparable
crystallinity and film coverage to that achieved on ITO glass
without Cu, which is unexpected given the very rapid speed of
the perovskite film formation during spin coating process. It is
known that Cul is soluble in concentrated aqueous solutions of
iodide ion,** and so it is plausible that in this case the iodide
concentration in the DMF solution used to prepare the perov-
skite films is sufficiently high to make the solution a very
powerful solvent for Cul, which together with the tendency of
CsSnl; to crystallize very rapidly from DMF** results in the near
complete displacement of the Cul film, rendering Cul unsuit-
able a HTL in inverted CsSnl; PV devices.

Photovoltaic device studies

Stability studies under 1 sun continuous illumination in
ambient air without device encapsulation were performed on
PV devices identical in every respect, except in the choice of
hole-extracting electrode and/or HTL, as schematically
illustrated in Fig. 4(a).

Ingress of ambient air into a PV device is inevitable even with
encapsulation (given sufficient time) and so testing in air under
constant illumination is a test condition of practical relevance.
However, the degradation mechanisms under such complex
conditions are inevitably multi-faceted, with a number of
parallel mechanisms operating over different time scales.** For
this reason the device structure used to investigate the corre-
lation between device stability and the choice of hole-extracting
substrate is based on a simple discrete layer architecture.

It is evident from Fig. 3 and 5 that there is no strong correla-
tion between the preferred crystallite orientation and device
stability towards oxidation, since the rate of reduction in absolute
efficiency of devices using Au and ITO electrodes is similar, even
though a preferred crystallite orientation is much more evident
for CsSnl; films on Au. Consequently, whilst crystallite orienta-
tion may play some role in determining CsSnl; film stability
towards air-oxidation, it is much less important than the role of
pinholes and grain boundaries between crystallites. For the
champion device using ITO only the hole-extracting electrode the
efficiency degrades to 70% of its initial value only after ~20 hours
which is comparable to the highest reported for unencapsulated
Sn perovskite based PV devices tested under constant illumina-
tion in ambient air.'”'®31-334
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Fig.4 (a) Schematic diagram of the model device architecture used in
this study, including CsSnls with pinholes. (b) SEM image of the surface
morphology Cgo deposited by vacuum evaporation onto a ~50 nm
thick CsSnls film supported on ITO glass. The root-mean-square
surface roughness (SR) (measured using atomic force microscopy) is
given on the image.

The primary reason for the deterioration in the power
conversion efficiency of devices using ITO (only) and Au as the
hole extracting electrode over the first 24 hours testing in air is
the ~50% loss in short circuit current density (Js.), which
almost certainly results from several parallel processes some of
which will be unrelated to the perovskite layer. For example, it is
known that exposure of Cq, to ambient air deteriorates its
conductivity due to doping by H,O and O,, which trap elec-
trons.*>*¢ BCP is also known to crystallise when exposed to air
(a process that will be accelerated by the elevated temperature
under the solar simulator; ~50 °C) forming electron trap states
at the interface between crystallites.*” Air ingress into the device
through pin holes in the Al electrode is also known to result in
the formation of an insulating Al,O; layer at the in BCP/Al
interface.”*® Any of these processes could give rise to the
observed increase in device series resistance, which is evident
from the decrease in gradient of the J-V characteristic where it
crosses the voltage axis: Fig. S9(a)—(c).T

Assuming the efficiency of hole-extraction across the buried
interface between the ITO (or Au) electrode and perovskite
remains unchanged, any reduction in the efficiency of electron
extraction to the external circuit as a result of any of the afore-
mentioned degradation processes would be expected to
increase recombination losses in the perovskite layer, offering
a plausible explanation for the observed decline in Jg.>
However, air ingress into the device would also be expected
result in oxidation of the CsSnl; to form Cs,Snlg,"” resulting in
two additional mechanisms for J;. degradation: (i) Cs,Snl, is
a semiconductor with an absorption coefficient across the
visible spectrum ~10x smaller than that of B-y CsSnl;, and so
the transformation of CsSnl; into Cs,Snl; would reduce the
light harvesting capability of the device, thereby reducing Jg; (ii)
the work function and energy of the valence band edge of
Cs,Snlg (prepared by air oxidation of CsSnl;) measured using
ultra-violet photo-electron spectroscopy (UPS) as part of this

This journal is © The Royal Society of Chemistry 2017
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with the structure shown in Fig. 4(a) and without device encapsulation,

tested in ambient air (humidity of ~25%) under constant 1 sun simulated solar illumination. After 45 minutes the device temperature had stabilised
at ~50 °C. The devices tested were identical in every respect except for the choice of hole-extracting electrode/HTL: ITO (a & b), PEDOT:PSS (a),

Cul (a), or Au (b) substrates. The performance of devices using ITO only, t
ESI Fig. 10.%

study with special care to remove adsorbed water and carbon
contaminants; Fig. S11,f are 5.1 eV and 5.83 eV below the
vacuum level, respectively. Given that the band gap of Cs,Snl,
has been reported to be ~1.3 eV (ref. 11 and **) and ~1.6 eV,*
the conduction band edge in Cs,Snl, is estimated to be in the
range 4.2-4.5 eV below the vacuum level (Fig. 6). Whilst both of
these limits are well below the energy of the conduction band
edge in CsSnl;; 3.6 €V, and the lowest unoccupied molecular
orbital energy of Cgp; 4.0 eV,>* at the real interface between
CsSnl; and Cs,Snlg electron transfer from the CsSnl; into
Cs,Snls would be expected to occur, driven by the differences in
Fermi level energy, which would reduce the barrier to electron

This journal is © The Royal Society of Chemistry 2017

ested in a nitrogen atmosphere (<1 ppm O, <1 ppm H,0) is given in the

transport across this interface possibly to <0.1 eV. There is also
a large degree of uncertainty as to the extent of charge transfer
at the Cs,Snls/Ceo interface, which will depend on the local
SnCl, doping level in the Cqo layer. Consequently it is not
possible to know with a high degree of accuracy the extent to
which the formation of Cs,SnI; at the interface between CsSnl;
and Cgo would impede the flow of electrons to the external
circuit, giving rise to an increase in device series resistance.
However, it can be concluded that Cs,SnI, formed at the CsSnI;/
Ceo interface due to air ingress into the device would serve as
reservoir of trapped electrons occupying energy states with
energies in the band gap of the CsSnl;, the presence of which
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Fig. 6 (a) Schematic energy level diagram summarizing the energy of
the valence band (VB) edge with respect to the vacuum level (VL), the
work function (¢) and Fermi level (E;) (dotted line) for each material
used in this study. (b) UPS spectrum of CsSnls and CsSnls:SnCl, at VB
band edge. The small signal above E; (i.e. Eg — ¢ > 0 eV) results from
~1% of the incident UV photons from the UV lamp having energy
>21.22 eV. (c) Energy level diagram depicting the Schottky contact
between the CsSnlz:SnCl, and the ITO electrode.

would be expected to erode Ji. due to increased recombination
loses.

To determine the extent of formation of Cs,Snl, in an actual
devices, devices with a cell area of ~74 mm? were fabricated and
tested under continuous 1 sun simulated illumination for
24 hours: Fig. S12.1 The evolution of V., FF and J,. of these
larger cell area devices is very similar to that for much smaller
area (6 mm?) devices shown in Fig. 5, and is discussed in detail
in the next part of this paper. Following device stability testing
the Cqo, BCP and Al layers were removed by peeling off the Al
electrode followed by repeated washing with chlorobenzene,
and the absorption spectrum of the remaining CsSnl; measured
to determine the extent of film oxidation: Fig. S13(a).f Most
strikingly, the rate of degradation of light absorption by the
perovskite film after 24 hours testing is much slower than the
rate of degradation in J,.: after 24 hours J. has decreased by
~75% (~50% in 6 mm? devices) whilst the absorption intensity
(@500 nm) is reduced only by 0-11% over the same time period
(Fig. S121). Quantification of the reduction in absorption
intensity with a higher degree of certainty is not possible
because the variation in absorbance for CsSnl; films prepared
in the same way is comparable to the reduction in absorbance
intensity for films in devices after 24 hours testing; Fig. S13(b).t
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High resolution XPS analysis of the perovskite film following
removal of the Cgo, BCP and Al layers after 24 hours continuous
illumination testing gives the thickness of the Cs,Snlg layer to
be ~3% (or ~1.5 nm): Fig. S14.1f Whilst there is uncertainty
associated with this value, due to the presence of a small but
significant Cl 2p peak in the XPS spectrum (Fig. S14 lowert)
which indicates the presence of residual SnCl,, it is well
within the range determined from the electron absorption
spectroscopy. This finding indicates that the large deterioration
in Js. — which is the primary reason for the degradation in device
efficiency - does not primarily result from a reduction in the
light absorption capability of the perovskite film due to oxida-
tion of the CsSnl; layer. Indeed, for a tin perovskite PV, such
a low level of perovskite oxidation after 24 hours continuous
illumination in air without encapsulation is remarkable.

The most striking conclusion from a comparison of the
device performance (Fig. 5) is that devices with an ITO or Au
electrode without a HTL have superior stability to those using
the archetypal HTL layer PEDOT:PSS. The high stability of
devices using the Au electrode is also counter to that expected
on the basis that the CsSnlj; film stability measurements (Fig. 1).
To rationalise the latter, it is necessary to take into account not
only the intrinsic stability of each semiconductor layer making
up the device but also their combined morphology, since the
morphology and uniformity of the Al top electrode is strongly
dependant on that of the underlying materials. Since the Al
electrode is the primary barrier to the ingress of water and
oxygen in these devices,*>** any fine gaps or pinholes in the Al
electrode resulting from the high surface roughness of the
semiconductor layers onto which it is deposited will have
a major adverse effect on device stability.***” In this work all of
the organic semiconductor layers are thermally evaporated to
guarantee a high degree of control and reproducibility film
thickness. However, unlike solution processed organic semi-
conductors, evaporated organic semiconductor layers tend to
have a morphology very similar to that of the substrate onto
which they are deposited, and so the pinholes in the
CsSnlI3:SnCl, film are also present in the Cg, over layer
(Fig. S151). Consequently, organic semiconductor films vacuum
deposited onto a very uniform and compact perovskite film,
such as that formed on Au (Fig. 2(f)), can be expected to have
a reduced number of defects in the C4y, BCP and Al layers that
may allow H,O and O, ingress into the device.

The simplest explanation for the inferior device stability
using PEDOT:PSS/ITO glass electrode is that the low surface
coverage in many areas (Fig. 2(d)) and its well-known hygro-
scopic properties.*® The latter is particularly problematic for
CsSnl; because it is known to degrade in the presence of water
to form Y-CsSnl;, or Cs,Snlg when oxygen is also present.”*?
However, it is also notable that the rate of degradation in effi-
ciency is much more pronounced than on ITO because the FF
and V,. do not initially improve, as is observed to be the case for
devices using ITO without a PEDOT:PSS layer. The initial
improvement in these parameters for devices using ITO without
a HTL occurs over several hours under constant illumination
and is similar to that previously reported to occur after a period
of extended storage in a nitrogen filled glovebox for devices

This journal is © The Royal Society of Chemistry 2017
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using PCe;BM in place of evaporated Cg,."” The latter was shown
to result from n-type doping of the PC4,BM by the SnCl,, which
results in the formation of a Schottky barrier to parasitic elec-
tron extraction by the ITO electrode at the site of small pinholes
in the perovskite film."” Direct evidence for an n-type doping
interaction between evaporated Cg, and SnCl, is provided by
high resolution X-ray photo-electron spectroscopy (Fig. S16 and
S177), which shows that the binding energies of the Cl 2p
electrons in SnCl, incorporated into a Cgo film are 198.8-
199.1 eV (2ps/,) and 200.5-200.8 eV (2py,,), which are ~0.6 eV
higher than that of SnCl,; 198.2 eV and 199.8 eV respectively."”
This large chemical shift to higher binding energy is consistent
with partial electron transfer from the SnCl, into the Cg,
similar to that reported to occur between SnCl, and PCBM." It
is reasonable to expect that diffusion of SnCl, into Cg, is
accelerated by the heating under the solar simulator lamp, since
after 45 minutes exposure to one sun simulated solar illumi-
nation the devices stabilise at a temperature of ~50 °C, and so
Ceo at the site of pin-holes in the CsSnl; film takes time to
become optimally doped with SnCl,.

The dark current-voltage characteristics of the same devices
before and after five hours continuous illumination plotted on
a log-linear scale (Fig. S18t) validate the conclusion that
a barrier to parasitic electron extraction forms at the ITO elec-
trode, since the dark current in reverse bias is dramatically
reduced. Within the framework of this model the lack of
improvement in V,. and FF for devices using PEDOT:PSS can be
understood in terms of the very large size of the holes in
CsSnl;:SnCl, layer on PEDOT:PSS (Fig. 1(d)), because the SnCl,
concentration in the Cgo at the site of these large holes is
unlikely to be as high as at the site of the much smaller pinholes
in the CsSnl;:SnCl, layer on ITO (Fig. 1(b)) where SnCl, on the
side walls of the CsSnI; crystallites will also be a significant
source of SnCl,. Conversely, the absence of any improvement in
Voc and FF for devices using an Au hole-extracting electrode can
be explained by the very compact, almost pin-hole free
morphology of the perovskite film on Au (Fig. 2(f)), which
means that the aforementioned mechanism of improvement in
FF and V,. would not be operative.

Cul has been proposed as an attractive alternative to
PEDOT:PSS for lead perovskite PV devices due to its wide band
gap, and ease with which it can be solution processed to form
thin films and high stability.>**® However, it is evidence from
Fig. 6 that devices using Cul as the HTL are in fact very unstable,
exhibiting a rapid deterioration in FF and J;. when tested under
continuous illumination. This instability is attributed to the
previously discussed disordered nature and very low thickness
of the Cul layer at the ITO/perovskite interface after perovskite
deposition. Measurement of the work function and energy of
the valence band edge with respect the vacuum level (Fig. S19 &
207), schematically shown in Fig. 6, reveals that whilst the
valence band in CsSnI; should be closely aligned with the
valence band in Cul once thermodynamic equilibrium is
established, holes could become trapped in the potential well at
the interface between them, which would be expected to reduce
Jsc by reducing the built-in electric field. However, the Ji. is in
fact comparable to that using ITO with no HTL, which is

This journal is © The Royal Society of Chemistry 2017
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consistent with the finding that the Cul layer is almost
completely displaced by the perovskite film during CsSnl; film
deposition.

Analysis of the valence band edge region in the UPS spec-
trum (Fig. 5(b)) shows that the difference in energy between the
Fermi level (E¢) and the valence band in CsSnl; is increased by
~0.4 eV when CsSnl; is synthesised in the presence of 10 mol%
SnCl,. This large shift away from the valence band confirms that
SnCl, serves to reduce the density of Sn vacancy defects, which
are known to be the primary source of background carrier
density in CsSnl;.* It can be surmised from Fig. 6 that there
should be no barrier to the extraction of photo-generated holes
using ITO, Au or ITO| PEDOT:PSS since the work function (¢) of
CsSnlI;:SnCl, is smaller than all of the hole-extraction
electrodes/HTL materials investigated, and the valence band
edge in CsSnl;:SnCl, is lower in energy than the Fermi level in
ITO, Au or PEDOT:PSS/ITO. Consequently, the energetics upon
contact formation should facilitate hole-extraction, as sche-
matically illustrated in Fig. 6(c). Notably, however, devices using
ITO|PEDOT:PSS initially exhibit approximately half the J. of
those using ITO only. Optical modelling of the optical field
distribution in the PEDOT:PSS shows that this large difference
in /i cannot be attribute to a difference in light intensity in the
CsSnl; layer, which is comparable for devices with and without
PEDOT:PSS (Fig. S21(a) and (b)t). The difference in Js. can
however be explained in terms of the difference in the ¢ of the
PEDOT:PSS and ITO glass, because the former is ~0.1 eV
smaller than that of ITO. Whilst the absolute magnitude of this
difference it relatively small, it is significant compared to the
difference in energy between the Ef in CsSnl;:SnCl, and the
hole-extracting electrode Ef (0.35-0.45 eV), which would result
in a narrower depletion region in the CsSnl; when using
PEDOT:PSS as the electrode. It is over the depletion region that
photo-generated electrons and holes are most efficiently sepa-
rated in a perovskite PV device,* and so reducing the width of
the depletion region would be expected to reduce J,. - as is
observed to be the case. This rationale also offers a plausible
explanation for the low J,. in devices using an optically thin Au
electrode, which have a J;. only one third of that achieved using
an ITO electrode, even though the far-field transparency of the
Au electrode is approximately two thirds that of ITO glass.”
Again, optical modelling confirms that the low j;. cannot be
explained in terms of the lower transparency of the Au electrode
alone: Fig. S21(a) and (c).t However, the ¢ of the Au electrode is
significantly smaller than that of ITO or PEDOT:PSS electrode,
which would further reduce the depletion width, and thus the
perovskite thickness over which photo-generated charge
carriers are efficiency separated.

Conclusions

The key findings of this study are:

(1) Using five different types of substrate we have shown that
the stability of thin films of B-y CsSnlI; perovskite towards
oxidation in air depends strongly not only on the density of
microscopic pinholes and fissures, but also on the density of
grain boundaries between CsSnl; crystallites, with best stability
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offered by films that are compact and comprise of larger crys-
tallites. X-ray diffraction measurements performed on perov-
skite films prepared in the same way as for PV devices, show
that the stability of CsSnl; films towards oxidation in air is not
strongly dependent on preferred orientation of the CsSnl;
crystallites.

(2) We have shown that Cul is unsuitable as the HTL in
CsSnl; inverted PV when using DMF as the solvent, because it is
almost completely displaced by the CsSnl; precursor solution
during the spin coating process and its large ionisation poten-
tial is poorly matched to the valence band edge of CsSnls. It is
likely that a similar problem will arise if DMF is substituted with
an alternative polar solvent.

(3) 1t is shown that unencapsulated PV devices based on an
inverted bilayer device architecture using ITO or semi-
transparent Au, as the hole-extracting electrode without a HTL
are more stable than those using the archetypal hole-extraction
material PEDOT:PSS when tested under 1 sun constant simu-
lated illumination in ambient air. This difference is attributed
to the inferior film forming properties of CsSnl; on PEDOT:PSS
combined with its well-known hygroscopic nature. Whilst
chemical modification of PEDOT:PSS to rectify the problem of
film uniformity may be possible, the hygroscopic nature is
a particular problem for CsSnl; based PVs because H,O in
known to initiate oxidation of CsSnl;, and so hygroscopic
materials immediately adjacent to CsSnl; should be avoided.

(4) PV devices using ITO only as the hole-extracting electrode
exhibit the highest stability, with 30% reduction in efficiency
only after ~20 hours testing in air for the champion device,
which is very high for an unencapsulated tin perovskite PV
device test in air. However, devices using a model semi-
transparent 8 nm gold window electrode also exhibit good
stability, which indicates that this simplification in device
structure could be generalised to other stable hole-extracting
electrodes.

(5) The reason for the deterioration in devices using ITO, Au
and PEDOT:PSS with time is primarily degradation in J.
However, analysis of the composition of the upper surface of the
CsSnl; layer recovered from devices tested in ambient air for 24
hours without device encapsulation, reveals that =11% of the
CsSnl; film has oxidised to Cs,Snls. Consequently, the deteri-
oration in device efficiency over this time frame does not
primarily result from a reduction in the light absorption capa-
bility of the perovskite film due to oxidation of the CsSnI; layer.

(6) Finally, the results of the photoelectron spectroscopy
study has shown (for the first time) that when CsSnl; is syn-
thesised in the presence of SnCl, as a source of excess Sn the
work function of the perovskite is reduced from ~4.85 eV to
~4.45 eV, which is consistent with a reduction in the density of
Sn vacancy defects in the perovskite. Notably, this reduction in
work function ensures that the work function of CsSnl; is
smaller than most hole-extracting electrode materials used in
perovskite and organic PV research, and so in most instances
a Schottky contact will be formed that would operate to selec-
tively block the unwanted extraction of electrons. This,
combined with the added complexity in fabrication and
potential for additional degradation pathways that comes with
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the inclusion of a HTL into the device architecture, brings into
question the rationale for the inclusion of HTL in this type of
device.
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