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contact of CH3NH3PbI3 perovskite solar cells†
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Organic–inorganic halide perovskite solar cells have attracted considerable interest due to their high

efficiency and low fabrication cost. Au and Ag are usually used as the back contact metals but have

limitations such as Au is too expensive and Ag is unstable. Here, Pt, Au, Ni, Cu, Cr and Ag were studied as

the back contact electrodes for perovskite solar cells. We looked at how the work function of metals can

affect their photovoltaic characteristics. The compositional and electrical characterizations were studied

using X-ray photoelectron spectroscopy (XPS) and electrochemical impedance spectroscopy (EIS). The

general trend observed was that the shunt resistance and open-circuit voltage of the devices decrease

with the decreasing work function of the contact metal. The EIS measurements indicated that the

internal resistance of the cell decreases when using spiro-OMeTAD in Au, Ag and Pt devices, whereas in

the case of Ni, Cu and Cr devices, the internal resistance of the interface increases, indicating that spiro-

OMeTAD is not a good HTM with these metal electrodes. Our results also showed that Cu and Ag were

not stable in these devices and that the performance of the Ag device degraded faster than that of the

Cu device. Efficiencies of 16.4%, 16.5%, 14.7%, 7.8%, 9.2% and 0.04% were obtained for the devices with

Au, Ag, Pt, Ni, Cu and Cr, respectively.
Introduction

Organic–inorganic halide perovskite solar cells (PSCs) have
attracted wide interest in the elds of solar cells1–6 and light-
emitting diodes (LED),7,8 due to the intrinsic characteristics of
perovskites with a high absorption coefficient (hence high light
harvesting ability),9 good charge carrier mobility10 (i.e. 20 cm2

V�1 s�1),11 large electron and hole diffusion length12–14 and career
lifetime.15 The perovskite absorber layer is usually formulated as
the Pb or Sn compounds CH3NH3Pb(Sn)X3, where X can be I,16,17

Cl,18 Br19–21 or a combination of them,22–25 and the corresponding
devices can be fabricated in different architectures, such as
planar hetero-junction (PHJ), sensitized or mesoscopic hetero-
junction (MHJ). Different formulations provide a tuneable
bandgap for colourful solar cells26 or various coloured LEDs.
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PSCs can be fabricated easily by solution-based methods27–31

with a high crystalline quality that results in highly efficient
solar cells that can attain a power conversion efficiency (PCE) of
21.1% (ref. 32) up to 22.1% (conrmed by NREL). Low-
temperature preparation methods27,33–35 have been reported for
the PHJ devices36 with a feasibility for making exible solar
cells.37–40 However, the high price of Au as a back contact and
also spiro-OMeTAD as an organic hole-transporting material
(HTM) is a barrier to the commercialization of PSCs.

There are reports on the instability of spiro-OMeTAD due to
the formation of voids.41 An alternative option is to omit the
HTM and to use a Au/perovskite structure, but this approach
gives inferior efficiencies.42,43 Replacing an organic hole-trans-
porter by inorganic materials, such as NiOx (ref. 2 and 44) or
NiO,45–49 copper-doped NiO,50 CuI, CuSCN48,51 or Cs2SnI6, may
improve the long-term stability. Similarly, in planar inverse
structures, TiO2 nanoparticles or nanotubes52 or ZnO2,53 can be
used to replace the organic electron-transporting material.

Au is conventionally used as the metal back contact. There
have been efforts to replace Au with low-cost carbon contacts, in
HTM-free54–57 PSCs or PSCs with NiO nanoparticles45,46 and
nanosheets58 as the HTM. Recently, efficiencies of about 14.9%
and 15% have been reported using ZrO2/NiO/carbon45 and
Al2O3/NiO/carbon46 structures; however, the efficiency is still
inferior to solar cells with a Au/spiro-OMeTAD structure.59

Another problem with this structure is that normally the carbon
composite layer with a porous structure cannot be exible.
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Cross-sectional SEM image of PSCs: (a) mesoporous TiO2 layer
deposited on the TiO2 compact layer, and filled by CH3NH3PbI3, (b)
perovskite over-layer, (c) spiro-OMeTAD thin film and (d) back contact
metal (here Ag). For some of the PSCs in this paper.

Fig. 2 Current-density–voltage curves of (a) HTM-free PSCs and (b)
PSCs with a spiro-OMeTAD HTM layer. For the HTM-free devices, the
current density is lower and the device performance is apparently
dependent on the metal contact. The addition of spiro-OMeTAD
weakens the effect of the metal contact, while improving the current
density and voltage. “Sp” represents spiro-OMeTAD.
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Other metals that are normally used in optoelectronic devices
are Pt, Ag, Ni, Cr and Cu. The prices of Pt, Ag, Ni, Cr and Cu in
2015 were 85.77, 1.36, 0.0278, 0.0057 and 0.0014% of the price
of Au (estimations are based on Quandl Financial and
Economic Data).

Another important factor in selecting the metal is the
chemical and photochemical stability. Ag is the second-most
used metal in PSCs.35,60–64 Ag metal is used in the form of a thin
layer,35,64,65 embedded mesh in the PET substrate covered by
a conductive polymer63 and in an alloy form as a substrate for
HTL or ETL. There are some reports66 and studies41,67 on the
degradation of Ag back contacts in PSCs. Recently, Kato et al.
showed that AgI can be produced by the reaction of Ag with
iodide ions that meet the Ag atoms by migration through the
hole-transporting layer.67

In the case of Au, nanoporous Au is also used as a substrate
for HTL,68 while Mo69 and Ni44,70,71 are also used as sub-layers for
HTL, while Al and Cu are used as sub-layers for ETL. Ni is
utilized in the form of a thin lm as a sub-layer for spiro-
OMeTAD70 and NiO,44 and in form of a mesh embedded in PET
as a substrate for spiro-OMeTAD.71 Efficiencies of 10.4%, 7.28%
and 13.3% have been reported for these structures, respectively.
A comparison between the efficiencies of fabricated devices
using different metals is reported in Tables S1 and S2.†

In the present research, we examined different metals with
relatively high work functions as replacements for Au in Au/
HTM/perovskite/ETL/FTO structures. Cu, Ni, Cr, Pt and Au were
studied as the usual metals with relatively high work functions
and were compared to Ag, which is a relatively low work-func-
tion metal. Devices were prepared with and without spiro-
OMeTAD to investigate how the work function of metals affect
recombination at the interface of the back contact with the
perovskite layer, or at the interface of the back contact and the
HTM layer. We investigated how these interfacial phenomena
affect the shunt resistance, internal resistance and nally open-
circuit voltage and the efficiency of the cell. The interfacial
resistance and capacitance assessments were done using elec-
trochemical impedance spectroscopy (EIS). The metal surface
was studied using X-ray photoelectron spectroscopy (XPS).

Results and discussion
Band alignment and effect on the photovoltaic characteristics

The structure of the PSC as viewed in the SEM cross-section is
shown in Fig. 1. It consists of about 200 nm TiO2 (compact +
mesoporous) over an FTO lm, followed by a 300 nm perovskite
over-layer, 250 nm spiro-OMeTAD (HTM) and about 200 nm
metal contact. To study the role of different metal contacts,
PSCs without an HTM layer were also fabricated. In HTM-free
PSCs, it was expected that metals with different work functions
would create more pronounced differences in the cell
performance.

The current density versus voltage under one sun irradiation
for the PSCs, without and with an HTM layer, is shown in Fig. 2a
and b, respectively. For the HTM-free PSCs, the performance is
largely dependent on the type of metal contact. Generally, Pt
and Au contacts lead to larger values of open-circuit voltage (Voc)
This journal is © The Royal Society of Chemistry 2016
and lower values of short-circuit current density (Jsc). In
contrast, Ni and Cu contacts result in larger Jsc and lower Voc.
There is an anomaly for the cases of Cr and Ag; whereby the Cr
PSC shows a high Voc and very low Jsc and the Ag PSC shows
a very low Voc and higher Jsc. The impact of the metal contact is
more negligible for PSCs with an HTM layer (Fig. 2b). The Jsc
values are considerably larger than those of HTM-free PSCs, and
they also show better Voc values. Pt, Au and Ag show the best
J. Mater. Chem. A, 2016, 4, 13488–13498 | 13489
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Table 1 Photovoltaic characteristics of HTM-free PSCs and PSCs
containing HTM (spiro-OMeTAD)

Sample
Jsc
(mA cm�2)

Voc
(V) FF

PCEmax

(%)
PCEAVG
(%)

S
(%)

Au 4.85 0.809 65.38 2.56 2.46 0.08
Ag 4.93 0.087 39.34 0.17 0.11 0.07
Pt 7.17 0.686 62.6 3.08 2.92 0.25
Ni 8.52 0.411 49.92 1.75 1.46 0.27
Cu 10.42 0.301 33.69 1.06 0.55 0.33
Cr 0.89 0.753 21.83 0.14 0.12 0.015
Au-HTM 20.99 1.0091 77.60 16.44 16.40 0.06
Ag-HTM 20.60 1.023 78.32 16.51 16.25 0.23
Pt-HTM 20.58 1.006 71.07 14.72 14.51 0.19
Ni-HTM 18.21 0.834 51.61 7.83 7.30 0.47
Cu-HTM 20.32 0.942 47.89 9.17 8.79 0.27
Cr-HTM 0.47 0.04 18.41 0.04 0.05 0.006
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device performance. The Cr contact again shows a low current
density. Table 1 displays a summary of the device performances
for PSCs with and without HTM and having different metal
contacts. We focus herein on the case of HTM-free PSCs to study
how metal contacts with different work functions affect the
band bending and carrier collection.

Fig. 3a illustrates how Voc and Rp (shunt resistance) of the
cells vary with the type of different metal contact electrodes. The
metals are ordered based on their work function values. There is
a trend on Voc, whereby it decreases as the metal work function
is decreased. The clear exception to this trend is Cr, which
shows a good Voc, while its work function is not as high. This
might be due to the formation of a native chromium oxide
blocking layer on the electrode surface.

For Rp also, a similar trend can be noted. In terms of both Voc
and Rp, Au shows higher values compared to Pt, while Pt has
a higher work function than Au.

Fig. 3b illustrates the energy level alignment of the layers and
demonstrates the role of the metal work function. Photo-
generated electrons and holes created in the conduction band
(�3.91 eV) and the valence band of CH3NH3PbI3 (�5.43 eV)72

can be expected to be captured by TiO2 and the metal, respec-
tively. TiO2 with a conduction band energy of about �4.0 eV has
been shown to be an ideal electron selective material in PSCs.73

It has a deep valence band energy of about �7.3 eV, making it
a good hole-blocking layer. Photo-generated holes are expected
to be captured by the back contact. In the case of using HTM
(spiro-OMeTAD), the holes are collected by the HOMO level of
HTM; hence, a deeper HOMO results in larger Voc.21 In practice,
the HTM layer has also the function of preventing a short circuit
in the device by producing a compact capping layer between the
metal electrode and the perovskite layer.74 Spiro-OMeTAD acts
also as an electron-blocking layer, resulting in increasing Voc.

For the HTM-free case of Fig. 3b, the metals (Ag, Cr, Cu, Ni,
Au, Pt with work functions of 4.26 eV, 4.5 eV, 4.65 eV, 5.15 eV,
5.1 eV and 5.65 eV (ref. 75)) act as the back contact electrodes.
Here, while the work functions are different, the metals can
theoretically capture both electrons and holes, leading to a low
Voc and sloped J–V curves at the short-circuit point (i.e. a low
13490 | J. Mater. Chem. A, 2016, 4, 13488–13498
shunt resistance76), as indicated in Fig. 3a. However, the
difference in the performance of the PSCs with different metals
is explained by the band bending created at the interface of the
metal and perovskite. This is illustrated in Fig. 3c–g.

The band bending nature at the interface of CH3NH3PbI3
and the metal is dependent on the relative position of the Fermi
level for the metal and perovskite. The positions of the
conduction and valence bands of CH3NH3PbI3 have been re-
ported in many articles,77,78 but the reported position of the
Fermi level is different in the different research studies.79 Also,
there are some reports that introduce CH3NH3PbI3 as an n-type
semiconductor.

X. Liu et al.74 showed that CH3NH3PbI3 deposited on the ITO/
PEDOT substrate shows n-type semiconducting properties with
a bandgap of 1.7 eV (with a valence band energy about �1.0 eV
lower than the Fermi level).

It has been shown that aer Au deposition on CH3NH3PbI3
lm, the energy offset between the valence band edge of CH3-
NH3PbI3 and the Fermi level of the system is 0.6 eV, which
results in low energy loss during a hole transferring to the Au
back contact. Also, there are some reports that introduce CH3-
NH3PbI3 as a p-type semiconductor.55,73,80–82 Laban et al. re-
ported an HTM-free p-type PSC with a Au back contact with 8%
efficiency.80

W. Yin et al.83 exhibited that there are p-type vacancies
related to Pb and also n-type vacancies related to CH3NH3

+,
which produce the shallow levels responsible for the semi-
conductor type (p or n). While the work function of the perov-
skite layer is known to be dependent on the preparation
method,79 surface contamination and the method of measure-
ment, Miller et al. indicated that it also greatly dependent on the
substrate material on to which CH3NH3PbI3 is deposited. It is
reported that, dependent on the kind of substrate (p-type or n-
type), the value of Ef � Ev can be changed, and that its value is
larger when it is deposited on an n-type substrate. It has been
shown that the work function can change from 3.72 eV in the
case of CH3NH3PbI3 deposited on FTO/TiO2/Al2O3 to 5.01 eV in
the case of CH3NH3PbI3 deposited on ITO/PEDOT:PSS.79 We can
thus conclude that the charge carrier density in the CH3NH3-
PbI3 layer is low and under the inuence of the carrier density of
its under-layer, whereby the work function changes signi-
cantly. This implies that CH3NH3PbI3 practically acts like an
intrinsic semiconductor, so it is reasonable to assume its Fermi
level is at the middle of the bandgap, at around �4.65 eV.

Although the fabrication procedure determines the extent
and type of the Frenkel defects15,83 and, therefore, the type of
perovskite layer, it is indicated that the main defects in CH3-
NH3PbI3 are of a Schottky type, where the overall stoichiometry
does not change; therefore, assuming that CH3NH3PbI3 is an
intrinsic semiconductor is reasonable84,85 The band bending
diagrams calculated by SCAPS soware in the dark condition
are shown in Fig. 3c–g for HTM-free devices with different
metals as the back electrode. The Fermi level was assumed to be
around �4.65 eV for the calculations. Other reported values for
the Fermi level of CH3NH3PbI3 in the literature lie in the range
of 0.5 eV higher or lower than this value.74,79,86,87 The calculated
energy–band diagrams for Fermi levels 0.5 eV above or below
This journal is © The Royal Society of Chemistry 2016
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Fig. 3 (a) Open-circuit voltage and shunt resistance of HTM-free PSCs with Pt, Au, Ni, Cu, Cr and Ag as back contact metals. The work function
ofmetals are also shown. (b) Energy level alignments: TiO2 electron selective layer and CH3NH3PbI3 perovskite absorber against the Fermi level of
different contactmetals. (c to g) Energy diagram of FTO/TiO2/CH3NH3PbI3/metal structure with differentmetals as the back electrode (simulated
by SCAPS software in the dark condition). In the case of Ag, there is a Schottky barrier against electron transfer fromCH3NH3PbI3 to themetal and
electrons can transfer from this material to Ag. By increasing the metal work-function from Cu to Pt, the Schottky barrier against electrons
transferring from CH3NH3PbI3 increases significantly but holes transfer is easier.
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the mid-gap value do not change signicantly compared to the
initial diagram (Fig. S1 to S5†). Due to the low effective mass of
electrons and holes in the CH3NH3PbI3 lattice (about 0.15m0 for
electrons and 0.18m0 for holes88), the effective density of states
is very small and, therefore, the carrier concentration is not
high in these perovskite materials. This demonstrates that the
type of isolated CH3NH3PbI3 as a semiconductor and the value
of its work function make no remarkable contribution in the
electrical performance of the PSC device. In the case of low
work-function metals, electrons transfer from the Fermi level of
the metal into the conduction band of the perovskite. The
polarized interface results in a Schottky barrier against hole
transfer from the valence band of perovskite to the metal
(Fig. 3c), while the electrons can easily transfer from the
conduction band of perovskite to the metal. This results in low
Rp and Voc, which is consistent with our experimental results.

Rp for Ag and Cu devices are almost the same and have the
lowest value among all the metals due to the easy recombina-
tion of photo-electrons through the metal interface. In the case
This journal is © The Royal Society of Chemistry 2016
of Cr, the rst layer during vacuum deposition at about 2� 10�5

Torr is an oxide layer. This oxide layer acts as a barrier layer,89,90

therefore Voc is higher due to this barrier layer compared to
other HTM-free PSCs. This barrier layer also leads to
a decreased current density (Fig. 2). We already reported this
effect in dye-sensitized solar cells when the Cr substrate was
used as a substrate for a photoanode89,91 and counter
electrode.90,91

In the case of noble metals (Pt and Au), there is no oxide layer
or interfacial chemical reaction between these metals and the
perovskite layer, hence the work function is expected to be the
most inuential parameter. In these cases with work functions
higher than that of perovskite, an inverse bending direction is
realized, where photo-generated holes can easily transfer to the
metal, while there is a Schottky barrier towards the electron
transfer. This barrier is highest in the case of Pt and Au due to
their high work functions (Fig. 3e and f), and therefore, they
show a higher Voc than the other metals. In the case of Cr,
a compact native oxide layer is known to form, therefore the
J. Mater. Chem. A, 2016, 4, 13488–13498 | 13491
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inuence of the work function is not clearly realized, as shown
in Fig. 3a. The work function of Ni is relatively high. The open-
circuit voltage of Ni is higher than that of Cu and Cr but lower
than that of Au. Ni, with a work function of about �5.15 eV, is
expected to produce similar results as Au, but in practice it
shows inferior performance. This inferior performance was also
reported by Q. Jiang et al., who conrmed our results. They re-
ported an FF of 0.61 and 0.67 in the case of PSCs with Ni and Au
(with almost the samemetal thin lm resistance), respectively.70

The work function reported for Ni is more than 5.0 eV, but this
value is related to the single crystal structure of Ni, and its value
for a thin lm structure that is deposited on a rough surface is
different, while in the case of a rough surface, the work function
of Ni can be as low as 4.44 eV. In addition, a NiOx layer may form
during the deposition and this layer can also affect the interface
and the band bending. In addition to work function and
interface chemistry; the lm uniformity is also an important
factor and Ni usually shows inferior properties in this respect.
The major parameter is ductility, or the ability of the metal to
deform under tensile stress. The optical images show that the
Ni layer that is deposited on the CH3NH3PbI3 layer is a crackless
layer, while one day aer the deposition of Ni on the spiro-
OMeTAD layer, a non-uniformity of the Ni layer is distinguish-
able from the backside of PSC (Fig. S10d in comparison with
Fig. S10c†). The ductility of Au, Pt, Ag, Cu, Ni, and Cr is 0.93,
0.76, 0.73, 0.62, 0.5 and 0.18 respectively. This low ductility of Ni
may result in disintegration of the lm under mismatch stress
caused by the under-layer or under thermal stress, and will
conne the deposition conditions and type of under-layer. The
mentioned phenomena in the above paragraphs may explain
the higher series resistance (lower FF) of PSCs with Ni as the
cathode compared to PSC with Au as the cathode.

The lowest work functions among these metals are related to
Ag and Cu. Duo to their low work function, holes cannot
transfer to the metal substrate efficiently (Fig. 3c and d), but
electrons can transfer from themetal to the perovskite layer and
decrease the open-circuit voltage, as indicated in Fig. 2 and 3a.

The internal resistances of the devices were investigated
using EIS (Fig. 4). The charge separation phenomena due to
dipoles at the interfaces could be modelled as constant phase
elements parallel with the charge transfer resistance. The built-
in potential (the difference between the work functions of
adjacent materials) is responsible for the interfacial capaci-
tance. The rst semi-circle in the high-frequency region (104 to
106 Hz) is attributed to charge transfer at the interface of the
back contact electrode.45,58 The second semi-circle (in an inter-
mediate frequency region) is related to the recombination
phenomena92 at the interface of CH3NH3PbI3 and the TiO2 or
HTM layer. The third region, with frequencies lower than 1 Hz,
is attributed to ion diffusion and hysteresis or dielectric relax-
ation processes93 (low-speed phenomena), but this is not
investigated in this article. For Ag devices, it is clear that Rct at
the interface of the metal and HTM is signicantly lower than
that of the HTM-free device (Fig. 4). The internal resistance in
the case that there is no HTM, for Pt, Au and Ag, is signicantly
lower than for Ni, while Ni is lower than Cu and Cr. In the case
of Cr, it seems that the interfacial oxide layer greatly increases
13492 | J. Mater. Chem. A, 2016, 4, 13488–13498
the total internal resistance, while deposition at a lower pres-
sure may damage the spiro-OMeTAD layer. By utilizing the HTM
layer, the total internal resistance of the PSCs is decreased
signicantly for Ag, Au and Pt, while it is increased for Ni, Cu
and Cr. This conrms that the interfacial resistances at the
interface of spiro-OMeTAD (with valence energy level of
�5.1 eV 94) and the metal electrodes are high and forms a non-
ohmic contact with Cu or Ni. Jeong et al. utilized Mo with a work
function of 4.6 eV as the cathode in PSCs with the structure of
FTO/TiO2/CH3NH3PbI3/spiro-OMeTAD. They showed that by
increasing the time of sputtering and increasing the thickness
of the Mo layer from 80 nm to 140 nm, the ll factor decreases
from 67.77 to 57.03 due to penetration of the Mo atoms through
the spiro-OMeTAD layer and produces a non-ohmic contact
with CH3NH3PbI3 that results in increasing series resistance
and an S-shape I–V curve.69 Copper also has the same work
function, and we can see the S-shape I–V curve in our results in
Fig. 2b. We can attribute this phenomenon to the penetration of
Cu atoms through the HTM. We can thus conclude that spiro-
OMeTAD is not a good HTM for Cu and Ni. The large internal
resistance results in sloped J–V curves at the Voc point, thus
leading to a low ll factor (Fig. 2).

The CPE of the Cu–CH3NH3PbI3 interface is higher than that
of Ni–CH3NH3PbI3, while that of Pt–CH3NH3PbI3 is higher than
that of Au–CH3NH3PbI3. This is due to the higher built-in
potential (the difference between the work functions of adjacent
materials, Vbi). There is an anomaly for Ag/CH3NH3PbI3, in that
its Vbi is the highest among all the HTM-free devices (except Cr/
CrOx), but its capacitance is low. As discussed in the following
paragraphs, AgI is produced rapidly at the interface of Ag and
CH3NH3PbI3 (silver colour is clearly distinguishable from the
backside of PSC) and this changes the interfacial CPE.
Chemical stability of the metal contacts

An investigation of the photochemical reactions at the interface
of the metal and the perovskite material (here CH3NH3PbI3) and
at the interface of the metal and the hole-transport material
(here spiro-OMeTAD) is necessary for selecting the appropriate
contact metals.

The formation of unwanted phases at the interface of the
metal and HTM, or at the interface of the metal and CH3NH3-
PbI3, can increase the internal resistance of the cell by
producing a non-ohmic contact.

It has also been shown that the parts under illumination
corrode faster.41 For the Ag interface with CH3NH3PbI3, corro-
sion phenomena have already been reported.41,67 In the case of
HTM-based devices, the colour of Ag changes to yellow due to
AgI formation, but when there is no HTM, the colour changes to
grey again due to the photosensitization and decomposition of
AgI (Fig. S6†). This indicates that the HTM layer protects Ag
against light-induced corrosion to some extent and decreases
the rate of reaction. This degradation can occur by the reaction
of Ag and the migrated I� ions directly or by using degraded
CH3NH3PbI3. The proposed degradation equation for the
perovskite is:6,41
This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Equivalent circuit and Nyquist plots for HTM-free PSCs with Pt, Au, Ni, Cu, Cr and Ag as a back contact electrode in comparison with PSCs
utilizing spiro-OMeTAD as the HTM. HTM represents spiro-OMeTAD (frequency range is from 1 Hz to 1 MHz).
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H2O + [(CH3NH3
+)PbI3]n /

[(CH3NH3
+)n�1(CH3NH2)nPbI3][H3O] /

HI + CH3NH2 + PbI2 + H2O + [(CH3NH3
+)PbI3]n�1 (1)

In the presence of sufficient water molecules, CH3NH3PbI3
can degrade completely to PbI2. In this reaction, HI is produced
and may react with the metal, in particular Ag. Ion migration in
the perovskite layer is also important in initiating degradation.
C. Eames et al. reported that the activation energy for the
migration of I�, MA+ and Pb2+ vacancies are 0.58 eV, 0.84 eV and
2.31 eV, respectively.95 Therefore, I� migration is more feasible
than the other ions. It is claimed that in the presence of a photo-
voltage or an externally biased voltage, negative ions can diffuse
to the electron-transport layer while positive ions can diffuse to
the hole-transport layer, but in the absence of an electric eld,
ions diffuse randomly.96 A lower activation energy of 0.08 eV was
calculated by Azpiroz et al. for iodine vacancies.96 Based on this
calculation, the thermal uctuations can overcome the activa-
tion energy of I� and these ions can diffuse randomly and may
cause corrosion on the metal surface. There are also reports on
the presence of CH3NH3I on the surface of Ag, detected using
XPS.67

Fig. 5 displays the XPS spectra for Ag and Cu deposited
directly on the CH3NH3PbI3 layer. The measurements were
performed three months aer fabrication, in order that the
This journal is © The Royal Society of Chemistry 2016
migrations and reactions would have had sufficient time to take
effect. The Shirley method was used for background subtrac-
tion. Fig. 5a indicates that the metallic Ag5/2 and Ag3/2 peaks
shi to lower energies, which is attributed to the formation of
AgI. Fig. S6† exhibits the backside and front-side image of PSCs
with Ag as the back contact metal. It is indicated that AgI
formation does not protect Ag from further corrosion, and that
corrosion leads to the disappearance of some parts of the Ag
layer. AgI is known to readily form at room temperature and is
again reduced to Ag under illumination. Silver halides are used
in photography lms due to this photochromic effect. In
photography lms, a dye is used for light absorption and elec-
tron injection into the conduction band of silver halide. Here,
AgI is formed on the backside of CH3NH3PbI3. The conduction
band energy of AgI is about�4.0 eV,97 while that of CH3NH3PbI3
is about �3.91 eV. It seems that photo-generated electrons in
the conduction band of CH3NH3PbI3 can transfer to the
conduction band of AgI. The scenario that is explained for silver
halides in photography lm is that silver ions in grain bound-
aries can trap one electron to form a silver atom. The Ag atom
has a high electron affinity of about 1.3 eV, and so can trap
a second electron to form Ag�. Ag� with Ag+ can react as in eqn
(2):98

Ag� + Ag+ / Ag2 (2)
J. Mater. Chem. A, 2016, 4, 13488–13498 | 13493
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Fig. 5 XPS spectra of Ag (a) and Cu (b) deposited directly on the
CH3NH3PbI3 (black line) and on the HTM layer (red line). The experi-
ment was done three months after deposition. The higher energy
peaks in the case of Ag and the peak shoulder in the case of Ag and the
peak shoulder in the case of Cu are due to the presence of metallic Ag
and Cu materials. These peaks shifts to the lower energies in the case
of Ag and the shoulder disappears in the case of Cu, due to the faster
chemical reaction of Ag and Cu with iodine in HTM-free devices.
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Ag2 can trap electrons and react with Ag+ again to form a larger
cluster. Hence, one cannot expect to have a uniform AgI layer,
due to this decomposition process. Therefore, further iodine and
other ions can diffuse through this layer to react with the Ag layer
and produce AgI. This effect results in the fast degradation of
both the CH3NH3PbI3 and Ag layer (Fig. S6†). In the case of PSCs
with an HTM layer, electron injection into the AgI layer is
inhibited. The Fermi level of spiro-OMeTAD is about �5.1 eV,
and it acts as an electron-barrier layer. The bright yellow colour of
AgI is distinguishable in Fig. S6d & f.† The diffusion process is
also slower due to the low speed of diffusion.

In the case of Cu (Fig. 5b), the shoulder at higher energy is
related to the metallic binding energy, which disappears in the
case of HTM-free devices due to fast degradation. For the other
metals, namely Au, Pt, Ni and Cr, the colour of CH3NH3PbI3 does
not change signicantly, as shown in Fig. S9–S12.† Although Cu
[3d104s1], Ag[4d105s1] and Au[5d106s1] are in the same group in
the periodic table, their chemical stabilities are completely
different due to relativistic effects. The relativistic effect results
in d-orbital expansion and s-orbital contraction.99,100
13494 | J. Mater. Chem. A, 2016, 4, 13488–13498
This effect is signicant in Au due to its heavier nucleus and
results in a lowering of the energy of the 6s orbital by approxi-
mately 1.63 eV.101 The rst ionization potential of Au due to this
effect is 9.2 eV, which is signicantly higher than that of Cu and
Ag, which are 7.7 eV and 7.6 eV, respectively, and this is the
cause of its high chemical resistance.102 The relativistic effect in
the case of Pt[5d94s1] is also considerable; its ionization
potential is 9.0 eV,103 while that of Ni as its cohort is 7.6 eV. The
relativistic effect in Pt is slightly weaker than in Au (the frac-
tional contraction of the 6s shell for Pt is 0.838, while that for Au
is 0.828 (ref. 104)), but is stronger than in other metals, so it also
has a good chemical stability.
Optical effects of the metal contacts

Here in this section, we briey investigate whether the metal
contacts of different types have any optical effects. In dye-
sensitized solar cells (DSC), there is always a back-reecting
layer that reects the unabsorbed light back into the cell and
improves the quantum efficiency. In solid-state DSCs, the metal
contact serves also as the back-reecting layer and shows an
important optical effect. The question is whether the metal
contacts in PSCs contribute to light management in the device.

The optical reectivity of the metals is different, as shown in
Fig. 6a. Metals were vacuum deposited on glass substrates (Au,
Ni, Ag by vacuum evaporation and Cu, Cr, Pt by DC magnetron
sputtering). The highest reectivity belonged to Ag, which was
close to 100%. For Au and Cu, there was an absorption edge at
around 530 nm and 570 nm, below which the reectivity fell to
about 40%. For Pt, Ni and Cr, typical reectivity values were
around 70%, 50% and 40%, respectively. The 5d to Fermi level
transition energy for Au metal is about 2.3 eV, so it absorbs blue
and green part of the visible spectrum and looks golden. The
light absorption of Ag is 3.5 eV (in UV), so it reects in the visible
spectrum.104 The reddish colour of Cu is due to the 3d–4s
transition energy, which is about 1.8–2.0 eV, so it also absorbs
yellow and looks red.

Fig. 6b shows the IPCE of devices with and without an HTM
layer, with different metals as the back contact. The thickness of
the CH3NH3PbI3 layer is similar in all the PSCs, so the light
harvesting is almost the same for all PSCs. Despite the
remarkable difference in the reectivity of the metals, the IPCE
values are almost independent of the type of metal back contact.
This demonstrates that the perovskite layer is sufficiently thick
to absorb almost all the light, and the reecting property of the
metal back contact makes no considerable improvement in
light harvesting.

For HTM-free PSCs, a notable decrease in IPCE was observed
for the red part of the spectrum. This was related to the wave-
length-dependent penetration depth of light. The penetration
depth of light for blue is smaller than for red, hence the blue
part of light is absorbed near the interface of the TiO2 electron-
transporting layer, where photo-generated electrons are readily
captured in TiO2. In the case of red light, a large part of the
photo-generated carriers are produced near the perovskite-
metal interface, where recombination through metal contact is
very likely.
This journal is © The Royal Society of Chemistry 2016
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Fig. 6 (a) Diffuse reflectance of Pt, Au, Ni, Cu, Cr and Ag thin films: Au,
Ni and Ag were deposited using vacuum evaporation, while Cu, Cr and
Pt were deposited using DCmagnetron sputtering on glass substrates.
(b) IPCE data for HTM-free PSCs compared to PSCs with spiro-
OMeTAD HTM: in the case of HTM-free devices, IPCE data are related
to devices that have relatively the same current density (Tables S1, S3,
S5, S7, S9 and S11†). As shown, the shape of the IPCE curves is inde-
pendent of the reflection of the metal contact. There is a large loss in
the red part of the spectrum of the HTM-free devices.
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Experimental

A 50 nm thick layer of TiO2 was deposited using (titanium(dii-
sopropoxide) bis(2,4-pentanedionate) 75% in isopropanol
(Sigma-Aldrich))/EtOH (1 : 15) solution. The layer was deposited
by spray pyrolysis at 350 �C followed by sintering at 500 �C for 30
min. A 200 nm thick TiO2 mesoporous layer was deposited
using the spin-coating of diluted TiO2 paste (20 wt%, Sharif
Solar) containing nanoparticles 20 nm in diameter (the paste
was diluted with EtOH in a ratio of 1 : 8). The deposited TiO2

layer was heated at 325 �C (10 min), 375 �C (10 min), 450 �C (15
min) and sintered at 500 �C for 30 min. Further deposition steps
were carried out in a N2-lled glove box to avoid degradation by
moisture. A 45 wt% perovskite solution was prepared by dis-
solving 400 mg CH3NH3I and 1156 mg PbI2 in anhydrous-
dimethylformamide (DMF). The solution was stirred for about
12 h at 70 �C and ltered using a 0.45 mm PVDF membrane. The
CH3NH3PbI3 layer was deposited using a one-step deposition
method, by spin-coating 80 mL of prepared solution, followed by
This journal is © The Royal Society of Chemistry 2016
spin-casting 0.24 mL chlorobenzene in the 4th second of rota-
tion (at a speed of 5000 rpm). The samples were heated on a hot-
plate at a temperature of 100 �C for 10 min. The thickness of the
CH3NH3PbI3 over-layer was about 300 nm. The spiro-OMeTAD
solution was prepared by dissolving 82.6 mg spiro-OMeTAD, 22
mL tertbutylpyridine and 16 mL solution of lithium bis(tri-
uoromethane-sulfonimide) (with a concentration of 50 mg/100
mL in acetonitrile) in 1 mL chlorobenzene. A 200 nm thick spiro-
OMeTAD layer was deposited by spin-coating at 2000 rpm for 30
s. A physical vapour deposition method was used for depositing
Au, Ag and Ni, while Pt, Cr and Cu were deposited using a DC
magnetron sputtering system with a base pressure of 2 � 10�5

Torr. The Ar pressure was 4 � 10�3 Torr. Current density–
voltage measurements were done under AM1.5 conditions
using the Solar-simulator (XES-40S1, SAN-E1), a standard
silicon reference cell (VLSI Standards, Oriel PN 91150 V) and
a Keithly 2400 digital source meter. The incident photon to
current conversion efficiency was measured using a Xe lamp
(PTiA-1010, 150W), a monochromator (PTi-1200 gr mm�1

blazed at 500 nm) and a Keithly 2400 digital source meter. The
internal and interfacial resistance in PSCs weremeasured under
an LED light using electrochemical impedance spectroscopy, by
an electrochemical system (Zahner). Cross-sectional scanning
electron microscopy images were recorded using a Hitachi SU-
8010 system. Diffuse reectance spectra were measured using
an Avantes spectrometer. X-ray photoelectron spectroscopy
(Specs-EA10+) with an Al X-ray source was used for analysing the
surface compositions.

Conclusions

The role of different metals as a back contact electrode on the
performance of PSCs was studied. Results show that Au is still
the optimum metal for use with spiro-OMeTAD as the back
contact, while Pt provides better performance compared to Ag,
Cu, Ni and Cr. This is due to the high stability and also high
work function of Pt (about 5.65 eV). For HTM-free PSCs, this
high work function led to favourable band bending at the
perovskite-metal interface, providing a barrier to electron
transfer from perovskite to the metal. For PSCs with HTM, Pt
formed a low interfacial resistance with the HTM. Efficiencies of
14.3% and 16.4% were obtained for Pt- and Au-based cells with
HTM and 3.1% and 2.6% for Pt and Au cells without HTM. Pt
and Au were chemically stable, while Cu and Ag were unstable,
especially in the HTM-free devices where the former and the
later electrodes would form CuI and AgI, respectively. The
photodecomposition of AgI in the presence of CH3NH3PbI3
provides ways for diffusing iodide ions through the absorber
layer, resulting in fast performance degradation of the devices.
Ni and Cr were apparently stable but the EIS spectra indicated
that spiro-OMeTAD is not a good HTM for use with these
metals. The efficiency was inferior due to the formation of
a barrier layer at the interface of the metal and HTM, therefore
the appropriate HTM with corresponding valence and conduc-
tion band energy levels should be chosen. Efficiencies of 16.5%,
7.8%, 9.2% and 0.05% were obtained for devices fabricated with
the Ag, Ni, Cu and Cr electrodes with spiro-OMeTAD,
J. Mater. Chem. A, 2016, 4, 13488–13498 | 13495
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respectively, but corresponding efficiencies of 0.17%, 1.75%,
1.06% and 0.14% were obtained without spiro-OMeTAD.
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