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Abstract

Planar vacuum deposited p-i-n methyl ammonium lead tri-iodide perovskite solar cells
are prepared with different electron and hole transporting layers, either doped or
undoped. The effect of these layers on the solar cells performance (efficiency and
stability) is studied. The main benefit of using doped layers lies in the formation of
barrier free charge extraction contacts to the electrodes. However, this comes at the cost
of increased residual absorption (reducing the current density and efficiency of the cells)
and a decreased stability. A generic solar cell structure using undoped charge extraction
layers is presented, containing a thin layer of a strong electron accepter in between the
transparent electrode and the hole transport layer, that leads to efficiencies of 18% and

strongly improved stabilities.
Introduction

Metal halide perovskite solar cells have become the most promising renewable power
source.*™ The potential of this technology is evidenced by the rapid improvement in
efficiency, reaching record values of 22.7%.° In the majority of the reported perovskite

solar cells the absorber layer is sandwiched in between charge selective transport



layers.® These layers have to ensure rectification which is essential to achieve high open
circuit voltages (Vo’s).” Additionally, these layers have to transport and inject the
selected carrier to the contact, thus their conductivity is frequently enhanced by
“doping” them with additives that lead to excess charges in the layers.® Probably the
most prominent example is the hole transport layer (HTL) based on partially oxidized
(doped) spiro-OMeTAD.? The benefit of using doped layers is a reduced series
resistance and the formation of ohmic contacts to the external electrodes, which
enhances the solar cell fill factor. One drawback of the use of doped charge transport
layers is their negative effect on the device lifetime.’® The above mentioned generality
is found in particular for solar cells employing perovskite layers that are solution
processed.’**? Much less information is available for solar cells employing perovskite
films prepared using a dry vapor based deposition process. In a recent report, it was
demonstrated that the use of doped charge transport layers is also beneficial for the
performance of vacuum deposited perovskite solar cells.*® In that case, however, it was
shown to be essential to prevent a direct contact between the perovskite absorber and
the doped layers, which would otherwise results in substantial charge recombination.
For this reason, a thin layer of the pure (undoped) organic charge transport molecules
was inserted in between the doped charge transport layer and the perovskite absorber.*?
Similar effects are known from work with organic light-emitting diodes and
photovoltaic devices were such non-doped layers prevent the quenching of excitons.? It
is likely that for perovskite solar cells the elimination of the doped layers adjacent to the
perovskite reduces charge recombination and enhances the device performance due to
improved rectification, as was recently also mentioned in another study.** Besides this
there are other drawbacks associated to the doping of the contacts. On the one hand, the
stability of solar cells using doped layers is generally below that of those employing
non-doped charge transport layers; on the other, doping generally enhances parasitic
absorption. This is in particular the case when arylamine containing molecules (which
are common hole transport materials) are partially oxidized by the dopants. The radical
cation of arylamines has a characteristic optical absorption band in the visible region of
the spectrum in the 500-600 nm range.’® Hence, this reduces the light that reaches the
perovskite layer and hence the achievable current density the cells can produce. This is
of some importance in the n-i-p configuration (that is with the electron transporting
layer, ETL, on the illuminated side of the cell and the hole transporting layer behind the

perovskite layer) as the amount of reflected sunlight from the metal top electrode is



reduced. However, this parasitic absorption is more prominent when the sunlight passes
through the doped hole transport layer prior to reaching the perovskite absorber, in the
so-called p-i-n configuration. It is therefore, of interest to prepare p-i-n type perovskite
solar cells, that do not require doped hole transport layers (HTLs) yet do provide
efficient charge extraction to the transparent front electrode as this is expected to
increase the current density and hence the PCE of the devices. At the same time, it is
also of interest to eliminate the doped electron transport layer (ETL) placed on top of

the perovskite absorber layer as this may lead to improved stabilities.

Here, we study the influence of the doped and undoped transport layers on the
performance and stability of thin film perovskite solar cells in the p-i-n configuration.
The p-i-n configuration was selected as the parasitic absorption in doped p-type layers is
higher than in doped n-type layers. Methyl ammonium lead tri-iodide (MAPDI3)
prepared via co-sublimation of its precursors was used as the perovskite absorber. An
intrinsic advantage of vacuum deposition is the possibility to selectively remove and
exchange any layer and study the effect on the overall device performance. It was found
that the ITO- undoped-HTL interface is preventing efficient charge extraction which
was overcome by the insertion of a thin layer of the molecule used to oxidize the hole
transport molecule, 2,2’-(perfluoronaphthalene-2,6-diylidene) di-malononitrile (Fe-
TCNNQ) (Fig. 1) in between the ITO and the HTL. The doped ETL is replaced by a
bilayer of 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) (Fig. 1) and Ag. Using
this approach, the power conversion efficiency of the p-i-n solar cells is enhanced

reaching 18 % whereas at the same time the stability is notably improved.

The MAPDI; perovskite thin films were prepared by co-evaporation of the two starting
compounds, CH3NHsl and Pbl,. Details of the experimental conditions for the
perovskite layer have been described previously and are presented in the supporting
information.’® Out of the two perovskite precursors, CHsNHsl and Pbl,, the first is
somewhat complicated to sublime. However, once properly outgassed (using the high
vacuum of the evaporation chamber) the material is sublimed similarly like small
molecular weight organic molecules, that is, the rate of evaporation is stable as
monitored by the microbalance crystal sensors that are positioned in the chamber. These
films were characterized using grazing incidence X-ray diffraction (GIXRD) showing
the typical diffraction pattern for this material which is independent on the type of

organic under-layer employed (Fig. Sla in the ESIf{). Scanning electron microscopy



(SEM) images both of the perovskite surface (Fig. S1c in the ESIT) show a dense
packing of crystals, virtually without pinholes, that have an average domain size of
approximately 100 nm. Note that the domain size here is not depending on the type of
under-layer employed. The optical absorption spectra of these films show the expected
MAPDI; band-to-band transition at 780 nm and high absorbance over the whole visible
spectra (Fig. S1b in the ESI{). These perovskite layers were used to prepare planar
diodes by sandwiching a 500 nm thick perovskite layer in between organic HTLs and
ETLs, the first on top of a pre-patterned indium tin oxide (ITO) coated glass substrate
and by thermally evaporating a metal top contact on the latter. A vacuum deposited
MAPDI; layer with a thickness of 500 nm was selected as previous studies showed that
almost all sun light with energy above the band-gap is absorbed and still all charge
carriers can reach the respective interfaces without significant transport losses within
the absorber layer.!” Both, the electron selective and hole selective organic charge
transport layers were prepared by vacuum sublimation of the corresponding organic
molecules to a layer thickness of 10 nm. We selected a derivative of an arylamine,
N4,N4,N4" N4"-tetra([1,1'-biphenyl]-4-yl)-[1,1":4',1"-terphenyl]-4,4"-diamine  (TaTm)
(Fig. 1) as the hole transport molecule due to its very stable sublimation conditions and
tendency to form completely amorphous films. The fullerene Cg, was selected as the
electron transport molecule as it is also easy to sublime and has proven to be an efficient
electron acceptor in perovskite solar cells.® To ensure sufficient statistics, for each
device configuration mentioned in this report, at least 2 different substrates each
containing 4 cells were evaluated, while for top performing configurations at least 5
different substrates with a total of 20 cells were characterized. The device area used,
defined as the aperture of the shadow mask, was 1 mm? whereas the overlap area
between front and back electrode was 4 mm?. This configuration, was used to make sure
the performance of the cell is not overestimated although it leads to a slight
underestimation of the Vo.."* Doping of the HTL was achieved by co-evaporating the
molecule Fs-TCNNQ with the TaTm at a ratio TaTm:Fg-TCNNQ of 11% as determined
by the microbalance crystal sensor evaporation rate monitors. Doping of the Cgo layer
was achieved by co-evaporating the molecule N1,N4-bis(tri-p-tolylphosphoranylidene)-
benzene-1,4-diamine (Phim) (Fig. 1) at a ratio Cgo:Phlm of 30% as determined by the
microbalance crystal sensor evaporation rate monitors. More details of the fabrication

process can be found in the Supporting Information.



Five different types of devices were prepared and evaluated which are depicted in
Figure 1 and named A, B, C, D and E, respectively. Device A is the reference in which
both a doped HTL and a doped ETL is used. In device B, the doped HTL is removed
and the TaTm layer is in direct contact with the ITO front electrode. Device C is similar
to device B, but a thin (2.5 nm) layer of the molecule Fe&-TCNNQ is deposited on top of
the ITO prior to depositing the HTL. In device D and E, the configuration on the p-
contact side is copied from device A and C, whereas the doped Cgo layer is substituted
by a thin layer (8 nm) of BCP. Such an ETL approach (Cg/BCP/Ag) has been used in
organic photovoltaics,”® and was also adopted to perovskite solar cells.?* All devices use

an Ag top electrode of 100 nm.
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Figure 1 Layout of the studied devices, A, B, C, D and E each one with a different combination of doped

and undoped transport layers and chemical structures of the transport materials.

As discussed before, the perovskite film properties are very similar for all type of
devices, which is expected as in all cases it is formed directly on top of the TaTm HTL.
Furthermore, the different device configurations were prepared in a single perovskite
sublimation run, ensuring that the perovskite layer is identical for all these devices (the
best performing device configurations were then also prepared separately to obtain more
statistics). The dark current density-voltage (J-V) curves of the finished diodes are
depicted in Figure 2 and show low leakage current in all cases as well as a steep rise of
the current density at ~0.5 V. This implies that the layer quality is good and even

though thin charge selective layers are used this does not lead to shunts in the diode. For



device B, however, this rise in current density is much less pronounced. As the only
difference is the interface this result implies that there is a barrier for hole-injection in
this device type. Additionally, device A, with doped HTL and doped ETL shows a

higher leakage current, in line with the higher conductivity of these layers.
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Figure 2 Typical current density versus voltage characteristics for the series of devices in the dark.
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Figure 3 a) Representative J-V characteristics measured under simulated AM 1.5G-illumination in
forward and reverse scan direction for each studied device. b) External quantum efficiency (EQE) spectra

for the same device series.

Using AM1.5G simulated sun illumination at an intensity of 100 mW/cm? the J-V
curves of the different cells were again determined. These J-V curves under illumination

are depicted in Figure 3a, both in forward and backward scan direction. For all type of



devices there is very little hysteresis in the J-V curves and is therefore considered
negligible here. The reference device, A, performs similar as reported previously,™
reaching for the best cell; Js. of 20.7 mA/cm?, a V. of 1.08 V and a fill factor (FF) of 72
%, leading to a PCE of 16.2 %. When the doped HTL is removed, referred to as device
B, the J-V curve under illumination shows a low fill factor with a pronounced S-shape,
indicating issues with charge extraction and injection. This corroborates the conclusion
drawn from the dark J-V curves. The only difference between device A and B is the
removal of the doped layer at the ITO/HTL interface hence, the origin for the poor J-V
curves must originate from that interface. This is not unexpected in view of the large
energy offset between the work function of ITO (4.8 eV) and the highest occupied
molecular orbital (HOMO) of TaTm (5.4 eV). This and the J-V results, clearly indicate
that the contact between ITO and TaTm is not without a barrier. Hence, to alleviate this
and ensure a barrier-free charge extraction, a thin layer (2.5 nm) of the Fs-TCNNQ was
deposited on top of the ITO prior to the deposition of the TaTm (device C). As can be
seen from Figure 3, the J-V curve of this type of device (type C) is again approaching a
rectangular shape (FF = 79 %) indicating that the extraction barrier has been removed.
Additionally, the Jsc of device C is substantially increased when compared with that of
device A. This effect can be understood when comparing the EQE graphs of the
different devices (Figure 3b) where device C has an enhanced spectral response in the
blue-green region of the solar spectrum. Even though it is probable that at the interface
between the 2.5nm of Fe-TCNNQ and TaTm a small fraction of TaTm molecules gets
oxidized (ensuring a good electrical contact between them) this does not lead to a very
pronounced increase in the absorption of the film. The spontaneous transfer of an
electron from the TaTm to the Fs-TCNNQ layer upon contact between the two leads to
excess electrons in the LUMO of the F&-TCNNQ and holes in the HOMO of the TaTm.
The excess electrons in the LUMO are responsible for the formation of the ohmic
contact between the ITO electrode and Fs-TCNNQ layer. In Figure 4 the absorption and
transmission of the two types of HTL are depicted. These layers were prepared on glass
substrates and consisted of TaTm:Fs-TCNNQ (40 nm) / TaTm (10 nm) and Fg-TCNNQ
(2.5 nm) / TaTm (10 nm) resembling the stack in device A and C respectively. Indeed,
there is a substantial decrease in the absorption spectrum for the HTL double layer of
device C when compared to that of the reference device (A). This reduction in the
parasitic absorption leads to more light reaching the perovskite, which therefore

explains the increase in Js for this configuration. Moreover, the bi-layer type HTL used



in device C shows excellent transmittance up to 1300 nm, which makes it a valuable

option for use in tandem applications with low bandgap absorbers such as silicon.
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Figure 4 Absorbance (left) and transmission (right) spectra of the hole transport layers for devices A, D
and C, E, blue and green lines, respectively.

Device type D and E, have similar Js. and V. as device A and C. The similar Ji’s are
expected as the front contacts are unvaried and the effect of the top charge transport
layer on the optical absorption is small. This is due to the use of the thick perovskite
layer which absorbs virtually all the sun-light in the first pass. There is a small
improvement in the FF for device D when compared to device A. This may be due to an
increased rectification and or charge extraction for the C¢o/BCP/Ag stack.

An overview of the key performance indicators for all type of devices is depicted in
Table 1 (record values) and the statistics of each device type is shown in Figure S2 in
the supporting information. As device B, was not performing well, for this configuration
only a few cells were prepared.

Table 1 J-V parameters of the best devices for each configuration, measured under standard AM1.5G
illumination.

PCE (%) Jse (MA/cm?) Vo (MV) FF (%)

A ' 16.18 ' 2075 ' 1076 ' 72.46



B 5.4 18.8 1032 279

C 17.89 21.33 1056 79.45
D 16.87 19.62 1052 81.74
E 18.15 21.31 1059 80.44

To obtain an indication of the stabilities of the different cell configurations they were
analyzed during prolonged exposure to white LED light (spectra in Fig. S3 in the ESI}),
except for the moderately performing device B. The light intensity was adjusted to
mimic the Js; value obtained under AM1.5G illumination. The temperature of the cells
during this test reached approximately 40 °C in the first 10 minutes and remained
constant afterwards. The setup consisted of 8 test positions installed inside a nitrogen
filled glovebox (with oxygen and H,O levels below 1 ppm). All cells were continuously
illuminated under short-circuit conditions without encapsulation and evaluated within a
few days after preparation. At fixed time intervals (1 hour, initially) J-V scans were
taken to deduce the evolution of the key performance indicators of the cells, including
the PCE (Fig. S4 in the ESI}). This type of ageing experiment provides an indication of
the stability. Maximum power point tracking is the preferred way of determining the
stability of the cells as it most closely resembles real operation conditions. However,
considering the negligible hysteresis of the analyzed devices, this type of measurement
gives additional information. In particular, it allows to determine which parameter is
causing the power efficiency decay allowing to postulate possible degradation
mechanisms. Some examples of the J-V scans for each device configuration at set times
of operation under constant illumination are depicted in Figure S4. The evolution of the
performance parameters over time are depicted in Figure 5 and S5. We can distinguish
two types of behaviors for the different devices. The device types D and E, both having
the Cgo/BCP/Ag ETL stack, are stable over more than 280 hours under continuous
illumination, with only a decrease of ~10% of the PCE. This reduction is mainly due to
a drop in J. Interestingly, the Vo increases slightly over the first 100 hours. A very

different behavior is observed for the devices of type A and C that employ the Cgo/



Ceo:PhIm layer as the ETL stack. These two types of devices are less stable and after
approximately 100 hours a reduction in the PCE to 80% has already taken place. The
decay in these cases appears to be driven by all the parameters and especially by the Js
and the FF which drop faster than in the devices with undoped electron transport layers.
These results indicate that the deterioration of these cells is related to an increase in the
series resistance which is than likely to be related to the ETL as both devices have only
this layer in common. It is possible that de-doping of the Cgo layer occurs as this layer is
only protected by a sublimed (not-pinhole free) metal electrode which would lead to an
extraction barrier at the metal interface . decreasing the stability of the devices
considerably. It is important to note that in all these devices the perovskite layer is the
same, a vacuum deposited MAPbI; layer, which implies that with the proper contacts

these devices can be rather stable.
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Figure 5 J-V characteristic parameters versus time measured under continuous LED illumination in inert
atmosphere. Devices are kept under constant MPP conditions and each hour a JV scan is performed. The

JV metrics are shown here.

Conclusions

In conclusion the performance and stability of planar p-i-n perovskite solar cells is
significantly enhanced when the doped charge transport layers are replaced by undoped
alternatives. When substituting the doped hole transport layer with an undoped
equivalent it was found that a charge injection/extraction barrier is present at the ITO-
HTL interface. This was eliminated by inserting a very thin layer of the pure dopant
molecule in between the ITO and the HTL. The main benefit of using undoped HTL in
the p-i-n configuration is the strong reduction of the parasitic absorption. This leads to
an enhancement of the spectral response in the blue part of the solar spectrum and hence
to an increase in the current density. The elimination of reactive electron transport
layers on top of the perovskite results in a significant increase in the solar cell stability.
Interestingly, the bilayer Cg/BCP ETL lead to diodes with high rectifications
comparable to the much more conductive Cgo/Cso-Phlm layer, as evidenced by the high
FF obtained. The generic architectures identified here can yield very efficient and rather
stable solar cells, and might be used in a wide range of planar type perovskite solar cells

and multi-junction architectures.
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