Multilayer Transparent Top
Electrode for Solution Processed

Perovskite/Cu(In,Ga)(Se,S), Four
Terminal Tandem Solar Cells

Yang (Michael) Yang,"$ Qi Chen,"*5 Yao-Tsung Hsieh,"* Tze-Bin Song,"* Nicholas De Marco,™*

* 1.

Huanping Zhou, and Yang Yang

*,1,1

"Department of Materials Science and Engineering, University of California, Los Angeles, California 90095, United States and *California NanoSystems Institute,
University of California, Los Angeles, California 90095, United States. SThese authors contributed equally to this work.

ABSTRACT Halide perovskites (PVSK) have attracted much attention in recent years due to
their high potential as a next generation solar cell material. To further improve perovskites
progress toward a state-of-the-art technology, it is desirable to create a tandem structure in which
perovskite may be stacked with a current prevailing solar cell such as silicon (Si) or Cu(In,Ga)(Se,S),
(CIGS). The transparent top electrode is one of the key components as well as challenges to realize

such tandem structure. Herein, we develop a multilayer transparent top electrode for perovskite
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photovoltaic devices delivering an 11.5% efficiency in top illumination mode. The transparent p—

electrode is based on a dielectric/metal/dielectric structure, featuring an ultrathin gold seeded

ITO

silver layer. A four terminal tandem solar cell employing solution processed CIGS and perovskite

cells is also demonstrated with over 15% efficiency.
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unlight is one of the most abundant

renewable energy sources on our planet,

yet it remains poorly utilized. Over the
past decades, people have sought alternative
materials for photovoltaic devices that feature
both low cost and high efficiency, e.g., organic
photovoltaics (OPV),' ~® Dye Sensitized Solar
Cells (DSSC),”~ ' etc. The recent advent of the
organic—inorganic hybrid halide perovskite
(PVSK) has led to rapid progress of photo-
voltaic/optoelectronic devices."' "% In ad-
dition, the capability for the simple film
deposition through either vacuum or solution-
based methods makes it a tremendous candi-
date for the future solar cell market.

As the efficiency of the PVSK solar cell
is approaching its theoretical limitation, it is
necessary to start to consider how to go
beyond the S-Q limit. There are two major
losses that currently prevent a higher PCE
from being obtained in single junction PVSK
devices in (1) the below band gap transmis-
sion and (2) the thermal relaxation of hot
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charge carriers. The band gap of semicon-
ductors can be reduced to enhance absorp-
tion and increase the short circuit current
(Jso), while the ultrafast hot carrier relaxation
process sets the limit of the open circuit
voltage (V) to be the band gap. The most
promising method to circumvent both effects
is to construct a tandem junction device
consisting of a bottom cell fabricated based
on prevailing solar cell techniques e.g., Si and
CIGS, and a top cell with a higher bandgap
absorber. Up to date, this method has had
limited success due to the absence of suitable
materials to produce high efficiency top cells
compatible with current photovoltaic (PV)
technology as bottom cells. The rapid pro-
gress of the organic—inorganic hybrid pe-
rovskite materials with ~1.55 eV band gap is
a potential candidate to be utilized as the top
cell to further improve the state-of-the-art of
the solar cell technology. This family of ma-
terials is gifted the most attractive optoelec-
tronic characteristics as an ideal standalone
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Figure 1. Basic optical and electrical characteristic of halide perovskite material and its photovoltaic device. The absorption and
photoluminescence (PL) spectra (a); time-resolved PL measurement (b); and energy band positons of n-i-p photovoltaic device (c).

absorber, including a high absorption coefficient, tun-
able bandgap, long carrier diffusion length and more.>*°
Notably, hybrid perovskites also show a sharp absorption
edge with small Urbach energy.?’ Figure 1a shows the
chemical structure of PVSK, as well as the linear optical
absorption and photoluminescence spectra of the
PVSK material. The absorption edge is approximately
800 nm with a corresponding optical band gap of
1.55 eV. It exhibits strong absorption above the band
gap as well as a sharp optical transition at the band
edge. Most of recent theoretical calculations indicate a
direct band gap structure for the perovskite semi-
conductor.?® Figure 1b shows the results of transient
PL measurement of the typical PVSK film in our study,
which exhibits mono exponential decay with carrier
lifetime of 238 ns. It is relatively long for the typical
direct band gap material, which might be related with
its unique band structure or excite states physics that
are not fully understood yet. However, it indicates at
least the nonradiative decay channels are considerably
suppressed. Such features not only explain the supe-
rior PVSK single junction device but also imply the
PVSK material is a good candidate to be implemented
into a tandem structure.

Conventional inorganic solar cells, e.g., CIGS solar
cell, are constructed from opaque substrates such as
Mo, while PVSK solar cells are based on a transparent

YANG ET AL.

bottom electrode, e.g., ITO or FTO, with p-i-n or n-i-p
configuration. The energy band position for the gen-
erally adopted n-i-p PVSK solar cell is illustrated in
Figure 1¢; the values for the electron affinity and
jonization potential refer to the previous study.?® To
make these two technologies compatible, the use of
transparent top electrode for the PVSK cell is inevitable.
In addition to the demands of a tandem device, a
semitransparent PVSK solar cell itself is also attractive as
it can potentially be applied to building-integrated photo-
voltaic (BIPV) applications.° To fulfill such demands, it is
necessary to develop an effective and simple transparent
top electrode compatible with PVSK solar cells.

Recent developments of transparent conductor tech-
nologies has enabled several systems to serve as a
model for our design, e.g., solution processed metal
nanowires (Ag or Cu), conducting polymers and gra-
phene, dielectric/metal/dielectric photonic structures,
and more3'733 Most of these possibilities are obtain-
able through solution-processing or wet-transfer tech-
niques.3"** Although proven to be successful in organic
devices, these transparent conductors are challenging
to implement into the PVSK system since the polar
solvent used to disperse such transparent conductors
usually dissolves the PVSK materials, as PVSK is a polar
semiconductor. To this date, transparent top electrodes
have been successfully applied in PVSK solar cells via
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a limited number of approaches. A thin gold layer
(~10 nm) has been reported via thermal evaporation
to achieve a device PCE of 7.5%.3° In another report,
a transparent conducting adhesive was utilized to
laminate a Ni mesh embedded within PET onto the
perovskite solar cell to yield a decent PCE over 15%.

The development of a dielectric/metal/dielectric
(DMD) (MoO,/Ag/Mo0,) structure as the semitrans-
parent top electrode offers a compelling approach
for the pursuit of a semitransparent PVSK top cell. As
mentioned previously, PVSK materials and adjacent
transport materials are chemically and mechanically
unstable for the direct implication of solution pro-
cessed top electrodes, e.g., Ag NWs, carbon nanotubes,
or sputtered metal oxides. In addition, deposition of
DMD structures is based on simple thermal evapora-
tion processes, which appear to be a cost-effective
approach in comparison to the combined techniques
of thermal evaporation of a buffer layer followed by
sputtering of a metal oxide. Apart from the ease of
processing, this method provides for judicious control
over film thickness of each material to ensure reproduc-
ibility of the resulting device performance.

RESULTS AND DISCUSSION

This PVSK device employs the widely used n-i-p
planar structure with compact TiO, as the electron
transport layer (ETL), and Spiro-OMeTAD as the hole
transport layer (HTL). Processing of the TiO, film was
achieved at 150 °C, which is a rather low temperature
for compact ETL materials. The PVSK layer is deposited
on the top of TiO, through a two-step solution-
processing technique, the details of which are included
in the Methods section; the film morphology is given
in Supporting Information Figure S1. Spiro-OMeTAD
with ~350 nm thickness was subsequently deposited,
serving as the HTL. We used thermally evaporated
MoO, as the dielectric material in the DMD structure
due to the hole conducting nature and suitable band
position of MoO, compatible with Spiro-OMeTAD to
provide for efficient hole extraction and transport. The
band position of each layer is illustrated in Figure 1c.
MoO, is acommonly used hole transporting material in
organic photovoltaic devices and silicon solar cell. 3738
In this study, we also confirms that the Spiro-OMeTAD/
MoO, layer work as an effective hole selective layer.
The device parameters of this type of device are almost
comparable with the typical Spiro-OMeTAD/Au device,
as shown in Supporting Information Figure S2. In
addition, we also find that the MoO, metal oxide affects
the surface properties of the original Spiro-OMeTAD
hole transport materials, providing improved adhe-
sion for the following metal deposition. The entire
top electrode is then completed by subsequent de-
position of a thin metal layer and an additional MoO,
dielectric layer for optical interference to enhance the
transparency. The metal film has strong reflection even
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at 11 nm thickness; the top MoO, layer can be consid-
ered as the antireflection layer. However, it is challen-
ging to achieve antireflection for the whole spectra, and
hence, the optimal thickness of this layer depends on
particular photovoltaic system.

The most crucial part of the transparent electrode
is the metal layer stacking in-between the dielectric
materials, which determines the trade-off between the
transparency and the conductivity of the entire top
electrode. Most traditional DMD structures employ a
silver, and occasionally gold, middle layer3°~*" we
initially used a thin Ag layer, due to its high visible
transparence and low cost. The silver thin film depos-
ited on the dielectric material is likely to form isolated
clusters for the initial few nanometers of deposition.
Therefore, the percolation thickness (thickness at
which the film becomes continuous) of silver must
exceed the threshold, where the following coalescence
and film growth process can be completed to form a
continuous network. Attempts to improve film quality
during metal deposition consider not only film thick-
ness, but other deposition parameters as well. For
instance, on the basis of the fast evaporation rate
(>5 nm/s) of silver, a more continuous film with higher
conductivity at a similar range of film thickness can be
achieved. This is likely due to the rather sufficient
number of vapor atoms or molecules that condense
and merge together to establish a continuous network
on the substrate. However, in PVSK solar cells, such a
fast deposition rate can easily damage the Spiro-
OMeTAD and even the PVSK film. In addition, substrate
temperature and roughness have also been found to
play an important role in certain circumstances, which
increases the complexity of this technology and re-
duces the device performance, yield and reproducibil-
ity. In our case, it is desirable to achieve Ag film
percolation thicknesses as low as possible using a mild
deposition method, so as to minimize optical losses
from absorption by the electrode itself.

Interestingly, we found that in an ultrathin gold seed
layer (~1 nm) beneath a silver film provides an ideal
solution for improving the adhesion and reducing the
percolation thickness of the metal film sandwiched
between the dielectric structures. This results in a
dramatic change of silver film morphology. As shown
in Figure (2a—c), without gold seed layer, the silver film
is not continuous at 11 nm, presenting isolated metal
inlands, and the film is highly resistive. With the same
metal film thickness, it becomes continuous across
the entire film by inserting only 1 nm gold seed layer
as shown in Figure 2b. In contrast, the pure gold thin
film with same thickness also shows noncontinuous
feature, the film consists of tiny isolated gold islands
as shown in Figure 2c. This result suggests that a
substantially different nucleation and growth mode
of the metal film occurs during the evaporation pro-
cess by incorporating alternative gold seeding layer.
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Figure 2. Characterization of multilayer transparent top electrode. The film morphology of pristine silver (a), gold seeded
silver (b) and pristine gold (c) layer with same metal thickness; the transparence and conductivity of pristine silver, gold
seeded silver, and pristine gold film (d); the transparency of the multilayer electrode with different MoO, topping layer
thickness (e); the optimized parameters for the multilayer transparent electrode used in PVSK solar cell (f).

Generally, in case of metal films nucleation, the ada-
toms tend to bound to each other instead of bounding
to the substrates, and therefore, they grow via Volmer—
Weber (island) mode. It explains the noncontinuous
film appearing in both cases of the individual Au and
Ag deposition below the critical thickness. While an
improved wetting of the substrate has proven to be
favorable for the Frank—van der Merwe (layer-by-layer)
growth, it is the reason for the widely used “trick” that Cr
seed is predeposited before the subsequent Au deposi-
tion in many electric devices. In our study, the gold is
predeposited on the substrate and form islands, the
subsequent adsorbed Ag atoms/molecules (adatoms)
may have the chance to be more strongly bound to the
substrate than to the nearby gold islands. The interac-
tion between Ag and substrate is energetically more
favorable than the Ag—Au interaction, since gold has
higher surface energy. The growth mode transitions
from Volmer—Weber (island) mode in homogeneous
Ag or Au thin film to the Frank—van der Merwe (layer-
by-layer) mode in the Au/Ag heterostructure thin film.
Facilitated by the gold seed, the silver film with only
10 nm result in a continuous film, and such a small
percolation thickness will ensure good optical transpar-
ency as well as the conductivity of the thin film electrode.

As shown in Figure 2d, the conductivity of the
corresponding silver film improves several orders of
magnitude from 20KQ/0O (11 nm Ag) to around 16 /00
(T nm Au + 10 nm Ag). This is presumably because the

YANG ET AL.

isolated metal islands are well connected to form
charge conduction pathways. The gold seeded silver
film is also superior when compared to the pure gold
film in terms of conductivity and transparency, where
the same thickness of gold is very resistive and exhibits
low transmittance in the visible region due to the
strong plasmonic scattering effect of the gold nano
domains.*? A dielectric toping layer was used to further
improve the transmittance of the electrode. All the
dielectric materials in principle can serve this function
so long as they possess a large band gap to avoid
optical absorption (e.g., LiF).>* Here, we employ MoO,
as the top layer due to its ease of processing, without
changing the thermal evaporation source. The trans-
mittance spectrum can be tuned by different MoO,
thicknesses to match the absorption spectra of the
active layer, as shown in Figure 2e. The final optimized
parameters of this D/M/D transparent top electrode is
illustrated in Figure 2f. The transmittance is particularly
high from 550 to 800 nm, within which the PVSK
material actively absorbs photons.

The architecture of the top illuminated semitrans-
parent PVSK solar cell as well as the cross-section
image of each layer are shown in Figure 3a. The IV
curve of the optimized championing device is shown in
Figure 3b, delivering a very good device performance
of 11.5% power conversion efficiency (PCE). As a
reference, the “regular” PVSK solar cell with Spiro-
OMeTAD as hole transporting layer and ~100 nm Au
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Figure 3. Device structure and performance of top illuminated PVSK solar cell. The schematic and TEM cross-sectional image
of the photovoltaic device (a); J—V curve of the optimized device (b); the statistic of the device efficiency (c).

electrode is also fabricated and shows average power
conversion efficiency of ~16.5%; the IV curve of the
typical PVSK solar cell with regular electrode is in-
cluded in Supporting Information Figure S2. The fill
factor (FF) of the top illuminated PVSK cell achieves
75%, which is comparable to the best performing PVSK
solar cells made with regular metal electrodes. The
device performance distribution is given in Figure 3c.
The open circuit voltage (V,) reached as high as 1.05 V.
This is also a reasonably high value considering that the
photoinduced excess carrier concentration inside the
semitransparent PVSK is slightly lower than that of
PVSK in regular devices, so that the quasi Fermi level
splitting is slightly reduced. The high FF and V,. both
indicate that the sheet resistance of this D/M/D trans-
parent electrode is low enough to avoid the resistive
losses. The short circuit current (J,) is lower than that in
the regular device due to the transmittance loss from
the top electrode, achieving a value of 14.6 mA/cm?,
which is approximately 70% of that seen in typical
PVSK photovoltaic devices. Such photocurrent loss cor-
relates with the overall transmittance of the D/M/D
transparent electrode.
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On the basis of this D/M/D transparent top electrode,
a four-terminal tandem solar cell employing a solution
processed CIGS bottom cell was also demonstrated.
The CIGS bottom cell was obtained following previous
procedures,* and yields a V. of 0.59 V, J. of 29.8 mA/cm?,
FF of 70.7% and overall PCE of 12.4%. It must be noted
that the top and bottom cell should have an approxi-
mately equal PCE in order to maximize the benefit of
using a tandem device instead of a single junction.
Hence, solution processed CIGS bottom cells and PVSK
top cells are believed to be a good combination for a
tandem structure. The four terminal device configura-
tion is shown in Supporting Information Figure S3, the
device is illuminated from the D/M/D electrode, and
the IV curve of top and bottom cell were measured
separately. The CIGS bottom cell underneath the top
cell shows an efficiency of 4.0%, with J;. of 10.2 mA/cm?,
Voc of 0.56 V and FF of 69.6%. The current—voltage
curves and the external quantum efficiency (EQE)
curves of the top PVSK cell, unfiltered CIGS solar cell,
and CIGS bottom cell underneath the PVSK cell are
shown in Figure 4a,b. All corresponding device param-
eters are included in Table 1. The four-terminal tandem
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of top illuminated PVSK, CIGS, and CIGS cell under the PVSK device (b).

TABLE 1. Outcomes of Device Performance of Top Illlumi-
nated PVSK, CIGS, and the Bottom CIGS Cell under the
PVSK Device

Voc Jye FF PCE
V) (mAem?) (%) (%)

PVSK Top cell llluminated from D/M/D top electrode 1.05 146 751 115

CIGS solar cell 059 298 707 124
CIGS under PVSK cell 056 102 69.6 40
Four-terminal tandem 15.5

device efficiency is realized by adding the device
efficiency of the top PVSK cell and the bottom CIGS
cell when underneath the PVSK device. With an 11.5%
efficient top illuminated PVSK cell, the efficiency of the
solution processed CIGS solar cell was further en-
hanced to 15.5%, which was a 34.8% improvement
compared with the PVSK cell. The ease of processing
for both the PVSK and CIGS active layers also ensures a
low cost of production for this technology. It is noted
that a mechanically connected tandem solar cell em-
ploying coevaporated CIGS and solution processed
PVSK has also been demonstrated with decent power
conversion efficiency.** It is worth mentioning that
both the PVSK and CIGS cell was used without an
antireflection coating. Thus, the performance of tan-
dem device should be further improved through in-
corporation of such photonic structures. The optical
design parameters of such an antireflection coating

METHODS
PVSK Film Formation and Device Fabrication. Methylammonium

iodide (CH3NHsl, MAI), methylammonium chloride (CH3NH5Cl,
MACI), and the TiO, nanocrystals were synthesized following
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will be different from that for a single junction device.
Only the photons with energy below the perovskite
band gap and bigger than CIGS band gap need to be
considered for the bottom CIGS cell, which could lead
to a more effective antireflection coating than that
used in the regular CIGS solar cell.

CONCLUSION

In summary, we have successfully demonstrated a
multilayer transparent top electrode for hybrid halide
perovskite solar cells. The electrode employs the con-
ventional dielectric/metal/dielectric structure featur-
ing an ultrathin gold seeding layer underneath the
silver layer. The gold seeded silver film shows signifi-
cantly improved conductivity and optical transparency
compared with pristine Ag or Au due to modification of
the wetting properties of the metal deposition. The
semitransparent perovskite solar cell illuminated from
this multiplayer top electrode performs well with
11.5% efficiency and exhibits almost no loss of V.
and FF compared with the regular device. This perov-
skite top cell was further connected with a solution
processed CIGS bottom cell and measured as a four
terminal tandem device, delivering a combined power
conversion efficiency 15.5%. Our work not only de-
monstrates a simple processing method for a trans-
parent top electrode of perovskite solar cells, but also
shows a promising route to further improve current
solar cell efficiency through the use of tandem perov-
skite/CIGS solar cell structures.

the approaches described elsewhere.’ All the chemicals were
used as received without any further purification including Pbl,
(99.999%, Sigma-Aldrich), HI (57 wt % in water, Aldrich), HCI,
CH5NH, (33 wt % in absolute ethanol, Sigma-Aldrich), TiCl,,
titanium diisopropoxide bis(acetylacetonate) 75% in isopropyl
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alcohol (TiAcac, Sigma-Aldrich), spiro-OMeTAD (Lumtec), di-
methylformamide (DMF), Li-bis(trifluoromethanesulfonyl) imide
(Li-TFSI, Sigma), diethyl ether, acetone, isopropyl alcohol, ace-
tonitrile, ethanol, 2-methoxyethanol, and benzyl alcohol. ITO or
glass substrates (for PL measurements) were sequentially
washed with isopropyl alcohol, acetone, distilled water and
ethanol. The ETL was subsequently coated on ITO substrates
with a TiAcac stabilized TiO, solution and annealed at 150 °C for
30 min in air. Pbl, (dissolved in DMF, 400 mg/mL) was spin-
coated on top of ITO/TiO, substrate at 2500 rpm for 30 s. Then
dissolved in 2-propanol, a mixture of MAI/MACI (50 mg/mL,
5 mg/mL) was spin-coated on top of the dried Pbl, layer at room
temperature at 2000 rpm for 30 s in the dry air (at Dew Point
of —70 °C). All of the films were annealed in the air at 135 °C for
desired time. A hole transport layer (HTL) solution was coated
on the perovskite film at 3000 rpm for 30 s, where a spiro-
OMeTAD/chlorobenzene (90 mg/1 mL) solution was employed
with addition of 45 uL of Li-TFSl/acetonitrile (170 mg/1 mL) and
10 uL of tBP. Finally, the counter electrode was deposited by
thermal evaporation of gold under a pressure of 5 x 10—5 Torr.
The active area was 0.108 cm®. The as-fabricated reference
device depicts from the bottom to the top, the 150 nm thick
ITO electrode, 40 nm of TiO,, 350 nm of perovskite, 200 nm of
spiro-OMeTAD, and 100 nm of gold. The fabrication of solution
processed CIGS solar cell follows previous work demonstrated
in this study.”® The transparent top electrode based device
adopts all the device fabrication parameters as the reference
device except replacing the Au electrode by multilayer top
electrodes. The MoO,/Au/Ag/MoO, multilayer top electrode is
deposited subsequently with thermal evaporation method,
with the thickness of 10, 1, 10, and 40 nm, respectively. The
evaporation rates for each layer are 0.1, 0.02, 0.1, and 0.1 nm/s,
respectively.

Optical Characterization. The absorptions of different transpar-
ent electrodes and the PVSK film are measured with Hitachi
UV—vis spectrometer in the transmission mode. The PL mea-
surement is conducted with HORIBA fluorescence spectro-
meter, and the transient PL is measured using PicoQuant time
correlated single photon counter.

Device Measurement. The current—voltage (J—V) measure-
ments of the photovoltaic devices were conducted using a
Keithley 236 Source-Measure unit. A xenon lamp with an
AM1.5G filter (NEWPORT) simulated 1 sun conditions, and the
light intensity at the sample was 100 mW/cm?, calibrated with a
Mono-Si photodiode with KG-5 color filter. The reference diode
is traceable to NREL certification. EQE measurements were
conducted with an integrated EQE system from EnliTech. As
for the four—terminal tandem device, the top PVSK solar cell is
measured using the same setup while the device is illuminated
from the top DMD electrode; the bottom CIGS solar cell is
measured with top PVSK device as the filter.
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