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Abstract

Silicon-based tandem solar cells can overcome the efficiency limit of single junction silicon solar cells. Perovskite solar cells are
particularly promising as a top cell in monolithic tandem devices due to their rapid development towards high efficiencies, a
tunable band gap with a sharp optical absorption edge and a simple production process. In monolithic tandem devices, the
perovskite solar cell is deposited directly on the silicon cell, requiring low-temperature processes (< 200°C) to maintain
functionality of under-lying layers of the silicon cell in case of highly efficient silicon hetero-junction (SHJ) bottom solar cell. In
this work, we present a complete low-temperature process for perovskite solar cells including a mesoporous titanium oxide
(Ti0O,) scaffold - a structure yielding the highest efficiencies for single-junction perovskite solar cells. We show that evaporation
of the compact TiO, hole blocking layer and ultra-violet (UV) curing for the mesoporous TiO, layer allows for good
performance, comparable to high-temperature (> 500°C) processes. With both manufacturing routes, we obtain short-circuit
current densities (Jsc) of about 20 mA/cm?, open-circuit voltages (Voc) over 1V, fill factors (FF) between 0.7 and 0.8 and
efficiencies () of more than 15%. We further show that the evaporated TiO, layer is suitable for the application in tandem
devices. The series resistance of the layer itself and the contact resistance to an indium doped tin oxide (ITO) interconnection
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layer between the two sub-cells are low. In addition, the low parasitic absorption for wavelengths above the perovskite band gap
allow a higher absorption in the silicon bottom solar cell, which is essential to achieve high tandem efficiencies.
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1. Introduction

The efficiency of single junction silicon solar cells is limited to 29.4% [1]. The main loss mechanism is
thermalization. The excess energy of photons with energies higher than the bandgap is transferred to the lattice and
cannot be converted into electrical energy. To overcome this fundamental limit, tandem solar cells consisting of a
silicon bottom solar cell and a top solar cell with a higher bandgap are investigated. A promising tandem partner for
silicon is a perovskite top cell as the bandgap of the perovskite absorber can be adjusted for its use in tandem solar
cells [2]. The two sub-cells in a tandem device can either be mechanically stacked (4-terminal device) or
monolithically interconnected (2-terminal device). We aim for monolithic tandem solar cells, because (i) the
integration of such cells in a module is potentially easier than in the case of 4-terminal devices and (ii) less
intermediate layers for lateral current transport to the terminals are needed which typically cause parasitic
absorption. To date, however, research groups reported more on mechanically stacked tandem solar cells [2—8] than
on successful fabrication of monolithic tandem devices [8—12].

Since their emergence only few years ago, the power conversion efficiency of perovskite solar cells raised up to
22.1% [13]. Especially, the TiO,-based mesoporous structure yielded high efficiencies [14—16]. In this structure the
electron contact consists of a compact TiO, layer and a mesoporous TiO, scaffold that is infiltrated by the perovskite
absorber. As reported in most of the publications about mesoporous perovskite solar cells, the electron contacts are
typically fabricated by high-temperature processes (up to 500°C) such as spray pyrolysis deposition for the compact
layer and sintering of the mesoporous layer [14—17]. However, in tandem solar cells a low-temperature process
(below 200°C) can be beneficial. In particular, when using silicon hetero-junction (SHJ) bottom solar cells, allowing
for high voltage and overall high efficiency [18,19], a low-temperature process is required in order to avoid the
degradation of the SHJ solar cell [19,20]. Not only for SHJ solar cells but also for other silicon bottom solar cells, a
low-temperature process is beneficial when indium-doped tin oxide (ITO) is used as a recombination layer since the
interface between ITO and silicon might not withstand high temperatures [21]. Several research groups reported on
the low-temperature fabrication of a compact TiO, layer using spin coating [22,23], atomic layer deposition (ALD)
[24,25] or sputtering [7]. To the best of our knowledge only one group presented a complete low-temperature
process for TiO,-based mesoporous perovskite solar cells. Di Giacomo et al. used ALD for the compact layer and a
UV treatment of the mesoporous TiO, [26].

Figure 1 represents a possible structure of a perovskite silicon tandem device with a SHJ bottom solar cell and a
low-temperature processed mesoporous perovskite top solar cell. In this case an ITO interconnection layer is
situated between the amorphous silicon (a-Si) hole conductor of the bottom solar cell and the TiO, electron contact
of the top solar cell.
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Fig. 1. Schematic sketch of a tandem solar cell consisting of a SHJ bottom solar cell and a mesoporous perovskite top solar cell. In such a
structure the TiO, must exhibit low resistance in combination with the interconnecting ITO and should not absorb light useful for the silicon
bottom solar cell.

In this paper, we discuss a compact TiO, layer deposited by electron beam evaporation allowing for low substrate
temperatures as hole blocking layer for perovskite solar cells. First, we demonstrate that the resistance of a layer
stack consisting of ITO and evaporated TiO, as well as the absorption coefficient of the evaporated TiO, is
sufficiently low. Hence, this layer is a promising candidate for the use in a perovskite silicon tandem solar cell with
a SHJ bottom solar cell. In the second step we show that the evaporated TiO, layer works as a hole blocking layer in
perovskite solar cells. Together with a mesoporous TiO, treated by UV irradiation instead of high-temperature
sintering we are able to produce low-temperature mesoporous perovskite solar cells. Both required low-temperature
process steps have been optimized. In this work we focus on the evaporation of the compact TiO,. Optimization of
the UV treatment of the mesoporous layer can be found elsewhere [21]. We show that the conventional high-
temperature and the new, optimized low-temperature process route lead to comparable results.

2. Experimental methods
2.1. Fabrication of samples to determine resistivity of ITO/TiO2 interface and TIO2 layer

To evaluate the contribution of the evaporated TiO, layer to the series resistance in a tandem solar cell (pass
resistance through the TiO, layer itself and contact resistance to the under-lying ITO layer), conductivity samples
were fabricated on silicon wafers (n-type, 1 Q cm, float zone, thickness 200 um). To achieve good conductivity to
subsequent layers, the wafers received a phosphorus diffusion on both sides with a sheet resistance of approximately
50 Q/sq. The rear side was metallized by subsequently evaporating 50 nm of titanium, 50 nm of palladium and
1000 nm of silver (Ti/Pd/Ag). Subsequently, a 20 nm thick indium-doped tin oxide (ITO) layer was sputtered at the
front side in an Oxford instruments system. Then, a 20 nm thick TiO, layer was evaporated on the front side by
electron beam evaporation in an evaporation tool (Pfeiffer PLS 570) equipped with a voltage electron gun (Telemark
Model 267). The pressure during evaporation was 10 mbar. The substrate temperature was around 20°C and the
evaporation rate was 1 nm/s controlled by an oscillating crystal. A second 20 nm thick ITO layer was sputtered on
top of the TiO,. Thus, the TiO, layer is sandwiched between two ITO layers. In this configuration, the overall
resistance is dominated by the contact resistance between TiO, and ITO and the resistance for the vertical current
flow through the TiO,. These are also the two contributions which are relevant in a final tandem device, in regard to
the TiO,. As reference, samples without TiO, (ITO layer of double thickness (40 nm)) were fabricated. In a final
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step, the front side was also metallized with Ti/Pd/Ag and samples were cut into pieces with a size of 2 x 2 cm” by
lasering or sawing using a dicing saw.

2.2. Perovskite solar cell fabrication

Perovskite solar cells were fabricated on fluorine-doped tin oxide (FTO) coated glass substrates. The FTO was
structured according to the cell layout by etching with hydrochloric acid and zinc powder in order to avoid short-
circuiting the solar cell. After cleaning the substrates, a compact TiO, hole blocking layer was evaporated as
described in section 2.1. We investigated different layer thicknesses of 10 nm, 20 nm, 30 nm and 50 nm.
Afterwards, a mesoporous TiO, scaffold was spin coated from a solution containing a commercial TiO, paste,
ethanol and terpineol. The samples were then exposed to UV irradiation for 120 min and 200 min, respectively. For
comparison, high-temperature solar cells were fabricated by spray deposition of the compact TiO, layer at 470°C
and sintering of the mesoporous layer at 525°C. The perovskite absorber material, methylammonium lead triiodide
(CH;NH;PDbI;), was spin-coated in a nitrogen filled glovebox from a stoichiometric solution of methylammonium
iodide (MAI) and lead iodide (Pbl,) in dimethylsulfoxide (DMSO). Toluene was added as an antisolvent 5 s prior to
the end of the spin coating process and afterwards the substrates were annealed at 100°C for 60 min. For the hole
conductor, doped 2,2',7,7'-Tetrakis-(N,N-di-4-methoxyphenylamino)-9,9'-spirobifluorene (Spiro-OMeTAD) [17],
was spin-coated, still in the glovebox. Finally, gold contacts were thermally evaporated through a shadow mask to
define three cells on each substrate. More details about the utilized materials and process steps can be found
elsewhere [21].

A schematic sketch of the structure is represented in Fig. 2a. Fig. 2b shows a scanning electron microscope
(SEM) picture of a perovskite solar cell fabricated by the low-temperature process. The process sequences for the
manufacturing of the low-temperature solar cells and the high-temperature reference cells are shown in Fig. 2c.

C) High-temperature process Low-temperature process
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Compact TiO,, 470°C Compact TiO
Spin Coating
Mesoporous TiO,
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Fig. 2. (a) Sketch of a perovskite solar cell. (b) SEM picture of a perovskite solar cell fabricated by the low-temperature process. (c) Process
sequence for fabrication of high- and low-temperature perovskite solar cells.
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2.3. Characterization methods

Resistance measurements were conducted using a Keithley 2651A source meter recording the current-voltage
characteristics. Resistance values were afterwards determined by a linear least square fit in a current density range
between 15 mA/cm? and 30 mA/cm?.

The optical functions of the TiO, films (evaporated on silicon) were determined using spectroscopical
ellipsometry (J.A.-Woollam M-2000 ellipsometer). The refractive index and extinction coefficient were extracted by
fitting the ellipsometric data (Psi, Delta) with a Tauc-Lorentz dispersion model.

Current-Voltage (IV) characteristics of perovskite solar cells were measured using a sun simulator consisting of a
xenon short arc lamp (Wacom, 1000 W) and a source meter (Keithley 2651A). Light intensity was calibrated using a
silicon reference solar cell to have an illumination of 1 sun intensity according to the air mass 1.5 global (AM1.5g)
spectrum. Every solar cell was first measured in reverse scan direction (from 1.2 V to -0.1 V) and afterwards in
forward scan direction (from -0.1 V to 1.2 V). The scan speed was 43 mV/s. A shadow mask defined an active area
of 0.16 cm? during the measurement.

3. Results and discussion
3.1. Characterization of the evaporated TiO; layer

For using evaporated TiO, layer in a tandem device as represented in Fig. 1, there are two main requirements:
First, the resistance for the vertical current flow through the TiO, and the contact resistance between TiO, and ITO
have to be as low as possible in order to keep the series resistance of the tandem solar cell low. Second, the layer
should not parasitically absorb in the spectral range that is used by the silicon bottom solar cell.

The results of the resistance measurements are represented in Fig. 3a together with the investigated structures.
The reference samples containing a 40 nm thick ITO layer without TiO, show a very small resistance of
(0.027 £ 0.002) Q2 cm? which is basically the resistance contribution of the silicon wafer and shows that there is no
significant resistance contribution of the ITO layer and the metal contacts. The samples with a 20 nm thick
evaporated TiO, layer sandwiched between two 20 nm thick ITO layers have a resistance of (0.46 + 0.17) Q cm?. As
the series resistance of perovskite solar cells is typically between 3 Q cm? and 10 Q cm? [8,15,27-31], it represents a
reasonable value. Assuming a current density of 20 mA/cm? which is a reasonable value for good perovskite solar
cells [2,15,32-34], a voltage of around 9 mV is lost when using an ITO/TiO, interconnection between the two sub-
cells. This value could be considered as an upper limit for what should be expected in a tandem solar cell, as in our
test samples the ITO/TiO, interface occurs tow times, while it will only occur once in a tandem solar cell. On the
other hand, pin holes might be present in the TiO, layer, reducing the resistance in comparison to a pin hole free
layer.

Fig. 3b shows the extinction coefficient k of the evaporated TiO, layer. It is zero for wavelengths longer than
400 nm. Thus, the evaporated TiO, only absorbs in the UV range of the spectrum. However, in this part of the
spectrum, the perovskite is strongly absorbing [35,36] and thus, no light will reach the underlying TiO, layer in that
spectral region and no parasitic absorption of the TiO, will degrade the performance of the tandem solar cell.
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Fig. 3. (a) Resistance of an ITO-TiO,-ITO stack compared to an ITO-ITO reference. Inset sketches show the structure of the investigated
samples. (b) Extinction coefficient of TiO, determined by spectral ellipsometry. The investigated TiO, fulfills both requirements for the use in a
tandem configuration: low resistivity in combination with ITO and no parasitic absorption in the spectral range useful for the silicon bottom solar
cell.

3.2. Perovskite solar cells

To test our TiO, layers at device level, four groups of solar cells with different thicknesses (10 nm, 20 nm, 30 nm
and 50 nm) of evaporated TiO, were fabricated. In this batch, the samples were kept under UV irradiation for
120 min after spin-coating the mesoporous TiO, scaffold. Fig. 4 shows short-circuit current density Jsc, open-circuit
voltage Voc, fill factor FF, and efficiency obtained from forward and reverse scan direction in dependence of the
layer thickness. For a 50 nm thick compact TiO, only very few cells could be measured and their efficiency was
below 0.5%. Thus, this group of cells is not represented in the graphs. For all working solar cells a hysteresis effect
is present, i.e. a difference between current-voltage curves obtained from forward and reverse scan direction. This
effect might be explained by interplay between surface recombination and ion migration within the perovskite
absorber [37]. Following this argumentation, by improving the quality of the selective contacts the hysteresis can be
reduced. With a compact layer thickness of 10 min, some cells achieved good efficiencies of up to 13.39% and
16.71%, measured in forward and reverse scan direction, respectively. But the spread is very high and there are also
cells with very poor efficiency. On average, the hysteresis is most pronounced for this group of solar cells. Two cells
even showed a maximum of the current near the maximum power point in the reverse scan direction resulting in
unrealistic FF of nearly 100%. Thus, an only 10 nm thick compact TiO, layer seems to be associated with a high
surface recombination. One explanation is that with such thin layers, defects like pinholes might be present.
Alternatively, capacitive effects that do not involve ion-migration and surface defects could be the source of the
hysteresis [38]. However, it is not clear which mechanism would explain the observed dependence on the TiO,
thickness following this line of thought. Considering the Voc, some cells with 10 nm of evaporated TiO, only reach
values below 0.9 V, whereas the spread for 20 nm and 30 nm is much smaller reaching open-circuit voltages of
around 1 V. Generally, the results for evaporated TiO, layers of 20 nm and 30 nm are comparable. As the mean
value and the median of efficiency are slightly higher for the 20 nm thick layer, we used this thickness for further
experiments.
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Fig. 4. (a) Short-circuit current density (Jsc), (b) open-circuit voltage (Voc), (c) fill factor and (d) efficiency of perovskite solar cells fabricated by
the low-temperature process (UV curing time 120 min) as a function of the evaporated compact TiO, (c-TiO,) layer thickness. For each thickness,
data from forward (for) and reverse (rev) scan direction are shown. 50% of the data points are within the boxes, 80% within the whiskers. The
horizontal line and the point in the boxes represent the median and the mean value, respectively. In the mean, the best results were achieved with
the cells having a 20 nm thick compact TiO, layer.

In a following solar cell batch we varied the UV irradiation time of the mesoporous TiO, scaffold. Details
concerning this experiment can be found elsewhere [21]. By increasing the UV curing time to 200 min, solar cell
performances get slightly better and the hysteresis is less pronounced. Fig. 5 represents a comparison of the best
solar cells fabricated by the conventional high-temperature process (spray pyrolysis deposition of the compact TiO,
and sintering of the mesoporous TiO,) and the optimized low-temperature process (evaporation of a 20 nm thick
compact TiO, layer and UV irradiation of the mesoporous TiO, for 200 min). With the low-temperature process we
achieve similar values compared to the conventional high-temperature route. J;. of around 20 mA/cm?, V. over 1 V,
and FF higher than 70% lead to efficiencies of around 15% in both cases. The mean efficiency of 12 cells produced
by the optimized low-temperature process is 12.53% and 15.15% determined from forward and reverse scan
directions, respectively. Thus, device performance of solar cells fabricated by our optimized low-temperature
process is comparable to the results from the low-temperature process using ALD for the compact TiO, presented by
Di Giacomo et al. [26].
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Fig. 5. IV curves of the best solar cells produced by the (a) high-temperature and (b) low-temperature process. Inset tables show the solar cell
parameters. With both processes efficiencies of over 15% could be achieved.

4. Conclusion and outlook

We have shown that a low-temperature evaporated TiO, layer is suitable for the use as a hole blocking layer for
the perovskite solar cell in perovskite silicon tandem devices using a SHJ bottom solar cell and an ITO
interconnection layer. The sum of the contact resistance between ITO and TiO, and the pass resistance of the TiO,
layer itself is below 0.5 Qcm? and the extinction coefficient of the TiO, is zero in the spectral range useful for the
silicon bottom solar cell. We further tested the evaporated TiO, as an electron contact in perovskite solar cells. With
an optimized thickness of 20 nm and a low-temperature UV treatment of a mesoporous TiO, scaffold we achieved
efficiencies up to over 15% which is comparable to the performance of solar cells fabricated by a conventional high-
temperature process (spray pyrolysis deposition of the compact TiO, and sintering of the scaffold).

To realize perovskite silicon tandem solar cells we are currently investigating semitransparent perovskite solar
cells. The full-area gold contact of the perovskite solar cell will be replaced by a contact grid. As the conductivity of
Spiro-OMeTAD is too low to transport charge carriers laterally to the contact fingers, an additional transparent and
conductive layer is needed.
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