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annealed at 400 °C for 300 s to improve metal adhesion, then
laser scribed to form 1 x 1 cm? devices.

C. Fabrication of Tandems With 1 cm? Active Area

The p-type silicon cells described in Section II-B were cut
to 14 x 14 mm? substrates, and mesa etched so that the emit-
ter covered an 11 x 11 mm? area. The surface SiO, layer
on the silicon cells was removed by etching with 10% HF.
About 30 nm ITO was deposited by RF magnetron sputter-

ing overa 12 x 12 mm? area at a rate of 0.6-0.7As ' with
an Ar partial pressure of 6 mTorr and RF power of 60 W
(1.3 W cm™?). An ITO target (99.99% purity, 90% InyOs3,
10% SnO, by mass, Plasmaterials) was used. No substrate heat-
ing was employed. NiOy was synthesized in a similar way as
Section II-A, but spun at 5000 r/min for 45 s to give an 8§ nm
thick film. Csg 17FA¢.s3Pb(Bry 171.83)3 was deposited accord-
ing to a previously reported method [5]. The precursor solution
contained CsI (99.99%, Sigma-Aldrich), FAI (Dyesol), Pbl,
(TCI), PbBr, (96%, Sigma-Aldrich), and the solvents N, N-
diemthylformamide (99.8%, Sigma Aldrich) and dimethyl sul-
foxide ( 99.9%, Sigma-Aldrich). The solution was spun in a
dry air box at 1000 r/min for 11 s, followed by 6000 r/min for
30 s, with chlorobenzene dropped 5 s from the end. The films
were annealed at 50 °C for 10 s, then 100 °C for 30 min. 1 nm
LiF and 20 nm Cgy (>99.9%, MER Corporation) were ther-
mally evaporated, followed by ALD of 4 nm SnO, and 2 nm
zinc tin oxide at 100 °C in an Arradiance GEMStar-6 system.
The tin precursor was tetrakis(dimethylamido)tin (TDMASn),
zinc precursor diethylzinc (DEZ), and oxidant vapors of deion-
ized water. Each SnO; cycle comprised of 1.5 s TDMASn pulse,
5 s purging with 90 mL min~! N5, 1 s HO pulse, 5 s purging.
The TDMASn precursor was heated to 60 °C. Zinc tin oxide was
grown using a supercycle comprised of three cycles of SnO, and
three cycles of Zno. Each ZnO cycle had 100 ms DEZ pulse,
5 s purge, 1 s HoO pulse, 5 s purge. ITO and LiF (as an an-
tireflection coating) were sputtered and evaporated respectively
according to a previous report [5].

D. Characterization

Transmittance measurements were performed inside an inte-
grating sphere using a PerkinElmer Lambda 950 UV-VIS-NIR
spectrophotometer. The transmittance of the glass substrate was
also measured and divided from the measured transmittance
of the thin film on glass, to account for the reflectance and
absorptance of the glass substrate. Solar simulations were
performed under 1 sun AM 1.5G illumination, calibrated with
a silicon reference cell using a Newport solar simulator inside a
nitrogen-filled glovebox for the single-junction devices, New-
port solar simulator in air for the perovskite devices on silicon,
and Oriel Sol3A solar simulator for the 1 cm? area tandems. The
measured performance was not adjusted for the spectral mis-
match of the subcells. For the single-junction devices, the active
area was apertured to 1 mm?. For the devices on p-type silicon,
the 5.44 mm? devices were apertured to 3.36 mm? for current-
density versus voltage (J-V) measurements. For the 1 cm? area
tandems, the devices were apertured to 1 cm”. The devices
were not apertured for open-circuit voltage measurements. The
current—voltage sweeps and open-circuit voltage measurements
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Fig. 1. X-ray photoemission spectroscopy (XPS) investigation of silicon in-
terband recombination contacts. (a) Si 2p spectra of silicon bottom cells, show-
ing increased SiOy signal after NiOy deposition and annealing (dashed lines).
(b) XPS depth-profile measurements for NiOx on UV-ozone-treated silicon,
with the sputtering time labeled, and the SiOy peak position indicated by a
gray line. Time = 0 s corresponds to the surface of the NiOy. Time = 380 s
corresponds to bulk silicon after sputtering through the NiOy and SiOy layers.

were obtained with a Keithley 2400 digital sourcemeter. EQE
measurements were performed according to a previous report
[5]. The XPS spectra were collected using a Thermo Scientific
K-Alpha XPS. Monochromatic Al K, X-rays (1486.6 eV
excitation energy) were used as the source and the measure-
ments performed under 8 x 10~% mbar base pressure with a
photoelectron take-off angle of 90°. The spectral positions
were corrected by adjusting to the C 1 s adventitious peak at
284.80 eV. Depth profiling was obtained by gentle sputtering of
the sample with an Ar cluster source (2000 atoms per cluster)
at 6 keV for 10 s, followed by spectral collection. We note
that in Fig. 1(b), only every second spectrum is shown for
clarity (i.e., the spectra are separated by 20 s intervals). The
thicknesses of the NiO,, MAPbI3;, and PEDOT:PSS films
were measured by variable-angle spectroscopic ellipsometry
using a rotating-analyzer ellipsometer (J.A. Woollam VASE).
Ellipsometry data from 280-2500 nm were obtained at incident
angles of 65°,70°, and 75° and fitted with generalized oscillator
models using WVASE32 software (Woollam). The sheet
resistance of ITO was measured using a 4-point probe from
Jandel Engineering. A Keithley 2400 source meter was used
to sweep from —30 to 30 mV and measure the current. Using
the resistance from the Ohmic current—voltage curve measured
and the standard 7/In(2) correction factor for in-line probes, the
sheet resistance was calculated.
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III. RESULTS AND DISCUSSION

A. Challenges of Silicon Interband Recombination Contacts
for Monolithic Tandems with p-Type Silicon

We first investigated the use of a silicon interband recombi-
nation contact with opposite polarity to that previously used for
n-type silicon. This recombination contact (comprised of n**
and p*™ silicon) is advantageous because it has minimal optical
absorption [13]. However, our first attempts resulted in extrac-
tion barriers (see Fig. S1, Supporting Information). To identify
the root cause, we characterized the silicon bottom cell by XPS
and found that a thicker layer of insulating SiO, formed on
the silicon surface [see Fig. 1(a)] after the oxygen-plasma treat-
ment needed for sufficient wetting of the solution-processed top
cell. We investigated whether this effect could be overcome by
using 5 min UV-ozone treatment instead to make the silicon hy-
drophilic. We found that while the SiOy peak was smaller [see
Fig. 1(a)], the tandems still had extraction barriers (see Fig. S1,
Supporting Information).

For our solution-processed top cell, we considered using PE-
DOT:PSS or nickel oxide (NiOy) as the hole transport layer.
Both were effective hole acceptors and did not change the per-
ovskite phase (see Section S2, Supporting Information), but
our 20 nm NiOy films were more suitable because they had
higher near-infrared transmittance (>95%) and gave higher
open-circuit voltage in our test single-junction MAPbI; per-
ovskite top cells (1.07 4= 0.02 V cf., 0.906 + 0.004 V), leading
to higher efficiencies (see Table S2, Supporting Information).
However, our solution-processed NiO, layer required crystal-
lization for 1 h in air at 300 °C. To investigate whether this
led to further damage of our silicon interband recombination
contact, we performed XPS depth-profiling through the NiOy
film. In Fig. 1(b), it can be seen that the Si 2p spectra were
initially almost featureless because most of the photoelectrons
were collected from the NiOy surface. During sputtering, the Ni
2p spectra changed from Ni** to an elemental Ni doublet as the
Ni—O bonds were broken, while the Si 2p peaks became more
intense until only the peak corresponding to elemental silicon at
99 eV binding energy was observed [see Fig. 1(b)]. These spec-
tra after 380 s sputtering correspond to when both the NiO, and
SiOy layers have been removed, with some Ni implanted into
silicon during the sputtering process. We were therefore able to
obtain the XPS spectrum of the SiO layer under NiOy in the
middle of the depth-profile. This SiOy peak after NiOy anneal-
ing is larger than that for silicon after UV-ozone treatment [see
Fig. 1(a)] showing that a thicker SiO, formed after crystalliz-
ing our NiOy layer. This may be due to either oxygen diffusing
through the 20 nm NiOy layer or an increased rate of silicon ox-
idation when Si—Ni bonds form, as has been observed in nickel
silicides [22]. These results suggest that silicon interband layers
are damaged during the processing of our solution-synthesized
top cell and not suitable as recombination contacts.

B. Overcoming Bottom Cell Oxidation Using an ITO/NiOy
Recombination Contact

We investigated whether depositing ITO on silicon before
depositing NiOy could protect the bottom cell from oxidation
during processing. We believed it was possible to deposit a con-
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Fig. 2. (a) Device structure and (b) open-circuit voltage versus time of per-
ovskite single-junction devices on ITO/ p** silicon and ITO/glass. Both devices
were measured in air.

ductive ITO layer on silicon without oxidizing it because this
is a part of the standard process for fabricating silicon hetero-
junction solar cells [18]. Degenerate n-type doping in ITO is
primarily caused by oxygen vacancies, supplemented by substi-
tutional tin doping [23], [24]. As a result, ITO films sputtered
without oxygen working gas can achieve low resistivity and
high transparency, although a low concentration of Oy may
help maintain film stoichiometry and high optical transmission
[23], [25].

To determine whether sputtering ITO led to silicon oxidation,
we compared single-junction perovskite devices on ITO-coated
p*t silicon, and on standard ITO/glass [device structures in
Fig. 2(a)]. Both were illuminated through a Ca:Ag transparent
top electrode to enable a fair comparison between the devices on
opaque p** silicon and on transparent glass substrates. Ca:Ag
was chosen because it could be evaporated at a low rate of
04As !, preventing damage to the PCgoBM layer. Both types
of devices were expected to operate similarly if no oxidation oc-
curred because the p** silicon is degenerate like ITO. The p**
silicon was contacted from the rear gold electrode. If oxidation
occurred on the p** -silicon-based device, we would have ex-
pected an extraction barrier. This extraction barrier was absent
and the two types of devices had very similar performance (see
Fig. S2, Supporting Information), suggesting that the ITO can
protect the silicon from oxidation during top-cell processing.

C. Controlling the Open-Circuit Voltage Stability of the
Perovskite Top Cell

We found that maintaining a stable open-circuit voltage under
illumination required careful control of the surface properties
of the NiOy layer. When NiOy was annealed and left in air
for 2.5 h, the open-circuit voltage decreased by 25 meV after
30 min illumination under 1 sun [see Fig. S6(a), Supporting
Information, olive points]. In contrast, when NiO, was annealed
inside a dry box with <10% relative humidity, the open-circuit
voltage after 30 min was almost the same as the initial value.
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To understand these effects, we investigated the following
three hypotheses:

1) perovskite damage due to the formation of surface hy-

droxyl groups when NiOy is kept in humid air;

2) perovskite deprotonation over time due to the high iso-

electric point of NiOy;

3) perovskite change due to moisture accumulation at the

interface between NiO, and MAPbI;.

As detailed in Section S2 of the Supporting Information,
we found the third hypothesis to be the most likely. Fourier
transform infrared spectroscopy measurements showed that
moisture accumulated on the NiO, over time in ambient air.
When the NiO, was taken into the dry box immediately after
annealing, there was no decrease in the open-circuit voltage
[see Fig. S6(a), Supporting Information, red points]. Similarly,
when NiO, left in air for 2.5 h was subsequently heated to
drive off moisture, there was also no decrease in open-circuit
voltage [see Fig. S6(a), Supporting Information, open circles].
The open-circuit voltage of our MAPbI; devices may degrade
when moisture is present due to the reversible formation of
a layered hydrated phase, which can lead to nonradiative
recombination [26]. The high potential under open-circuit
conditions may favor the formation of hydrated MAPbI; if a
greater quantity of moisture accumulates on the surface of the
HTL. Our results (discussed in detail in Section S2, Supporting
Information) indicate that while a NiO, HTL gives a higher
open-circuit voltage than PEDOT:PSS, to maintain a stable
open-circuit voltage, it is important to minimize the exposure of
the NiO, surface to moisture after annealing. This information
is important not only for the present work on tandems, but
also for achieving greater reproducibility in perovskite devices
using NiOy. Using these processing conditions, we achieved
perovskite devices on p*" silicon with an open-circuit voltage
that was stable under constant 1 sun illumination for the
duration of the 30 min experiment [see Fig. 2(b)].

D. 1 cm? Active Area Monolithic Perovskite Tandems With
p-type Silicon Solar Cells

To determine whether our ITO/NiO, recombination contact
can enable voltage addition, we fabricated monolithic tandems
with p-type Al-BSF silicon cells. The tandem device structure
is shown in Fig. 3(a), and the band diagram of the ITO/NiOy
recombination contact is given in Fig. 3(b). To minimize losses
due to dark current from the silicon bottom cell, the perovskite
top-cell active area is required to match that of the silicon sub-
cell (1 cm?). We therefore used a perovskite top cell we pre-
viously optimized for 1 cm? active areas [5]. This cell con-
sisted of CSO,17FAO,83Pb(B1‘0.1710.83)3 perovskite, where FA is
formamidinium, with electron transport layers deposited by
thermal evaporation and ALD to avoid pinholes (details in
Section II). The ALD SnO; and zinc tin oxide layers protected
the PCoBM and perovskite from damage when sputtering the
150-nm top transparent ITO electrode, which had a low sheet
resistance of 30 €2/0J. A labeled cross-sectional SEM image of
the monolithic tandem is shown in Fig. 3(c).

The J-V curve for the tandem showed almost no hysteresis
[see Fig. 3(d)], and the short-circuit current density, open-circuit
voltage, and maximum power point matched the stabilized val-
ues (black diamonds). The V¢ of the tandem was 1.43 'V, suc-
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Fig. 3. Monolithic tandems with an active area of 1 cm? using ITO/NiOy
recombination contacts measured under 1 sun AM 1.5G illumination. (a) De-
vice structure of tandems with Al-BSF p-type silicon bottom cells. (b) Band
structure of the ITO/NiOy recombination contact on a p-type silicon cell.
(c) Cross-sectional scanning electron microscopy image of a tandem on sili-
con. We note that the LiF/Cg(/SnO2/ZTO layers are between the perovskite
and ITO, and are too thin to resolve. (d) J-V curve swept at 100 mV s~!in
both the forward (solid line) and reverse (dashed line) directions for the tandem
device. The stabilized short-circuit current density, maximum power point, and
open-circuit voltage are shown as black diamonds. The J-V curve for a semi-
transparent Csg.17FA¢.g3Pb(Brg 1710.83)3 perovskite cell and unfiltered silicon
single-junction device made from the same p-type silicon wafer as the bottom
cell are also shown. (e) Power and current density at the maximum power point,
and open-circuit voltage versus time (inset) over a period of 30 min. (f) Tandem
1-R (reflectance) and external quantum efficiency of the top and bottom subcells.

TABLE I
PERFORMANCE OF SINGLE JUNCTION AND TANDEM SOLAR CELLS UNDER
1-SUN ILLUMINATION (WITHOUT SPECTRAL MISMATCH CORRECTION)

Voc FF PCE Jsc (MA em™?)

Cell type V) (%) (%)  FromJ-V _ FromEQE
Perovskite top cell 0.98 79 14.5 18.7 17.9
Silicon bottom cell

(unfiltered) 058 78 13.3 29.3 33.0

Tandem 143 75 16.2 153 124

The area of the tandem was 1 cm? and measured with a matching aperture area.

cessfully demonstrating voltage addition from the subcells [see
Fig. 3(d)]. The tandem efficiency (16.2% from forward and re-
verse J-V sweeps) matched the stabilized power output [16%,
see Fig. 3(e) and Table I], and also exceeded the efficiencies of
the subcells (13.3% for the AI-BSF cell, 14.5% for the semi-
transparent perovskite top cell [Refer to Table I]). Notably, by
minimizing the exposure of the NiOy layer to humid air before
depositing the perovskite layer, the tandem V¢ remained con-
stant over the entire 30 min testing period [see Fig. 3(e)]. Our
tandem results demonstrate the success of the recombination
contact and processing strategies we have developed for p-type
silicon tandems.
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To identify routes to build off our work and achieve higher
efficiencies, we analyzed the losses in our devices. From light-
biased external quantum efficiency (EQE) measurements of
each subcell, we found that the integrated Jsc of the silicon
bottom cell (12.4 mA cm~?) was lower than that of the per-
ovskite top cell and also below the Jsc of the tandem measured
from J-V curves (15.3 mA cm~?). Previous analysis of tan-
dem solar cells has shown that if the current-limiting sub-cell is
shunted, then the tandem current density can transition to that
of the noncurrent-limiting subcell [27]. Shunting in the silicon
bottom cell may also contribute to the 0.13 V difference between
the sum of the V¢ of each subcell and the V¢ of the tandem.
The performance of our tandems is also limited by parasitic
losses, particularly in the near-infrared spectral range, in which
the EQE of the silicon subcell is significantly below 1-R for the
tandem [see Fig. 3(f)]. To understand the factors contributing to
the large near-infrared parasitic loss, we calculated the EQE of
the silicon bottom cell from the measured EQE of the single-
junction device and transmittance of the perovskite top cell. The
calculated EQE very closely matched the measured EQE, with
a similar integrated Js¢ (see Fig. S8, Supporting Information).
We then set the sub-bandgap transmittance of the perovskite
to 100% and found that the integrated Jgc did not reach that
of the perovskite top cell. This shows that the near-infrared re-
sponse of the silicon cell itself would need to be improved, such
as through improved surface passivation or through the use of
rear-reflectors covering the textured back surface [5].

IV. CONCLUSION

In summary, we have successfully developed a recombination
contact that enables voltage addition between perovskite and
p-type silicon subcells in a two-terminal tandem. This was
achieved by developing a recombination contact robust to
oxidizing top-cell processing, using a sputtered ITO layer to
protect the silicon bottom cell. We paired the ITO with an NiOy
hole transport layer, which gave high open-circuit voltages
and >95% transmittance for near-infrared light. Control of
the moisture content on the surface of NiO, led to stable
open-circuit voltages and stable voltage addition in tandem
devices. The advances in tandem architecture and processing
developed here could pave the way for the commercialization
of perovskites with industry-standard p-type silicon cells as
efficient monolithic tandems.
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