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Monolithic perovskite/silicon tandem photovoltaics have fueled major research efforts as well as gaining rapid
industrial interest. So far, most of the literature has focused on the use of currently more expensive silicon
heterojunction bottom cell technology. This work demonstrates a perovskite/silicon tandem solar cell based on
the industrially dominant passivated emitter and rear cell (PERC) technology. In detail, we investigate a tunnel
recombination junction (TRJ) consisting of ITO/NiO/2-(9H-carbazol-9-yl)ethyl] phosphonic acid (2PACz) and
compare it with an ITO/2PACz TRJ. Specifically, the NiO layer is deposited by atomic layer deposition (ALD).
Although ITO/2PACz-based tandem devices can reach more than 24% conversion efficiency, we observe that
they suffer from a large spread in photovoltaic parameters due to electrical shunts in the perovskite top cell,
caused by the inhomogeneity of the 2PACz layer on ITO. Instead, when ALD NiO is sandwiched between 2PACz
and ITO, the surface coverage of 2PACz improves and the yield of the devices, in terms of all device parameters,
also improves, i.e., the standard deviation decreases from 4.6% with ITO/2PACz to 2.0% with ITO/NiO/2PACz.
In conclusion, thanks to the presence of NiO, the TRJ consisting of ITO/NiO/2PACz leads to a 23.7% efficient
tandem device with narrow device efficiency distribution.

1. Introduction perovskite/silicon tandem photovoltaics has rapidly advanced and has

recently reached 33.7% conversion efficiency [3]. However, these tan-

Tandem photovoltaics (PV) based on metal halide perovskite and
crystalline silicon solar cells has attracted major research efforts due to
its perspective to be cost-effective and to accelerate the solar energy
deployment to fulfill the net zero emission target in 2050 [1]. This is
primarily to be attributed to the high efficiency and estimated low cost
production of the perovskite technology, combined with mass produced
silicon PV. The tandem perovskite/silicon cell is predicted to deliver
electricity at lower costs than silicon PV only [2]. The field of

dem records generally adopt the currently more expensive silicon het-
erojunction (SHJ) technology [4]. In fact, SHJ is very commonly used as
bottom cell in perovskite/silicon tandem. The likely reason is that SHJ
cells employ transparent conductive oxide (TCO) as electrodes, making
the integration of the perovskite top cell rather straightforward in a
monolithic tandem since the TCO then serves as one of the layers for the
tunnel recombination junction (TRJ). In contrast, the use of other silicon
PV technologies namely Al-BSF (back surface field), PERT/PERL
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(passivated emitter rear totally diffused/passivated emitter with rear
locally diffused), PERC (passivated emitter and rear cell), and TOPCon
(tunneling oxide passivated contact) cells in monolithic per-
ovskite/silicon tandem solar cells is rather limited in literature. Here, we
summarize the literature overview on monolithic perovskite/silicon
tandems based on those bottom cells in Fig. 1 and Table S1. The highest
tandem efficiencies have been achieved with TOPCon-like bottom cells
[5,6] due to the lower open circuit voltage (Voc) of PER-X-based tandem
compared to the TOPCon-based counterpart. This is because the V¢ of
TOPCon-like bottom cells with polycrystalline silicon (poly-Si) on the
front side can be largely retained in the presence of the tunnel oxide and
polycrystalline silicon layer (schematic in Fig. S1a) [6-8]. Note that the
highest efficiency of 28.7% in Fig. 1 is with a monolithic per-
ovskite/silicon based on a TOPCon-like bottom cell [5]. Instead, for
integration of a standard PER-X in a monolithic tandem cell, the
dielectric surface passivation layers cannot be present at the front of the
bottom cell. As a consequence, the PER-X bottom cell has a large V¢ loss
due to the direct contact between the TRJ and silicon, resulting in a
relatively low V¢ of the tandem cell [9]. The approach in the present
study is to use a standard architecture of PERC silicon cell as the bottom
cell with n™ diffused junction in the front side (Fig. S1b). We chose PERC
as bottom cell in this study because it would be certainly appealing also
from an industrial point of view. PERC technology has reached a market
share of close to 80% in 2020, thereby being one of the work horses for
the silicon PV technology [10]. Thus, in order to accelerate the
advancement of tandem perovskite/silicon towards its maturity and
keeping the cost low, it could be strategic to adopt the industrial stan-
dard PERC as bottom cell for easy integration of perovskite PV pro-
cessing in the production line of current silicon technology.

To realize the potential of PERC/perovskite tandem solar cell, the
optimization of TRJ plays an important role. So far, for the state-of-the-
art monolithic perovskite/silicon tandem devices, the TRJ includes a
TCO layer that collects electrons from the bottom cell, generally indium
tin oxide (ITO) or indium zinc oxide (IZO), in combination with a p-type
layer, which serves also as hole transport layer (HTL) in the perovskite
top cell [21]. Specifically, a TRJ consisting of IZO and self-assembled

30 T T T T T T T A/ T 7A T
s[> P 1
>
—~ 26 P> i
o\o
24 .
W Fe .
a 22 + ** = -
€20 -
o) B PERTSi cell
218} @ PERL Si cell .
T (> D TOPCon(-like) Si cell P
16 9@ % PERC Si cell .
© AI-BSF Sicell
14Fr m % This work - PERC Si cell
12 1 1 1 1 1 1 /I/ 1 v K 1
1 2 3 4 5 6 15 16 24 25 26
Area (cm?)

Fig. 1. Literature overview of the conversion efficiency of monolithic perov-
skite/Si tandem solar cells using homojunction or poly-Si based-silicon bottom
cells as a function of the reported device area [6-9], [11-20]. PERT = passiv-
ated emitter rear totally diffused cell, PERL = passivated emitter and rear
locally diffused cell, TOPCon = tunneling oxide passivated contact silicon cells,
PERC = passivated emitter rear cell, Al-BSF consists of a full-area Al back
surface field (BSF). Full structure of the different silicon cells can be found in
Table S1, Supporting Information.
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monolayer (SAM) is employed in the 29.8% perovskite/silicon tandem
[22], and ITO/SAM led to a previous record tandem cell of more than
29% efficiency with an SHJ bottom cell [23]. It is generally observed
that the application of a SAM boosts the efficiency of the device due to its
“lossless” interface with the perovskite absorber [24]. Nonetheless, it
has been reported that solution processing of SAM on ITO is strongly
affected by the ITO crystallinity and morphology. For example, ITO can
have different crystal facets affecting SAM chemisorption and possibly
resulting in defective SAM [25]. The surface roughness of ITO also af-
fects the molecular density of SAM processed directly on ITO [26].
Moreover, an ITO surface treatment prior to SAM processing is crucial, e.
g, UV-Og treatment has been found essential to activate surface sites for
SAM chemisorption [24]. Recently, we have shown that a hydroxyl-rich
plasma-assisted atomic layer deposited NiO improves the homogeneity
of SAM compared to direct SAM processing on ITO in perovskite single
junction devices, thereby suppressing electrical shunts in the devices
and spread in PV device parameters [27].

Therefore, in the present work, we adopt and compare ITO/2PACz
(where 2PACz stands for [2-(9H-carbazol-9-yl)ethyl]phosphonic acid)
SAM and ITO/NiO/2PACz as TRJs for monolithic perovskite/silicon
tandem solar cells, based on PERC as the silicon bottom cell. In addition
to the device performance, we also investigate the yield of both device
stacks. Whereas our previous work on single junction perovskite PV
adopted plasma-assisted ALD NiO, in the present study, NiO is synthe-
sized by thermal ALD NiO. We consider the selection of a thermal ALD
process as an opportunity for scaling up the NiO process by batch ALD or
spatial ALD [28,29]. When applying this ALD NiO in the TRJ, we achieve
a 23.7% efficient tandem device with a narrow device distribution
(standard deviation of efficiency is 2% compared to ITO/SAM device
with 4.6% standard deviation), which is one of the best efficiencies so far
reported when adopting the PERC technology as the bottom cell.

The first part of this manuscript will focus on the tandem device
performance with ITO/SAM and ITO/NiO/SAM as TRJ. The investiga-
tion of the device stack by transmission electron microscopy will be
presented. The difference between the tandem device performances is
further elucidated by electrostatic force microscopy. Finally, a conclu-
sion and outlook for a pathway to reach more efficient tandem cells
based on an industrial PERC bottom cell are reported.

2. Results and discussion
2.1. Tandem device performance

To assess the performance of the two ITO/SAM and ITO/NiO/SAM
TRJs, we fabricated monolithic tandem devices with a commercial
PERC bottom cell and a p-i-n perovskite top cell. The tandem devices
consist of a front chemically polished close-to-industrial-standard
PERC bottom cell with a 30 Q/sq n* emitter and a triple cation
(Csp.0sFAg.79MA¢ 16Pb(Ip 75Bro.25)3) perovskite top cell (where FA is
formamidinium and MA is methylammonium). Note that standard
commercialized PERC has higher resistivity for the emitter than in this
study. In addition, we adopt ALD NiO deposited using N,N-di-tert-
butylacetamidinato)Nickel(II) as precursor and H,O as co-reactant, for
which we report the process development in detail and its character-
ization in the Supporting Information (Figs. S2-S6 together with the
detailed discussion in Section 2). Further details on device fabrication
can be found in the Method section. Fig. 2 reports the power conversion
efficiency (PCE), short circuit current (Jsc), open circuit voltage (Voc)
and fill factor (FF) of the tandem devices (band alignment between
TRJ and perovskite absorber is reported in Fig. S7). As can be seen in
Fig. 2a, the ITO/2PACz TRJ leads to a device efficiency as high as 24%
(Jsc = 18.6 mA/cm?, Voc = 1.69 V, FF = 76.9%). However, the device
efficiency also exhibits a large spread among cells with an average PCE
of only 14.4% and a standard deviation of 4.6%. This large spread is
observed for all photovoltaic parameters. In particular, the Vo of some
devices are below 1 V and accompanied by a low FF (Fig. 2c and d). The
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. Fig. 2. Box charts of PV parameters of tandem cells

(active area of 0.25 cm?) using different TRJ of ITO/
2PACz or ITO/NiO/2PACz: (a) Power conversion ef-
ficiency (PCE); (b) Short circuit current (Jsc); (c)
Open circuit voltage (Voc); (d) Fill factor (FF). The
1 data are collected from reverse J-V scan with 133
mV/s scan rate. Box charts represent 25-75%, whis-
kers are 5%-95%, rest is outliers. Data collected from
31 devices, with 11 ITO/SAM devices and 20 ITO/
NiO/SAM devices. (e) J-V and (f) EQE of the cham-

pion ITO/NiO/SAM tandem cell.
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devices with low Vg also exhibit high Js¢ reaching more than 20 mA/
cm?. This implies that the response of these cells derives mainly from the
silicon bottom cell. Fig. S8 (Supporting Information) presents the J-V
curve of underperforming tandem cell based on ITO/SAM TRJ, with a
tilting shape at near Js¢ indicating that this cell suffers from shunting
problems in the top cell. We note that the silicon cell delivers higher
current than expected (some cells reached more than 30 mA/cm? even
with the perovskite layer on top) due to the employed solar simulator’s
IR peaks (Fig. S9, Supporting Information). This spectral variation does
not affect well-performing devices as the perovskite top cell is the
current-limiting sub-cell in this case. In contrast, when ALD NiO is
introduced between ITO and 2PACz, the spread of the device perfor-
mance decreases, and the cells operate uniformly across different de-
vices within a batch and from batch-to-batch. Furthermore, Fig. S10
shows that higher shunt resistance is obtained in tandems with NiO
compared to those without NiO, which corroborate our hypothesis that
ITO/SAM-based tandem has a shunting problem, specifically at the
perovskite top cell. The series resistance of ITO/NiO/SAM-tandem cell is
higher on average compared to the ITO/SAM-based counterpart. This
agrees with the ideality factor and pseudo-FF analysis showing that NiO
introduces more transport losses (Fig. S11 and Fig. S12). This observa-
tion is in agreement with our previous work on perovskite single junc-
tion cell employing a similar SAM chemistry and plasma-assisted ALD
NiO, where the variation in ITO/SAM devices performance rooted from
the inhomogeneity of SAM development on ITO. On the other hand, the
presence of NiO layer induces a homogeneous SAM formation enabling
similar device efficiency through device batches [27]. In a later section,
more characterization will be reported to elucidate the reason behind

Wavelength (nm)

the difference between ITO/NiO/SAM-based and ITO/SAM-based tan-
dem cell device efficiency distribution.

Fig. 2e shows the current density — voltage (J-V) curve of the best
tandem device made with ITO/NiO/SAM TRJ. The cell exhibits a slight
hysteresis (forward scan yields a PCE of 21.9% whereas reverse scan
yields 23.7%). However, in the maximum power point (MPP) tracking
curve for 120 s shown in the inset, the cell efficiency stabilizes at 23.6%,
which is very close to the reverse scan efficiency. Fig. 2f shows the
external quantum efficiency (EQE) response of the two sub-cells. EQE
curves show a very good current match as both cells generate approxi-
mately 18 mA/cm?, which is in excellent agreement with the value re-
ported from J-V measurements. We also fabricated a larger 1.44 cm? cell
with ITO/NiO/SAM TRJ and the quasi-steady-state efficiency of that cell
reached 21.9%, as can be seen in the MPP curve shown in Fig. S13
(Supporting Information). That is in line with the average PCE shown in
Fig. 2a.

Together with the statistics given in Fig. 2, we report in Table 1 the
photovoltaic parameters of the champion tandem and single junction
devices. The tandem device reaches 23.7% using ITO/NiO/SAM (Jsc =
18.0 mA/cm?, Vog = 1.705 V, FF = 77.2%) with an average of 22% and a
standard deviation of only 2.0% - significantly lower than devices
without NiO. Notably, the V¢ of devices with ITO/NiO/SAM has a very
narrow distribution of an average of 1.68 V (best of 1.705 V). This is very
close to the sum of V¢ of silicon (without filter) and perovskite single
junction cells as can also be seen in Table 1. The low voltage loss of only
50 mV indicates a well-performing TRJ. This amount of voltage loss is
on-par with the state-of-the-art tandem perovskite/silicon cells reported
in the literature as can be seen in Fig. S14 (Supporting Information).
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Table 1
The device parameters of the best single junction cells and tandem cells.
TCO HTL Jsc Voc FF PCE
(mA/ W) (%) (%)
cm?)
Silicon PERC single- ITO - 37.2 0.596 74.8 16.6
junction
Perovskite single- ITO 2PACz 18.3 1.141 80.8 16.9

junction (semi-
transparent cell)
Perovskite single- ITO NiO/ 18.4 1.158 77.9 16.6

junction (semi- 2PACz
transparent cell)

2T tandem perovskite/  ITO 2PACz 18.6 1.689 76.9 24.2
silicon

2T tandem perovskite/  ITO NiO/ 18.0 1.705 77.2 23.7
silicon 2PACz

Thus, the tandem device using ITO/NiO/SAM leads to an absolute PCE
increase of about 7% in comparison to both single-junction perovskite
and silicon cells.

2.2. Transmission electron microscopy analysis of tandem cell using ITO/
NiO/SAM

Cross-sectional transmission electron microscopy (TEM) imaging
was performed to elucidate the quality of all layers in the perovskite top
cell consisting of ITO/NiO/SAM/perovskite/Ceo/SnO2/ITO/MgF2/Ag
(Fig. 3a). The perovskite layer is compact and consists of grains
extending over the entire thickness of the layer. Here, we also used
spatial ALD SnO, as buffer layer to protect the perovskite layer from
sputter damage during the top TCO electrode deposition. The ALD SnO,
has been widely used in the perovskite field as an effective protective
coating for the perovskite [30]. The SnO, is fabricated on a Cg layer,
which is needed to prevent the direct interaction between the ALD
precursor and the perovskite layer that can reduce the device perfor-
mance, as previously reported [31,32]. Note that due to the roughness of
the perovskite, the conformality of the Cgg layer on perovskite is chal-
lenging to be fully captured by TEM. This is because the projected
interface roughness yields local blurry interface areas in the image.
Finally, the anti-reflection coating layer is applied on the top TCO
electrode as 120 nm MgF», resulting in excellent current matching as can
be seen in Fig. 2f.

We further focus on the interface ITO/NiO/SAM. As can be seen in
the high angle annular dark field (HAADF)-STEM image in Fig. 3b,
different layers can be discerned by their contrast because the brightness
of the image is roughly proportional to Z2, where Z is the atomic number.
Thus, the ITO layer is brighter due to heavy elements (In and Sn). The
adjacent darker layer can be assigned to NiO, as also evidenced from the
Ni profile displayed in the quantified energy dispersive X-ray (EDX)
compositional line profiles in the inset. Although the phosphorus signal
is below the detection limit of EDX used in this work, the 2PACz layer
can be recognized by the increase in carbon signal (black trace) in
proximity to the NiO/perovskite interface. This spike is attributed to the
carbon of the SAM rather than to the carbon in the perovskite, if we
consider that the onset in the signals of lead and iodine associated to the
perovskite layer appears at the right side of the onset in the carbon signal
attributed to SAM. The X-ray photoelectron spectroscopy (XPS) inves-
tigation corroborates this finding in Fig. 3: in Fig. S4c (Supporting In-
formation) a P2p signal is clearly visible in the NiO/2PACz sample,
confirming the presence of SAM on NiO. We estimate from the image in
Fig. 3b that the SAM is approximately 1.5-2.5 nm thick. We note that
this thickness is larger than the 2PACz molecular length (less than 1 nm)
[331, which is similar to what has been observed previously with
another phosphonic SAM in our previous work [27].

Solar Energy Materials and Solar Cells 261 (2023) 112498

Fig. 3. (a) HAADF-scanning transmission electron microscopy (TEM) image of
a tandem cell using ITO/NiO/2PACz. (b) Compositional line profiles at the
interface ITO/NiO/SAM extracted from an EDX elemental mapping. Note that
the figure is rotated 90°.

2.3. Electrical quality and uniformity of the ITO/(NiO)/SAM interface

The improvement in device yield in the presence of NiO could be
attributed to the quality of the HTL/perovskite interface or difference in
perovskite formation on two TRJs. Therefore, we investigated the
perovskite layers grown on ITO/SAM and ITO/NiO/SAM. We adopted
scanning electron microscopy (SEM) and X-ray diffraction (XRD) to
investigate the morphology of the perovskite layers deposited on ITO/
SAM and ITO/NiO/SAM, as shown in Fig. S15 (in section 3 of the Sup-
porting Information). The SEM analysis of Figs. S15a-b shows no rele-
vant difference in terms of grain size distribution in the perovskite when
grown on ITO/SAM and ITO/NiO/SAM (Figs. S15c—d). Interestingly, Li
et al. also reported a large number of shunted cells when using only SAM
on flexible ITO substrates in all perovskite tandem devices. In contrast,
using NiO/SAM significantly improved the device yield, where NiO
layer is fabricated by solution-processing from nanoparticles [34]. They
attributed this improvement to better wetting of perovskite solution on
ITO/NiO/SAM, which delivered a compact perovskite layer, unlike a
perovskite film with pinholes, when processed directly on ITO/SAM.
Although the improvement in device yield is similar to our case, the SEM
image in Fig. S15a shows that the perovskite layer on ITO/SAM is
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compact without pinholes, ruling out the difference in perovskite
coverage in this study. In addition, Figs. S15e-f reports the XRD patterns
of the perovskite layers: there is only a negligible difference in the
perovskite crystallographic structure when the absorber is grown on
NiO/SAM or on SAM. Hence, we can conclude that the improvement in
device yield upon introduction of NiO in the TRJ cannot be attributed to
the perovskite microstructure and crystallographic properties.

We then hypothesize that the electrical shunts in the top cell when
adopting ITO/SAM as TRJ, as addressed in relation to Fig. 2c and d, are
caused by an inhomogeneous distribution of 2PACz on ITO. This has
been already observed in perovskite single junction using plasma-
assisted ALD NiO [27] and sputtered NiO [35] in combination with
phosphonic acid SAM. To verify this hypothesis, we carry out electro-
static force microscopy (EFM) measurements on the ITO/SAM surface.
Fig. 4 presents the contact potential difference (CPD) map of the ITO/-
SAM. The CPD between the EFM tip and the surface represents the dif-
ference in work function between the tip and the material underneath.
Thus, it is possible to rely on the relative change in CPD mapping to
investigate the homogeneity of the SAM. This is because the work
function of 2PACz is 5.2 eV, whereas the work function of the employed
ITO is 4.0 eV, and the work function of ALD NiO is 4.3 eV, as measured
by ultraviolet photoelectron spectroscopy (see Method for details). As
can be seen in Fig. 4a and b, the map shows variation in CPD of the SAM
layer deposited on ITO, which is different from the homogeneous CPD of
ITO without SAM, despite similar morphology features (height map of
ITO and ITO/SAM can be found in Fig. S16, Supporting Information).
There are several spots on the map in Fig. 4a showing lower CPD than
the rest of the surface of the sample. These low CPD spots likely corre-
spond to exposed ITO areas, as the work function of the ITO is lower than
the work function of SAM. It is plausible that the different densities of
these spots lead to the difference in perovskite top cell performance,
resulting in a large device performance variation seen in Fig. 2¢c and d. In
contrast, when NiO is introduced in the TRJ, the CPD map shows no
significant local variation (Fig. 4c), suggesting homogeneous SAM

ITO
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formation and corroborating the TEM results. We attribute this differ-
ence in SAM distribution on ITO and ITO/NiO to the higher hydroxyl
group density on the NiO surface with respect to pristine ITO, as shown
by XPS. The XPS analysis of O1s spectra on ITO/NiO and ITO surfaces in
Figs. S4 and S5 (Supporting information) indicates that the NiO surface
is characterized by a higher ratio of hydroxyl bonds to metal oxide bonds
(-OH/0?" = 0.66+0.07) than the pristine ITO surface (-OH/0%*" = 0.43
+0.04). A similar observation has been reported for SAM directly
deposited on different ITO layers, where ITO layers with a higher hy-
droxyl concentration result in non-shunted single junction device,
whereas sputtered ITO in a monolithic perovskite/SHJ tandem with low
-OH concentration results in shunted top cells and thereby non-working
tandem cells [36]. Note that the ITO/SAM and ITO/NiO/SAM have
similar roughness of 46 and 44 nm, respectively, as extracted from
atomic force microscopy height maps in Fig. S16 (Supporting informa-
tion). This indicates that roughness is not the cause for the difference
seen in device efficiency distributions utilizing ITO/SAM or
ITO/NiO/SAM.

Furthermore, the average CPD values in Fig. 4d are lower for the
ITO/NiO/SAM sample than for the ITO/SAM sample (27 mV and 38 mV,
respectively). This variation in CPD value of SAM may arise from the
intrinsic sensitivity of the measurement (+3 mV), and a slight difference
in SAM formation on the two metal oxides. Literature shows that the
SAM surface molecular density or its binding configuration can affect its
work function [37,38]. Hence, it confirms the difference in SAM layer
distribution when directly deposited on ITO and on ITO/NiO. In
conclusion, the EFM analysis shows that the presence of NiO improves
the SAM surface homogeneity, most certainly leading to the decrease of
electrical shunts of the top cells and thereby enabling highly efficient
tandems with a narrower efficiency distribution between cells than
those based on the ITO/SAM TRJ. This highlights the benefit of using
NiO, as surface treatment is not required before SAM deposition, unlike
in ITO case (see Methods for fabrication details). In our opinion, this
gives NiO an advantage over ITO or other TCOs because surface
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Fig. 4. Electrostatic force microscopy (EFM): Contact potential difference (CPD) of (a) ITO sample. (b) ITO/SAM and (c) ITO/NiO/SAM. The height maps are
presented in Fig. S16 in section 4 of the Supporting Information. (d) The statistical distribution of CPD of ITO/SAM and ITO/NiO/SAM.
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treatment often requires optimization (roughness, surface chemistry,
etc.), whereas the intrinsic properties of a film, such as NiO, can be tuned
more effectively. Although our study focused on ALD NiO, we expect
that other fabrication methods can be adopted, such as sputtering of NiO
[39,40].

3. Conclusion and outlook

In this study, we report on a monolithic tandem PV device based on a
metal halide perovskite top cell and a close- to- industrial standard PERC
bottom cell with ITO/NiO/2PACz SAM as tunnel recombination junc-
tion. Although the tandem devices with 2PACz deposited directly on ITO
can reach a champion efficiency of 24%, the spread of the device effi-
ciency is quite large with a standard deviation of 4.6%. The latter is
primarily visible in Vpc and FF, with several cells showing mostly
response only from silicon and indicating the presence of electrical
shunts in the top cells (Voc is below 1 V). Observation of non-
uniformities in CPD maps by EFM analysis strongly suggests that the
shunting problem is due to exposed ITO areas, i.e., not covered by SAM.
When ALD NiO is introduced between ITO and 2PACz, the yield of the
tandem device significantly improves (the standard deviation reduces to
2%), with a champion device of 23.7%. This study shows the benefit of
adopting ALD NiO to largely improve the uniformity of coverage of
SAM, which is considered beneficial in view of scaling up to larger area
tandem PV and, therefore, larger area processing of SAM.

On the roadmap to further improve the efficiency of the device,
several directions can be considered. First, light management is desir-
able to increase the current of the bottom cell. In the present study, the
front-side surface of PERC is chemically polished, thus, near-infrared
light scattering is not effective, which limits the current generation of
the PERC cells. Hence, we expect that a textured front side can improve
the achieved Jg¢ of the tandem cells. Furthermore, in the current study
the bottom cell front surface is non-passivated, which limits the V¢ of
the bottom cell. For example, it has demonstrated that alternative TCOs,
such as Al-doped ZnO, instead of ITO, can passivate the n* -doped sur-
face in silicon solar cells [41] by chemical passivation and field effect
passivation [42]. The use of this passivation is expected to increase the
Voc and FF of the final tandem device. Hence, with the mentioned viable
routes, the efficiency of a perovskite/PERC tandem cell can increase.

4. Method
4.1. Solar cell fabrication

The half-fabricated PERC cell was prepared including a chemical
polish of the front side to make a planar substrate for the top cell pro-
cessing, with a wafer thickness of 180 pm. The n* diffused emitter had a
sheet resistance of 30 Q/sq. The received half-fabricated PERC cell was
treated with UV-Os for cleaning of the emitter surface. Afterwards, a 20
nm indium tin oxide was sputtered using an AJA sputter tool. Substrates
of 3x3 cm? were cut from the PERC bottom cell for TRJ and perovskite
top cell processing, with the area of the top cell being 0.7x0.7 em? or
1.2x1.2 cm?, defined by the area of the TCO layers and design of front
metallization. Prior to NiO deposition, a 15 min O3 plasma treatment
step was carried out to treat the ITO surface. Alternatively, in a device
without NiO, the ITO surface was cleaned with UV-O3 treatment. Note
that all substrates are exposed to air for 15 min prior to SAM processing
due to sample transfer.

The NiO deposition was carried out in a commercial FlexAL™ MK1
reactor from Oxford Instruments. Both process chamber and loadlock
were equipped with a rotary and turbo molecular pumping unit such
that base pressure of 10~ Torr could be reached. The process used for
solar cells was with 150 °C table temperature and 120 °C chamber
temperature. The thickness of NiO used in tandem cells was 8 nm. We
note that during the engineering of the NiO layers, its thickness influ-
enced the device spread of perovskite single junction cells. Moreover,
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considering the transport loss caused by NiO derived from the result of
Sun-Voc measurement (Fig. S11 and Fig. S12), increasing further the
NiO film thickness was not desirable. The details of the process devel-
opment of ALD NiO can be found in the Supporting Information. For the
SAM solution [2-(9H-carbazol-9-yl)ethyl]phosphonic acid (2PACz) (TCI
Chemicals) was used which was dissolved in anhydrous ethanol (Merck
Millipore) with 30 min of sonication at a concentration of 0.33 mg/mL.

Prior to the preparation of perovskite precursor solutions, the stock
solutions of Pbly, PbBry and CsI were made, stored in the glovebox and
repeatedly used. Pbl, (5532 mg) (TCI Chemicals, 99.99% trace metal
basis) was dissolved in a mixture of DMF (7.2 mL) (Sigma Aldrich,
99.8%) and DMSO (0.8 mL) (Sigma Aldrich, 99.9%), PbBr; (1101 mg)
(TCI Chemicals, >98.0%) in a mixture of DMF (1.8 mL) and DMSO (0.2
mL), and CsI (779.4 mg) (Sigma-Aldrich, 99.999% trace metal basis) in
DMSO (2 mL). Right before making the perovskite precursor solution,
the PbI, and PbBrj; stock solutions were heated to 150 °C for 15 min and
then cooled to room temperature. The perovskite precursor solution was
prepared by mixing formamidinium iodide (FAI) (Greatcell Solar Ma-
terials) (283.2 mg), methylammonium bromide (MABr) (Greatcell Solar
Materials) (36.88 mg) with Pbl; stock solution (1077 pL), PbBr; stock
solution (454.3 pL), and CsI stock solution (69.3 pL) to realize the
nominal perovskite composition of Csg osFAg79MAg 16Pb(Ip 75Bro.25)3.
All materials were purchased from commercial sources and used as
received.

For the electron transport layer, a Cgo layer was evaporated with a
rate of 0.05 nm/s to reach around 20 nm on top of the perovskite. The
spatial ALD SnO; buffer layer was deposited in a home-built setup using
tetrakis(dimethylamino)tin(IV) as the precursor and H,O as the co-
reactant using 500 sccm Ar flow. A nitrogen curtain was used to sepa-
rate the two half reactions. The deposition process was carried out at a
temperature of 100 °C (table temperature) with a GPC of 0.125 nm/
cycle determined on silicon wafer as also described in previous report
[43], and the thickness of the SnO; layer was 50 nm in this study.
Following SnO,, the ITO was sputtered in the AJA sputter tool to reach
70-80 nm and a Ag grid with thickness of 300 nm was evaporated on the
cells as the top electrode. Finally, about 100 nm thick MgF, was evap-
orated on top of the ITO as an anti-reflective coating.

4.2. Spectroscopic ellipsometry

To record the growth per cycle during the ALD-process of NiO films
which were deposited on c-Si (100) substrates, in-situ spectroscopic
ellipsometry (VIS Ellipsometer M200, J.A. Woolllam Co, with a range of
1.2-5.0 eV) was used. On a Woollam mapping stage (1.24-3.35 eV) the
uniformity was determined of the optimized ALD-process, on a 200 mm
diameter Si-wafer using two Tauc-Lorentz oscillators to model the NiO
films, similar to our previous report [44].

4.3. X-ray photoelectron spectroscopy

Chemical composition of the films was determined by X-ray photo-
electron spectroscopy (XPS) using a Thermo Scientific Ka1066 spec-
trometer. This system utilizes Ka X-rays (1486.6 eV). For depth profile of
the films, 500 eV Ar" ion sputtering was used, with etching step of 10 s
to remove the surface contaminant. To avoid possible peak shifts due to
charging, the binding energies of the XPS spectra were corrected by
setting the maximum of the adventitious carbon peak in the Cl1s spectra
to 284.4 eV. The assignment of the peaks relied on several literature
references. [45-47].

4.4. Current density-Voltage measurement

Measurement was carried out with a Neonsee solar simulator. The
sample holder had a temperature control set point at 23 °C to reach
sample temperature of 25 °C. The scan rate was 133 mV/s.



N. Phung et al.
4.5. External quantum efficiency

EQE was measured with a commercial setup from Rera Solutions. A
Si reference cell from Thorlabs was used to calibrate the wavelengths
from 300 nm to 1090 nm and a Ge reference cell for the wavelengths
from 1100 nm to 1200 nm.

4.6. Scanning electron microscopy

SEM micrographs of the perovskite top view were captured using FEI
NovaNanoLab 600i, used with a 5 kV electron beam.

4.7. X-ray diffraction

XRD patterns of perovskite layer with protective TOPO (tri-
octylphosphine oxide) on top were recorded by a Bruker 2D PHASER
using Cu Ka (A = 1.54 /0\) radiation. An increment step size of 0.05° was
used between 10 and 40°.

4.8. Ultraviolet photoelectron spectroscopy (UPS) measurement

The measurement was done with an EscaLab II system using -6V bias
and the 21.22eV Hel line. The layers were briefly exposed to air prior to
the measurement.

4.9. Transmission electron microscopy

A cross-sectional TEM lamella was obtained using a standard
Focused Ion Beam (FIB) lift-out procedure. The subsequent TEM studies
were performed using a probe-corrected JEOL ARM 200F, operated at
200 kV, equipped with a 100 mm? Centurio SDD EDX detector.

4.10. Electrostatic force microscopy

Electrostatic force microscopy was performed with a Veeco Dimen-
sion AFM using OMCL-AC240TM-B2 Pt/Al coated atomic force micro-
scopy (AFM) tips. EFM was performed with AM-feedback using Lift
Mode for the EFM signal after obtaining topography using AFM in tap-
ping mode. Measurements where performed in ambient conditions at
room temperature. The sample was grounded during measurements and
the bias (DC + AC) applied to the tip.
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