Photoactivated p-Doping of Organic Interlayer Enables Efficient Per-
ovskite/Silicon Tandem Solar Cells
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ABSTRACT: Solution-processed organic semiconductor layers
on rough surfaces tend to vary widely in thickness, significantly
hindering charge extraction in relevant optoelectronic devices.
Here, we report the photoactivated p-doping of hole-transporting
material (HTM) to enhance hole extraction for (textured) perov-
skite/silicon tandem solar cells, making the device performance
less sensitive to the variation of hole transport layer thickness. We
used the ionic compound 4-isopropyl-4’-methyldiphenyliodonium
tetrakis-(penta-fluorophenyl-borate) (DPI-TPFB) as a p-type do-
pant in poly(triaryl amine) (PTAA), which we used as the HTM.
We observed that light soaking DPI-TPFB-doped PTAA shows ap-
proximately 22 times higher conductivity compared with an un-
doped PTAA film, which translated into an improved fill factor
(FF) for tandem solar cells. Our tandem solar cells achieved an
~80% FF and 27.8% efficiency; and operated at their maximum
power point for 200 h without loss of performance, in addition to
retaining ~83% of initial performance over a month of operation in
outdoor environment.

Metal halide perovskites (MPs) have attracted extensive at-
tention due to their excellent performance in photovoltaics.'
7 From 2009 to 2022, the power conversion efficiency (PCE)
of single-junction perovskite solar cells (PSCs) jumped from
3.8% to 25.7%." ¥ This rapid increase in single-junction
cell PCE has also spurred increasing attention to develop

tandem solar cells that combine low-cost and highly efficient
PSCs with lower-band-gap materials, such as crystalline sil-
icon (c-Si) and copper indium gallium selenide (CIGS), to
achieve a much higher performance than what could be re-
alized by just a single-junction cell of any of those technol-
ogies.!??3

Perovskite/silicon tandem cells have been primarily fabri-
cated on single-side-polished silicon bottom subcells.?*
Yet, while polished surfaces facilitate perovskite film depo-
sition, they impede photocurrent generation due to undesir-
able surface reflection. Moreover, double-side-textured c-Si
wafers (etched in alkaline solutions) are more industrially
relevant and thus promising for use as bottom subcells. Pre-
viously reported studies verified the minimized reflection

and enhanced spectral utilization with textured tandems.'
27:31

However, textured c-Si wafers are rough — typically covered
with random pyramids measuring 1-10 pm on both wafer
sides*?— which makes them challenging substrates for fabri-
cating solution-processed conformal films. In particular, so-
lution-processed organic charge transport layers vary widely
in thickness when deposited onto textured surfaces. For ex-
ample, hole transport layers (HTLs) on textured silicon are
much thicker in the valleys than on the pyramid facets.?



Such non-uniform HTLs are detrimental to the efficiency of
the hole extraction and reduce the fill factor (FF) of devices
due to increased series resistance.

By improving hole transport and extraction through chemi-
cal doping, devices may be made efficient and less influ-
enced by variations in HTL thickness. For example, Yang et
al. reported the use of doped PTAA in perovskite/CIGS tan-
dem cells, which made device performance less sensitive to
HTL thickness.!

Here, we report a photoactivated p-doped HTL to enhance
hole extraction on textured silicon, achieving ~80% FF and
~27.8% PCE for perovskite/silicon tandem solar cells. This
p-type doping is activated by a light-soaking treatment
which resulted in approximately 22 times higher conductiv-
ity compared with an undoped PTAA film, enhancing the
performance in perovskite/silicon tandem cells. The corre-
sponding devices also showed no efficiency loss after a 200
h operational stability test under 1-sun illumination and re-
tained ~83% of initial performance after a month of operat-
ing in a hot and humid outdoor environment.

Aiming to reduce the dependence of device performance on
HTL thickness, we chose the ionic compound 4-isopropyl-
4’-methyldiphenyliodonium tetrakis-(penta-fluorophenyl-
borate) (DPI-TPFB) as a p-type dopant in a poly(triaryl
amine) (PTAA) hole transport material solution in toluene
(Figure 1a).'>33 Approximately 10 wt% of DPI-TPFB do-
pant was mixed with PTAA powder to produce a 2 mg/mL

PTAA solution in toluene. The color of the doped PTAA so-
lution gradually turned pink under room-light soaking,
whereas there was no color change in the dark (Figure 1b
inset). We observed strong polaron absorption peaks cen-
tered at approximately 500 nm and a monotonic increase in
polaron absorption in the 800-1600 nm region correspond-
ing to the oxidized states of PTAA. We also observed pho-
toluminescence (PL) quenching after adding the dopant
(Figure 1c), which was more pronounced for the light-
soaked doped PTAA (LS-doped PTAA) due to polaron-in-
duced exciton quenching.3* Electron paramagnetic reso-
nance (EPR) spectroscopy showed a distinct peak for the LS-
doped PTAA, whereas no peak was observed for the doped
PTAA in the dark (D-doped PTAA) (Figure 1d); this finding
indicates that the formation of free radicals requires the par-
ticipation of light, which promotes the doping of PTAA .33

To further explore the electronic properties of doped PTAA,
we prepared 100 nm thick PTAA films and carried out con-
ductivity tests via /-} analysis on an ITO/PTAA/MoOs/Al
device, as shown in Figure 1e. Because the EPR spectra pre-
sented an increased concentration of unpaired electrons, the
conductivity of LS-doped PTAA should be higher than that
of pristine PTAA and D-doped PTAA. Not surprisingly, as
summarized in Table S1, the conductivity jumped from
9.8x10® S/cm for pristine PTAA to 1.2x10° S/cm and
2.18x10% S/cm for D-doped-PTAA and LS-doped-PTAA,
respectively. Taken together, these results suggest that light-
soaking treatment provides more free charge carriers in DPI-
TPFB-doped PTAA.
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Figure 1. (a) Chemical structures of PTAA and DPI-TPFB. (b) UV-Vis-NRI absorption, (c) PL, and (d) EPR spectra of pristine PTAA and
DPI-TPFB-doped PTAA solutions in the dark and under illumination. The inset in (b) is a photograph of the corresponding PTAA solu-
tions. (e) Conductivities of PTAA films in the linear region from -0.2 V to 0.2 V.



Ultraviolet photoelectron spectroscopy (UPS) measure-
ments (Figure S1) were conducted to verify the p-type dop-
ing. Figure S1b reveals that the highest occupied molecular
orbital (HOMO) onsets of D-doped and LS-doped PTAA are
closer to the corresponding Fermi levels than the pure PTAA
control, indicating p-type doping. As previously demon-
strated, light-soaking treatment activates the doping process
in PTAA solutions. Similarly, the ultraviolet (UV) beam
used in UPS also likely activated the doping of the D-doped
solid-state PTAA film. Photoactivated p-type doping of the
D-doped PTAA occurred within a short period, as no shift-
ing was observed in the HOMO region—even when samples
were measured with a reduced UV excitation flux and a
faster scanning rate. The work functions (WFs) of the D-
doped and LS-doped PTAA films are ca. 4.9 eV, whereas
the WF of the pristine PTAA film is only 4.7 eV, which fur-
ther supports p-type doping (Figure Sla).

To further elucidate the doping mechanism, we also tried to
dope Na tetrakis-(penta-fluorophenyl-borate) (NaTPFB),
which shares the same anion with DPI-TPFB, into a PTAA
solution with light exposure. The NaTPFB/PTAA solution
showed no color change, indicating that the doping effect is
mainly stemming from the cation part of the molecule —i.e,
DPI. Photolysis of DPI salts has been investigated thor-
oughly in cationic photopolymerization.’¢3” Herein, we dis-
cussed the possible photoactivated doping route in Scheme
1. Based on the previous work reported by J. Dektar et al.,
DPI cations are likely to undergo direct photolysis by UV
irradiation.>® A neutral phenyl radical and a phenyliodonium
cation radical are formed via a homolytic pathway, and a
heterolytic cleavage leads to iodobenzene and a phenyl cat-
ion. Density functional theory (DFT) calculations made by
H. Seim et al. indicate that both the phenyliodonium cation
radical from the homolytic pathway and phenyl cation from
the heterolytic pathway are strong oxidants and able to in-
duce the doping process. Either possible doping route re-
quires light activation, in agreement with the gradual color
change of the doped-PTAA solution under light soaking.
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Scheme 1. The possible photolytic PTAA doping process with
DPI-TPFB under light soaking.
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To exploit the advantages of DPI-TPFB-doped PTAA as an
HTL, we fabricated perovskite/silicon tandem cells with the
device architecture presented in Figure 2a. The PTAA and
perovskite layers were spin-coated on double-side-textured
silicon heterojunction (SHJ) bottom cells. The typical silicon
bottom cell has a PCE of 19.8%, with a short circuit current
density (Jsc) of 36.1 mA/cm?, an open-circuit voltage (Voc)
0f0.712 V, an FF of 77% (Figure S2). As shown in the cross-
section scanning electron microscopy (SEM) image in Fig-
ure 2b, on the roughly textured silicon wafer, the perovskite
layer is thick enough to bury the underlying pyramids, as
well as planarize the textured silicon bottom cell, preventing
the pyramids from protruding. For efficient charge transport,
the PTAA layers should be as thin as possible while still uni-
formly covering the ITO. However, the spin-coated PTAA
film accumulates in the valleys to become much thicker in
the valleys than that on the facets of pyramids, as clearly
shown in Figure 2¢. Previous studies have shown that a thick
non-doped PTAA layer measuring more than 15 nm reduces
the fill factor due to inadequate hole transport.?’ No signifi-
cant reduction in PTAA thickness in the valleys was ob-
served with the doped PTAA. The X-ray diffraction (XRD)
data, as shown in Figure S3, indicate the promotion of (100)
for the perovskite film on doped PTAA, which has been
shown to help reduce the trap density of the perovskite film.’
There are no visually apparent morphological changes in the
film as shown in the SEM images (Figure S4).
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Figure 2. (a) Schematic of a perovskite/silicon tandem solar cell on
a double-side-textured SHJ bottom cell. (b) Cross-sectional SEM
image of a top perovskite cell on textured silicon bottom cells. (c)
Cross-sectional SEM image of a spin-coated PTAA film in the val-
leys of a textured silicon wafer.



Recalling the enhanced conductivity of doped PTAA, we
compared the performance of tandem cells using pristine
PTAA, D-doped-PTAA, and LS-doped-PTAA doped with
DPI-TPFB. Figure 3a plots the current-voltage (J-V) charac-
teristics of the perovskite/silicon tandem devices under an
aperture area of 1 cm? with three different PTAA HTLs,
among which the PCEs are 25.0%, 25.8%, and 27.4%, re-
spectively. The solar cell parameters for the three devices are
summarized in Table 1. We observe a remarkable enhance-
ment in FF, from approximately 73% to 79%, reaching that
of perovskite/silicon tandem cells on surface-polished sili-
con subcells. The FF is also one of the highest reported for
tandem cells fabricated on textured Si bottom cells (Figure
S5 and Table S2). The high FF of the LS-doped PTAA de-
vice can be attributed to the improved conductivity made
possible by the photoactivated p-doping of the thick HTL.
Figure 3b displays the J-V characteristics under reverse and
forward scans (which correspond to PCEs of 27.8% and
27.0%, respectively) of the champion perovskite/silicon de-
vice, in which the HTL is DPI-TPFB-doped PTAA formed
under light. The detailed PV parameters of the champion de-
vice are listed in Table S2 and the statistics of PV parameters
is shown in Figure 3f. The external quantum efficiency
(EQE) spectra in Figure 3c indicate the integrated photocur-
rent densities, 19.7 mA/cm? for perovskite and 20.0 mA/cm?
for silicon subcells, which are in agreement with the Jsc val-
ues from the J-V curve.

Table 1. Summary of photovoltaic parameters of the devices
based on pristine, D-doped, and LS-doped PTAA as HTLs

Jsc (MA/em?) PD (mW/cm?)

FF (%)

Pristine PTAA 19.6 1.76 72.7 25.0
D-doped PTAA 19.5 1.75 75.4 25.8
LS-doped PTAA 19.49 1.79 79.1 27.4

The devices were encapsulated between two glass slides
with butyl rubber as an edge sealant by a vacuum press lam-
inator. To test the operational stability of the perovskite/sil-
icon tandem cells, we held the target device at its maximum
power point (MPP) under continuous xenon-lamp illumina-
tion for 200 hours and achieved stabilized device output with
a negligible PCE drop, as shown in Figure 3d.

We also monitored the 5-week real-world stability of our en-
capsulated tandem devices outdoors in a hot and sunny de-
sert climate, which is a targeted operational location for such
efficient devices.?® 38 The light intensity, measured by a py-
ranometer, varied from O at night to 0.9~1.2 sun at noon.
Additionally, the high temperatures on the sunny days
heated the device to well over 40°C. The daily light intensity
and device performance are illustrated in Figure 3e. The
PCE closely tracked the sun's light intensity (Figure S6). The
initial PCE and the corresponding light intensity were 24.5
% and 0.81 sun, respectively. After over a month outdoors,
the devices still yielded a PCE of 20.3% under 0.97 sun,
which translates into a retention rate of 83% of the initial
PCE over a month’s period. Together, these device stability
results provide evidence that the encapsulated perovskite/sil-
icon tandem cells with doped PTAA possess a great toler-
ance to hot and sunny outdoor environments.
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Figure 3. (a) J-V characteristics of perovskite/silicon tandem cells with pristine, D-doped, and LS-doped PTAA as HTLs. (b) Reverse- and
forward-scanned J-V curves of the champion device containing LS-doped PTAA. (c¢) EQE spectrum of the target device. (d) Steady-state J-
V output of the target cell at the MPP under simulated AM1.5G illumination. (¢) Outdoor performance of the encapsulated target device in
a hot desert climate, measured at the KAUST campus at Thuwal, Jeddah, Saudi Arabia from Feb 18th to Mar 23rd, 2021. PD, power density.

(f) The PV parameters distribution of perovskite/silicon tandem devices.

In summary, we observe photoactivated p-type PTAA dop-
ing with DPI-TPFB, which greatly improve the conductivity
of PTAA films. Films of the highly conductive PTAA mate-
rial were applied to the textured silicon bottom cell of per-
ovskite/silicon tandem cells, and a maximum FF of ~80%,
which is comparable to the FF of perovskite/polished-silicon
tandem cells, was achieved. Through the light-soaking treat-
ment of DPI-TPFB-doped PTAA, perovskite/silicon tandem
cells overcame the FF loss resulting from the non-uniform
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