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1. Supporting Tables

Table S1. The carrier mobility measurement in PM6: Y6 OSCs with different HTLs.

Device structure Up (cm?Vist)  ug(cm?v-ist)
ITOpiasma/ WS2/PM6:Y6/Mo00O3/Ag 3.46x10* -
ITO/WS,/PM6:Y6/Mo0O3/Ag 1.97x103 —
ITO/PEDOT: PSS/PM6:Y6/Mo0s/Ag 8.02x10* _
ITO/ZnO/PM6:Y6/PFN-Br/Ag - 8.89 X 10*

Table S2. The carrier combination lifetime and carrier extraction time fitted from
TPV and TPC curves.

Anode/HTL T(us)? t(us)®
ITOptasma/ WS, 1.03 0.74
ITO/WS, 3.95 0.65
ITOp|asma/PEDOT:PSS 3.56 0.64

2 carrier combination lifetime

b carrier extraction time

Table S3. The calculation result of <N> values form UV-Vis spectroscopy.

Initial

Sarenpl cor(]ﬁqegn/tr%af)ion Soni%ir%rg%ﬁ)ssing poAs-i'(cai)(()ﬁi(?qnm) Thigklr;ess
622 3.51
WS, 6 9 617 1.95
12 614 1.37

Note:The mean layer number of WS, nanosheets exfoliated in initial 6mg/mL

solution with a range of sonic processing time from 6 to 12 h were estimated using
the following equation:?

y 8.51
< N>=635 x 10~ 324"/



2. Supporting Figures
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Figure S1. The scanning kelvin probe measurement (SKPM) of WS, films as HTLs
preparing by different processing conditions. The initial concentration of WS, is 6
mg/mL, and (a), (b), (c) represents 6, 9, 12 h sonic processing time, respectively. The
sonic processing time is 9 h, and (d), (e) represents 10 mg/mL, 14 mg/mL initial
concentration of WS,, respectively.

54
©

o
(o]
T

e
~
L)

g
o

H=3.46£2.00nm

Percentage (%)
© o o o
N w H (3}

©
-

o
o

0 1 2 3 4 5 6
Height (nm)

Figure S2. The percentage histogram of height of WS, nanosheet (Figure 6a), fitted
by Gaussian distribution.
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Figure S3. The water contact angle on the surface of ITO/ Y6 film (a) and ITO/PM6
film (b).
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Figure S4. The ultraviolet photoelectron spectroscopy (UPS) measurement of WS,
film.
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Figure S5. The X-ray diffraction (XRD) pattern of the WS, powder.
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Figure S6. The XPS spectra of (a) In 3d, (b) Sn 3d of ITO nanoparticles.



Note: We have performed XPS test (shown in Figure S6) to elucidate the influence of
the plasma treatment of ITO on the deposition of WS, For the ITO nanoparticles, the
binding energies (BEs) of a photoelectron in In 3ds/,, In 3d3/3, Sn 3ds/,, and Sn 3d3/, are
determined to be 444.1, 451.7, 486.3 and 494.7 eV, respectively.? This is consistent
with our results shown in Figure S6. When WS, film is spin-coated on pristine ITO
without plasma, the BEs of In 3ds,, In 3d3/3, Sn 3ds/,, and Sn 3ds; shift upwards about
0.5eV, possibly caused by W or S bonding with Dangling bonds of In and Sn resulted
from the oxygen vacancies in ITO.3 In the case of WS, film spin-coated on plasma-
treated ITO, the BEs shift of In 3ds;, and In 3d3/, can be ignored, indicating less W or S
bonds with In due to the disappear of Dangling bonds by plasma filling oxygen
vacancies of ITO. Therefore, stronger chemisorption is formed between WS, and
pristine ITO than plasma-treated ITO, thus influencing the deposition behavior of WS,.
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Figure S7. The dark J-V curves of the OSCs with WS, and PEDOT: PSS as HTLs.
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Figure S8. AFM images of WS, nanosheets exfoliated in 6mg/mL initial solution with
6h, 9h, 12h sonic processing time (a, b, c), respectively.
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Figure S9. (a)Transmittance spectra of WS, nanosheets exfoliated in initial 6mg/mL
solution with a range of sonic processing time from 6 to 12 h. (b) Optical extinction
spectra of WS, nanosheets exfoliated in initial 6mg/mL solution with a range of sonic
processing time from 6 to 12 h. The spectra normalized to the extinction value at 300
nm and the inset shows the magnified view of the A-exciton region.
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Figure S10. The measurement data (black lines) and fitting results (red lines) of TPV
(a, c, e) and TPC (b, d, f) of devices based on three modified anodes: ITOgjasma/ WS>,
ITO/WS,, and ITOpjasma/PEDOT: PSS.

3. Supplementary Methods

Calculation methods of carrier combination lifetime and carrier extraction time
from TPV and TPC:*

For the Transient Photovoltage (TPV) measurements, a weakened 620 nm laser
pulse with a pulse width of 120 fs was used as the light source, which makes the

device produce a small transient voltage on the basis of the steady voltage. The



measuring equipment was linked to a Tektronix TDS 3052C digitizing oscilloscope
in the open-circuit conditions. After filtering the DC signal, we can get the transient
photovoltage signal, which is a single exponential decay curve. The decay life can
be obtained by exponential fitting with the exponential decay formula as
following:

—, T

V =V,expi(--)

T
Also, we can obtain the transient photocurrent (TPC) signal and the carrier
extraction time can be obtained by exponential fitting with the exponential decay

formula as following:

Calculation methods of carrier mobility:

The carrier mobility of the hole-only devices (electron-only devices) was extracted
by fitting the voltage via the space charge limited current (SCLC) Mott-Gurney
equation as follows:

J = 9g,g,uV?/8d3
where €, is the relative dielectric constant, ggis the permittivity of vacuum, d is the

thickness of the active layer, #¢ (#p) is the electron (hole) mobility.>

Contact angle measurements:

The contact angle tests were performed on DSA-x plus optical contact angle
analyzer. The surface energy of the materials was characterized and calculated by
the contact angles of the two probe liquids with the Owens and Wendt equation: ©

d

(+cosO)y,, =27,

1/2 1/2

+ 20777 0)

where y and y, are the surface energy of the sample and the probe liquid,



respectively. The superscripts d and p refer to the dispersion and polar
components of the surface energy, respectively.
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