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Fig. S1 Photographs and schematics of solution-phase ligand-exchange-based AgBiS2 

NCs ink fabrication process. After vigorous mixing, oleate capped (OA-) AgBiS2 NCs were 

transferred from octane to DMF phase by ligand-exchange.

Fig. S2 FTIR spectra of Control (black), P-DIP (red), and CPT-exchanged (purple) 

AgBiS2 NCs ink powders in the fingerprint (1400‒600 cm–1) region. Symbols of νs, νas, δ, 

ρ, τ, and ω represent vibrational modes of symmetric, asymmetric stretches, bending, rocking, 

twisting, and wagging respectively[1,2]. Peaks marked in grey and magenta letters were derived 

from remaining DMF[3] and methylammonium[4] in AgBiS2 NCs ink powders, respectively.
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Fig. S3 XRD patterns of as-prepared Control and P-DIP AgBiS2 NCs ink powders.

Fig. S4 DLS analysis of AgBiS2 NCs solution dispersed in DMF, where 1-propanethiol 

(PT) was used as an additive instead of CPT, denoted as PT-AgBiS2 NCs. PT-AgBiS2 NCs 

have slightly larger Dh in DMF solution than those of P-DIP, indicating the presence of more 

aggregated and/or agglomerated colloidal AgBiS2 NCs. This demonstrates that not only steric 

stabilization by alkyl chain, but also the polar C‒Cl tail in CPT are important for enhancing the 

colloidal dispersibility of AgBiS2 NCs ink. Device performance of PT-AgBiS2 NCs ink solar 

cell is summarized in Fig. S17.
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Fig. S5 TEM images of as prepared Control (left) and P-DIP (right) AgBiS2 NCs inks 

after solution-phase ligand-exchange process.

Fig. S6 Temporal colloidal stability test. Photograph shows Control and P-DIP AgBiS2 NCs 

solutions in DMF according to the storage time. Within 2 weeks, Control AgBiS2 NCs (left 

vial) started aggregating and completely precipitated in 4 weeks, while no aggregation or 

precipitation was observed in the P-DIP AgBiS2 NCs solution (right vial).
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Fig. S7 SEM images captured from a top-view perspective of Control and P-DIP AgBiS2 

NCs ink films. A smoother and improved surface morphology was observed in the P-DIP 

AgBiS2 NCs ink film.
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Fig. S8 Improved passivation on P-DIP AgBiS2 NCs. XPS core-level spectra of Control and 

P-DIP AgBiS2 NCs ink films after annealing at the optimized temperature of 150 °C (a‒c and 

e). All XPS spectra were normalized to Bi. (a) S 2p, enlarged from Bi 4f spectra. Each 

component is shaded as AgBiS2 in orange, and bound thiolate (M‒SR) in yellow. (b) I 3d, and 

(c) Ag 3d, respectively. (d) Relative amounts of Cl (i.e. M‒Cl + R‒Cl) and M‒SR, calculated 

separately using relative area of each component in Cl 2p and S 2p XPS spectra (Table S2 and 

S3) and relative amounts of Cl and S of P-DIP ink film (Table 1). (e) O 1s spectra of Control 

and P-DIP ink films. Each component is shaded as follows: ‒OH in blue, C‒O in sky blue, and 

H2O in light blue. (f) Absorption coefficient (α) of Control and P-DIP ink films measured by 

ellipsometry techniques. The band gap (Eg) of each film were obtained from Tauc plots, as 

presented in Fig. S12. The inset shows the enlarged spectra near the Eg of each AgBiS2 NCs 

ink film aimed at defining Eu, which was confirmed as 19.1 and 14.7 meV for Control and P-

DIP ink films, respectively.
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Fig. S9 Mild annealing induced in-situ passivation on P-DIP AgBiS2 NCs film. XPS core-

level spectra of as prepared (in light brown) and annealed (in dark brown) P-DIP AgBiS2 NCs 

ink films. (a) Cl 2p, and (b) Bi 4f spectra. (c) 13C solid-state NMR spectra of as prepared and 

annealed P-DIP AgBiS2 NCs ink powder (see Note S1).

Note S1

To investigate mild annealing induced in-situ passivation, we conducted XPS measurements 

on both as prepared and annealed P-DIP AgBiS2 NCs films at 150 °C in the glove box with 

longer annealing time and 40 mM of CPT (optimized conditions for the solar cell is 30 sec and 

10 mM, respectively) to acquire adequate signals. As shown in Fig. S9a, the Cl 2p XPS spectra 

of as prepared film present only R‒Cl component corresponding to CPT, suggesting that 

activation energy barrier for C‒Cl bond cleavage could not be suppressed at room temperature. 

Following annealing, there was the emergence of M‒Cl component alongside the reduced that 

of R‒Cl, indicating the mild annealing induced dissociation of Cl‒ ions. Simultaneously, Bi‒Cl 

component at the higher binding energy was observed in Bi 4f XPS spectra (Fig. S9b), 

indicating improved passivation on P-DIP AgBiS2 NCs[5] by dissociated Cl‒ ions. Furthermore, 

Bi 4f spectra was shifted to lower binding energy (~0.3 eV). This change corresponds to the 

cation homogenization of AgBiS2 NCs[6]. To identify the mechanism of Cl‒ dissociation, we 

further performed the 13C solid-state nuclear magnetic resonance (NMR) experiments on as 

prepared and annealed P-DIP ink powders. We observed that the peak intensity of α-carbon 

adjacent to chlorine (45.6 ppm; olive dot) significantly reduced after mild annealing and the 

peak corresponding to alkyl ammonium[7,8] (34.6 ppm; yellow dot) simultaneously emerged, 

indicating the replacement of Cl with amine species. Considering that the degradation of DMF 
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produces amine derivatives, and this reaction is further accelerated by an increase in 

temperature[9], we speculated that these generated amine derivatives during mild annealing 

substitute the Cl resulting in the formation of ammonium cation. Given that the C‒Cl bond in 

acyl chloride can be catalytically cleaved by Ag[10] upon mild annealing, Cl in CPT may interact 

with surface-exposed Ag in as prepared P-DIP AgBiS2 NCs and subsequent mild annealing 

potentially initiate the C‒Cl bond cleavage trough overcoming the activation energy barrier. 

This can be followed by the addition of amine derivatives to the resulting carbocation sites.

Fig. S10 Device performance of P-DIP AgBiS2 NCs ink solar cell without EDT-AgBiS2 

NCs layer. VOC and FF were significantly dropped in the device without EDT-AgBiS2 layer, 

indicating severe charge recombination occurred at the interface. Energy-level-diagram (Fig. 

2c) shows the energy level difference between PTAA and AgBiS2 NCs ink layer could be 

reduced from 0.37 to 0.22 eV by introducing EDT-AgBiS2 layer. This could mitigate the 

interface recombination caused by energy-level mismatch between AgBiS2 NCs ink and PTAA 

layers, thereby facilitating hole transport at the interface.
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Fig. S11 EDX elemental mapping on cross-TEM image of P-DIP AgBiS2 NCs ink solar 

cell. The sulphur contents were observed in MoO3 layer because energy values of emitted X-

ray from S Kα (2.307 KeV) and Mo Lα (2.293 KeV) were overlapped in the EDX spectrum.

Fig. S12 Band gap determination of Control, P-DIP, EDT-exchanged AgBiS2 NCs films. 

Tauc plots are plotted using α obtained from ellipsometry measurements. Control and P-DIP 

AgBiS2 NCs films were annealed at 150 °C, and EDT-AgBiS2 NCs film was annealed at 80 °C 

according to the device optimization conditions.
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Fig. S13 UPS spectra. Fermi-level region (left), and Secondary cut-off region (right) of (a) 

Control (b) P-DIP AgBiS2 NCs ink, and (c) EDT-exchanged AgBiS2 NCs films. Samples are 

annealed at 150 °C for Control and P-DIP AgBiS2 NCs ink films and 80 °C for EDT-AgBiS2 

NCs film. The EDT-AgBiS2 NCs film was prepared on the AgBiS2 NCs ink film.

Fig. S14 Device performance of P-DIP AgBiS2 NCs ink devices under varying different 

concentration of CPT. J‒V curves and corresponding device parameters (the inset table) 

indicate that the optimized concentration of CPT as an additive is 5 mM in AgI+MAI pre-

dissolved DMF ligand solution. All P-DIP AgBiS2 NCs ink films were annealed at 150 °C after 

film formation following the optimized annealing condition detailed in Fig. S15 and Note S2.
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Fig. S15 Cation disordering homogenization of P-DIP AgBiS2 NCs films under various 

annealing temperature. (a) XRD spectra and (b) corresponding variation of 2 theta values of 

P-DIP AgBiS2 NCs ink films. (c), J‒V curves of corresponding P-DIP AgBiS2 NCs ink devices. 

Device parameters are summarized in Table S6 (see Note S2).

Note S2

The cation disordering homogenization of P-DIP ink films was identified with XRD 

measurements. As shown in Fig. S15a and b, the peak positions corresponding to (111) and 

(200) planes of P-DIP AgBiS2 NCs were gradually shifted to higher angles with increasing 

annealing temperature and optimized time, this shift demonstrates the reduction in interplanar 

distance mainly due to the shortening of the Ag‒S bond lengths. Furthermore, the sharpening 

of XRD peaks is also observed with an increase in annealing temperature, indicating the 

improved crystallinity of AgBiS2 NCs due to constrained bond length distributions and 

decreased octahedral distortion through the cationic homogenization[6]. The P-DIP AgBiS2 

NCs annealed at 150 °C shows the biggest shift of peak position and narrowest peak shape 

among samples, suggesting that higher temperature can induce better cationic homogenization 

on AgBiS2 NCs leading to reduced trap density and absorption ability in AgBiS2 NCs films. 

Corresponding device performances according to the different annealing temperature on P-DIP 

AgBiS2 NCs films proved that P-DIP ink device annealed at 150 °C exhibited the highest PCE 

of 9.98% compared to those of annealed at lower temperature (Fig. S15c and Table S6), which 

is coincident with XRD spectra.
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Fig. S16 Device histogram of Control (black) and P-DIP (red) AgBiS2 NCs ink solar cells. 

(a) VOC. (b) JSC. (c) FF, respectively. Each value was recorded from 30 different devices.

Fig. S17 Device performance of PT-AgBiS2 NCs ink solar cell. Reduced photovoltaic 

performance was observed in PT-AgBiS2 NCs ink device, suggesting the importance of Cl in 

passivating the AgBiS2 NCs surfaces.
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Fig. S18 Photovoltaic Cell Performance Certificate for P-DIP AgBiS2 NCs ink solar cell 

from Newport.
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Fig. S19 Performance degradation of P-DIP AgBiS2 NCs ink solar cell during certification 

process. (a) J‒V curves measured from identical P-DIP AgBiS2 NCs ink solar cell before 

(black) and after certification (blue) process comparing with certified efficiency (red) under 

the forward scan. (b) The variation of measured device parameters before and after certification 

process (see Note S3).

Note S3

We characterized device performance before and after certification process. As shown in Fig. 

S19a, The PCE of 10.51% were recorded in our lab before sending device to Newport. 

However, it was identified that certified PCE of the same device, measured under the forward 

scan, was 9.54% with reduced parameters, notably FF loss from 0.73 to 0.69. Moreover, a 

further decrease in JSC and FF was observed in the device measurement after its return to our 

lab, as summarized in Fig. S19b. Based on these results, we carefully assume that deterioration 

of device during shipping and/or measurement under certification process would be main 

reasons for degraded parameters of our P-DIP ink device. 
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Fig. S20 Device stability of un-encapsulated P-DIP AgBiS2 NCs ink solar cell. (a) Shelf 

lifetime: The device retained 99.3% of its initial highest PCE of 10.1% after 145 days under 

ambient condition (relative humidity, ~20%, temperature, ~25°C) (b) Operational stability: The 

device maintained 88.6% of its initial PCE of 10.12% after 11h under AM 1.5G 1-sun 

illumination with fixed forward bias at the maximum power point (MPP) (relative humidity 

~60%, temperature, ~25°C).

Fig. S21 Light-intensity dependence of JSC characteristic of Control and P-DIP AgBiS2 

NCs ink devices.
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Fig. S22 Investigation of carrier lifetime and extraction capability. TPV analysis of (a) 

Control (black) and (b) P-DIP (red) AgBiS2 NCs ink devices under varying light intensity 

condition. (c) Corresponding extracted carrier lifetime. The P-DIP ink device exhibited the 

improved carrier lifetime at the entire open-circuit conditions, indicating the suppressed 

nonradiative recombination by synergetic passivation. (d) TPC measurements of Control 

(black) and P-DIP (red) AgBiS2 NCs ink devices. The faster photocurrent decay lifetime (0.79 

μs) was observed in the P-DIP ink device compared to the Control (1.09 μs), demonstrates the 

improved carrier extraction ability, correlating with JSC improvement in P-DIP ink devices.

Note S4

From TPV and TPC results, the carrier recombination rate (Fig. 4b) was determined by 

dividing the charge density (n) by carrier lifetime under each VOC condition. TPV curves (Fig. 

S22a and b) were fitted with exponential decay to extract carrier lifetimes (Fig. S22c). n values 

were calculated following the equation[11,12]:

𝑛 =  
1

𝐴𝑞𝑑

𝑉𝑂𝐶

∫
0

𝐶𝑑𝑉



17

where, A is the device area, q is the elementary charge, d is the film thickness, and C is the 

capacitance, evaluated from the C =𝛥Q/𝛥VOC relation. Injected charge (𝛥Q) was estimated by 

integrating TPC plots (Fig. S22d). The trap-state density of AgBiS2 NCs ink devices (Fig. 4c) 

was calculated by differentiating n with respect to VOC.

Fig. S23 Estimation of trap density in electron- and hole-only devices Space-charge limited 

current (SCLC) analysis of (a) electron-, and (b) hole- only device fabricated with Control 

(black) and P-DIP (red) AgBiS2 NCs inks. As illustrated in the inset schematics, electron- and 

hole-only devices were constructed with following device configurations: ITO/SnO2/AgBiS2 

NCs films/PCBM/Ag and ITO/PEDOT:PSS/AgBiS2 NCs films/PTAA/MoO3/Ag, 

respectively. The trap density ( ) was calculated from the equation of , 𝑁𝑡
𝑁𝑡 = (2𝜀𝜀0

𝑒𝐿2 )𝑉𝑇𝐹𝐿

where  is the dielectric constant of AgBiS2
[13],  is the vacuum permittivity, e is the 𝜀 𝜀0

elementary charge, L is the thickness of AgBiS2 NCs film,  is the trap-filled limit voltage.𝑉𝑇𝐹𝐿
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Fig. S24 Time-of-flight (TOF) analysis of electron-(blue) and hole-(orange) only devices 

of Control and P-DIP ink. Carrier mobility ( ) was calculated using the equation of 𝜇

, where  is the thickness of AgBiS2 NCs film and  is bias voltage, and  is the 
𝜇 =  

𝐿2

𝑉𝑡𝑡𝑟 𝐿 𝑉 𝑡𝑡𝑟

transit time. The extracted  under each bias condition was plotted /  versus , as 𝑡𝑡𝑟 𝐿2 𝑡𝑡𝑟 𝑉

presented in Fig. 4d and e. Linear fitting was performed to determine the slope of the plot, i.e., 

.𝜇
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Fig. S25 The effect of synergetic passivation on device resistance and FF. (a) Series (Rs) 

and shunt resistance (Rsh) calculated by reciprocal of the slope of fitted straight lines near the 

VOC for Rs and JSC for Rsh derived from each 20 different J–V curves for Control (black) and P-

DIP (red) AgBiS2 NCs solar cells. (b) The FF corresponding to Shockley–Queisser limit (FFSQ 

limit), maximum FF (FFmax), and measured FF (FFmeasured) for Control (black) and P-DIP (red) 

AgBiS2 NCs ink solar cells (see Note S5). Both nonradiative (bule area) and charge-transport 

loss (green area) are suppressed in P-DIP ink devices. Furthermore, FFmeasured of P-DIP ink 

device reached 94% of its FFmax, compared to 88% in Control. This can be attributed to 

balanced charge transport and extraction in P-DIP ink device.

Note S5

The FFSQ limit corresponding to each Eg of Control (1.00 eV) and P-DIP (1.03 eV) AgBiS2 NCs 

film was acquired utilizing a publicly accessible python-based script. 

(https://github.com/marcus-cmc/Shockley-Queisser-limit).

Assuming there are no charge transport losses in the device, the FFmax can be estimated 

following the previously reported equation[14]:

𝐹𝐹𝑀𝑎𝑥 =
𝑣𝑜𝑐 ‒ 𝑙𝑛(𝑣𝑜𝑐 + 0.72)

𝑣𝑜𝑐 + 1
 𝑤𝑖𝑡ℎ  𝑣𝑜𝑐 =  

𝑞𝑉𝑂𝐶

𝑛𝑘𝑇

where,  is the elementary charge,  is the open-circuit voltage,  is the ideality factor,  is 𝑞 𝑉𝑂𝐶 𝑛 𝑘

the Boltzmann constant, and  is the temperature.𝑇

https://github.com/marcus-cmc/Shockley-Queisser-limit
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Fig. S26 Device hysteresis. J–V curves for Control and P-DIP AgBiS2 NCs solar cells 

measured under forward and reverse scan. The inset table shows device parameters according 

to scan directions.
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Table S1. Deconvolution parameters of Bi 4f XPS spectra measured from Control and P-DIP 

AgBiS2 NCs ink films.

Table S2. Deconvolution parameters of S 2p XPS spectra measured from Control and P-DIP 

AgBiS2 NCs ink films.

Control P-DIP

Spectral 

Region

Spin-

orbit 

splitting 

(Δ)

Components Peak 

Position

(eV)

FWHM

(eV)

Relative 

Area 

(%)

Peak 

Position

(eV)

FWHM

(eV)

Relative 

Area 

(%)

AgBiS2 161.3 0.8 65.4 161.3 0.8 55.4

S 2p3/2 Bound thiolate

(M‒SR)
- - - 162.3 0.8 11.7

AgBiS2 162.5 0.8 34.6 162.5 0.8 27.1

S 2p1/2

1.2 eV

Bound thiolate

(M‒SR)
- - - 163.5 0.8 5.8

Control P-DIP

Spectral 

Region

Spin-orbit 

splitting (Δ)
Components Peak 

Position

(eV)

FWHM

(eV)

Relative 

Area 

(%)

Peak 

Position

(eV)

FWHM

(eV)

Relative 

Area 

(%)

Bi‒S 158.4 0.7 47.5 158.4 0.7 46.9

Bi‒I 159.0 0.7 6.7 159.0 0.7 5.7

Bi‒Cl - - - 159.6 0.7 2.1
Bi 4f7/2

Metallic Bi 157.6 0.7 2.6 157.6 0.7 2.1

Bi‒S 163.7 0.7 36.1 163.7 0.7 35.6

Bi‒I 164.3 0.7 5.1 164.3 0.7 4.4

Bi‒Cl - - - 164.9 0.7 1.6
Bi 4f5/2

5.3 eV

Metallic Bi 162.9 0.7 2.0 162.9 0.7 1.6
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Table S3. Deconvolution parameters of Cl 2p XPS spectra measured from P-DIP AgBiS2 NCs 

ink films. 

P-DIP
Spectral 

Region

Spin-orbit 

splitting (Δ)
Components Peak Position 

(eV)

FWHM

(eV)

Relative Area 

(%)

Metal chloride

(M‒Cl)
198.2 1.0 25.4

Cl 2p3/2
Alkyl chloride

(R‒Cl)
200.0 1.0 41.3

Metal chloride

(M‒Cl)
199.8 1.0 12.7

Cl 2p1/2

1.6 eV

Alkyl chloride

(R‒Cl)
201.6 1.0 20.6

Table S4. Deconvolution parameters of O 1s spectra measured from Control and P-DIP 

AgBiS2 NCs ink films.

Control P-DIP

Spectral 

Region
Components Peak 

Position

(eV)

FWHM

(eV)

Relative 

Area 

(%)

Peak 

Position

(eV)

FWHM

(eV)

Relative 

Area 

(%)

‒OH 532.4 1.7 46.9 532.4 1.7 100

C‒O 533.5 1.7 40.0 - - -O 1s

H2O 535.7 1.7 13.1 - - -
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Table S5. A summary of reported device parameters for AgBiS2 NCs solar cells, categorized 

based on ligand-exchange methods and the types of ligands utilized in the device fabrication.

Ligand-

exchange 

method

Types of 

passivation 

ligands

VOC

(V)

JSC

(mA cm‒2)
FF

PCE 

(%)

Certified 

PCE (%)
Year Ref.

Inorganic 0.50 18.00 0.65 5.84 6.31 2016 [15]

Inorganic 0.46 22.68 0.61 6.37 - 2020 [16]

Organic 0.50 27.10 0.68 9.17 8.85 2022 [6]Solid-state

Inorganic + 

Organic
0.47 22.14 0.68 7.07 - 2022 [17]

Inorganic 0.55 12.41 0.59 4.08 - 2020 [18]

Organic 0.48 24.90 0.61 7.30 - 2022 [19]

Solution-phase

Inorganic + 

Organic
0.51 29.15 0.73 10.84 9.36

This 

work
-

Table S6. Device parameters of P-DIP AgBiS2 NCs devices under different annealing 

conditions.

Annealing Condition VOC (V) JSC (mA cm‒2) FF PCE (%)

115 °C, 5 min 0.49 25.98 0.66 8.34

130 °C, 2 min 0.49 26.47 0.68 8.76

150 °C, 30 sec 0.50 27.49 0.73 9.98
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