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Alkali-metal-ion doping is an efficient strategy to improve the device performance of thin film solar
cells. Though doping with Li* or Cs* doping has been reported in Ag—Bi-I solar cells, the influence of
doping with other alkali metal ions on Ag-Bi-I solar cells has not been systematically studied. In this
work, we investigate the effects of five alkali metal ions (Li*, Na*, K*, Rb™, and Cs*) on the structure,
morphology, and optical and electrical properties of Ag,Bils absorber layers, and also their influence on
the device performance. All alkali-metal-doped Ag,Bils thin films show high crystallinity and have similar
suitable band gaps. Hall effect measurements demonstrate that the alkali-metal-doped Ag,Bils films
show an improved electrical performance compared with the pristine Ag,Bils thin film, which is benefi-
cial to achieving high-efficiency solar cells. Unexpectedly, Cs* doping can significantly increase the grain
size of Ag,Bils thin films, leading to a porous absorber that reduces the device efficiency. The device
performance of Li*-, Na*-, K*- and Rb*-doped Ag,Bils is significantly improved compared with that of
pristine Ag,Bils. It is found that the order of the power conversion efficiency promotion ability is K* >
Rb* > Na* > Li* > Cs* under the same experimental conditions. The present approach can be
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1. Introduction

Alkali-metal doping is an effective strategy to improve the device
performance of thin film solar cells, such as Cu(In,Ga)(S,Se),
(CIGSSe),"™ Cu,ZnSn(S,Se), (CZTSSe),>>® Sb,(S,Se);” and organic-
inorganic hybrid halide perovskite solar cells (PSCs).'>** For
instance, Li, Na*, K" and Rb" doping can passivate surface or
grain-boundary defects, promote crystal growth, and improve the
electrical properties of CIGSSe** and CZTSSe®® solar cells. Inter-
estingly, Li" can alloy with the kesterite phase leading to a solid
solution (Li,Cu,_,),ZnSn(S,Se), that offers a way of tuning the band
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gaps of the absorber layers and improving the device performance.
In addition, LiOH, NaOH, KOH, RbOH and CsOH have been
introduced into Sb-based precursor solutions to fabricate Sb,S;
solar cells.” It is worth noting that only heavy alkali metal ions
(K', Rb", and Cs") are beneficial for absorbers to grow into large
grains and form a better morphology, which facilitate the improve-
ment of the device performance of Sb,S; solar cells. Moreover, the
role of alkali metal ions in halide perovskite solar cells has also
been widely investigated.’>>' Low concentrations of Cs* and Rb*
promote halide homogenization and enhance the charge-carrier
lifetime, which plays a critical role in improving the photovoltaic
device performance.'® Alkali metal ions with a gradient size occupy
different positions in the crystal lattice of the perovskite, and they
play various roles, e.g. crystallinity adjustment, defect passivation
and ion migration."" Based on the above discussion, we can infer
that the modes of alkali-metal doping include substitutional®* and
interstitial doping.” In substitutional doping, the alkali metal can
replace ions with a similar radius and coordination mode, which
has a significant impact on the band gap and defects of the
absorber layer.”**® The interstitial doping is mainly to promote
the growth of crystal grains, passivate the crystal surface and grain
boundaries, and improve the device performance.*® In the past few
years, Bi-based materials, a new type of absorber, have aroused
widespread interest among researchers,” ** but the performance
of Bi-based solar cells is far lower than those of CIGSSe, CZTSSe,
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Sby(S,Se); and PSCs. Therefore, alkali-metal doping has great
potential in improving the efficiency of Bi-based solar cells.

The Bi-based solar cell is a general term for a series of solar cells
containing the Bi element in the absorber layer, including Bi,S;,>***
BiSL,*® AgBiS,,”” CuBiS,***° and Bi-based halides (binary,’® ter-
nary’™ and quaternary*!). Ag.Biyl s, iS an important Bi-based
absorber material, and a large number of encouraging results have
been achieved.*™" In the crystal structure of Ag,Bisl,:a5, [Agle] and
[Bils] octahedra are connected through shared edges and further
increase the structural dimension.*® AgBil,,* AgBi,l,,** Ag,Bils,"
Ag;Bils*® and AgBi;l;,> demonstrate an appropriate direct band
gap of 1.6-1.86 eV. AgBi,l; was first reported by Sargent et al in
2016.”> The best power conversion efficiency (PCE) of the Ag-Bi-I-
based device was achieved by Pai et al in 2018,>* by introducing
sulfide to partially substitute iodine. The band gap is decreased
and the valence band edge is upshifted by sulfide doping, which
contributes to improving the device performance. Recently, Li-TFSI>®
and CsI”® were introduced into the precursor solutions to improve
the quality of AgBil, thin films and to enhance the PCEs of AgBil,
solar cells. However, the effects of other alkali metals being incor-
porated into Ag-Bi-I absorbers have not been investigated.

In this work, we investigate the effects of different alkali-metal
doping on the performance of Ag,Bil5 solar cells by introducing
Lil, Nal, KI, RbI and CsI into the Ag-Bi-S-I-based precursor
solutions. Compared with the traditional one-step deposition
approach, our method can adjust the thickness of the as-
prepared films by repeating the spin-coating and annealing
processes. The as-prepared film is AgBiS, and unknown Ag
compounds. Interestingly, the XRD patterns demonstrate that
alkali-metal doping does not change the crystal structure of
Ag,Bil;s, so the alkali-metal doping model is one of interstitial
doping. The Li'-, Na'-, K'- and Rb'-doped Ag,Bil; films show
dense and continuous surface morphologies. Unexpectedly, there
are a lot of pinholes in the Cs*-doped Ag,Bil; film due to its larger
grain-size composition. All the absorption edges of Ag,Bil; thin
films are at the wavelength of ~700 nm, which proves that the
doping mode of the alkali metal is interstitial. Hall effect mea-
surements indicate that alkali-metal doping can increase the
carrier concentration, thus leading to a high conductivity. Finally,
we fabricate Ag,Bils solar cells with the structure of glass/ITO/
SnO,/Ag,Bil;/PTAA/Ag. The device performance of Li'-, Na'-,
K'- and Rb'-doped Ag,Bil; is significantly improved compared
with that of pristine Ag,Bils. As a result, we achieve a PCE of
0.75% for the K'-doped Ag,Bil; solar cell, with an open circuit
voltage (Voc) of 0.68 V, a short circuit current density (Jsc) of
1.95 mA/cm?, and a fill factor (FF) of 56.20%, which is significantly
higher than that of other devices. Moreover, it is found that the
order of the power conversion efficiency promotion ability is K* >
Rb" > Na" > Li" > Cs" under the same experimental conditions.

2. Experimental section
2.1. Materials

Silver oxide (Ag,0, 99.7%), bismuth hydroxide (Bi(OH)z, 90%),
iodine (I, 99.8%), lithium iodide (LiI, 99%), sodium iodide
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(Nal, 99.5%), potassium iodide (KI, 99%), rubidium iodide
(RbI, 99.9%), cesium iodide (CsI, 99.9%), tin chloride dihydrate
(SnCl,-2H,0, 98%), n-butylamine (CHj3(CH,);NH,, 99%) and
carbon disulfide (CS,, 99.9%) were purchased from Alad-
din. Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA)
was purchased from Luminescence Technology Corp. N,N-
Dimethylformamide (HCON(CH3),, 99.8%) and chlorobenzene
(CeH5Cl, 99.5%) were obtained from Alfa Aesar. Dimethyl
sulfoxide ((CH3),SO, AR) and ethanol (CH;CH,OH, AR) were
bought from Beijing Chemical Works. All chemicals were used
directly without any further treatment.

2.2. Deposition of Ag,Bil; thin films

First, 2 mL of n-butylamine and 1.2 mL of carbon disulfide were
slowly mixed in a DMF/DMSO (2.5:1.5 volume ratio) solution
with magnetic stirring at room temperature. Butylamine
reacted with carbon disulfide and formed butyldithiocarbamic
acid. Then, 289.675 mg (1.25 mmol) of Ag,O, 325.025 mg
(1.25 mmol) of Bi(OH); and 158.63 mg (0.625 mmol) of I, were
dissolved in the solution by heating at 80 °C. For the respective
alkali-metal-doping precursor solution, 0.1125 mmol of LiI,
Nal, KI, RbI or CsI was added to the precursor solution. The
molar ratio of alkali/(Ag + Bi) was set as 3%. After cooling down,
the precursor solution was centrifuged and spun at 5000 rpm
for 30 s on the SnO, electron-transport layers. The as-prepared
thin films were obtained after annealing at 230 °C for 1 min
and the spin-coating/annealing process was repeated 5 times to
obtain the required thickness (~300 nm) of the as-prepared
films. To obtain Ag,Bils thin films, the as-prepared thin films
and 507.62 mg (2 mmol) of iodine were added to a weighing
bottle (@ 60 x 40 mm). Then, the bottle was placed on a 155 °C
heating plate for 40 min. After this iodization procedure, the
Ag,Bil; thin films were formed. Note that all procedures were
performed in the air.

2.3. Fabrication of Ag,Bil; solar cell devices

The Ag,Bil; solar cell devices with an architecture of ITO/SnO,/
Ag,Bils/PTAA/Ag were constructed. First, the patterned ITO
glass substrates (20 x 20 x 0.5 mm) were washed successively
with detergent, deionized water, acetone and isopropanol by
ultrasonic treatment for 20 min, dried under a fast nitrogen
flow, and then treated with UV-ozone for 15 min. Next,
415.3 mg (2 mmol) of SnCl,-2H,0 was dissolved in a mixture
of 2 mL of butyric acid and 2 mL of n-butylamine. Subse-
quently, the dissolved solution was diluted to a total volume
of 10 mL by using ethanol, and spun on the ITO glass
substrates at a speed of 3000 rpm for 30 s, followed by
thermal annealing at 180 °C for 30 min on the hot plate in
ambient air. The PTAA was dissolved in chlorobenzene at a
concentration of 10 mg mL™" and was spun onto the
obtained ITO/SnO,/Ag,Bil; substrates at 3000 rpm for
30 s. Finally, the top Ag electrodes were thermally deposited
using steel shadow masks, and devices with an area of
9 mm?® were achieved.
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2.4. Characterization

The powder XRD patterns were measured using a Bruker D8
FOCUS X-ray diffractometer. Scanning electron microscopy
(SEM) images were recorded using a Hitachi S-4800 electron
microscope equipped with an energy dispersive X-ray (EDX)
analyzer (Bruker AXS XFlash detector 4010). X-ray photoelec-
tron spectroscopy (XPS) spectra were collected using a Thermo
ESCALAB 250 X-ray photoelectron spectrometer with an Al Ko
X-ray source. The binding energy was calibrated using the C 1s
peak at 284.6 eV. UV-vis absorption spectra were recorded
using a Shimadzu UV-3600 spectrometer. Ultraviolet photoelec-
tron spectroscopy (UPS) was carried out using an Axis Ultra
DLD, with an emission line of Hel (21.22eV). The thicknesses of
the thin films were measured using a step profiler (AMBIOS,
XP-100). Current density-voltage (J-V) measurements were con-
ducted under standard AM 1.5G, 100 mW cm ™2 illumination
conditions using a Keithley 2400 source meter. External quan-
tum efficiency (EQE) spectra were acquired using a Zolix
SCS100 QE system. Hall effect measurements were obtained
using an ET9000 Hall effect system (Eastchanging Technologies
Inc.) via the van der Pauw method.

3. Results and discussion

Herein, Ag,0, Bi(OH); and iodine were dissolved together in
butyldithiocarbamic acid solution.”””*® It should be noted that
the traditional silver bismuth iodide precursor solution can
only be deposited once,*>*”***° and it is hard to fabricate high-
quality Ag-Bi-I thin films with adjustable thicknesses. In this
work, the thicknesses of the as-prepared films were easily
adjusted by repeating the spin-coating and annealing pro-
cesses. Subsequently, we use the iodization process to convert
S*” in the as-prepared film to I". By choosing 155 °C and
40 min as the iodization conditions, large-grain Ag,Bils thin
films were obtained. The procedure for the deposition of
Ag,Bil; thin films is summarized in Fig. 1.

The XRD pattern (Fig. 2a) demonstrates that the as-prepared
film is mainly AgBiS, (PDF #21-1178). It should be noted that
since the ratio of Ag to Bi in the precursor solution is 2: 1, there
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Fig. 1 Schematic illustration of the fabrication of Ag,Bils films.
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should be some amorphous or low-crystallinity Ag compounds
(marked with the * sign) in the as-prepared film. However, we
cannot accurately determine the structure of the Ag compounds
by the XRD pattern. Moreover, the as-prepared thin film con-
sists of nanoparticles and has no penetrating holes from
the cross-sectional scanning electron microscopy (SEM) images
(Fig. 2b and c). Compared with the traditional one-step
approach, our deposition method can prepare high-quality thin
films with adjustable thicknesses, which are beneficial to
improve the morphology of absorber layers. Though the surface
of the as-prepared thin film is discontinuous, the subsequent
iodination process can convert small particles into large grains,
thereby eliminating these small pores. The top-view and cross-
sectional SEM images of the as-prepared Ag-Bi-S-I thin films
with alkali-metal doping are shown in Fig. S1 and S2 (ESIt), and
all films consist of small, cluster-like nanoparticles. There are
some holes present on the surface, but no penetrating holes
exist. In addition, some white components appear on the
surface, which may be amorphous or low-crystallinity Ag com-
pounds. Energy dispersive spectroscopy (EDS) mapping of the
as-prepared undoped Ag,Bil5 film is shown in Fig. S3 (ESIY),
and it shows that the composition in the prefabricated film is
uniform. Furthermore, to confirm the presence of the alkali-
metal elements in the Ag,Bil; films, the compositions of the as-
prepared Ag,Bil; films doped with different alkali-metal ions
were measured by surface EDS measurement. The values in
Table S1 (ESIT) represent the median and standard deviation of
each element’s atomic percentage, which was calculated from
five different points within each film. The EDS results confirm
the lateral uniformity and homogeneous nature of the absorber
layers.

After the iodization process, the diffraction peak intensities
increase markedly (Fig. 3), which demonstrates the crystallinity
enhancement. Hexagonal Ag,Bils (PDF #35-1025) with the
space group R3m is formed after iodization. The strongest
diffraction peak is located at 12.8°, corresponding to the (003)
plane, and indicating that the Ag,Bils thin film is highly
orientated along the c-axis of the unit cell. It should be noted
that the two peaks with a similar intensity at 41.5° and 42.2°
from the (110) and (108) planes confirm the existence of Ag,Bil;
without other Ag-Bi-1 phases.”® By introducing 3 mol% Lil,
Nal, KI, RbI, or CsI into the precursor solution, the almost
constant XRD peak positions demonstrate that the doping
alkali metal ions do not change the crystal structure of Ag,Bil5,
and the alkali-metal doping model is one of interstitial doping
(Fig. 3a). In previously reported studies, the Li" and Cs’ ions
undergo substitutional doping. Differently, the alkali metal
ions in our work undergo interstitial doping, which may be
attributed to the difference in the preparation method of the
absorber layers. Furthermore, the enhanced XRD peak inten-
sities of the alkali-metal-doped samples indicate that the dop-
ing can increase the crystallinity of the Ag,Bil5 thin films,
especially for the main peak (003), following the sequence of
Cs' > K" > Rb" > Na' > Li' (Fig. 3b).

Moreover, XPS spectra are also provided to check whether
the as-prepared Ag-Bi-S-I film converts to Ag,Bil; completely

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021
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Fig. 2 (a) XRD pattern, and (b) top-view and (c) cross-sectional SEM images of as-prepared Ag—Bi—-S-I films.
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Fig. 3 (a) XRD patterns of Ag,Bils films with and without alkali metal doping and (b) enlarged peaks at approximately 12.8°.

after the iodization process. As shown in Fig. S4a (ESIt), both the
as-prepared film and the Ag,Bil5 thin film exhibit two peaks of Ag
3d;/, and 3ds),, and the corresponding binding energies are nearly
consistent. The peaks located at approximately 374.1 eV and
368.1 €V indicate the existence of Ag' cations. In addition, the
two peaks at 164.1 eV and 158.8 eV, as shown in Fig. S4b (ESI}),
can be attributed to Bi 4fs5, and Bi 4f,,, respectively, which
confirm that Bi** remains unchanged during the iodization
process. It is worth noting that the intensities of the I 3d peaks

of Ag,Bil; (Fig. S4c, ESIT) are obviously enhanced compared with
the as-prepared film. The I 3d XPS peaks can be fitted into two
individual peaks at 630.5 eV and 619.1 €V, corresponding to the
binding energies of I 3d;,, and I 3ds/,, which are the characteristic
peaks of I". In addition, the S 2s peak at 225.4 eV (Fig. S4d, ESIf)
completely disappears after iodization, which illustrates that S*~
is removed. As a result, Ag*, Bi*", I and S*>  are confirmed to
coexist in the as-prepared film before iodization. After the iodiza-
tion process, S>~ is completely converted to I".

Fig. 4 Top-view and cross-sectional SEM images of the (a; and a,) pristine Ag,Bils thin film; (b; and by) Li*-doped Ag,Bils thin film; (c; and c,) Na*-
doped Ag,Bils thin film; (d; and d,) K*-doped Ag,Bils thin film; (e; and e,) Rb*-doped Ag,Bils thin film; and (f; and f,) Cs*-doped Ag,Bils thin film.
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The absorber morphology is of vital importance to the device
performance of Ag,Bil5 solar cells. In Fig. 4, the obtained films
after iodization are composed of large grains with a size of
nearly 1 um, and the average thickness of the Ag,Bil; thin films
is nearly 300 nm. The pristine Ag,Bil; and the Li'-, Na'-, K'-,
Rb'-doped Ag,Bil; thin films present dense morphologies.
Nevertheless, the Cs'-doped Ag,Bils thin film shows pinholes,
which may be attributed to a larger grain size than for the other
Ag,Bil; films, which is detrimental to the device performance.

To examine the optical properties of the Ag,Bil5 thin films,
the UV-vis absorption spectra and Tauc plots of alkali-metal-
doped and pristine Ag,Bils thin films are shown in Fig. 5. All
thin films show absorption edges at the wavelength around
700 nm (Fig. 5a). Analysis of the Tauc plots (Fig. 5b) indicates
the direct band gap characteristic of Ag,Bils. From a linear fit
to the Tauc plots, the band gap values are evaluated to be
1.78-1.81 eV, close to those in previously reported studies.*”**
In the previous studies reported in the literature, similar
doping concentrations can significantly affect the band gap
values, so the alkali metal should undergo interstitial doping in
this work. To further examine the position of the energy level,
ultraviolet photoelectron spectroscopy (UPS) spectra of the
pristine Ag,Bil5 thin film were obtained, as shown in Fig. S5
(ESIf). As can be observed from the cut-off region, the cutoff
energy (Ecutotf) i 15.9 eV. Therefore, the Fermi energy (Eg) is
estimated to be 5.32 eV from the equation Er = 21.22 eV (He I) —
E utofr.- Combined with the onset linear extrapolation, the Eqnget
value is 0.85 eV, which is the value of (Eygm—Er), where the
Eypm represents the valence band maximum energy. Therefore,
the Eypym is regarded as being 6.17 eV. With the band gap of the
pristine Ag,Bil; film of 1.81 eV, the conduction band minimum
energy (Ecpm) is calculated to be 4.36 eV.

In addition, we examine the electrical properties of these
Ag,Bil; thin films to investigate the influence of alkali-metal
doping. Hall effect measurements indicate that after doping
with alkali metal ions, the concentration of free carriers is
increased, and thus a higher conductivity is achieved. The
higher carrier-density levels can be attributed to the better
crystallinity. As can be observed in Table 1, K'-doping is the
most effective strategy to enhance the carrier concentration.
The carrier concentration value of K'-doped Ag,Bil; is
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Table 1 Hall effect measurements of Ag,Bils thin films with and without
alkali-metal doping

Doping Carrier concen- Electrical resis- Hall mobility
ion tration (10" em™®)  tivity (10> Q-cm) em? (V-s)™"
w/o 1.33 7.87 4.87

Li* 2.02 7.71 3.93

Na* 4.36 5.70 2.61

K 6.51 3.74 1.71

Rb* 4.39 5.62 2.51

Cs* 5.48 4.37 3.80

6.51 x 10" em™?, which is 4.9 times that of pristine Ag,Bil;
thin films. At the same time, the electrical resistivity of the
K'-doped Ag,Bil; thin film shows the lowest value of 3.74 x
10° Q-cm, indicating the best conductivity. However, the high
carrier concentration increases the carrier scattering and
decreases the carrier mobility. Therefore, the Hall mobility of
the K'-doped Ag,Bil; thin film is only 1.71 cm® (V-s)~", lower
than that of the Li'-, Na'-, Rb'-, Cs'-doped and pristine Ag,Bil5
films. Therefore, we speculate that doping K' in the precursor
solution is the most conducive approach to improve the
performance of the Ag,Bil5 solar cell. In addition, Xin et al.
have demonstrated that lithium doping in CZTSSe can change
the polarity of the electric field at the grain boundary (GB) such
that minority carrier electrons are repelled from the GB.%°
Therefore, we speculate that alkali-metal doping can play a
similar role for Ag,Bil; films.

Considering the locations of Eygy and Ecgy of the Ag,Bils
absorber layer, we construct Ag,Bils solar cells with an n-i-p
planar structure using SnO, and PTAA as the electron-
transport and hole-transport layers, respectively (Fig. 6a). It
should be noted that all procedures are conducted in air. The
energy level alignment of the pristine Ag,Bils solar cell is
illustrated in Fig. 6b. The Ag,Bil; absorber is deposited on
the 30-nm-thick SnO, layer. Then, PTAA and silver are
sequentially deposited by spin-coating and thermal evapora-
tion, respectively. The devices are tested under standard AM
1.5G illumination. The current density-voltage (J-V) curves
of the pristine and different alkali-metal-doped Ag,Bil; solar
cells are presented in Fig. 6c. The detailed photovoltaic
parameters are summarized in Table S2 (ESIt). The PCEs of

Fig. 5 UV-vis absorption spectra (a) and Tauc plots (b) of Ag,Bils films with and without alkali-metal doping.
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Fig. 6 Schematic diagram (a) and the energy level alignment (b) of the pristine Ag,Bils solar cell; J-V curves (c) and EQE spectra (d) of the Ag,Bils solar

cells with and without alkali-metal doping.

the devices are increased to different extents by doping
with Li*, Na", K", and Rb", respectively. Due to the
enhancement of crystallinity, all alkali metal ions, includ-
ing Cs', increase the Jsc value of the devices. The increased
integrated Jsc in the external quantum efficiency (EQE) spectra
(Fig. 6d) matches well with the enhanced Jsc results in the j-V
curves. However, doping with Cs’ cannot improve the device
performance due to the poor morphology in the SEM images.
Furthermore, since the band gaps are nearly unchanged by doping
with alkali metal ions, the Vo remains practically unchanged for
the Li'-, Na*, K'- and Rb'-doped devices. The best performance is
achieved by the introduction of K', which is consistent with the
previous evaluation of electrical properties. The obtained PCE is
0.75% with a Vo of 0.68 V, a Jsc of 1.95 mA/em?, and an FF of
56.20%. Moreover, Fig. S6 (ESIT) shows the statistical efficiency
distribution of 30 devices with the Ag,Bil; absorber doped with K,
which indicates a good reproducibility of efficiency. Besides, there
are some pinholes on the surface of the Cs"-doped Ag,Bil; film, and
this may damage the device performance. Therefore, the doping
concentrations of 1% and 2% for Cs'-doped Ag,Bil; films are used
to investigate the effect of doping concentration on the film proper-
ties (Fig. S7, S8 and Table S3, ESIt). As shown in Fig. S7 (ESIt), the
1% Cs'-doped Ag,Bil; film shows a dense and continuous morphol-
ogy. In addition, some pinholes are still presented on the surface of
the 2% Cs'-doped Ag,Bil; film. Furthermore, the J-V curves and PV
parameters of the 1% and 2% Cs'-doped Ag,Bil; solar cells are
shown in Fig. S8 (ESI{) and Table S3 (ESIt), and the 1% Cs'-doped
Ag,Bil; solar cell achieves an improved device performance (PCE =
0.49%).

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021

4. Conclusion

In summary, an effective alkali-metal (Li*, Na*, K", Rb", or
Cs') doping strategy is applied to improve the photovoltaic
performance of Ag,Bil; solar cells. The introduction of
alkali metal ions improves the film crystallinity and carrier
concentration, which leads to an increase of the Jsc of the
corresponding solar cells. The band gaps remain practically
unchanged because the alkali-metal-doping model is one of
interstitial doping. Large-grain and high-quality Ag,Bil;
thin films are obtained using our new deposition approach.
It should be noted that different alkali metal ions can
improve the crystallinity and increase the carrier concen-
tration to various degrees. For instance, the Cs'-doped
Ag,Bil5; thin film shows pinholes in the top-view SEM
images, which may be attributed to the larger grain size
compared with the other alkali-metal-doped films. In addi-
tion, the carrier concentration value of K'-doped Ag,Bil; is
higher than that of the other alkali-metal-doped films,
which indicates the most conducive tendency of K' to
improve the device performance. Subsequently, devices
with the structure of ITO/SnO,/Ag,Bils/PTAA/Ag were fabri-
cated. The highest PCE of 0.75% is achieved after introdu-
cing K'. The order of the power conversion efficiency
promotion ability is K* > Rb" > Na' > Li* > Cs* under
the same experimental conditions. Based on a systematic
understanding of the effects of doping with different alkali
metals, our work provides a feasible avenue to improve the
photovoltaic performance of Ag,Bils solar cells.

New J. Chem., 2021, 45,14158-14166 | 14163


https://doi.org/10.1039/d1nj02627e

Published on 01 July 2021. Downloaded by Goteborgs Universitet on 9/1/2021 4:08:55 AM.

NJC

Author contributions

Yuxiang Wang contributed to the investigation, data curation,
formal analysis, visualization, and writing - original draft. Yue
Liu contributed to the investigation. Xinan Shi contributed to
the investigation and resources. Lijian Huang contributed to
the investigation and resources. Junye Tong contributed to the
investigation. Gang Wang contributed to the conceptualization,
project administration, and writing - review and editing. Dao-
cheng Pan contributed to the conceptualization, funding acqui-
sition, resources, supervision, and writing - review and editing.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors are very thankful to Prof. Nripan Mathews and Dr
Biplab Ghosh of Nanyang Technological University for discus-
sions on the crystal structure of Ag,Bils. This work was sup-
ported by the National Natural Science Foundation of China
(Grant No. 61974145 and 51672267) and the Jilin Provincial
Science and Technology Development Program (20180101
186]C).

References

1 A. Chirila, P. Reinhard, F. Pianezzi, P. Bloesch, A. R. Uhl],
C. Fella, L. Kranz, D. Keller, C. Gretener, H. Hagendorfer,
D. Jaeger, R. Erni, S. Nishiwaki, S. Buecheler and
A. N. Tiwari, Potassium-induced surface modification of
Cu(In,Ga)Se, thin films for high-efficiency solar cells,
Nat. Mater., 2013, 12, 1107-1111.

2 F. Liu, Q. Zeng, J. Li, X. Hao, A. Ho-Baillie, J. Tang and
M. A. Green, Emerging inorganic compound thin film
photovoltaic materials: progress, challenges and strategies,
Mater. Today, 2020, 41, 120-142.

3 Y. Sun, S. Lin, W. Li, S. Cheng, Y. Zhang, Y. Liu and W. Liu,
Review on alkali element doping in Cu(In,Ga)Se, thin films
and solar cells, Engineering, 2017, 3, 452-459.

4 0. Nwakanma, S. Velumani and A. Morales-Acevedo, Review
on the effects due to alkali metals on copper-indium-
gallium-selenide solar cells, Mater. Today Energy, 2021,
20, 100617.

5 S. G. Haass, C. Andres, R. Figi, C. Schreiner, M. Biirki,
Y. E. Romanyuk and A. N. Tiwari, Complex interplay
between absorber composition and alkali doping in high-
efficiency kesterite solar cells, Adv. Energy Mater., 2018,
8, 1701760.

6 D. S. Dhawale, A. Ali and A. C. Lokhande, Impact of various
dopant elements on the properties of kesterite compounds
for solar cell applications: a status review, Sustainable Energy
Fuels, 2019, 3, 1365-1383.

7 Y.-T. Hsieh, Q. Han, C. Jiang, T.-B. Song, H. Chen, L. Meng,
H. Zhou and Y. Yang, Efficiency enhancement of

14164 | New J. Chem., 2021, 45, 14158-14166

View Article Online

Paper

Cu,ZnSn(S,Se), solar cells via alkali metals doping, Adv.
Energy Mater., 2016, 6, 1502386.

8 N. Bansal, B. Chandra Mohanty and K. Singh, Designing
composition tuned glasses with enhanced properties for use
as substrate in Cu,ZnSnS, based thin film solar cells,
J. Alloys Compd., 2020, 819, 152984.

9 C. Jiang, R. Tang, X. Wang, H. Ju, G. Chen and T. Chen,
Alkali metals doping for high-performance planar hetero-
junction Sb,S; solar cells, Sol. RRL, 2019, 3, 1800272.

10 J.-P. Correa-Baena, Y. Luo, T. M. Brenner, J. Snaider, S. Sun,
X. Li, M. A. Jensen, N. T. P. Hartono, L. Nienhaus,
S. Wieghold, J. R. Poindexter, S. Wang, Y. S. Meng,
T. Wang, B. Lai, M. V. Holt, Z. Cai, M. G. Bawendi,
L. Huang, T. Buonassisi and D. P. Fenning, Homogenized
halides and alkali cation segregation in alloyed organic-
inorganic perovskites, Science, 2019, 363, 627.

11 A. Kausar, A. Sattar, C. Xu, S. Zhang, Z. Kang and Y. Zhang,
Advent of alkali metal doping: a roadmap for the evolution
of perovskite solar cells, Chem. Soc. Rev., 2021, 50,
2696-2736.

12 Y. Huang, S. Li, C. Wu, S. Wang, C. Wang and R. Ma,
Interfacial modification of various alkali metal cations in
perovskite solar cells and their influence on photovoltaic
performance, New J. Chem., 2020, 44, 8902-8909.

13 A. A. Said, ]J. Xie, K. Zhao, W. Liu, F. Yu and Q. Zhang,
Beyond perovskite solar cells: tellurium iodide as a promis-
ing light-absorbing material for solution-processed photo-
voltaic application, Chem. - Asian J., 2020, 15, 1505-1509.

14 W. Liu, Y. Ma, Z. Wang, M. Zhu, J. Wang, M. Khalil,
H. Wang, W. Gao, W. J. Fan, W.-S. Li and Q. Zhang,
Improving the fill factor of perovskite solar cells by employ-
ing an amine-tethered diketopyrrolopyrrole-based polymer
as the dopant-free hole transport layer, ACS Appl. Energy
Mater., 2020, 3, 9600-9609.

15 C. Li, A. Wang, L. Xie, X. Deng and K. Liao, J.-a. Yang, T. Li
and F. Hao, Emerging alkali metal ion (Li*, Na', K" and Rb")
doped perovskite films for efficient solar cells: recent
advances and prospects, J. Mater. Chem. A, 2019, 7,
24150-24163.

16 W. Zhao, Z. Yao, F. Yu, D. Yang and S. Liu, Alkali metal
doping for improved CH3;NH3;Pbl; perovskite solar cells,
Adv. Sci., 2018, 5, 1700131.

17 Y. Li, J. Duan, H. Yuan, Y. Zhao, B. He and Q. Tang, Lattice
modulation of alkali metal cations doped Cs;—xRiPbBr;
halides for inorganic perovskite solar cells, Sol. RRL, 2018,
2, 1800164.

18 Y. Chen, N. Li, L. Wang, L. Li, Z. Xu, H. Jiao, P. Liu, C. Zhu,
H. Zai, M. Sun, W. Zou, S. Zhang, G. Xing, X. Liu, J. Wang,
D. Li, B. Huang, Q. Chen and H. Zhou, Impacts of alkaline
on the defects property and crystallization kinetics in per-
ovskite solar cells, Nat. Commun., 2019, 10, 1112.

19 W. Chen, Y. Zhou, G. Chen, Y. Wu, B. Tu, F.-Z. Liu,
L. Huang, A. M. C. Ng, A. B. Djuri$i¢ and Z. He, Alkali
chlorides for the suppression of the interfacial recombina-
tion in inverted planar perovskite solar cells, Adv. Energy
Mater., 2019, 9, 1803872.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021


https://doi.org/10.1039/d1nj02627e

Published on 01 July 2021. Downloaded by Goteborgs Universitet on 9/1/2021 4:08:55 AM.

Paper

20

21

22

23

24

25

26

27

28

29

30

31

32

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021

C. Liu, J. Sun, W. L. Tan, J. Lu, T. R. Gengenbach,
C. R. McNeill, Z. Ge, Y.-B. Cheng and U. Bach, Alkali cation
doping for improving the structural stability of 2D perovs-
kite in 3D/2D PSCs, Nano Lett., 2020, 20, 1240-1251.

M. Chen, H. W. Qiao, Z. Zhou, B. Ge, ]. He, S. Yang, Y. Hou
and H. G. Yang, Homogeneous doping of entire perovskite
solar cells via alkali cation diffusion from the hole transport
layer, J. Mater. Chem. A, 2021, 9, 9266-9271.

A. Cabas-Vidani, S. G. Haass, C. Andres, R. Caballero,
R. Figi, C. Schreiner, J. A. Marquez, C. Hages, T. Unold,
D. Bleiner, A. N. Tiwari and Y. E. Romanyuk, High-efficiency
(LixCu;—4)2ZnSn(S,Se), kesterite solar cells with lithium
alloying, Adv. Energy Mater., 2018, 8, 1801191.

M. Johnson, S. V. Baryshev, E. Thimsen, M. Manno,
X. Zhang, I. V. Veryovkin, C. Leighton and E. S. Aydil,
Alkali-metal-enhanced grain growth in Cu,ZnSnS, thin
films, Energy Environ. Sci., 2014, 7, 1931-1938.

M. Saliba, T. Matsui, J.-Y. Seo, K. Domanski, J.-P. Correa-
Baena, M. K. Nazeeruddin, S. M. Zakeeruddin, W. Tress,
A. Abate, A. Hagfeldt and M. Gritzel, Cesium-containing
triple cation perovskite solar cells: improved stability, repro-
ducibility and high efficiency, Energy Environ. Sci., 2016, 9,
1989-1997.

J--W. Lee, D.-H. Kim, H.-S. Kim, S.-W. Seo, S. M. Cho and
N.-G. Park, Formamidinium and cesium hybridization for
photo- and moisture-stable perovskite solar cell, Adv. Energy
Mater., 2015, 5, 1501310.

K. M. Boopathi, R. Mohan, T.-Y. Huang, W. Budiawan,
M.-Y. Lin, C.-H. Lee, K.-C. Ho and C.-W. Chu, Synergistic
improvements in stability and performance of lead iodide
perovskite solar cells incorporating salt additives, J. Mater.
Chem. A, 2016, 4, 1591-1597.

C. Wu, Q. Zhang, G. Liu, Z. Zhang, D. Wang, B. Qu, Z. Chen
and L. Xiao, From Pb to Bi: a promising family of Pb-free
optoelectronic materials and devices, Adv. Energy Mater.,
2020, 10, 1902496.

N. C. Miller and M. Bernechea, Research update: bismuth
based materials for photovoltaics, APL Mater., 2018,
6, 084503.

Q. Zhang, H. Ting, S. Wei, D. Huang, C. Wu, W. Sun, B. Qu,
S. Wang, Z. Chen and L. Xiao, Recent progress in lead-free
perovskite (-like) solar cells, Mater. Today, Energy, 2018, 8,
157-165.

L. Qiu, L. K. Ono and Y. Qi, Advances and challenges to the
commercialization of organic-inorganic halide perovskite
solar cell technology, Mater. Today Energy, 2018, 7,
169-189.

P. Cheng, T. Wu, Y. Li, L. Jiang, W. Deng and K. Han,
Combining theory and experiment in the design of a lead-
free ((CH3NH;),AgBils) double perovskite, New J. Chem.,
2017, 41, 9598-9601.

Z.S.Yan, J. Y. Long, Y. Gong and J. Hua Lin, Three in situ-
synthesized novel inorganic-organic hybrid materials based
on metal (M = Bi, Pb) iodide and organoamine using one-
pot reactions: structures, band gaps and optoelectronic
properties, New J. Chem., 2018, 42, 699-707.

33

34

35

36

37

38

39

40

41

42

43

44

45

View Article Online

NJC

M. D. Bhatt and J. S. Lee, Current progress and scientific
challenges in the advancement of organic-inorganic lead
halide perovskite solar cells, New J. Chem., 2017, 41,
10508-10527.

M. Fang, H. Jia, W. He, Y. Lei, L. Zhang and Z. Zheng,
Construction of flexible photoelectrochemical solar cells
based on ordered nanostructural BiOI/Bi,S; heterojunction
films, Phys. Chem. Chem. Phys., 2015, 17, 13531-13538.

M. Bernechea, Y. Cao and G. Konstantatos, Size and band-
gap tunability in Bi,S; colloidal nanocrystals and its effect
in solution processed solar cells, J. Mater. Chem. A, 2015, 3,
20642-20648.

D. Tiwari, F. Cardoso-Delgado, D. Alibhai, M. Mombru and
D. ]J. Fermin, Photovoltaic performance of phase-pure
orthorhombic BiSI thin-films, ACS Appl. Energy Mater.,
2019, 2, 3878-3885.

M. Bernechea, N. C. Miller, G. Xercavins, D. So,
A. Stavrinadis and G. Konstantatos, Solution-processed
solar cells based on environmentally friendly AgBiS, nano-
crystals, Nat. Photonics, 2016, 10, 521-525.

J.-J. Wang, M. Z. Akgul, Y. Bi, S. Christodoulou and
G. Konstantatos, Low-temperature colloidal synthesis of
CuBiS, nanocrystals for optoelectronic devices, J. Mater.
Chem. A, 2017, 5, 24621-24625.

A. Gassoumi, M. Musa Saad, H.-E. S. Alfaify, T. Ben Nasr and
N. Bouarissa, The investigation of crystal structure, elastic
and optoelectronic properties of CuSbS, and CuBiS, com-
pounds for photovoltaic applications, J. Alloys Compd., 2017,
725, 181-189.

J. Kang, S. Chen, X. Zhao, H. Yin, W. Zhang, M. Al-Mamun,
P. Liu, Y. Wang and H. Zhao, An inverted Bil;/PCBM binary
quasi-bulk heterojunction solar cell with a power conver-
sion efficiency of 1.50%, Nano Energy, 2020, 73,
104799.

B. Zhang, Y. Lei, R. Qi, H. Yu, X. Yang, T. Cai and Z. Zheng,
An in-situ room temperature route to CuBil, based bulk-
heterojunction perovskite-like solar cells, Sci. China Mater.,
2019, 62, 519-526.

B.-W. Park, B. Philippe, X. Zhang, H. Rensmo, G. Boschloo
and E. M. J. Johansson, Bismuth based hybrid perovskites
A3Biyly (A: methylammonium or cesium) for solar cell
application, Adv. Mater., 2015, 27, 6806-6813.

U. H. Hamdeh, B. ]J. Ryan, R. D. Nelson, M. Zembrzuski,
J. Slobidsky, K. J. Prince, I. Cleveland, A. Vela-Ramirez,
A. C. Hillier and M. G. Panthani, Solution-processed bis-
muth halide perovskite thin films: influence of deposition
conditions and A-site alloying on morphology and optical
properties, J. Phys. Chem. Lett., 2019, 10, 3134-3139.

C. Zhang, L. Gao, S. Teo, Z. Guo, Z. Xu, S. Zhao and T. Ma,
Design of a novel and highly stable lead-free Cs,NaBil,
double perovskite for photovoltaic application, Sustainable
Energy Fuels, 2018, 2, 2419-2428.

B. Ghosh, B. Wu, X. Guo, P. C. Harikesh, R. A. John,
T. Baikie, Arramel, A. T. S. Wee, C. Guet, T. C. Sum,
S. Mhaisalkar and N. Mathews, Superior performance of
silver bismuth iodide photovoltaics fabricated via dynamic

New J. Chem., 2021, 45,14158-14166 | 14165


https://doi.org/10.1039/d1nj02627e

Published on 01 July 2021. Downloaded by Goteborgs Universitet on 9/1/2021 4:08:55 AM.

NJC

46

47

48

49

50

51

52

14166 | New J. Chem., 2021, 45, 14158-14166

hot-casting method under ambient conditions, Adv. Energy
Mater., 2018, 8, 1802051.

K. W. Jung, M. R. Sohn, H. M. Lee, L. S. Yang, S. D. Sung,
J. Kim, E. Wei-Guang Diau and W. I Lee, Silver bismuth
iodides in various compositions as potential Pb-free light
absorbers for hybrid solar cells, Sustainable Energy Fuels,
2018, 2, 294-302.

H. Zhu, M. Pan, M. B. Johansson and E. M. J. Johansson,
High photon-to-current conversion in solar cells based on
light-absorbing silver bismuth iodide, ChemSusChem, 2017,
10, 2592-2596.

I. Turkevych, S. Kazaoui, E. Ito, T. Urano, K. Yamada,
H. Tomiyasu, H. Yamagishi, M. Kondo and S. Aramaki,
Photovoltaic rudorffites: lead-free silver bismuth halides
alternative to hybrid lead halide perovskites, ChemSusChem,
2017, 10, 3754-3759.

C. Lu, J. Zhang, H. Sun, D. Hou, X. Gan, M.-H. Shang, Y. Li,
Z. Hu, Y. Zhu and L. Han, Inorganic and lead-free AgBil,
rudorffite for stable solar cell applications, ACS Appl. Energy
Mater., 2018, 1, 4485-4492.

A. Kulkarni, A. K. Jena, M. Ikegami and T. Miyasaka, Per-
formance enhancement of AgBi,I; solar cells by modulating
a solvent-mediated adduct and tuning remnant Bil; in one-
step crystallization, Chem. Commun., 2019, 55, 4031-4034.
M. Khazaee, K. Sardashti, C.-C. Chung, J.-P. Sun, H. Zhou,
E. Bergmann, W. A. Dunlap-Shohl, Q. Han, I. G. Hill,
J. L. Jones, D. C. Lupascu and D. B. Mitzi, Dual-source
evaporation of silver bismuth iodide films for planar junc-
tion solar cells, J. Mater. Chem. A, 2019, 7, 2095-2105.

Y. Kim, Z. Yang, A. Jain, O. Voznyy, G.-H. Kim, M. Liu,
L. N. Quan, F. P. Garcia de Arquer, R. Comin, ]J. Z. Fan and
E. H. Sargent, Pure cubic-phase hybrid iodobismuthates
AgBi,I, for thin-film photovoltaics, Angew. Chem., Int. Ed.,
2016, 55, 9586-9590.

53

54

55

56

57

58

59

60

View Article Online

Paper

Z.Yi, T. Zhang, H. Ban, H. Shao, X. Gong, M. Wu, G. Liang,
X. L. Zhang, Y. Shen and M. Wang, AgBi;l;, rudorffite for
photovoltaic application, Sol. Energy, 2020, 206, 436-442.
N. Paj, J. Lu, T. R. Gengenbach, A. Seeber, A. S. R. Chesman,
L. Jiang, D. C. Senevirathna, P. C. Andrews, U. Bach,
Y.-B. Cheng and A. N. Simonov, Silver bismuth sulfoiodide
solar cells: tuning optoelectronic properties by sulfide mod-
ification for enhanced photovoltaic performance, Adv.
Energy Mater., 2019, 9, 1803396.

Q. Zhang, C. Wu, X. Qi, F. Lv, Z. Zhang, Y. Liu, S. Wang,
B. Qu, Z. Chen and L. Xiao, Photovoltage approaching 0.9 V
for planar heterojunction silver bismuth iodide solar cells
with Li-TFSI additive, ACS Appl. Energy Mater., 2019, 2,
3651-3656.

F. Yu, L. Wang, K. Ren, S. Yang, Z. Xu, Q. Han and T. Ma,
Cs-incorporated AgBil, rudorffite for efficient and stable
solar cells, ACS Sustainable Chem. Eng., 2020, 8, 9980-9987.
G. Wang, S. Wang, Y. Cui and D. Pan, A novel and versatile
strategy to prepare metal-organic molecular precursor solu-
tions and its application in Cu(In,Ga)(S,Se), solar cells,
Chem. Mater., 2012, 24, 3993-3997.

Y. Liu, C. Chen, Y. Zhou, R. Kondrotas and J. Tang, Butyl-
dithiocarbamate acid solution processing: its fundamentals
and applications in chalcogenide thin film solar cells,
J. Mater. Chem. C, 2019, 7, 11068-11084.

J. T. Oh, D. H. Kim and Y. Kim, Solution-processed silver-
bismuth-iodine” ternary thin films for lead-free photovol-
taic absorbers, J. Vis. Exp., 2018, €58286.

H. Xin, S. M. Vorpahl, A. D. Collord, I. L. Braly, A. R. Uhl,
B. W. Krueger, D. S. Gingerbc and H. W. Hillhouse, Lithium-
doping inverts the nanoscale electric field at the grain
boundaries in Cu,ZnSn(S,Se), and increases photovol-
taic efficiency, Phys. Chem. Chem. Phys., 2015, 17,
23859-23866.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021


https://doi.org/10.1039/d1nj02627e



