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Elucidating the Role of Ligand Engineering on Local and
Macroscopic Charge-Carrier Transport in NaBiS,

Nanocrystal Thin Films

Yi-Teng Huang, Markus Schleuning, Hannes Hempel, Youcheng Zhang, Marin Rusu,
Thomas Unold, Artem Musiienko, Orestis Karalis, Nora Jung, Szymon J. Zelewski,
Andrew J. Britton, Natalie Ngoh, Weixin Song, Louise C. Hirst, Henning Sirringhaus,
Samuel D. Stranks, Akshay Rao, Igal Levine,* and Robert L. Z. Hoye*

Ternary chalcogenides have emerged as potential candidates for ultrathin
photovoltaics, and NaBiS, nanocrystals (NCs) have gained appeal because
of their months-long phase-stability in air, high absorption coefficients

>10° cm~, and a pseudo-direct bandgap of 1.4 eV. However, previous
investigations into NaBiS, NCs used long-chain organic ligands separating
individual NCs during synthesis, which severely limits macroscopic charge-
carrier transport. In this work, these long-chain ligands are exchanged for short
iodide-based ligands, allowing to understand the macroscopic charge-carrier
transport properties of NaBiS, and evaluate its photovoltaic potential in more
depth. It is found that ligand exchange results in simultaneous improvements
in intra-NC (microscopic) and inter-NC (macroscopic) mobilities, while
charge-carrier localization still takes place, which places a fundamental

limit on the transport lengths achievable. Despite this limitation, the high
absorption coefficients enable ultrathin (55 nm thick) solar absorbers to be
used in photovoltaic devices, which have peak external quantum efficiencies
> 50%. In addition, temperature-dependent transient current measurements
uncover a small activation energy barrier of 88 meV for ion migration,

which accounts for the strongly hysteretic behavior of NaBiS, photovoltaic
devices. This work not only reveals how the charge-carrier transport
properties of NaBiS, NCs over several length and time scales are influenced
by ligand engineering, but also unveils the facile ionic transport in this
material, which limits the potential of NaBiS, in photovoltaics. On the other
hand, the discovery shows that there are opportunities to use this material

in memristors, electrolytes, and other applications requiring ionic conduction.

1. Introduction

With outstanding optoelectronic properties
and solution processibility, lead-halide per-
ovskites (LHPs) have made great progress
in the field of photovoltaics (PVs) over
the past decade.l'!l' However, concerns
over lead toxicity and the instability of
LHPs have motivated investigations into
lead-free alternatives that are their chem-
ical analogs (e.g., MASnI;, where MA =
CH,NH;"), structural analogs (e.g., halide
elpasolites), or electronic analogs (e.g.,
BiOI). Collectively, all these compounds are
termed “perovskite-inspired materials”, or
PIMs.>*# Early studies on PIMs mainly
focused on metal-halide compounds, such
as FASnl;, Cs,Bi, 1,, and Bil;, while chalco-
genides gradually drew more attention in
recent years because of their high stability,
as well as promising improvements in PV
efficiency.[**]

In particular, I-V-VI, ternary chalco-
genides, or ABZ, materials, are one of the
most promising bismuth-based absorbers
reported so far. One of the highest power
conversion efficiencies (PCEs) among all
bismuth-based PV devices (9.17%; 8.85%
certified) was achieved in a solar cell
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based on a AgBiS, absorber that was only 30 nm thick, show-
ing ABZ, materials to have great potential for ultrathin PV
applications.’] Very recently, NaBiS, nanocrystals (NCs) were
identified as another promising ABZ, material, composed of
earth-abundant, cost-effective, and nontoxic elements.[>”] Ow-
ing to the concentrated density of states (DOS) near the band
edges, NaBiS, NCs exhibit high absorption coeflicients exceed-
ing 10° cm™! at and beyond their pseudo-direct bandgap of 1.4 eV
(where the energy difference between the indirect bandgap and
first direct transition is only 0.01 eV), leading to a calculated
spectroscopic limited maximum efficiency (SLME) of 26% under
1-sun illumination from a 30 nm-thick film. Moreover, NaBiS,
NCs could retain their phase-purity and appearance under am-
bient conditions for at least 11 months, indicating the high air
stability of this material. These notable features could poten-
tially enable the realization of ultrathin, flexible, and lightweight
electronic devices. However, NaBiS, also has a similar cation-
disordered phase (space group: Fm3m) as AgBiS,, in which the
two metal cations (Na* and Bi**) can randomly occupy the same
crystallographic lattice site due to their similar ionic radii. From
our previous work, it has been found that the wavefunctions of
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free electrons and holes created after photo-excitation could be
localized to varying degrees at Bi**- and Na*-rich clusters, re-
spectively. In particular, Na* clusters result in S 3p states form-
ing just above the valence band maximum (VBM), which can
strongly localize holes to form small polarons. As a result, the
sum mobility of NaBiS, NC films was found to reduce sub-
stantially from 0.29 to 0.03 cm? V! s7! within 1 ps after photo
-excitation.”]

The charge-carrier transport properties of NaBiS, studied thus
far have only been limited to the intra-NC level. The “macro-
scopic transport” across several NCs could be further reduced by
long-chain oleylamine (OLA) and oleic acid (OA) ligands coor-
dinated to the surface of the NCs. Although these organic lig-
ands are essential for the colloidal solubility of NCs in non-
polar solvents (e.g., toluene) during synthesis, their insulating
nature inhibits the transport of charge-carriers between NCs.
Therefore, ligand exchange treatment, which refers to the re-
placement of long-chain organic ligands with other short-chain
ligands, is a crucial step in fabricating NC-based devices. Ad-
ditionally, ligand exchange could alter the surface stoichiom-
etry or dipole moments formed between the NC surface and
ligands,®! leading to changes in the electronic band structure and
hence optoelectronic properties (e.g., shifts in energy levels!®10
or doping levels)[!"12] of materials. As a result, devices based
on NCs treated by different ligands could show distinctive
performance.®13]

Medina-Gonzalez et al. have indicated that after the ligand
exchange treatment using several halides, the original insulating
NaBiS, NC films coordinated by long-chain organic ligands
could show a detectable conductivity on the order of 107*-10-¢
S em~1.["* However, how these halides affect the optoelectronic
properties of NaBiS, NCs and whether these halide-treated films
could be applied in practical devices remain open questions. In
this work, we aim to comprehensively investigate the impact of
ligand exchange on the absorption spectrum, crystal structure,
and more importantly, charge-carrier transport of NaBiS, NCs.
Herein, Lil, Nal, KI, and tetramethylammonium iodide (TMAI)
were investigated for ligand exchange, and their effectiveness
in substituting the original long-chain ligands were first con-
firmed from Fourier-transform Infrared (FTIR) spectroscopy.
We hypothesize that both the electronic band structure of single
NC and the spacing between NCs are modified simultaneously
during ligand exchange treatment, which could lead to signifi-
cant changes to the charge-carrier dynamics at different length
and time scales. To test this hypothesis, we first measured the
absorption spectra, surface composition, crystal structure, and
surface photovoltage (SPV), along with the valence band density
of states (VB DOS) to gain insights into the electronic band
structure of NaBiS, NCs after ligand exchange treatment. Next,
optical-pump-terahertz-probe (OPTP) spectroscopy and time-
resolved microwave conductivity (TRMC) measurements were
used to probe the charge-carrier dynamics of both pristine and
iodide-treated samples over different time scales. Finally, NaBiS,
solar cells based on iodide-treated NC films were fabricated and
tested. Surprisingly, strong hysteresis was found in NaBiS, solar
cells, and temperature-dependent transient current measure-
ments were performed to understand ionic conduction in this
material.
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Figure 1. The effect of ligand exchange on the structural properties and surface composition of NaBiS, nanocrystal (NC) films. a) Fourier-transform
infrared (FTIR) spectra and b) X-ray diffraction (XRD) patterns of the pristine and iodide-treated NaBiS, NC films. The black dashed lines refer to the
peak position of each XRD peak in the pristine film. The near-ambient pressure X-ray photoelectron spectra (XPS) of c) | 3d, d) C 1s, as well as K 2p
for the pristine and Kl-treated NaBiS, NC film. The pristine films were prepared by drop-casting, while the iodide-treated films were prepared by the
layer-by-layer (LBL) deposition process up to a thickness of ~300 and 55 nm for XRD and XPS measurements, respectively.

2. Results and Discussion

2.1. Effectiveness of Ligand Exchange Treatment

Herein, we first tested the effectiveness of ligand exchange by
using various halide salts dissolved in methanol. To ensure the
complete removal of organic ligands, we waited for up to 2 min
after dropping the 0.1 M halide salt solutions onto the spin-
coated NaBiS, NC films. Among our tested halide salts (including
NacCl, NaBr, KCI, KBr, Lil, Nal, KI, and tetramethylammonium
iodide, or TMAI), we found that Lil, Nal, KI, and TMAI were
the most effective at replacing the original long-chain organic lig-
ands with iodide anions and/or alkali/alkylammonium cations,
whilst maintaining a compact film morphology (Figure S1, Sup-
porting Information). As can be seen from Figure 1a, the ab-
sence of vibrational signals from carboxyl groups in the Fourier-
transform infrared (FTIR) spectra of the iodide-treated films in-
dicates a substantial replacement of the original oleate ligands
after exchange. Transmission electron microscopy (TEM) im-
ages (Figure S2, Supporting Information) also show that the NCs
tended to pack more closely after ligand exchange treatment com-
pared to the pristine NCs, suggesting that the inter-NC distance
has been reduced due to the use of shorter ligands.

Hereafter, we compared the pristine NC films with ligand-
exchanged (iodide-treated) NC films. The pristine NC films were
prepared by drop-casting the purified NC solution, while the
iodide-treated films were prepared by the layer-by-layer (LBL) de-
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position process (as detailed in the Experimental section). Note
that such a process cannot be used for the pristine films because
eachlayer of the NaBiS, NC film deposited would be washed away
when spin-coating any NaBiS, NC solution on top. On the other
hand, after changing these long-chain organic ligands for short
inorganic ligands, NCs became no longer soluble in non-polar
solvents, and were therefore not washed away when another layer
of NCs dissolved in non-polar toluene was spin-coated on top.

2.2. Structural Characterization

The effect of ligand exchange on the crystal structure was exam-
ined by comparing the X-ray diffraction (XRD) patterns of the
pristine film and iodide-treated films. Herein, larger NaBiS, NCs
synthesized at 150 °C (mean size of 18 + 4 nm)’! were used in
order to fully resolve the small peak differences between the pris-
tine and iodide-treated NC films. To be clear, these larger NaBiS,
NCs were only used for XRD measurements, whilst smaller
NaBiS, NCs synthesized at 80 °C (mean size 4.0+1.0 nm, see
the TEM image in the Figure S2a, Supporting Information) were
used in all of the following experiments because of their better
colloidal stability. We showed in our previous work that the phase
purity and air stability of NCs with both sizes are similar.l”]

As shown in Figure 1b, the pristine and all of the iodide-treated
NaBiS, NC films exhibit a rocksalt cubic structure (space group:
Fm3m). Note that the weaker peak intensity in the XRD patterns

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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of the iodide-treated films is due to their much smaller film thick-
ness (~300 nm) compared to the drop-cast pristine film (a few
um). Comparing the iodide-treated films with the pristine film,
we could only observe a small peak shift (< 0.3° in 26) toward
larger Bragg angles, indicating a minimal reduction of less than
0.02 A in the lattice parameter. These small changes imply that
ligand exchange treatment on NaBiS, might not significantly im-
prove its cation inhomogeneity, which is predicted to result in
shorter cation-anion bond lengths.!]

To investigate the impact of ligand exchange treatment on
the surface composition of the NCs, near-ambient pressure X-
ray photoelectron spectroscopy (XPS) measurements were per-
formed on the pristine and KlI-treated NaBiS, film. We conducted
the XPS measurements under near-ambient pressure (7 mbar)
because it was previously found that Na could be easily lost in
ultra-high vacuum (e.g., in conventional XPS or during energy
dispersive X-ray spectrometry measurements).l’l Herein, only
the Kl-treated film was characterized for comparison with the
pristine sample because the sensitivity for Li or Na signals was
relatively low, and it is challenging to distinguish the N and C
species in TMA* cations from those already present on the pris-
tine NaBiS, film surface. From Figure 1c,d, we can see a de-
crease in the C 1s peak intensity, along with the appearance of
I 3d and K 2p signals in the Kl-treated film. These results again
indicate that most organic ligands were replaced by iodides, and
A-site cations could also be incorporated/doped into the film dur-
ing ligand exchange, which could potentially alter the electronic
band structure of NaBiS,. Surprisingly, although bismuth (Bi 4f,
Figure S3a, Supporting Information) and sulfur (S 2s, Figure S3b,
Supporting Information) peaks could be seen in both the pris-
tine and Kl-treated films, we could not detect Na signals in ei-
ther of them, which is different from the Na-rich NC surface
found in our previous work.l”! This difference might be associ-
ated with the fact that we used toluene rather than hexane, which
was used in our previous work,[”! to dissolve NaBiS, NCs here
in order to improve film morphology (Figure S1, Supporting In-
formation). Although NaBiS, NCs could be completely dissolved
in both toluene and hexane, surface sodium-based species might
be gradually removed in toluene due to its higher relative polarity
(0.099, ¢f. hexane: 0.009). Despite this Na-poor surface, we note
that the bulk phase of the KI-treated film remains NaBiS, rather
than KBiS,, as verified from the XRD patterns in Figure S4 (Sup-
porting Information). This result indicates that Na compounds
should be still present in the bulk region of the Kl-treated film,
and KBiS, is unlikely to be formed. The NaBiS, films treated by
other iodides were also verified to remain in the same phase, as
displayed in Figure 1b.

In addition, both the pristine and Kl-treated films showed a
similar valence band to Fermi level offset of ~1 eV (Figure S3c,
Supporting Information). These results are in good agreement
with the energy levels measured from photoelectron yield spec-
troscopy (PYS) and Kelvin Probe (KP) measurements (~1.15 eV,
Figure S5, Supporting Information), which could determine the
ionization potentials E; and work functions ® of the materials, re-
spectively. Note that compared to the Kl-treated film, the pristine
film showed a less obvious primary edge in its valence spectrum,
which could be attributed to the stronger photoelectron scattering
caused by a large number of organic ligands covering the surface.
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2.3. Influence of Ligand Exchange on Optoelectronic Properties

Next, we compared the absorption coefficient spectra of the pris-
tine and iodide-treated films. To acquire the absorption coefhi-
cient spectra, a combination of photothermal deflection spec-
troscopy (PDS) and ultraviolet-visible spectrophotometry (UV-
Vis) measurements were used (see details in the Experimental
Section). Since PDS can detect very minor temperature changes
caused by non-radiative recombination processes when the ma-
terials are illuminated, it can precisely determine the relative ab-
sorbance profile even in the weakly-absorbing sub-gap region. On
the other hand, UV-Vis, performed using an integrating sphere,
can be used to determine the absolute absorption coefficients.
The complete absorption coefficient spectra extending to the sub-
gap region can therefore be obtained by scaling the relative ab-
sorbance acquired from PDS to match the absolute absorption
coeflicient values acquired from UV-Vis.

From Figure 2a, we can see that all iodide-treated films showed
lower absorption coefficients in the 1.25-2.7 eV photon energy
(hv) range compared to the pristine film, which is opposite to
the trend in the AgBiS, films with more homogeneous cation
distributions.®! This result hence suggests that the inhomogene-
ity of cation disorder might not be mitigated following ligand ex-
change, but the electronic band structure of the iodide-treated
films could be changed, leading to lower absorption coefficients
as aresult from reduced transition dipole moments. Surprisingly,
although TMALI has been commonly used in ligand exchange
treatment for AgBiS, NCs,[1>16] the TMAI-treated NaBiS, film
showed increased sub-gap absorption below 1.25 eV hv, imply-
ing that extra in-gap defect states could be introduced during
treatment, possibly because of the polar nature of the methanol
solvent used for ligand exchange. On the other hand, we do not
observe similarly enhanced sub-gap absorption in the Lil, Nal,
and Kl-treated films, suggesting that alkali metal cations could be
more effective on passivating defects compared to TMA™ cations.

From the Tauc plots (Figure 2b), it was found that the (pseudo-
direct) bandgap of NaBiS, was slightly widened from 1.4 eV in
the pristine film to 1.5 eV in all of the iodide-treated films. Fur-
thermore, compared to the pristine film, the iodide-treated films
also showed a significant change in their valence band density of
states (VB DOS) profiles, which were determined by calculating
the first derivative of the photoelectron yield Y (acquired from
PYS measurements) with respect to the photon energy hv (see
details in the Experimental Section), as displayed in Figure 2c.
Note that 0 eV in the energy scale was set to coincide with the
onset of the signal for the VB density of states for each sample,
and the very weak signals above the VB maximum were mainly
due to a magnification of the measurement noise during nor-
malization. Nevertheless, the DOS profiles of all of the iodide-
treated NC films were more or less similar to each other, sug-
gesting that I 5p orbitals may dominate the upper VB states of
the iodide-treated NC films, at least at the surface region (the in-
formation depth in our PYS measurements was estimated!'18] to
be below 10 nm). Herein, despite the surface-sensitivity of PYS
technique, we would not expect to see a significant difference in
the bulk region to the surface. This is because PYS technique
could still probe through multiple NCs with small sizes (~ 4.0
+ 1.0 nm), and it was also performed at atmospheric pressure

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. The effect of ligand exchange on the optoelectronic properties of NaBiS, nanocrystal (NC) films. a) Absorption coefficient spectra acquired
from UV-Vis spectrophotometry and photothermal deflection spectroscopy (PDS) (details in the Experimental Section), and the associated b) Tauc plots.
c) Normalized valence band density of states (VB DOS) obtained from photoelectron yield spectroscopy (PYS), d) steady-state surface photovoltage
(SPV) under light illumination (670 nm wavelength cw laser), and e) modulated SPV amplitude as a function of different photon energies hv for the
pristine and iodide-treated NaBiS, films. The peak near 0.6 eV hv is an artefact caused by stray light. In part (c), 0 eV is set to coincide with the onset
of the VB density of states for each sample. f) An illustration of how the energy levels of iodide-treated NaBiS, NC films would be changed under light

illumination, giving rise to a SPV signal. E,,

Ec, Er, and Ey, refers to the vacuum, conduction, Fermi, and VB energy level, respectively. The pristine films

were prepared by drop-casting, while the iodide-treated films were prepared by layer-by-layer (LBL) deposition up to a thickness of ~55 nm.

to avoid any volatilization of Na species that could occur under
ultra-high vacuum.”!

To gain further understanding of spatial charge-carrier sepa-
ration under open-circuit conditions, we performed steady-state
surface photovoltage (SPV) measurements under illumination
from a 670 nm wavelength continuous wave (cw) laser. This
technique measures light-induced changes in the surface contact
potential, which highly depends on the majority charge-carrier
type and mobility. As shown in Figure 2d, we could clearly see
negative responses from all of the iodide-treated samples, which
reflects the process of the trapped surface electrons being neutral-
ized by photo-induced holes drifting through the space-charge re-
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gion, as illustrated in Figure 2f. This result therefore verifies the
iodide-treated films to be n-type, which is consistent with that ac-
quired from PYS and KP measurements (Figure S5, Supporting
Information).

To further study sub-bandgap electronic transitions, light-
modulated SPV spectroscopy, which could measure the SPV
amplitude under different photon energies hv, were also
performed.*) This technique has a higher sensitivity than con-
ventional steady-state SPV measurements owing to the combina-
tion of light modulation with lock-in detection, and could hence
provide valuable information on charge-carrier separation upon
light excitation. We can see from Figure 2e that all SPV signals
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extend down to 0.8 eV, as confirmed from the measurements us-
ing a 1.13 eV long-pass filter (Figure S6a, Supporting Informa-
tion). Note that the small peak at ~0.6 eV was simply an arte-
fact caused by stray light. The sub-gap absorption at low pho-
ton energies suggests a wide distribution of defect states or S 3p
states forming in different cation coordination environments, as
shown in our previous work.”] Interestingly, no detectable SPV
signals in the pristine film were observed throughout the pho-
ton energy range from 0.4 to 2 eV, as displayed in Figure 2d,e.
This absence of SPV signals in the pristine film could be due
to two possible reasons: (1) intrinsically poor hole transport in
the pristine film owing to its flat valence band edge,’) and/or
(2) poor inter-NC transport owing to the presence of long-chain
organic ligands surrounding NCs. By contrast, strong SPV sig-
nals in all of the iodide-treated films indicate that after ligand ex-
change treatment, macroscopic charge-carrier transport within
NaBiS, NC films has been indeed improved and hence the (aver-
age) separation distance between photogenerated charge-carriers
could be also enlarged.?”! This improvement in macroscopic
charge-carrier transport results mainly from the decreased dis-
tances between NCs when long-chain organic ligands have been
replaced by short-chain iodide ligands, which facilitates the hop-
ping of charge-carriers from one NC to another. In addition,
the modulated SPV amplitudes were also found to be higher
in thicker iodide-treated films (Figure S6b, Supporting Informa-
tion), indicating that the detected SPV signals here were caused
by charge-carrier transport from the NaBiS, bulk film toward the
surface rather than the charge-carrier injection at the ITO/NaBiS,
interface.

2.4. Charge-Carrier Dynamics in lodide-Treated NaBiS, NC Films

To understand the kinetics of free charge-carriers, optical-
pump-terahertz-probe (OPTP) measurements were performed
on the pristine and iodide-treated NaBiS, films, as displayed in
Figure 3a. This technique tracks the transient photoconductiv-
ity (Ac), which is determined by the product of charge-carrier
densities n and mobilities p, of the samples excited by a pump
beam. In our experiments, all of the samples were excited by a
400 nm wavelength pump beam, and the time evolution of Ac
(Ao transients) was tracked from the transmitted terahertz beam
at a specific time delay (see details in the Experimental section).
Herein, the Ac transients of all NaBiS, NC films could be fit-
ted well by the two-level mobility model developed previously by
Herz and co-workers.[2!l This model accounts for the initially de-
localized charge-carriers (with a delocalized mobility p,,;) quickly
entering (at a localization rate k; ) into a localized state with a
reduced mobility ., subsequently followed by a slow relaxation
process toward the ground state (at a recombination rate k). Di-
viding Ao by elementary charge g and the initial charge-carrier
density after pump pulse excitation n,, the OPTP transients can
then be directly associated with the above parameters according
to Equation 1.121]

Ao _ (ﬂdel - HiocKic ) e ket 4 M’Lkl"”e—klf 1)
qny kloc - kl loc — *1

The corresponding fitted curves based on the two-level mo-
bility model are illustrated by the solid lines in Figure 3a, and
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the fitted parameters are displayed in Table S1 (Supporting In-
formation). According to ref. [22] the probing length L,, which
describes the average distance a charge-carrier moves over the
half-period of the alternative electric field, can be estimated based
on Equation 2.

[6k,T
L~y =2 qfﬂ )

where kg, T, fand p refers to Boltzmann constant, temperature,
probing frequency, and the sum mobility value (:T“), respectively.
0

From Figure 3a, L, was found to be ~1.5 nm (u~10~" cm? V='s7")
before 2 ps and ~0.4 nm (u~ 3 X 10~° cm? V-! s71) after 2 ps, both
of which are smaller than the mean size of NaBiS, NCs (4.0 +
1.0 nm), indicating that OPTP measurements are mainly probing
intra-NC dynamics rather than inter-NC dynamics. Additionally,
this result also implies that the sum mobility between NCs on
length scales larger than one single NC could be even lower than
1073 cm? v-1gl

As can be seen from Figure 3a, even though the early OPTP
signals before 1 ps (dominated by delocalized charge-carriers)
were enhanced by ~2-3 times after ligand exchange, the tran-
sients in all of the iodide-treated films still decayed substantially
within 1 ps. This result is also consistent with the photo-induced
absorption (PIA) transients (Figure 3b) extracted from short-
time transient absorption (TA) spectra (Figure S7, Supporting
Information). In these short-time TA measurements, the sam-
ples were first excited by a pump beam, and the changes in ab-
sorbance, arising from excited-state charge-carriers, could then
be monitored by using a broad-band white light probe beam set
at a specific time delay relative to the pump beam (pump-probe
delay, see details in the Experimental section). Herein, all of the
short-time TA spectra were acquired by exciting the samples with
a 400 nm wavelength pump beam at 33 pJ cm™2 pulse™ fluence,
and the PIA kinetics were extracted by averaging the signal inten-
sities between 950 and 1000 nm wavelength, where the signal-to-
noise ratio was the highest. We previously showed that the PIA
transient of the pristine film is strongly correlated with the OPTP
transient,’] and the cause of PIA signals is possibly due to free
electron transitions from the states near the conduction band
minimum (CBM) to other higher excited states. Both OPTP and
PIA transients hence indicate that the ultrafast charge-carrier lo-
calization process is still present in NaBiS, films even after lig-
and exchange treatment, which is also in good agreement with
the analysis on the complex sum mobility spectra, as discussed
in Note S1 (Supporting Information).

This ultrafast localization process has previously been shown
to be associated with cation disorder in NaBiS, NCs, where small
hole polarons form in Na*-rich clusters, while electrons are par-
tially localized to Bi**-rich clusters.l”] Therefore, the results here
again suggest that the impact of cation inhomogeneity might be
still significant in all of the iodide-treated NaBiS, films. Note that
even though the surface of our NaBiS, films are Na-poor, the den-
sity of cation-rich clusters within the bulk film might be still high
enough to localize most free charge-carriers.

Owing to the short probing length of the OPTP measure-
ments, the higher p,, values in iodide-treated films were not
directly caused by the improved inter-NC transport, but should
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Figure 3. Charge-carrier dynamics of NaBiS, NC films. a) Optical-pump-terahertz-probe (OPTP) transients (probing frequency: 1 THz) of the pristine and
iodide-treated NaBiS, films excited with 400 nm wavelength pump pulses at 4.6 u cm~2 pulse™ fluence (pulse width: ~150 fs, repetition rate: 150 kHz).
Ao, g, and n represent the photoconductivity, elementary charge, and initial charge-carrier density after the pump pulse excitation, respectively. b) The
normalized photo-induced absorption (PIA) signal transients of the pristine and iodide-treated NaBiS, films excited by 400 nm wavelength pump pulses
at 33 ) cm~2 pulse™ fluence (pulse width: ~100 ps, repetition rate: 1kHz). All of the PIA transients were acquired by averaging the signals from 950 to
1000 nm wavelength in the short-time transient absorption (TA) spectra of the samples (Figure S6, Supporting Information). c) Time-resolved microwave
conductivity (TRMC) transients (probing frequency: 9 GHz) of the pristine and iodide-treated NaBiS, films excited by 410 nm wavelength pump pulses
(pulse width: ~5 ns, repetition rate: 50 Hz) at 0.51 u) cm~2 pulse™' fluence. d) The normalized TRMC transients (dots, normalized to the maximum
values) of (c) and the fitted power-law curves (solid lines). e) Charge-carrier transients of the Kl-treated NaBiS, film measured by OPTP, ST-TRMC
(sample-terminated TRMC, see details in the Experimental Section), and TRMC on different time scales. f) Schematic of the multiple-trapping model.
In our proposed model, the energy (E) distribution of defect away from a mobility edge E; is proportional to e~(Fo=E)/Ech, where E, is the characteristic
band tail energy.

charge-carriers then slowly relax to the ground state at a low
rate k; (= 1073 ps7!), likely through non-radiative recombination

be attributed to the enhanced intra-NC transport, possibly due
to the changes on their electronic band structure, as discussed

in the previous section. On the other hand, the ;. values were
more or less similar in all of the NaBiS, films, suggesting that
their final localized states for charge-carriers are likely very sim-
ilar. As can be seen in Table S1 (Supporting Information), the
higher n,,, and similar y,, values in the iodide-treated films even-
tually result in larger k;,. values. After being localized, all of the

Adv. Funct. Mater. 2024, 34, 2310283 2310283 (7 of 15)

pathways.

Since it is challenging to resolve the photoconductivity tran-
sients of NaBiS, films after 1 ns from OPTP measurements ow-
ing to the low signal-to-noise ratios, time-resolved microwave
conductivity (TRMC) measurements were further employed.
Similar to OPTP measurements, TRMC measurements can also
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track the transient photoconductivity Ac of the samples after
pulsed pump excitation. In TRMC measurements, the samples
were excited by a 410 nm wavelength pump beam, while the
Ao transients at a specific time delay were tracked using the
microwave beam reflected from the samples placed in a reso-
nance cavity. The resonance cavity was used for the build-up
of a microwave standing wave in order to enhance the signals
for the samples. Due to the use of this resonance cavity, TRMC
measurements usually have a high sensitivity to very weak sig-
nals, while sacrificing their time resolution, which could only
reach ~20 ns. This technique is therefore useful to investigate
the charge-carrier kinetics tail of NaBiS, extending to longer time
scales than the time window in OPTP measurements (Figure 3c).

From Figure 3c, we can see that all iodide-treated NaBiS, films
exhibited higher TRMC signals compared to the pristine film
throughout the time window. In order to carefully compare the
TRMC transients of different samples, we normalized the TRMC
transients to their maximum values, and display the normalized
transients in a log-log plot, as shown in Figure 3d. Owing to the
low time resolution of the TRMC setup, we would only analyze
the TRMC transients after a 20 ns pump-probe delay. Surpris-
ingly, all of the normalized TRMC transients followed a power-
law decay across 3 orders of magnitude in time scale (from tens of
nanoseconds to tens of microseconds) and manifest as straight
lines in the log-log plot (Figure 3d). This power-law decay has
been found to occur in the multiple-trapping model, which is
usually used to describe the multiple trapping/detrapping pro-
cesses of charge-carriers caused by exponentially-distributed sub-
gap defect states,|3%] as illustrated in Figure 3f. These exponen-
tially distributed defect states are also consistent with the SPV
tails observed in Figure 2e, which extends down to 0.8 eV hv. In
this model, only charge-carriers with an energy E exceeding the
mobility edge E, are assumed to be mobile and can contribute
to the measured photoconductivity. Considering the charge-
carriers with E>E,, the TRMC transients of can be described by
Equation 3.

Ao = (-8 3)

In Equation 3, t is the pump-probe delay time, and y is the
exponent equal to 1 — k,T/E,,. E, is the characteristic band tail
energy. Based on this model, the defect density of states below
E,, will be proportional to eFo=B/Ex, as shown in Figure 3f. We
note that because the trapping/detrapping process could occur
for both electrons and holes, E,, is more likely an average pa-
rameter of the band tail energy below the CBM and above the
VBM, as illustrated in Figure 3f. Since charge-carriers will essen-
tially have been localized completely and formed polarons within
the time window that TRMC measurements can resolve, the slow
decays observed here most likely reflect the process for electron
and hole polarons to diffuse slowly toward the same defect state
and undergo non-radiative recombination. Neglecting the fast de-
cay below the time resolution, the TRMC transients were found
to be almost identical to the SPV transients (Figure S8, Sup-
porting Information), verifying the very low recombination rates
of separated charge-carriers via defects. More fluence-dependent
results and analyses are also shown in Figure S9 (Supporting
Information).
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From the power-law fitting (solid lines in Figure 3d), the pris-
tine film exhibited the largest y value of 0.25(+ 0.002), followed
by 0.23(+ 0.001) in the TMAI-treated film. Lil-, Nal-, and KI-
treated film showed a similar and smaller y value of 0.22(x
0.001). These y values are similar to those reported in a-SnWO,
and BaSnO;, where charge-carrier transport were also found to
be limited by defects.l?>?”] According to Equation 3, this result
also indicates that the E,, values, which reflects the steepness
of band tailing or defect distributions, have become smaller in
the iodide-treated films. This result hence suggests that despite
the presence of an exponential tail of states extending from the
band-edges, the deep-level traps might be passivated more by
alkali cations than TMA™ cations after ligand exchange treat-
ment, which is again consistent with our conclusion made from
Figure 2a.

In order to connect the charge-carrier dynamics from the
picosecond to microsecond time scale, ST-TRMC (sample-
terminated TRMC, see details in the Experimental Section) mea-
surements were performed as well. By using a higher resonance
microwave frequency (~26 GHz), shorter pump pulse width (~80
fs), and a detector with higher bandwidth, ST-TRMC measure-
ments can reach a higher time resolution of ~1 ns. Therefore,
these measurements can effectively bridge the time scales be-
tween OPTP and conventional TRMC measurements.[??

Figure S10 (Supporting Information) shows the ST-TRMC
along with TRMC transients for the pristine and iodide-treated
NaBiS, films, where we could see both transients to be connected
smoothly for all of the samples. With the bridge of ST-TRMC
transients, a complete set of information on charge-carrier tran-
sients spanning from 1 ps to 90 ps for NaBiS, films can then
be derived, with the Kl-treated film as an example displayed in
Figure 3f. We could clearly see an ultrafast localization process
occurring within the first 1 ps, followed by a long kinetics tail ex-
tending from 1 ps up to 90 us. Surprisingly, there was a significant
offset (black arrow in Figure 3f) between the OPTP- and TRMC-
derived transients even at the same pump-probe delay. We do not
believe that this offset is due to the larger probing regions for
microwave pulses, since L, was estimated to be ~1.3 nm in our
TRMC measurements (based on the p =~ 10~ cm? V=1 s71) and
is still in intra-NC length scale. On the other hand, this large off-
set was more likely caused by the strong frequency-dependence
of sum mobilities when the NaBiS, films were probed at THz
(OPTP) and GHz (TRMC) region, which was also observed in
CuFeO, and BaSn0,.[?2l As discussed in Note S1 (Supporting
Information), the significant drop in sum mobilities at lower
frequencies is also a result of charge-carrier localization based
on the modified Drude-Smith model when ¢ is close to 1. For
comparison, some efficient bulk materials with very few local-
ized charge-carriers such as silicon or 3D lead-halide perovskites
have exhibited almost negligible offset between their OPTP- and
TRMC-derived sum mobilities, as shown.[?®]

2.5. Photovoltaic Performance of Ligand-Exchanged NaBiS, NC
Films
With the insights into charge-carrier transport gained from the

above spectroscopic studies, we further investigated whether an
improvement in photovoltaic (PV) performance can be achieved
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Figure 4. Photovoltaic (PV) performance of NaBiS, devices. a) PV device architecture adopted. b) External quantum efficiency (EQE) spectra with the
highest short-circuit current density values (integrated-Jsc, acquired from the integration of the product of EQE spectrum and AM 1.5G spectrum), c)
evolution of the integrated-J/sc values over time, and d) the current density-voltage (J-V) curves under AM 1.5G illumination (swept at a rate of 50 mV
s~") for champion iodide-treated NaBiS, PV devices. The dashed line shows the J-V curve of the best Nal-treated NaBiS, PV device, obtained after
storing in air for 3 weeks, during which no J-V sweeps were performed. The J-V curves of this champion device under forward and backward sweeps are

shown in Figure S13 (Supporting Information).

in devices based on these iodide-treated NaBiS, films. Herein,
ZnO and PTB7/MoO, were found to be the most effective
electron transport layer (ETL) and hole transport layer (HTL),
respectively. The architecture of NaBiS, devices is illustrated in
Figure 4a, and the film morphology on top of the ZnO layer was
optimized by using toluene as the solvent. As can be seen in the
atomic force microscopy (AFM) images (Figure S1, Supporting
Information), films treated by different iodides all had a compact
morphology. Although some “wrinkle patterns”, possibly caused
by residual film stress,?°! were seen in the Lil- and Nal-treated
films, the root-mean-square roughness of all films was below
5 nm (the specific values are noted in the caption of Figure S1,
Supporting Information).

The best PV performance was achieved in devices fabricated
based on 3 layers of NaBiS, NCs (Figure S1la, Supporting In-
formation), with a film thickness of 55+4 nm, as determined
from cross-sectional scanning electron microscopy (SEM) mea-
surements (Figure S11b, Supporting Information). As displayed
in Figure 4D, the optimized NaBiS, devices treated by different
iodides could all exhibit external quantum efficiency (EQE) val-
ues over 20% in the visible wavelength range, and the Kl-treated
device even showed an EQE value over 50% near 450 nm wave-
length. It can be seen that the EQE values tend to be higher at
shorter wavelengths, which might result from the stronger ab-
sorption or more efficient charge-carrier extraction near the ZnO
layer (light illumination side). Integrating the measured EQE val-
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ues across the 1-sun AM 1.5G spectrum gives the short-circuit
current density (integrated-Jq.) values of 7.15, 8.71,9.72, 7.43 mA
cm~? for the best Lil-, Nal-, KI-, and TMAl-treated devices, re-
spectively. In addition, using the spectroscopic limited maximum
efficiency (SLME) model developed previously,”*%! the limit in
short-circuit current density (JsS™F) can also be estimated. In
the SLME model, the internal quantum efficiency (IQE) is taken
as unity above the bandgap, such that the EQE spectra follows the
measured absorption spectra of the samples. We could hence cal-
culate the JS"™E values for different iodide-treated films based
on their absorption coeflicient spectra at an optimal thickness of
55 nm, as displayed in Table S2 (Supporting Information). It can
be seen that these calculated Jo-5'™E values far exceed the corre-
sponding integrated- ] values obtained from the measured EQE
spectra, which suggests that most photo-excited charge-carriers
could not be effectively extracted out of the NaBiS, devices.

It is also worth mentioning that these peak integrated-Jq. val-
ues could only be reached after aging the devices in ambient
air for 1-2 weeks under low-level standard laboratory lighting
(Figure 4c), while the as-made devices had EQE values that were
barely measurable. This long-term aging process has also been
reported in AgBiS, devices>!’] and was attributed to a lowering
of the hole extraction level of MoO, when oxidized in air.*!]

The PV performance of different iodide-treated NaBiS, de-
vices were characterized by current density-voltage (J-V) sweeps
(Figure 4d) with the extracted parameters listed in Table S3
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(Supporting Information). We can see that these NaBiS, de-
vices exhibited power conversion efficiencies (PCEs) of ~0.4—
0.5%, which is almost an order of magnitude larger than the
highest PCE reported in the literature so far (0.07%).[' We also
note that the best device previously reported had NaBiS, NCs
mixed with PbX, (X = Bz, I), which does not address the toxic-
ity issue of lead-halide perovskites, whereas no lead-based com-
pounds were included in our fabricated PV devices. The main
improvement came from the much higher Js. values (4-5 mA
cm™2) of our devices compared to the previously reported value
(0.18 mA cm™2), which may be due to the significantly enhanced
charge-carrier transport in our devices. Nevertheless, the mea-
sured fill-factor (FF) values were still low (< 35%), and the open-
circuit voltage (Vo) values were only between 0.3 to 0.4 V,
which are almost one third of the limit value calculated from
the SLME model (VS"™E, Table S2, Supporting Information).
As a result, the PCEs of our optimized NaBiS, devices were
still far below their expected SLME values (Table S2, Supporting
Information).

Frequent [-V sweeps were also found to affect NaBiS, device
performance, making a statistical evaluation on device perfor-
mance challenging. As can be seen in Figure 4c, the integrated-
Jsc values for all the NaBiS, devices under frequent J-V sweeps
dropped dramatically after 3 weeks. On the other hand, the de-
vices without any -V sweeps could retain their EQE values af-
ter storing in air for 36 days (Figure S12, Supporting Informa-
tion). This result suggests that NaBiS, devices themselves are
stable in air, but could be substantially damaged after applying
an electric field. For comparison, a J-V sweep was performed on
the device stored in air for 3 weeks, during which no extra J-V
measurements were conducted to avoid device damage. As a re-
sult, a PCE of 0.74% along with a Jsc of 7.73 mA cm™ and V¢
of 0.39 V could be achieved in a Nal-treated device (the dashed
line in Figure 4d). This PCE value is over an order of magnitude
higher the previous record, and clearly indicates that NaBiS, de-
vices without frequent J-V sweeps are indeed more likely to ex-
hibit better performance. We note that although the highest EQE
value was seen in the device based on the Kl-treated film, which
also has the highest measured sum mobilities among out of all of
the iodide-treated films, the highest PCE value was not recorded
in the Kl-treated device. Actually, none of the PV parameters ac-
quired from J-V sweeps correlated directly with the trends in
OPTP or TRMC kinetics. This surprising result, along with the
significant change in PV performance after conducting frequent
J-V sweeps, further motivates us to investigate factors limiting
device performance in more detail, which will be discussed in
the next section.

2.6. Device Loss Analysis and lon Migration in NaBiS, NC Films

The large V. deficit (~0.7-0.8 V) between our extracted values
and the SLME limit (V. 5"™E, Table S2, Supporting Information)
might be intuitively assumed to be due to more defects intro-
duced during ligand exchange treatment. However, the TMAI-
treated device would then be expected to show the lowest V-
value, owing to the most defects being introduced among all of
the iodide-treated films (Figure 2a), which was not the case. More-
over, charge-carrier kinetics were found to be almost independent
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of defect densities in our previous work.l”! Therefore, we suspect
ion migration to be a hidden factor that limits the performance
of NaBiS, devices based on the two observations below.

First, NaBiS, devices showed significant hysteresis in their
J-V curves when swept in opposite directions (Figure 5a), which
is also common in perovskite solar cells where halide anions or A-
site cations could easily migrate under bias.?2-** Second, the V¢
of the NaBiS, device would drop rapidly under continuous 1-sun
illumination. Quasi-Fermi level splitting (i.e., V) within a PV
device, which can be monitored by a Source Measure Unit (SMU)
set on zero current mode, should have remained constant under
continuous light illumination. However, if ions also migrate un-
der applied bias and accumulate at the interfaces between NaBiS,
and the transport layers, a large excess charge-carrier gradient
might be induced in the vicinity of the interface, which could
introduce extra interface recombination and hence reduce the
quasi-Fermi level splitting.*>3¢] We can see from Figure 5b that
there is indeed a reduction in the V. of the Lil-treated NaBiS, de-
vice under continuous light illumination, dropping from 0.31 V
to almost 0 V after only 100 s at open-circuit. For reference, the
Vo evolution of a typical AgBiS, device under the same experi-
mental conditions was also recorded, which only dropped by ap-
proximately 10 meV during the same period, as displayed by the
black dots in Figure 5b. This can be explained by more facile
ion migration in NaBiS, devices compared to in AgBiS, devices.
From our present study, it is difficult to identify the ionic species
migrating, but we suggest Na* to be a potential source since (1)
Na* is light and has been shown to be very mobile in batteries,
and (2) the most favorable defects in NaBiS, are Na vacancies,
which could mediate Na* migration more easily.

An insight from these results is that apart from strong charge-
carrier localization, accumulated ions could also impede the
charge-carrier extraction in NaBiS, PV devices. If the migrated
ions are trapped at the absorber/transport layer interfaces and
could not relax to their original positions when the applied bias
vanishes, the PV devices would then show significantly reduced
Voc values and could no longer function normally, as shown in
Figure S14a,b (Supporting Information). Therefore, the rapid de-
crease in the PV performance of NaBiS, PV devices under fre-
quent J-V sweeps could be potentially associated with facile ion
migration in these devices.

In order to quantify how easily ions could migrate in NaBiS,
devices, temperature-dependent transient current measure-
ments were performed. Herein, the electron-only NaBiS, device
with the architecture ITO/ZnO/(Nal-treated) NaBiS,/PCBM/Ag
was used to simplify the analysis. Herein, the Nal-treated film
was used in order to exclude any contributions from other
cations. The transient current densities of the electron only
NaBiS, device at temperatures from 270 to 360 K are shown
in Figure Sc. The current density transients J(t) could be fitted
with a mono-exponential model J (t) = J, + Ae X, with ], the
saturation current density and K; the decay rate proportional to
ion conductivity. The fitted parameters for the current density
transients at different temperatures are displayed in Table S4
(Supporting Information), where we could see an overall trend of
larger K; and smaller ] values at higher temperatures. These re-
sults could be understood by the stronger screening effect on the
applied bias when more ions are thermally activated and accu-
mulated at higher temperatures. Based on the fitted K; values at
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Figure 5. lon migration in NaBiS, devices. a) The current density-voltage (J-V) curves measured at forward (0 to 0.5 V) and reverse (0.5 to 0 V) scan
directions for a Lil-treated NaBiS, device. Both the measurements performed in the dark and under AM 1.5G illumination are displayed. b) Evolution in
the open-circuit voltage (Vo) of AgBiS, and NaBiS, devices under continuous 1-sun illumination over time. Fresh devices were measured in both cases,
with no prior J-V sweeps. c) Transient currents of the electron-only NaBiS, device at different temperatures. The electron-only device has an architecture
of ITO/ZnO/Nal-treated NaBiS,/PCBM/Ag. The voltage amplitude, pulse duration, and pulse frequency used during transient current measurements
were 2.5V, 20 ms, and 1 Hz, respectively. d) The Arrhenius plot extracted from part (c). Here, In (K;) represents the natural logarithm of the exponential
decay rate K; when the transient currents approached the saturation current density. An activation energy barrier E, of 88 + 30 meV was extracted from
the slope of the Arrhenius plot. kg and T refers to Boltzmann constant and temperature, respectively.

different temperatures T, an Arrhenius plot depicting the correla-
tion of In(K;) with 1/k; T can be acquired, as shown in Figure 5d.
The activation energy barrier E,, which corresponds to the
barrier to be overcome for ion migration, could then be extracted
from the slope of In(K;) in the Arrhenius plot. We note that
although the poor conductivity and strong scattering between
NCs might introduce more scatter in the data, as previously
observed for double perovskites!*”8] and AgBiS, NCs,I*)] we
could still see a negative correlation between In(K;) and 1/k;T,
which allows us to estimate an E, value for NaBiS, to only be
88+30 meV. This value is even lower than those reported in
lead-halide perovskites (LHPs) (E, ~ 120 to 600 meV),[324
where obvious ion migration has been already observed. We
hence conclude here that the performance of NaBiS, devices
might be also greatly limited by the severe ion migration.

Thus, in order for NaBiS, PVs to approach the optical limits
in performance, ion migration is undoubtedly a pressing issue
to be addressed, and the strategies developed for LHPs such
as composition tuning or additive introduction, might apply to
NaBiS, NCs as well. On the other hand, NaBiS, is revealed as a
mixed electronic/ionic conductor where the conduction is highly
associated with the voltage sweep history, and could therefore
be particularly useful in applications requiring ionic conductors,
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such as memristors used in neuromorphic computing,!**2
or conductive membranes applied in fuel cells and
batteries.[*>#4]

3. Conclusion

This work found that iodide salts, including Lil, Nal, KI, and
TMAI can effectively replace the long-chain organic ligands used
during NaBiS, NC synthesis to give rise to compact thin films.
As verified from OPTP, TRMC, and SPV measurements, lig-
and exchange led to an enhancement in charge-carrier transport
over both the local and macroscopic length scales. The enhance-
ment in macroscopic mobility could be due to the NCs becom-
ing closer together, such that charge-carriers could more easily
hop in between, while the enhancement in local intra-NC mobil-
ity indicates that ligand exchange could also alter the electronic
band structure of individual NaBiS, NCs, possibly via iodide or
cation incorporation. During ligand exchange treatment, extra
defects may have been introduced, but these were passivated
by the alkali cations from the inorganic ligands used, as seen
from the sub-bandgap absorption measurements (Figure 2a)
and TRMC kinetics (Figure 3d). Surprisingly, despite the en-
hanced mobilities, ultrafastlocalization is still present in all of the
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iodide-treated films, suggesting that cation inhomogeneity can-
not be greatly improved following ligand exchange. Nevertheless,
the high absorption coefficients of NaBiS, enable the fabrica-
tion of ultrathin PV devices, where the impact of poor charge-
carrier transport could be mitigated. Our optimized NaBiS, PV
devices, with 55 nm thick absorber layers, exhibit decent EQEs
peaking at over 50%, and have champion PCEs an order of mag-
nitude higher than the previous record. Apart from charge-carrier
localization, temperature-dependent transient current measure-
ments also unveil facile ion migration to be another limiting fac-
tor for NaBiS, PVs. This factor could lead to the observed re-
duction in V- under continuous operation, as well as a signif-
icant dependence of the measured PCEs on the J-V sweep his-
tory. Thus, for NaBiS,, general approaches taken to optimize NC
absorbers, such as by adjusting film thickness, are very unlikely
to achieve higher PCEs. Instead, developing methods to sup-
press ion migration will be critical. On the other hand, although
this strong ionic conductivity is detrimental for PV devices, it
could be useful in applications requiring ionic conductors, in-
cluding neuromorphic computing/*'#?l and energy storage,!*3**]
which open up a different direction of research for this novel
material.

4. Experimental Section

Synthesis of NaBiS, NCs:  NaH (10 mg, dry, 90%, Merck), 132 mg triph-
enyl bismuth (99%, Alfa Aesar) and 32 mg sulfur powder (99.5%, Alfa Ae-
sar) were dissolved in 10 mL degassed OLA (70%, Merck) under stirring at
room temperature for 15 min. The solution was heated at 80 or 150 °C for
30 min depending on the desired size of the NCs. All the above processes
were performed in an Ar-filled glovebox. Later, the whole solution was
cooled down to room temperature in a water bath, and mixed with 6 mL
hexane (> 95%, Merck) and 14 mL OA (90%, Merck). The mixed solution
was stirred for at least 2 h to replace the original oleylamine ligands with
the more strongly-coordinating oleic acid ligands. Next, the solution was
equally divided between four centrifuge tubes (7.5 mL for each). In the first
purification process, 7.5 mL ethyl acetate (anhydrous, > 99.9%, ROMIL)
and 7.5 mL acetone (anhydrous, > 99.9%, ROMIL) were added into each
tube containing the solution and centrifuged at 7000 rpm for 3 min. The
precipitated NCs were re-dispersed in 12 mL toluene and equally divided
into 2 centrifuge tubes (6 mL for each). In the second purification process,
3 mL ethyl acetate and 3 mL acetonitrile (anhydrous, > 99.9%, ROMIL)
were added into each tube containing the solution and centrifuged again
at 7000 rpm for 3 min. The precipitated NCs were re-dispersed in toluene,
and the solution was filtered by a 0.22 um PTFE syringe filter. The fi-
nal concentration of the NaBiS, NC solution was 20 mg mL~". Due to
the absence of the v(NH,) stretching mode at ~3300 cm~" in the FTIR
spectrum of the NaBiS, NC film (see Figure 1a), it was concluded that
most organic ligands attaching to NaBiS, NCs were OA rather than OLA
ligands.!'4]

Optoelectronic Characterizations: The UV-Vis spectrophotometry ab-
sorption spectra were measured in a Shimadzu UV 3600 spectrometer
equipped with an integrating sphere. For PDS measurements, NC films
were drop-cast on Spectrosil 2000 quartz substrates and immersed in an
inert liquid FC-72 Fluorinert (3 M Company), which has a high thermo-
optic coefficient. A monochromatic beam from a 250 W quartz tungsten
halogen lamp (Newport) integrated with a 250 mm focal length monochro-
mator (CVI DK240) was illuminated perpendicularly to the sample sur-
face, modulated with a mechanical chopper at a frequency of 13 Hz. Non-
radiative recombination processes at the film surface led to a temperature
gradient, and hence a refractive index gradient in the liquid surrounding
the sample. A 670 nm cw diode laser beam parallel to the sample sur-
face (transverse configuration) was deflected as a result of the refractive
index modulation in the liquid and detected by a quadrant photodiode,
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with the signal amplitude demodulated with a lock-in amplifier (Stanford
Research Systems SR830). For FTIR measurements, NC films were spin-
coated on CRYSTRAN CaF, substrates, and the FTIR spectra were col-
lected on a Bruker Vertex 70 V instrument using a DLATGS (deuterated L-
alanine doped triglycene sulfate) detector under transmission mode. The
absorption coefficient a was calculated based on Equation 4.

1-R
.- —|n<dT ) @

In Equation 4, R, T, and d refers to the reflectance, transmittance, and
film thickness of the sample. Herein, R and T were measured by the UV—
Vis with an integration sphere, and d was determined from an atomic force
microscopy (Nanoscope Il1). To acquire more precise a spectra, the rela-
tive absorption spectra measured by PDS were mapped to the absolute «
spectra determined by UV-Vis at 3 eV.

For TA measurements, the second harmonic (400 nm) of the
Ti:Sapphire laser provided ~100 fs pump pulses. Broad-band NIR probe
pulses ranging from 830 to 1000 nm were provided by a noncolinear op-
tical parametric amplifier (NOPA) setup. Probe pulses were split into two
beams by a beam splitter. The other reference beam was used to calibrate
shot-to-shot noise coming from the NOPA setup itself. Both the probe
and reference beams were detected by a Si dual-line array detector read
out by a custom- built board from Stresing Entwicklungsbiiro. The trans-
mittance with and without pump excitation (T,ump on and Tpump off) Were
collected alternatively at a repetition rate of 500 Hz, and the TA signals
AT — Tpump on’Tpump off

were expressed as - T

ump off
Optical-pump-Terahertz-propbep(OPTP) measurements enable the mon-
itoring of transient photoconductivity by detecting the change in terahertz
transmission (AT) after excitation the samples with a 400 nm wavelength
pump pulse. A mechanical delay stage is employed to investigate a time
window of 1.6 ns. The measured AT is corrected for the terahertz genera-
tion originating from the sample, which may occur during photoexcitation.
To determine the photoconductivity spectrum, the transmitted terahertz
beam was sampled using a second delay stage. The time-domain signals
T(t) and AT(t) underwent Fourier transformation to obtain the frequency-
domain signals T(w) and AT(w). Employing the thin-film approximation,
it becomes possible to derive the frequency-dependent sheet photocon-
ductivity Ao (w). This parameter was connected to the sum of electron
mobility and hole mobility y5 (@) in the material, as shown in Equation 5.

Ac (@) = gpx ng = —goc (14 ng,p) T+ AT ()

In Equation 5, g is the vacuum permittivity, ¢ the speed of light, ng,,
the refractive index of the substrate (ng,q., = 2) and ng the initial pump-
induced sheet charge-carrier density. ny depends on pump power density
(I, =14W cm™2), the photon energy (Epp = 3.1eV), the laser repeti-
tion rate (r,,, = 150 kHz) and the absorptance (A), determined by UV-Vis
spectroscopy and calculated according to ng = Al,/E,pyp.

The measurements of cavity-based time-resolved microwave conduc-
tivity (TRMC) rely on the interaction between the electric field component
of a microwave and the mobile charge-carriers present in the material be-
ing probed, which leads to variations in both phase and/or amplitude di-
rectly influenced by changes in conductance. The microwaves used in the
experiment are generated using a voltage-controlled oscillator (Sivers IMA
VO3262X) and are directed onto the sample through waveguides. To en-
hance the signal amplitude, the sample is placed within a cavity that al-
lows for resonant condition. For optical excitation, a 50 Hz pump laser
based on a wavelength-tunable optical parametric oscillator (OPO) set to
410 nm and a pulse width of ~ 5 ns was used. The samples are excited
with varying photon numbers between Iy ~ 1x 10'2 and 7 x 10 photons
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pulse™! cm~2. In the TRMC measurements, the photoconductivity Ac is
determined from the measured qunatities according to Equation 6.

Ao=—- =2 (6)

In Equation 6, AV is the raw signals measured at the detector and is
related to the voltage difference relative to the detector voltage V,,, =
680 mV via the electrical amplification gain factor g =3.27 x 1072. m ~
2.1 is the power correlation factor for the relative microwave power AP/P.
K is the sensitivity factor of the cavity, which was found to be ~45.000 m
S~ for low conductivity thin films on non-conductive quartz substrates
with 1 mm thickness. Details on the impedance model used are found
in the earlier work.[28] In addition, a sample-terminated TRMC setup (ST-
TRMC) setup was used in order to improve the time resolution. It works at
26-40 GHz, uses faster detection electronics (RTO2044 Oscilloscope, 20
Giga sample per second, bandwidth of 4 GHz) and a femtosecond laser
as the excitation source (repetition rate: 150 kHz, pulse width: 70 fs, and
wavelength: 400 nm). More details are found elsewhere.[2%]

Kelvin probe (KP) and photoelectron yield spectroscopy (PYS) were
combined to measure the work function (®) and ionization potential (E;),
respectively, of the prepared thin films by employing a KP Technology
SKP5050-APS02 setup in an N,-filled environment.['8] The KP system uses
a 2.0 mm diameter tip with a gold alloy coating which is calibrated on a
gold reference sample. The KP was placed in a Faraday cage which screens
the external electrical fields.

The work function was determined by measuring the contact potential
difference (CPD) between the Kelvin probe (reference electrode) with a
known work function, @y, and the investigated thin film. The CPD is mea-

sured with a resolution of 3 mV. Since @y, is known from reference mea-

surements on an Au thin film, the work function of the sample, @, is
calculated from Equation 7.
q)sample = q)tip +4q-CPD (7)

In Equation 7 q is the elementary charge. The steady-state surface pho-
tovoltage (SPV) was acquired by comparing the CPD under light illumina-
tion (CPDjigy,) and at dark (CPDg,y), as shown in Equation 8.

SPV = CPD|ight - CPDdark (8)

The light source used in the experiments was 670 nm cw laser at an
intensity of ~100 mW cm~2.

The PYS setup uses the same Kelvin probe to detect the photoemission
currents as a function of incident photon energy. The light source com-
prises of a deuterium (D,) lamp coupled with a grating monochromator.
The range of the incident photon energy was 3.4-7.5 eV. The sample was
illuminated via a DUV optical fiber.

The ionization potential, E;, of samples was determined by measuring
the photoelectron yield Y(hv) as a function of photon energy hv. Y(hv) is
defined as the number of photoemitted electrons per incident photon at a
given photon energy hv. By extrapolating the linear part of the Y'/3 (hv)—hv
plot to x-axis, the ionization potential is found according to Equation 9.

Y () (v — E;)* 9)

Measurements were conducted with a step of 1 nm and the photoemis-
sion threshold is determined with a resolution of 30 meV.

The electron affinity (EA), i.e., conduction band minimum (CBM) re-
ferred to the local vacuum level is calculated from Equation 10.

EA=Ecgy = — E, (10)
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In Equation 10, E is the thin film (surface) bandgap. On the other hand,
the Eygy and Ecgy is determined from Equations 11 and 12, respectively.

Evgm = @ — E; (1)
Ecgm = (P - E) +E; (12)

Further details on the KP-PYS setup and the applied methodology of
evaluating the experimental data can be found elsewhere.['8]

Total density of states (DOS) spectra spreading from Eg down to hy—®
could be obtained from the Y (hv)—hv plots.[**] Since the total DOS extend-
ing from Eg down to hv—® is proportional to the total Y(hv), the first deriva-
tive of Y(hv) with respect to hv provides the DOS at a specific hv value.
Therefore, the overall DOS profile extending from Ex down to hy—® could
be displayed as dY/dhv (hv).

Optically-modulated SPV spectra were measured in an ambient atmo-
sphere in a parallel plate capacitor configuration, composed of a quartz
cylinder partially coated with the SnO,:F electrode and a mica sheet as an
insulator.[*8] The SPV signal is defined as the change in the surface po-
tential as a result of the illumination. Front illumination (light impinging
the surface) was provided by a halogen lamp, coupled to a quartz prism
monochromator (SPM2), and modulated at a frequency of 8 Hz by us-
ing an optical chopper. In-phase and 90° phase-shifted SPV signals were
detected with a high-impedance buffer and a dual phase lock-in ampli-
fier (EG&G 5210). The amplitude of the optically modulated SPV signal
is defined as the square root of the sum of the squared in-phase and 90°
phase-shifted SPV signals.

Transient SPV measurements were performed using an oscilloscope
card (Gage, CSE 1622-4GS), a tunable Nd:YAG laser for excitation (du-
ration time of laser pulses 3-5 ns, EKSPLA, NT230-50, equipped with a
spectral cleaning unit), The repetition rate of the laser pulses was 2 Hz,
intensity of 300 pJ cm~2, 20 transients were averaged.

Fabrication of NaBiS, Devices: The sol-gel solution for ZnO was pre-
pared by dissolving 1 g zinc acetate dihydrate (99.999%, Merck) in 10 mL
2-methoxyethanol (> 99%, Merck) and 284 uL ethanolamine (> 99%,
Merck). ITO substrates were cleaned respectively in acetone and iso-
propanol under ultrasonication for 30 min. The ZnO layer was prepared
by spin-coating the sol-gel solution on a cleaned indium tin oxide (ITO)
substrate at 3000 rpm for 30 s. Partial ZnO film was wiped off to expose
the ITO contact before being annealed at 200 °C for 10 minutes. Later,
40 uL of 20 mg mL~" of NaBiS, solution was spin-coated onto the ZnO
layer at 2000 rpm for 35 s in air. Ligand exchange solutions were prepared
by dissolving various iodides (Lil, Nal, KI, and TMAI) in methanol (ana-
lytical standard, Merck) to reach a concentration of 0.1 m. During ligand
exchange treatment, 40 ulL of the ligand exchange solution was dropped
onto the spin-coated NaBiS, NC film, and then waited for 2 min to en-
sure the full replacement of the original organic ligands. The film cov-
ered by the methanol solution was dried out by spinning at 2000 rpm for
35 s. Next, 40 pL of methanol was dropped onto the film and spined at
2000 rpm for 35 s before 40 puL of toluene was dropped and spined at the
same parameters to clean all the residual ligands. After ligand exchange
treatment, the NaBiS, NC film could no longer be dissolved in toluene,
and a thicker NaBiS, NC film could be achieved by repetitively performing
the procedures described above, namely the “layer-by-layer (LBL)” depo-
sition process. Once the NaBiS, film reached a desired thickness, 40 uL
of 5 mg mL~" PTB7 (1-material) dichlorobenzene (> 99.8%, ROMIL) so-
lution was spin-coated onto it at 2000 rpm for 30 s. Except for the PTB7
layer spin-coated in an N,-filled glovebox, all the above deposition pro-
cesses were performed in air. Finally, 3 nm MoO, and 100 nm Ag were
evaporated onto the PTB7 layer through a shadow mask, which defined
the device area as 4.5 mm?. The fabricated devices were exposed in air for
at least one night before any further characterization.

Device Characterization: |-V characterisations were conducted by a
Keithley 2623A source measure unit (SMU) at a scan rate of 50 mV s™.
For the measurements under 1-sun illumination, a 450 W Oriel xenon lamp
equipped with a Schott-K113 Tempax sunlight filter (Prazisions Glas & Op-
tik GmbH) was used as the light source. The device area (overlap between
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the Ag top electrode and ITO bottom electrode) was 4.5 mm?2, and the
aperture area 3 mm?.

For the EQE spectrum acquisition, the measurements were performed
on a Bentham PVE300 system, which was calibrated by a silicon photo-
diode on the transformer mode. During measurements, monochromatic
beams with different wavelengths split from a xenon lamp were illumi-
nated on the devices with the two probes contacting the two electrodes.

X-Ray-Based Measurements: XRD measurement was performed on a
Bruker D8 Advance diffractometer. A Cu K, X-ray source (4 = 1.5406 A)
was used. Near ambient pressure XPS measurements were conducted in
an enviroESCA made by SPECS, which is equipped with a near ambient
pressure Phoibos 150 analyzer and 1D delay line detectors. A monochro-
mated Al K, X-ray source (1 = 8.3386A) was utilized. All XPS measure-
ments were conducted in an atmosphere of 7 mbar of N, gas. A fast (<
10 s) pump down to vacuum (< 107> mbar) to remove residual air was
performed before the venting to 7 mbar with N, gas. The pass energies
for the XPS survey and high-resolution measurement were 100 and 50 eV,
respectively.

Temperature-Dependent Transient Current Measurements: ~ Square volt-
age pulses were generated by a function generator (Hewlett Packard
8116A) and applied to the electron-only device connected in series with
aresistor (330 Q). The transient voltage across the resistor was probed by
an oscilloscope (RS PRO RSDS1304CFL) and transformed into the tran-
sient current. The device was mounted in a Desert TTP4 Probe Station
system, which could control the temperature range from 150 K to 360 K
via an integrated cryostat. At each temperature, the device was measured
after being placed in the Probe Station system for at least 15 min in order
to reach thermal equilibrium. In the experiments, the square wave pulses
with a voltage amplitude of 2.5 V and a voltage width of 20 ms were uti-
lized.

Transmission Electron Microscopy: Transmission electron microscopy
(TEM) measurements were performed on JEOL 2100 operated at 200 kV.
The samples for TEM characterization were prepared by dropping the NC
solution onto carbon-supported copper grids.
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