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Cation-Disorder Engineering Promotes Efficient
Charge-Carrier Transport in AgBiS, Nanocrystal Films

Marcello Righetto, Yongjie Wang, Karim A. Elmestekawy, Chelsea Q. Xia,
Michael B. Johnston, Gerasimos Konstantatos, and Laura M. Herz*

Efficient charge-carrier transport is critical to the success of emergent
semiconductors in photovoltaic applications. So far, disorder has been
considered detrimental for charge-carrier transport, lowering mobilities, and
causing fast recombination. This work demonstrates that, when properly
engineered, cation disorder in a multinary chalcogenide semiconductor can
considerably enhance the charge-carrier mobility and extend the
charge-carrier lifetime. Here, the properties of AgBiS, nanocrystals (NCs) are
explored as a function of Ag and Bi cation-ordering, which can be modified via
thermal-annealing. Local Ag-rich and Bi-rich domains formed during
hot-injection synthesis are transformed to induce homogeneous disorder
(random Ag-Bi distribution). Such cation-disorder engineering results in a
sixfold increase in the charge-carrier mobility, reaching 2.7ecm? V="s71in
AgBiS, NC thin films. It is further demonstrated that homogeneous cation

1. Introduction

Multinary semiconductors—inorganic and
hybrid compounds featuring three or more
component elements—recently emerged
as a versatile material class in energy
research with applications ranging from
photovoltaics!!?l to photocatalysis®>* and
thermoelectrics.>%) Although the increased
compositional space yields unprecedented
opportunities for materials design,U’! it also
enhances the role played by disorder.[®?!
Beyond conventional point defects and
grain boundaries, substitutional disorder
on cation/anion sublattices (e.g., promoted
by antisite defects) becomes prominent

disorder reduces charge-carrier localization, a hallmark of charge-carrier
transport recently observed in silver-bismuth semiconductors. This work
proposes that cation-disorder engineering flattens the disordered electronic
landscape, removing tail states that would otherwise exacerbate Anderson
localization of small polaronic states. Together, these findings unravel how
cation-disorder engineering in multinary semiconductors can enhance the

efficiency of renewable energy applications.
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in multinary semiconductors.® !l This so-
called “site disorder” generates essentially
isostructural semiconductors with differ-
ent properties based on the site occupancy.

Cation disorder (henceforth CD)
is often regarded as an undesirable,
entropically-driven effect, negatively im-
pacting the use of multinary semiconduc-
tors for optoelectronic applications.[>1213]
Most notable examples are disordered
kesterites (CZTS)**%1 and A!'B!YN,
semiconductors.['718] Here, the formation of low-valence cation
clusters (i.e., cation segregation disorder) underlies the poor
charge-carrier transport properties of these materials through
the formation of localized anion p states, thus hampering their
use in solar cells."”?°1 However, it has also recently been pro-
posed that careful engineering of site disorder could provide an
additional degree of freedom in tuning technologically-relevant
properties.”1>21] This concept has been spectacularly proven
for AgBiS,, where careful engineering of CD has allowed Kon-
stantatos and co-workers to develop record-breaking ultrathin
AgBiS, nanocrystals (NCs) solar cells with efficiencies above
9%.1221 AgBiS, is an A'B"'Z, semiconductor showing consider-
able substitutional site disorder at A and B cation sites. Ordered
crystalline AgBiS, phases present an ordered cation distribution:
semiconducting matildite shows alternated-cation ordering in
the three directions of the unit cell, whereas metallic schapba-
chite presents alternated Ag-S and Bi-S planes ordering.[?3] How-
ever, the distribution of Ag(I) and Bi(III) cations at the A and B
cation sites can also be disordered, with disorder types ranging
from cation segregation disorder (i.e., the formation of local Ag-
rich and Bi-rich pockets) to homogeneous cation disorder.[21-2224]
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We define here homogeneous cation disorder as the random dis-
tribution of cations across the sublattice (i.e., 50% occupation
probability for both Ag and Bi on any cation site), which in AgBiS,
was shown to introduce intermediate electronic states between
matildite and schapbachite.[*!) In their recent work, Konstantatos
and co-workers demonstrated that the transition from a cation-
segregated phase to a homogeneous cation-disordered phase sig-
nificantly enhances the absorption coefficient of AgBiS, NCs,
achieving among the highest absorption coefficients for materi-
als used in photovoltaics.[?*22] This effect is promoted by the in-
creasingly homogeneous distribution of Ag(I) and Bi(I1I) cations,
which results in enhanced spatial delocalization of the electronic
bands near the band edges (i.e., a more delocalized density of
states, DOS, and thus a higher electronic dimensionality).[21222]

Although CD engineering has emerged as a promising strat-
egy to tune the bandgap and enhance the absorption coef-
ficient in AgBiS, semiconductors,!?"?] its effects on charge-
carrier transport are yet to be explored. Investigating the role
of CD on charge-carrier transport in AgBiS, is even more im-
portant in light of recent discoveries about the strong electron—
phonon coupling in silver-bismuth semiconductors.!?’] Recent
works have shown that charge-carrier transport in this emerging
family of materials, including Cs,AgBiBr,[”?8] Cu,AgBil,!*”!
and Cu,, (AgBi),_,1,,3% is heavily affected by an ultrafast charge-
carrier localization process, which poses an intrinsic limit to pho-
tovoltaic performances of these materials.?’] A strong acoustic
deformation potential interaction!?®] and low structural and elec-
tronic dimensionality!?*3%l have been proposed as contributing
factors promoting localization. Therefore, investigating the effect
on charge-carrier transport of strategies modulating these fac-
tors, such as CD engineering in AgBiS, NCs,[21??] is of the ut-
most importance for developing efficient Ag-Bi photovoltaic ap-
plications.

In this work, we uncover the interplay between ultrafast
charge-carrier localization and cation disorder in determining
charge-carrier transport in AgBiS, NC thin films. Here, cation
disorder engineering emerges as a powerful strategy to mit-
igate the deleterious effects of charge-carrier localization in
multinary silver-bismuth semiconductors, thus boosting charge-
carrier transport.

We study a series of AgBiS, NC thin films with an engineered
degree of CD obtained through mild thermal annealing. The ef-
fect of CD on the electronic structure and landscape is investi-
gated using reflection/transmission spectroscopy. Furthermore,
the nature of the absorbing states is uncovered by means of low-
temperature absorption spectroscopy. After demonstrating the
presence of charge-carrier localization in AgBiS, NCs by using
room-temperature and cryogenic optical-pump-terahertz-probe
(OPTP) spectroscopy, we reveal for the first time the interaction
between this process and CD. We observe that increasingly ho-
mogeneous CD (i.e., more random placement of Ag(I) and Bi(III)
across the cation sublattice) and therefore increased electronic
dimensionality strongly suppresses ultrafast charge-carrier local-
ization and the associated drop in mobility. While such localiza-
tion is not entirely suppressed, the charge-carrier mobility re-
tained in the localized state is dramatically increased with in-
creasingly homogeneous CD, as a result of the flatter electronic
landscape. Altogether, this work demonstrates the possibility of
leveraging disorder-engineering to tune the electronic landscape
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and enhance charge-carrier mobilities in multinary semiconduc-
tors. We anticipate this approach to form a leading strategy to-
ward improved performance of multinary silver-bismuth semi-
conductors in optoelectronic applications.

2. Results and Discussion

Herein, we focus on cation disorder in ternary AgBiS,
nanocrystal (NC) thin films, an emerging environmentally-
friendly nanomaterial that has shown promising photovoltaic
performance.[??31-33] In this material, CD can be engineered
by overcoming the low (%20 meV) order—disorder transition
barrier through mild thermal annealing and inducing the
formation of homogeneous CD.[??! Similar to other ABZ,
semiconductors,!2034] as-synthesized AgBiS, NCs present cation
segregation disorder, i.e., the formation of local Ag-rich and
Bi-rich domains (Figure 1a) within the cubic rock salt struc-
ture, as an inevitable consequence of the crystal growth kinet-
ics during the hot-injection synthesis.[??] Here, the formation of
homogeneous CD yields isostructural systems that can be in-
terpreted as middle states between the semiconducting cation-
ordered phase—see Figure 1a, matildite (P3m1)— and the metal-
lic cation-ordered phase schapbachite.??>] With increasing ther-
mal annealing temperatures (up to 150 °C), the absorption co-
efficient of the NC thin films—reported in Figure 1b—shows a
dramatic enhancement and significantly redshifts. We note that
the as-prepared (unannealed) AgBiS, NC films already exhibit
high crystallinity, as demonstrated previously by high-resolution
electron microscopy (see Experimental Section in the Support-
ing Information),?? and thermal annealing may therefore not in-
duce the enhancement in crystalline order typically observed for
many polycrystalline thin-film light-absorber layers. As such, the
changes observed in X-ray diffraction patterns (Figure S1, Sup-
porting Information) have instead recently been shown to reflect
an evolution in the ordering of the cation sublattice with anneal-
ing temperature.??] Similarly, observed changes in the absorp-
tion coeflicient provide evidence for the introduction of homo-
geneous CD with increasing annealing temperature, yielding a
more spatially-delocalized DOS, and forming schapbachite-like
states in the bandgap.?!*? However, less is known about the re-
lation between homogeneous CD and electronic disorder (i.e., in-
homogeneous broadening of the absorption tail), which is funda-
mental for charge-carrier transport in these materials.

2.1. Electronic Landscape of AgBiS, NC Thin Films

Although the absorption onset contains information about the
electronic disorder, there are possible overlapping contributions
arising from homogeneous broadening, e.g., from excitonic
states. We ruled out any significant presence of excitonic contri-
butions by measuring the absorption coefficient as a function of
temperature in the range of 30-295 K (Figure 1c). The absence of
clear excitonic peaks at cryogenic temperatures, where such ef-
fects would typically be enhanced,?>! confirms that absorption
tails observed for AgBiS, NC thin films instead mostly orig-
inate from inhomogeneous broadening (i.e., an electronically-
disordered landscape). We modeled the absorption tails using the
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Figure 1. Cation-disorder engineering in AgBiS, NC thin films. a) Schematic of AgBiS, crystal structures with different types of cation ordering. Top
views of AgBiS, (001) planes in a cubic rocksalt supercell. The partial occupancy of the Ag*, Bi3* cation sites is represented as fractional filling of
the circles at each site. Top: Matildite (P3m1), middle: cation-segregated and bottom: fully homogeneous cation-disordered (Fm3m) structures. These
schematics of AgBiS, structures depict the ideal ordered, segregated, and homogeneously disordered cases, without accounting for minor statistical
fluctuations of the Ag/Bi arrangements that we expect to occur in real materials. b) Absorption coefficient of AgBiS, NC thin films for films prepared
with different thermal annealing temperatures. Two absorption spectra — measured using an InSb detector for energies below 1.22 eV, and Si detector
for energies above 1.22 eV — are stitched to generate the reported curves. c) Temperature-dependent absorption coefficient for as-prepared AgBiS, NC
thin films measured between 30 and 295 K. d) Average bandgap (E; ., blue) and Gaussian distribution (o5, brown) as a function of AgBiS, NC thin-film
annealing temperature, obtained by fitting the absorption coefficient shown in (a) to Equation (1). e) Temperature dependence of the average bandgap

for as-prepared AgBiS, NC thin films. The orange line represents a fit to the Varshni model (see Note S2, Supporting Information).

bandgap fluctuation model™! to quantify this electronic disor-
der and disentangle it from effects arising from bandgap shifts
(Note S1, Supporting Information). In this model, the electronic
bandgap E, turns into a probability distribution function defined
by a Gaussian with mean E, , and width ¢,. While alternative
distributions of tail states (e.g., exponential)l***’] have been pro-
posed for disordered materials, we note that a Gaussian distribu-
tion of tail states was found to describe well a range of other dis-
ordered materials (e.g., kesterites, CIGS semiconductors).[1415-38]
For direct transitions, the resulting absorption coefficient can be
written as

« \/ ho — E,
““/TG(Eg) dE
0

g 1)

where hw is the photon energy, and G is a Gaussian function.
As shown in Figure S2 (Supporting Information), the bandgap
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fluctuation model accurately describes the experimental absorp-
tion coefficient in the 0.9-1.8 eV photon energy range for all the
AgBiS, NC thin films studied. Notably, increasing thermal an-
nealing temperatures result in a gradual narrowing of the average
bandgap from ~1.84 to ~1.45 eV (Figure 1d). We note that aver-
age bandgaps (E,,,), extracted from bandgap fluctuation model
fits, and bandgaps (E,) from literature, extracted by other meth-
ods (e.g., Tauc method) or estimated by first principle calculations
(e.g., E, ~1.55 eV for Matildide-phase AgBiS,*)), cannot be di-
rectly compared because of their different definitions. We expect
E, , to exceed literature-derived E,, because it accounts for the
presence of the Gaussian broadening near the absorption onset.

The observed narrowing of E, ., for annealing at higher tem-
peratures has been predicted[ﬁ] and previously observed for
AgBiS, NCs,[?2] and results from the formation of schapbachite-
like states induced by homogeneous CD. Interestingly, the
average bandgap for both as-deposited and 150 °C-annealed
thin films is also observed to narrow at lower measurement
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temperatures (Figure le; and Figure S3 and Note S2, Support-
ing Information), i.e., showing a positive dE, , /dT and hence a
negative value of a of ¥—1.2 meV K~! for as-deposited thin films
and —0.5 meV K™! for 150 °C-annealed thin films, associated
with fits to the empirical Varshni model reported in Figure le;
and Figure S3b (Supporting Information) (see Table S1 for all ex-
tracted Varshni parameters, Supporting Information). Although
similar values were reported for kesterites (CZTS) and Bi,S; (a
~ 1 and 0.7 meV K 71, respectively),[*** the sign of this empir-
ical coefficient is opposite to what is conventionally observed
for semiconductors. The presence of an “inverse Varshni effect”
(i-e., a negative « value) has been previously reported for lead
chalcogenides,[**?] AgGaS,[**] and other transition metal chal-
copyrites, and most notably for lead halide perovskites,** but
is still poorly understood. It is well-established that the nega-
tive dE,/dT (hence positive Varshni « coefficient) generally ob-
served for conventional semiconductors can be mainly explained
in terms of electron—phonon interactions, with the dilation of the
lattice playing only a side role.[**] On the other hand, phonon an-
harmonicity, multiple phonon components and the presence of
specific phonon modes that increase the bandgap rather than re-
duce it have all been indicated as possible causes of the inverse
Varshni effect.*>#/] Although phonon anharmonicity has been
widely reported for AgBiS,,[>* we note that phonon anharmonic-
ity could only lead to positive dE,/dT if the band edges showed
antibonding characters,*#*8] which has not been reported for
AgBiS,.

Importantly, the thermal annealing of the AgBiS, also yields
reduced band tailing — see Figure 1d — with inhomogeneous
broadening decreasing gradually with annealing temperature
from ~0.48 for as-prepared films, to 0.3 eV for films annealed
at 150 °C. Values were extracted from the bandgap fluctua-
tion model described above, and we obtained similar conclu-
sions by applying a standard Urbach method (Figure S4, Sup-
porting Information). Notably, the observed decrease in inho-
mogeneous broadening with increasing annealing temperatures
strongly indicates a more ordered electronic landscape. This
effect originates from differences in the DOS associated with
cation-segregated and homogeneous CD configurations and is
correlated with the observed bandgap shift. As recently demon-
strated, homogeneous CD is associated with a more spatially-
delocalized DOS, yielding an enhanced absorption coefficient,
whereas cation-segregation disorder results in a localized DOS
and lower absorption coefficients.[??] Therefore, our analysis con-
firms that the thermally-induced order—disorder transition in
AgBiS, NCs reshapes the electronic landscape in this material
by transforming the weakly absorbing, spatially-localized cation-
segregated states (contributing to the absorption tail) into highly
absorbing and delocalized states that also cause a bandgap red-
shift.

2.2. Charge-Carrier Transport in AgBiS, NC Thin Films

To elucidate the relation between the reshaped electronic land-
scape and charge-carrier transport in AgBiS, NC films, we used
OPTP spectroscopy. In this technique, changes to the fractional
transmission (AT/T) of THz pulses, induced by 3.1 eV photoex-
citation pulses, allow monitoring of the photoconductivity Ac of
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a material with subpicosecond time resolution. OPTP measure-
ments shown in Figure 2a reveal a substantial increase in the
photoconductivity signal for AgBiS, NC thin films as the anneal-
ing temperature is increased. To quantitatively compare differ-
ent thin films, we extract the effective sum mobilities g, of pho-
toexcited electrons and holes by converting the sheet photocon-
ductivity measured at the point immediately following photoex-
citation, as described in Note S3 and shown in Figure S6 (Sup-
porting Information). Extracted mobility values report a remark-
able increase from y; = 0.46 +0.05cm? V! s7! for as-prepared
thin films to 4, = 2.70+0.10cm? V! s7! for 150 °C-annealed
thin films. We note that such increases in charge-carrier mobil-
ity with increasing annealing temperature do not derive from im-
proved crystallinity, given that detailed XRD and high-resolution
transmission electron microscopy investigations on such NC
films(2?] have revealed that the as-prepared NC films are already
highly crystalline (see also Experimental Section). The photocon-
ductivity spectra, recorded at the photoconductivity maximum,
are mostly representative of free charge-carrier conductivity!*!
(Figure S6a—d, Supporting Information) and show negligible
contributions from phonons. However, we observe increasing de-
viations from such ideal Drude behavior for NC films subjected
to higher annealing temperatures. As-prepared films exhibit pho-
toconductivity spectra close to the ideal Drude behaviour (i.e., a
flat real part and zero imaginary part of the photoconductivity),
as shown in Figure S7a (Supporting Information), whereas thin
films annealed at 150 °C diverge from these trends (Figure 2b).
Deviations from the ideal Drude behavior are quantified by the
Drude—Smith model (see the Supporting Information for details)
through a phenomenological backscattering coefficient ¢, and fits
to these curves yield ¢ & —0.11 and —0.72 for as-prepared films
and those annealed at 150 °C, respectively. We assign these devi-
ations from the ideal Drude behavior of photoconductivity to the
backscattering of charge carriers from nanocrystal boundaries,
which becomes more significant owing to the enhancement of
their mobilities in NCs annealed to induce homogeneous CD.
Similar backscattering effects have been observed by Motti et al.
for CsPbBry NCs, and suggest an intra-nanocrystal origin of the
measured OPTP photoconductivity.!>]

Here, we note that the effect of Ag/Bi cation disorder in
AgBiS, starkly differs from what has previously been reported
for Cu/Zn disorder in CZTS kesterites®’*?) and Cu/Sn disor-
der in Cu, SnS;,>3 where no significant effect of cation disorder
on charge-carrier transport was found. Since the mobility val-
ues we determine here are extracted at very early times before
any charge-carrier recombination has occurred, they must be di-
rectly related to the electronic band structure. We therefore con-
clude that the observed mobility increase must originate from
the peculiar contributions of Ag and Bi to the band structure.
Similar to the case of other emerging Ag-Bi semiconductors,[?”54]
Ag-S orbitals in AgBiS, NCs mainly contribute to the valence
band, whereas Bi-S orbitals contribute primarily to the conduc-
tion band, thus inducing a spatial separation of these two elec-
tronic bands and a lower electronic dimensionality, in particular
if Ag and Bi form segregated domains in the material >+ There-
fore, homogeneous CD yields a more spatially-delocalized DOS
and a higher electronic dimensionality, which we show here to
be associated with higher charge-carrier mobilities and improved
transport.[>4
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Figure 2. Impact of cation disorder in AgBiS, NCs on charge-carrier transport. a) Photoinduced THz conductivity for as-deposited (blue), 80 °C-annealed
(green), 115 °C-annealed (yellow), and 150 °C-annealed (orange) thin films of AgBiS, NCs after 3.1 eV pulsed excitation at a fluence of 58 u) cm~2. Open
circles are experimental data, and solid lines represent fits to the two-level mobility model described in the Note S4 (Supporting Information) (Equation
(S9) convoluted with a Gaussian instrumental response function, Supporting Information). b) Real (red) and imaginary (blue) part of the photoinduced
THz conductivity spectra for AgBiS, NC thin films annealed at 150 °C, measured at the photoconductivity maximum (¢t = 1.5 ps) following 3.1 eV
excitation at a fluence of 78 pj cm=2. Dots represent experimental data (with shaded areas indicating statistical error), whereas dashed lines are fits
according to the Drude-Smith model (see the Supporting Information). We note that charge-carrier mobilities quoted in the text are derived directly
from the sheet photoconductivity (see Note S3, Supporting Information) rather than these Drude-Smith fits. c) Fluence-dependent photoconductivity
transients for AgBiS, NC thin films annealed at 115 °C, measured after 3.1 eV pulsed excitation with a range of different excitation fluences. Open circles
are experimental data and solid lines represent fits to the two-level charge-carrier mobility model. d) Fluence-dependent charge-carrier recombination
transients beyond 2.5 ps, i.e., following the initial ultrafast decay, measured after 3.1 eV pulsed excitation for AgBiS, NC thin films annealed at 150 °C.
Solid lines represent fits to the charge-carrier recombination model described in Note S5 (Supporting Information). Open circles are experimental
data, and solid lines represent fits to the two-level mobility model. e) Effective THz charge-carrier mobilities for AgBiS, NC thin films plotted as a
function of annealing temperatures extracted from photoconductivity transients (see Note S3, Supporting Information). Dashed lines are guides to the
eye, indicating the mobility increase with increasing annealing temperatures. In the inset, colored triangles indicate the ratio between localized and
initial mobility for AgBiS, NC thin films as a function of the annealing temperature. f) Contour plot of the diffusion length as a function of charge-
carrier mobility and lifetime, calculated at a nominal charge-carrier density of 10'® cm=3 (see details in Note S5, Supporting Information) The value
for AgBiS, NC thin films annealed at 150 °C is indicated with a brown open triangle. Other reference values are obtained from the literature (PbSe, 6]
FA1_YCsbe(IXC|1_X)3,[57] NaBiS,,[29] Cu,AgBil¢,[2°] Cs,AgBiBr,[27] P3HT:PCBMI®8]) and had been estimated by using a similar approach. To ensure
comparability, all of the listed diffusion lengths were calculated from THz photoconductivity data.

Photoconductivity transients shown in Figure 2a further reveal
an ultrafast initial decay and subsequent plateau for all of the
studied AgBiS, NC thin films, independently of the annealing
temperature. Crucially, similar behavior of the photoconductivity
has been reported for several silver-bismuth and bismuth-based
ABZ, semiconductors (e.g., Cs,AgBiBr;, Cu,AgBil;, NaBiS,,
Cu,,(AgBi);_,1,)2*?3% and has been attributed to ultrafast
charge-carrier localization occurring within the first picosecond
after excitation. In these studies, the observed dynamics of the
photoconductivity has been attributed to an initial formation of
highly delocalized large polarons with high mobility, which sub-
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sequently transfer to a localized small-polaron state with signifi-
cantly lower mobility. For the AgBiS, NC films investigated here,
we also assign the observed dynamics to charge-carrier local-
ization, given the lack of fluence dependence for this ultrafast
decay and its persistence at low pump fluences (<30 pJ cm™2),
which rules out possible contributions from higher-order recom-
binations (Figure 2b; and Figure S8a-d, Supporting Informa-
tion) over this time scale. As shown in Figure 2a, fits to our
data based on the two-level mobility model developed by Wright,
Buizza et al.[?7?! (described in the Note S4, Supporting Infor-
mation) to describe an ultrafast charge-carrier mobility change
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arising from charge-carrier localization accurately reproduce the
observed photoconductivity for all the studied AgBiS, NC thin
films and therefore confirm our interpretation.

Both the initial charge-carrier mobilities and those of the sub-
sequent localized state (y; and y,.) are found to increase con-
sistently (Figure 2e) with increasing annealing temperature for
AgBiS, NC thin films. While the mobility of the localized state,
Mo, increases from 0.11+0.05cm? V= s7! for the as-prepared
thin films to 2.20+0.10cm? V! s7! for the films annealed at
150 °C, the initial mobility y; increases from 0.43 +0.05 cm? V-1
s7! for the as-prepared films to 2.70 +0.10cm? V! s7! for the
films annealed at 150 °C. We note that although the mobili-
ties follow a similar increasing trend with anneal temperature,
importantly, the fraction of retained mobility after the localiza-
tion process, p = .. /1;, increases substantially from ~25% to
~80% (inset of Figure 2e; and Figure S10, Supporting Infor-
mation) from the as-prepared film to that annealed at 150 °C.
Notably, this “mobility retention” value is significantly higher
than those previously reported for Cs,AgBiBr, (p ~ 30%),’]
Cu,AgBil (p ~ 45%),/*) and other semiconductors experienc-
ing ultrafast charge-carrier localization.[?*5°] Therefore, the im-
pact of the charge-carrier localization process is largely mitigated
and charge-carrier transport is increasingly preserved as the an-
nealing temperature is increased and homogeneous CD is intro-
duced in AgBiS, NC thin films. Our observations thus reveal the
critical role of cation-disorder engineering for mitigating ultra-
fast charge-carrier localization in such materials.

We are further able to determine values for the charge-carrier
diffusion length based on additional analysis of charge-carrier
lifetimes in AgBiS, NC thin films. Following the initial localiza-
tion process, charge carriers recombine over a sub-nanosecond
time scale, as shown in Figure 2c. Through global fits to this
fluence-dependent set of transients, we are able to extract the
rates of monomolecular (k;) and bimolecular (k,) recombination
rate constants, as detailed in Note S5 (Supporting Information).
We note that the extracted value for the bimolecular rate con-
stants for AgBiS, NC thin films in the rangek, ~ 2 — 5 X
1071% cm3s! describing electron—hole band-to-band recombina-
tion is comparable to the values previously reported for other
emerging semiconductors, e.g., k, ~ 0.3 —6 x 107'% cm?®s~! for
Cu,,(AgBi),_ I,B% and k, ~ 6.8 X 107 cm’s™! for methy-
lammonium lead iodide.[® This finding is in apparent contrast
with the stronger light-matter interaction observed for AgBiS,,
outlined by the particularly strong absorption coefficient value
near the band edge (around 10° cm™!, see Figure 1c). We note
that according to the principle of detailed balance, a relation be-
tween the absorption coefficient and the bimolecular recombi-
nation rate would be expected according to the Shockley—van
Roosbroeck equation.[1%2] Our observation of a bimolecular re-
combination coefficient for AgBiS, comparable to that of other
emerging semiconductors showing significantly lower direct ab-
sorption coefficients could be explained by the weaker light—
matter interaction of the localized state. We further used the
extracted monomolecular and bimolecular recombination coef-
ficients, and the charge-carrier mobility value for the localized
state, u,. to determine a charge-carrier diffusion length of L
~50 nm for AgBiS, NC films annealed at 150 °C (see Note
S5 for details, Supporting Information). We note that diffusion
length values reported here are based on THz photoconductivity
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measurements, which mainly probe short-range transport that
is likely to fall within the nanocrystal boundaries.’*! This hy-
pothesis is further confirmed by the increased backscattering ob-
served in the photoconductivity spectra (Figure S7, Supporting
Information) for thin films with larger L. As further discussed
in Note S5 (Supporting Information), this complicates compari-
son with Ly values derived from techniques probing long-range
conduction, such as space-charge-limited current, time-of-flight
and photo-CELIV.?*®3l As such, the values we report here are
thus reflective of the intrinsic semiconductor material quality and
present an ideal scenario of conduction in the absence of bound-
ary limitations. As shown in Figure 2e, such diffusion length
values derived from THz photoconductivity measurements are
significantly higher for the AgBiS, NCs examined here than for
NaBiS, 2% and organic semiconductors,*® and close to those for
other emerging metal halide semiconductors.[?2%3 In conjunc-
tion with the enhanced absorption coefficients allowing for ultra-
thin light-absorber layers, our findings thus explain the recently
reported exceptional performance of cation-disorder engineered
AgBiS, NCs as active layers in solar cells.[?232]

2.3. Cation Disorder and Charge-Carrier Localization in AgBiS,
NC Thin Films

To understand how and why cation-disorder engineering can be
used as an effective tool to suppress charge-carrier localization,
we conducted temperature-dependent OPTP measurements on
AgBiS, NC thin films annealed at 150 °C. As shown in Figure 3a
for 4 and 295 K (and Figure S12 for further temperatures, Sup-
porting Information) the initial ultrafast photoconductivity decay
becomes even more prominent toward lower temperatures, and
the subsequent decay accelerates. We are again able to fit such
transients with the two-level mobility model, and find the result-
ing localization constant k. (Figure S13a, Supporting Informa-
tion) to be mainly temperature independent, thus strongly sup-
porting the hypothesis of a barrierless localization process.!?”:?"]
We note that similar barrier-free self-trapping processes have
been predicted by the theory developed by Holstein and Emin(®*l
to occur for the specific case of 2D semiconductors./®! In con-
trast, for 3D semiconductors, a finite energy barrier is predicted
to result in the coexistence of free carriers and polaron. We pro-
pose that the lower electronic dimensionality of silver-bismuth
semiconductors (i.e., deviations from isotropic orbital connectiv-
ity of the band edges)>**°] can yield barrier-free behavior even
in structurally 3D semiconductors. On the other hand, the ac-
celerated decay is captured by the increased recombination con-
stant ky at lower temperatures (Figure S13b, Supporting Infor-
mation), which we attribute to increased contribution from di-
rect electron-hole bimolecular recombination, as discussed in
the Supporting Information.

In addition, we find different temperature dependencies for
the extracted values for y; and . (Figure 3b), which indicates an
alteration in the nature of charge carriers following the localiza-
tion process. . decreases with decreasing temperature, whereas
u;is found to increase when decreasing temperature from 295
to 50 K and to decrease again for T < 50 K. A power-law depen-
dence pocT" accurately describes the observed trends for extracted
w and p,., and least-square fitting yields a negative-valued
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Figure 3. Temperature-dependent THz photoconductivity of charge carriers in AgBiS, NC films. a) Comparison between photoinduced THz conductivity
transients measured at 295 K (orange) and at 4 K (blue) for AgBiS, NC thin film annealed 150 °C, after 3.1 eV pulsed excitation at a fluence of 29 yJ
cm™2. Solid lines represent fits to the two-level mobility model described by Equation (S9) (convoluted with a Gaussian instrumental response function)
in the Supporting Information. b) Temperature-dependence of effective THz charge-carrier mobilities immediately following excitation, y; (squares),
and after localization, uy, (triangles), for AgBiS, NC thin film annealed 150 °C, extracted from the analysis of photoconductivity presented in Note S3
(Supporting Information). Solid lines represent power-law fits to the experimental mobility values. Note that for g; the fit excludes points at T < 50 K,
which significantly deviate from the trend, thus indicating a different scattering mechanism. c) Schematic illustration of the charge-carrier dynamics
observed for AgBiS, NC thin films, according to the two-level mobility model. After the initial photoexcitation of charge carriers (dotted line) via pulsed
laser excitation, a delocalized state is populated by a density n_ of charge carriers experiencing bandlike (large-polaron) transport with a mobility 1. These
charge-carriers undergo a fast localization process, with rate k... The population is then transferred to a localized small-polaron state, which experiences
temperature-activated, hopping-like transport with mobility 1, and recombines either via monomolecular (e.g., trap-mediated) or bi-molecular (radiative

electron—hole) recombination processes.

exponent r =~ —0.08 for y; in the range 295-50 K and a positive
one of r = 0.07 for y,,. over the full temperature range. The neg-
ative exponent observed for y; strongly indicates bandlike trans-
port and weak electron—phonon interactions for initial photoex-
citations in AgBiS, NC films, suggesting the initial presence of
“large polarons”.I%! On the other hand, the positive exponent ob-
served after the ultrafast decay is indicative of strong electron—
phonon coupling and reflects a temperature-activated “hopping”
transport regime, typical of “small polarons”.[¢-%] Overall, our
OPTP measurements thus indicate the presence of an ultrafast
localization process in AgBiS,, causing an ultrafast, barrierless
transition between an initially-excited delocalized large-polaron
state and a localized small polaronic state, similar to processes
occurring in Cu,AgBil; and Cs,AgBiBr,.[27%]

We comment briefly on the nature of the large polaron state
initially created, noting that the power law dependence observed
for mobility, with the negative exponent r ~ —0.08 over the tem-
perature range 295-50 K, has an exponent significantly lower
than those previously reported for conventional and emerging
semiconductors, e.g., r &% —2.4, —2.1, and —1.5 for Si, GaAs, and
methylammonium lead iodide.[°7%7!] However, similarly low ex-
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ponents were reported for Cu,AgBil (r~ —0.33) and Cs,AgBiBr,
(r ~ —0.47) and were assigned to the presence of multiple intrin-
sic and extrinsic contributions.[??°] Several scattering processes
and coupling interactions experienced by charge carriers gen-
erally contribute to determining the overall temperature depen-
dence of charge-carrier mobility, e.g., polar (Frohlich) interaction,
acoustic deformation potential and piezoelectric coupling.!”*7?]
The presence of multiple scattering components is further con-
firmed by the decaying trend with lower temperatures observed
for y; at T < 50 K. A similar behavior has been observed for GaAs
and other II1I-V semiconductors and can be ascribed to ionized
impurity scattering, which is increased at lower temperatures
as the average thermal speed of charge carriers decreases and
they spend more time near the ionized impurity.”273] We note
that these experimental observations thus confirm recent calcu-
lations suggesting that in AgBiS,, polar optical phonon scattering
at higher temperatures, and ionized impurity scattering at lower
temperatures, should determine charge-carrier mobilities.[”*
Finally, we discuss why cation disorder has such a substantial
effect on the extent to which the charge-carrier mobility is sup-
pressed following the initial localization process. As illustrated
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schematically in Figure 3¢, excitation initially results in the gener-
ation of a delocalized large-polaron state. This state subsequently
collapses into a localized small-polaron state, described by the
theory of Holstein and Emin.[*-%] The dramatic change of trans-
port regime following ultrafast localization, i.e., the transition
between large-polaron bandlike to small-polaron hopping trans-
port, is key to understanding how cation engineering influences
the remnant localized mobility retained by the small-polaron
state, as a fraction of the initial mobility (inset of Figure 2d).
We posit that the transition from a delocalized state to a local-
ized state exacerbates the impact of the disordered electronic
landscape, and in particular of the tail states, on charge-carrier
transport. Although the ultrafast localization process yields re-
duced charge-carrier mobility, the resulting small polarons are
in principle still itinerant. However, we note that the localiza-
tion of the charge-carrier wave function will also influence its
interaction with defects and disorder. Anderson localization the-
ory explains how disordered and defective electronic landscapes
can transform an itinerant state into a localized one.l”! Impor-
tantly, such Anderson localization is more energetically-favored
for small polarons compared to large polarons. Here, even rel-
atively minimal disorder can result in immobile small polaron
states according to the Holstein—-Anderson theory developed by
Bronold and co-workers.l”577] According to these models, strong
electron—phonon interactions are expected to deepen potential
wells arising from energetic disorder, thus increasing the sever-
ity of the localization for small polarons. Based on these con-
siderations, we are thus able to explain why homogeneous CD
present in AgBiS, NC films annealed at 150 °C leads to signifi-
cantly enhanced remnant charge-carrier mobility, compared with
as-prepared films exhibiting significant cation segregation and a
highly disordered energetic landscape.

Overall, the interplay between charge-carrier transport and CD
engineering is thus multifaceted. First, homogeneous disorder
yields a more spatially-delocalized DOS and therefore generally
increases the overall charge-carrier mobility in AgBiS,. Second,
the transition from a cation-segregated configuration to a homo-
geneous CD configuration significantly reduces the electronic
disorder (visualized as absorption tails), and thus preserves a
higher mobility especially for small-polaronic states formed in
these materials, which are otherwise highly susceptible to An-
derson localization effects.

3. Conclusions

In this work, we have demonstrated that cation engineering in-
duces significant enhancement of charge-carrier mobilities and
unveiled the interplay between charge-carrier localization and
cation disorder in AgBiS, NC thin films. Through cation disorder
engineering, we obtained charge-carrier mobilities up to 2.7 + 0.1
cm? V-1 s71 values, making this environmentally-friendly nano-
material competitive with more established lead-containing pho-
tovoltaic materials such as PbSe NCs.5¢) Our analysis of absorp-
tion spectra uncovered the role of homogeneous cation disorder
in achieving a more electronically-ordered landscape. Further-
more, through room temperature and cryogenic OPTP measure-
ments, we have demonstrated the presence of an ultrafast charge-
carrier localization process, whose relevance for long-range trans-
port in device applications has been demonstrated for other bis-
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muth halides,[?78] and unveiled its interaction with cation dis-
order in silver-bismuth semiconductors. On a more fundamen-
tal level, our work provides insights into the charge-carrier dy-
namics of polaronic materials and highlights the crucial role
of an ordered electronic landscape (achieved here via homoge-
neous cation disorder) in achieving efficient small-polaron trans-
port. Our findings demonstrate the enormous potential of cation-
disorder engineering for enhancing the optoelectronic properties
of emerging multinary semiconductors. Overall, such possibility
of tuning and achieving efficient polaronic transport in multinary
semiconductors offers exciting opportunities for substantial ad-
vances in photovoltaics, light-emitting, and thermoelectrics ap-
plications.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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