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ABSTRACT: Lead-free silver—bismuth semiconductors have become increasingly '®Fr'ee charges’ C;.l AgBil
i 2 6

popular materials for optoelectronic applications, building upon the success of lead > photoexcited
halide perovskites. In these materials, charge-lattice couplings fundamentally determine % I Ultrafast
charge transport, critically affecting device performance. In this study, we investigate 3| |: localization ®Long -time |
the optoelectronic properties of the recently discovered lead-free semiconductor §| | 2 reésponse L.
Cu,AgBil using temperature-dependent photoluminescence, absorption, and optical- §

o

® 00
pump terahertz-probe spectroscopy. We report ultrafast charge-carrier localization : %% o
effects, evident from sharp THz photoconductivity decays occurring within a few L Z ]
picoseconds after excitation and a rise in intensity with decreasing temperature of long- i SR0S /
lived, highly Stokes-shifted photoluminescence. We conclude that charge carriers in
Cu,AgBil, are subject to strong charge-lattice coupling. However, such small polarons
still exhibit mobilities in excess of 1 cm® V' s™' at room temperature because of low energetic barriers to formation and
transport. Together with a low exciton binding energy of ~29 meV and a direct band gap near 2.1 eV, these findings highlight
Cu,AgBil, as an attractive lead-free material for photovoltaic applications.

Time

evelopments in the field of lead-halide perovskites perovskites, the divalent metal at the B-site of ABX; single
D over the past decade have been rapid and impressive, perovskites (such as Pb?*) is heterovalently swapped for a pair

notably with respect to new materials for solar cells.' of cations with oxidation states 1+ and 3+, leading to a
Power conversion efficiencies (PCEs) for single-junction cells stoichiometry of A,BB’X,.'>'® The arrangement of atoms is
have risen rapidly to over 25%, and perovskite-silicon tandems very similar to that of standard ABX; perovskites, with the 1+
have surpassed 29%, indicating the potential for commercial- and 3+ ions typically alternating between adjacent corner-
ization of perovskites for photovoltaic applications.”” How- sharing octahedral cages.'*'® The most frequently investigated
ever, concerns remain with regards to the toxicity of top- material in this class is the all-inorganic double perovskite
performing perovskite solar cell materials, most of which Cs,AgBiBr, which is highly thermodynamically stable and has
contain lead,” as well as recurring difficulties around ensuring an indirect band gap with weak absorption onset around 2 eV

their long-term stability.” The ideal solution would use light- 15,17-20
harvesting materials that retain the excellent optoelectronic
properties of lead-halide perovskjtes, notably tunable band
gaps,” high optical absorption,' Iong charge-carrier lifetimes,
and high charge-carrier mobilities,””® while removing lead from
their composition. Such materials would eliminate concerns
surrounding toxicity and promise high-efficiency, stable solar
cells."” Although replacing lead with tin has had some success,
tin-based perovskite photovoltaics still struggle with substan-
tially lower PCEs as well as higher instability and faster
degradation, notably owing to the presence of tin vacancies
which are easily formed.'*™"*

More recently, substantial interest has therefore emerged in
so-called “double perovskites”," a vast class of over 90000
materials, some of which can be lead-free."* For such double

as well as a strong direct gap near 3.1 eV. Spectroscopic
and theoretical studies of this material have pointed toward
low charge-carrier mobilities and long fundamental charge-
carrier lifetimes,'®***""** and work by Zelewski et al. suggested
the existence of a color center as the source of photo-
luminescence in CszAgBiBré,19 which would be indicative of
strong electron—phonon coupling in this material. Relaxing the
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Figure 1. (a) Crystal structure of Cu,AgBil,, with the edge-sharing octahedral layers highlighted in purple. The partial occupancy of the Ag*,
Bi** and Cu" sites is shown by the fractional filling of the circles at each ionic site. (b) Temperature-dependent photoluminescence and UV—
visible absorption measurements of Cu,AgBil4 thin films between 4—295 K. The PL peak blue-shifts with increasing temperature. The
shaded region between 1.59—1.71 eV indicates the high-energy region from which TCSPC measurements were taken (shown in (c)) and
from which peak counts were measured (shown in Figure S3 (c)). The inset shows the fit to the spectrum at 295 K using Elliott’s theory
(black dashed line),* with the shaded areas indicating the excitonic (blue) and continuum contributions without (brown) and with (green)
Coulombic enhancement. See the Supporting Information for fits across more temperatures and the extracted broadening parameter I'. (c)
Time-resolved PL decays measured using TCSPC at a fluence of 200 nJ cm™2 The decays are very heterogeneous (nonexponential) at high
temperatures, and become much longer-lived at low temperatures. The gray solid lines are fits to a stretched exponential at 4 and 295 K. See
the Supporting Information for fits to all of the transients and extracted parameters. (d) Value of the band gap energy E extracted at each
temperature using the Elliott fits. (e) Value of the exciton binding energy Ey extracted at each temperature using the Elliott fits.

constraints of single- or double-perovskite structures allows for
an even wider variety of materials to be explored for
optoelectronic applications. These have ranged from all-
inorganic materials such as quasi zero-dimensional tin halides
Csy_A,Sn(Br;_L)s (A = Rb, K*),”* bismuth-based AgBil,,**
CuBil,,”® Cs;Bi,Bry,”’ and Rb,Ag,BiBr,,”* the “hollow” tin
perovskite {en}FASnl; (en = ethylenediammonium),”” and
(100) and (110) layered perovskites.’*~>*

The exploration of such wide material space has raised the
question of how coupling between charge carriers and the
lattice is affected, given this varies substantially as material
structure is altered or as dimensionality is decreased, for
example, by the creation of layered materials.”> > The nature
of electron—phonon coupling and charge localization plays a

fundamental role in determining any intrinsic limits to the
optoelectronic properties of materials and their suitability for
photovoltaic applications. In the case of MAPbI;, coupling of
charge carriers to longitudinal optical (LO) phonons limits
charge-carrier mobilities to below 200 cm*V~'s™": not as high
as GaAs but sufficiently high to yield excellent solar cell devices
given the very long charge-carrier lifetimes in MAPbI,.**~*'
Larger couplings in other materials lead to strong charge-lattice
interactions that have been described variously as a small
polaron, as self-localization, self-trapping, or as the formation
of a color center—phrases which often cover similar, or the
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L 354245 . .
same, couplings. There are extensive reviews of these

effects in a variety of materials,””~*” and in this work we will
use the terminology of a small polaron or self-trapped charge,
where an initially photoexcited charge carrier rapidly relaxes
into a state accompanied by a local lattice deformation.*®
These interactions can be revealed by clear signals in
spectroscopic studies investi%ating charge-carrier energetics,
dynamics, and mobilities.”>*”** Charge-carrier self-trapping
has been reported across materials including all-inorganic
KMgF;,>" in the bismuth-based systems Cs,AgBiBrg,' """’
Cs;Bi,Bry,”” and Rb,Ag,BiBr,,”" in layered perovskites,”*™**
and in metal-halide materials such as PbBr, and a number of
alkali halides.>*™>*

As we have noted elsewhere,”” the strength of charge-carrier
localization in a given material depends on its chemical
composition, ease of structural distortion, and structural and
electronic dimensionality. Further, it appears that in double
perovskite or silver—bismuth materials, although the crystal
structure can be three-dimensional, the electronic band
structure is of lower dimensionality,”® making charge-carrier
localization more likely.'”***"*” Studies across a variety of
material classes demonstrate the general dependence of self-
trapping on dimensionality: higher-dimensionality systems
exhibit potential barriers between free and self-trapped states,
meaning that self-trapping may occur only above certain
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temperatures and self-trapping rates display clear temperature
dependence.*”***” In contrast, there appears to be little to no
barrier for one- or zero-dimensional systems—a result that has
been borne out both theoretically and experimentally.”>>*>’
Given that charge-lattice interactions lower charge-carrier
mobilities, the extent to which they prevail in any given
semiconductor has an important bearing on photovoltaic
performance. Because all charges interact with the surrounding
lattice to some extent, an accurate assessment of the strength
of such interactions and the resulting mobilities is therefore of
central importance for any new light-harvesting material for
photovoltaic applications.

In this work, we investigate the optoelectronic properties of
a novel silver—bismuth-based semiconductor, the recently
reported CuzAgBilé.61 An initial investigation of this material
focused on its synthesis, structural, and compositional
properties, stability, and basic optoelectronic properties.’!
This early investigation revealed that Cu,AgBil4 constitutes a
heavily disordered network in which alternating layers of
octahedral sites facilitated by the cubic close-packed iodide
sublattice are partially occupied by Ag" or Bi**.*" This
structure is shown in Figure la, with the unit cell enclosed
by the black line, and the edge-sharing octahedral sites
highlighted in purple (see Section 3 of the SI for a detailed
analysis of XRD patterns and structure).

An alternative description is that the octahedral network can
be considered as a cation-disordered CdCl, structure. The
heavy cation disorder is apparent in the partial occupancy of
each cation site, indicated by the fractional filling of the circles
at each ionic site. The Cu® partially occupies all of the
tetrahedral sites facilitated by the cubic close-packed iodide
sublattice. The structure shows a much higher level of cation
disorder than the standard 3D corner-sharing octahedral
networks present in (double) perovskites (i.e., it has a higher
configurational entropy).®' For a more detailed outline of the
structure, we direct readers to the original structural character-
ization by Sansom et al.'

The structure and chemical composition of Cu,AgBilg
(including the presence of Ag" and Bi*', layered ordering
and significant cation disorder) are likely to reduce the
electronic dimensionality of the material’’ and facilitate
interactions of charge carriers with the lattice, making
charge-carrier localization more likely to occur. Therefore,
we here explore the nature of charge-carrier excited states in
Cu,AgBils based on temperature-dependent photolumines-
cence (PL), UV—visible absorption, time-correlated single-
photon counting (TCSPC) and optical-pump terahertz-probe
(OPTP) measurements. These experiments reveal several
complementary pieces of evidence that together paint a picture
of charge-carrier self-trapping and small-polaron formation in
this material. The increase in intensity of long-lived, highly
Stokes-shifted PL emission as temperatures are lowered, the
discovery of an ultrafast decrease in photoconductivity that
results in a long-lived localized charge-carrier population with
lowered mobility, and the increasing mobility of this localized
state with rising temperature all point toward a strong
influence of the lattice on charge carriers in Cu,AgBils. We
draw the conclusion that upon photoexcitation, self-trapped
charge carriers or small polarons form rapidly within
picoseconds in Cu,AgBils. However, we note that the
temperature-activated mobility of such small polaron states
still allows for sufficiently high charge-carrier mobilities at
room temperature which, together with strong direct
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absorption near 2.1 eV and low exciton binding energy of 29
meV, make this material highly suitable for use in
optoelectronic devices.

In order to establish the energetic distribution of electronic
states in Cu,AgBil;, we conducted temperature-dependent
measurements of UV—visible absorption and photolumines-
cence spectra between 4—295 K (see Figure 1b). At 4 K, the
absorption onset of Cu,AgBils occurs at approximately 2 eV,
which red-shifts to lower energies as the temperature is raised
to 295 K. Further, the absorption spectrum of Cu,AgBil, at 4
K displays a clear excitonic feature with some fine structure,
with two peaks visible at 2.17 and 2.24 eV (see Figure 1b). We
analyzed the trends in absorption with temperature through fits
to the spectra based on Elliott’s theory (see SI for details),’’
accounting for both free electron and hole states and bound
exciton contributions to the absorption, which are enhanced by
Coulombic interactions, with bound excitonic contributions
featuring prominently just below the band gap (see inset in
Figure 1b and Figure $2).°* The resulting direct band gap
energy Eg and exciton binding energy Egp for temperatures
between 4—295 K are shown in panels d and e, respectively, of
Figure 1. We note that the excellent fit of Elliott’s theory near
the band edge and strong absorption coeflicient values suggest
a direct nature of this absorption onset.

Although the Elliott fits deviate slightly from the fine
structure in the absorption spectra measured at low temper-
atures (see Figure S2), they are in good qualitative and
quantitative agreement with the measured data. The fits
confirm that the band gap shifts from 2.22 eV at 4 K down to
2.09 eV at 295 K, a trend that is opposite to that observed for
conventional metal-halide perovskites such as MAPDI;,
FAPbI,, or FASnI3,12’39’63’64 for which increasing temperatures
lead to a blue-shift in band gap, owing to a combination of
trends in electron—phonon coupling and the positive
deformation potential of these materials.®> ™% However, the
temperature dependence of the band gap of Cu,AgBilg
matches that observed for the well-studied silver—bismuth
material Cs,AgBiBrg,'®*" and it is also similar to what is
typically found in conventional inorganic semiconductors such
as Si and GaAs, which obey Varshni’s rule of increasing band
gaps with decreasing temperature.>*

The exciton binding energy extracted from such Elliott fits
falls from 54.1 to 28.8 meV between 4 K and room
temperature. We note that a simpler determination of a
binding energy by inspection of the fine structure observed
near the absorption onset at 4 K, assuming that the adjacent
peaks can be assigned to the n = 1, 2 Wannier excitonic
states,”’ gives Eg ~ 80 meV. Such a low exciton binding energy
of ~29 meV at room temperature is exciting, given that
excitonic features near the direct gap of the related
semiconducting double perovskite Cs,AgBiBr, are commensu-
rate with much higher exciton binding energies nearer several
hundred meV,”””" and may partly derive from the lower direct
band gap of Cu,AgBil; compared with Cs,AgBiBr,.’> We
further note that the temperature-dependent values of the
exciton binding energy we determine for Cu,AgBil fall in
between those measured for three-dimensional lead-halide
perovskites,62’64’73 which are on the order of a few or a few tens
of meVs, and those derived for two-dimensional Ruddlesden—
Popper perovskites,”* of several hundred meVs. The layered
structure of Cu,AgBilg likely supports some electronic
confinement,”” leading to increased binding energies relative
to three-dimensional metal-halide perovskites. However, this
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effect is somewhat mitigated by the fully three-dimensional
iodide network, and unlike in layered Ruddlesden—Popper
perovskites, there is no dielectric confinement effect that
enhances exciton binding energies further.”* These factors,
together with possible variations in charge-carrier effective
masses, likely explain why the value of Ey found for Cu,AgBilg
sits in between three-dimensional metal-halide perovskites and
two-dimensional Ruddlesden—Popper perovskites. However,
we note that the general trend of lower exciton binding energy
with rising temperature is in line with estimates made using
Elliot theory for both MAPbI, and FAPbIL;,>** where the
exciton binding energy falls by a factor of 2—3 between 4—295
K. This reduction is mainly attributed to changes in the
dielectric function with temperature, given the quadratic
dependence of bindin§ energy on dielectric permittivity for
Wannier excitons.””°"”*> Overall, the room temperature
exciton binding energy of ~29 meV observed here for
Cu,AgBil compares with thermal energies (26 meV), meaning
that the formation of uncorrelated electrons and holes should
be highly effective, which will aid charge extraction in solar cell
architectures.

The photoluminescence spectra of Cu,AgBil; (see Figure
1b) exhibit weak and fairly broad emission peaking at 1.71 eV
at room temperature and display a large Stokes shift from the
band gap of several hundred meV. As the temperature is
lowered, this peak red-shifts slightly, down to 1.59 eV at 4 K,
opposite to the trend observed for the absorption onset. We
therefore consider it unlikely that this emission band is
associated with radiative band-to-band recombination of free
charge carriers. Instead, on the basis of our observations here
and further investigations detailed below, we assign this
emission band to a self-trapped state, for which a large Stokes
shift and broad emission peak are highly characteristic.**
Studies of other silver—bismuth compounds, such as
Cs,AgBiBrs'"'” and Rb,Ag,BiBr,,”® quasi-zero dimensional
tin-halides,”* and layered perovskites,’”** have similarly
observed highly red-shifted emission from self-trapped states.
Given the large cation disorder and edge-sharing octahedra in
CuzAgBilé,(’1 we expect strong charge-lattice interactions to be
present, resulting in highly Stokes-shifted emission, as has
recently been suggested for a color center in CszAgBiBré.19 In
addition, we observe a narrowing of the emission spectra (see
Figure 1b) and increase in intensity as the temperature is
lowered (see Figure S3c), analogous to what has been
observed for the emission attributed to a self-trapped state in
both Rb,Ag,BiBr,>* and (EDBE)PbBr, (EDBE = 2,2'-
(ethylenedioxy)bis(ethylammonium)).3’O As Figure S3c
shows, the emission intensity around 1.59—1.71 eV in
Cu,AgBil¢ increases by over a factor of 10 as the temperature
is lowered, similar to previous observations of self-trapped
states.”*?0* However, we note that as the temperature is
lowered, alternative nonradiative decay pathways mediated by
lattice vibrations are significantly suppressed, which would lead
to an enhancement of the emission from any radiative
transition.

When the temperature is lowered below 200 K, a second
emission peak emerges in the near-infrared around 1.35 eV,
shifting down to 1.26 eV at 4 K and growing in intensity to
surpass that of the higher-energy peak below 120 K (see Figure
1b and Figure S3a), and which could have multiple potential
explanations. Given that this energy scale is very similar to the
absorption at 1.24 eV observed through photothermal
deflection spectroscopy (PDS) in the original investigation
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by Sansom et al,’’ we think it most likely arsises from a
midgap defect state, similar to what is observed with Bi-doped
CsAg,_,Na InClg nanocrystals.”” Alternatively, the emission
could be associated with an impurity, for example, the small
quantities of Cu,Bil; that were identified in the XRD
measurements. We note that this impurity is unlikely to be
Bil; though, since this has been shown to absorb only weakly
at the excitation wavelength near 400 nm and luminesce near
1.8 eV,”°7® where we do not find any significant intensity.
Finally, an alternative explanation for the lower-energy
emission band of Cu,AgBilg between 1.26—1.35 eV at low
temperatures could be the disordered geometry of the
structure supporting sites of distinctly different energies at
different points in the lattice. Such effects have been proposed
for Rb,Ag,BiBr,,”” for which self-trapped excitons on [BiBr,]*
units give rise to three distinct peaks in the measured PL
spectra that are separated by up to 240 meV.

To elucidate the dynamics relating to the charge—lattice
interactions, we performed time-resolved spectroscopy on
femtosecond through to microsecond time scales, using both
nanosecond time-resolved PL and subpicosecond time-
resolved THz photoconductivity techniques. We first report
on time-resolved photoluminescence transients, measured
using time-correlated single photon counting with ~100 ps
time resolution (Figure 1c). Such transients therefore allow for
an examination of the time scales involved in the
recombination of the higher-energy self-trapped emitting
state. At high temperatures, the PL decays associated with
the 1.59—1.71 eV emission band are very heterogeneous,
exhibiting both very fast early components within the first few
ns after excitation, as well as a tail with longer-lived dynamics.
As the temperature is decreased, the initial fast component
becomes much less dominant, and the longer-lived tail
increases significantly in lifetime. Given the heterogeneity of
these dynamics, stretched-exponential functions of the form I =

Te “) were fitted to these data in order to extract PL
lifetimes,”” which are presented in Figure S3d of the SI. These
fits yield an average PL lifetime of tens of nanoseconds at room
temperature, rising to 4.1 ps at 4 K, for the high-energy PL
band between 1.59—1.71 eV. Similar dynamics were measured
for the low-energy emission, and these are shown in Figure S3b
and discussed in the Supporting Information. Finally, time-
resolved PL spectra were recorded at 4 K over the first 100 ns
after excitation, which exhibit no energetic shifts over these
time scales (see Figure S3e in the SI).

To interpret the observed PL dynamics, we note that self-
trapped states have often been found to exhibit an increased
lifetime as the temperature is lowered, as for example in zero-
dimensional Cs,SnBrg™* and across the alkali halides,** and by
several orders of magnitude in the case of KBr, KI and RbI,*0
similar to what we report here. However, trap-mediated
recombination pathways may also be facilitated by lattice
vibrations with increasing temperature, as seen in MAPbL,*’
and mixed lead—tin FAPb,_.SnI; perovskites,'> which may
also partly explain the faster PL dynamics at higher
temperatures. The observed heterogeneity of the PL decay
from Cu,AgBil, (in particular at high temperature) is also in
good agreement with the structural disorder deduced from
XRD and the measured sizable Stokes shifts. However, the lack
of shifts in the emission spectra over time evident in Figure S3e
suggests that energetic relaxation either within electronic bands
(e.g, from a direct to an indirect gap region),”” into the self-
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Figure 2. Fractional change in the transmitted THz-field amplitude for Cu,AgBil,, proportional to the photoinduced THz conductivity,
plotted as a function of time after excitation. Such OPTP transients are shown for a range of different excitation fluences for (a) 295 K and
(b) 7 K. The inset in (b) shows the normalized traces at 7 K over the first 6 ps, indicating a lack of fluence dependence to the charge-carrier
dynamics. (c) Early time temperature-dependent OPTP data measured at a fluence of 15.3 #J cm™ and fitted with a two-level mobility
model, with the fits shown as gray solid lines. The two-level mobility model is explained schematically in (d), with fixed parameters shown in
black and parameters that are fitted and extracted from the model in pink. The dotted line indicates the initial photoexcitation of charges, in
our case due to pulsed laser excitation. See the main text and Supporting Information for further discussion of the model and parameter

values extracted.

trapped state, or through charge migration to lattice locations
with different emission energies, does not occur to a significant
extent within the time window of 100 ps to 100 ns following
excitation. Higher temporal resolution is therefore required in
order to examine such effects.

In order to gain further insights into the dynamics of charge
carriers and the potential formation of any self-trapped states,
ultrafast optical-pump terahertz-probe spectroscopy was
carried out using an amplified laser system (Spectra Physics,
MaiTai — Empower — Spitfire) with a 400 nm pump pulse
train (see Supporting Information for further experimental
details). This technique provides insights into the fractional
change in transmitted THz-field amplitude AT/T, which is
proportional to the transient photoconductivity of a material,
with subpicosecond time resolution (see Figure S6 in the SI),
making it ideal for the study of charge-carrier localization
effects. We note that 400 nm (3.1 eV) optical excitation was
used in both the PL and OPTP measurements, well above the
band gap, meaning that free carriers, rather than excitons,
predominantly form immediately following photoexcitation in
Cu,AgBils. Measurements at room temperature across several
excitation fluences, shown in Figure 2a, reveal an ultrafast
decay: the photoconductivity (proportional to the charge-
carrier sum mobility ¢ and number of photoexcited charge-
carriers n) decreases by a factor of 2 within a few ps, in a
process that is fluence-independent (see Figure 2b inset). We
note that the THz field probing Cu,AgBil lies in the plane of
the thin film: although there are clear 2D layers of octahedra in
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Cu,AgBils, the random lattice orientation across different
grains in the thin film means that results from the OPTP
measurements can be interpreted as a bulk average across all
directions in the material.

Previously reported time scales for the formation of self-
trapped states in layered metal-halide perovskites are similar to
those measured here, varying between hundreds of £, 323381
through to tens of ps,”” and self-trapped exciton formation in
other systems such as KI, NaCl, or Argon clusters has also
been observed to occur on picosecond time scales.**™* The
lack of fluence dependence and presence of this ultrafast decay
even at low excitation fluences (< 10 yJ cm™) rules out any
bimolecular or Auger contributions, or exciton formation, as
the origin of this component, once more indicating the
likelihood of self-trapping processes leading to the observed
ultrafast decay in charge-carrier conductivity.

To gain insights into the mechanisms limiting the charge-
carrier mobility and to reveal any thermally activated processes,
we conducted temperature-dependent THz photoconductivity
(OPTP) measurements on Cu,AgBil; with the resulting
transients shown in Figure 2b,c. Transient OPTP decays
were measured out to 25 ps after excitation, and the
temperature was varied between 7—290 K using a liquid-
helium cryostat. Longer, fluence-dependent decays out to 1000
ps using logarithmically spaced points in time were also
recorded at 7 K, and THz photoconductivity spectra were
taken at several time delays for temperatures of 7 and 295 K
(see Figure S4). The transient decays across all temperatures
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exhibit an initial fast decay component, followed by a long-
lived decay. Through visual inspection and data fitting
described in more detail below, we find the decay time of
the initial ultrafast component to be temperature-invariant.
However, at lower temperatures, the ultrafast component plays
a more substantial role, that is, the contribution of the longer-
lived component to the photoconductivity decreases as the
temperature is reduced.

In order to verify the origin of the photoinduced
conductivity response, we recorded spectra across the range
of 0.4—2.5 THz at temperatures of 7 and 295 K and time
delays of 0.2, 2, and 92 ps (see Figure S4d —i). The
photoconductivity spectra exhibit very flat real and imaginary
parts, with the latter being near-zero, indicative of Drude-like
conductivity with short momentum scattering times.” No
sharp resonances were observed, suggesting the absence of
discrete optically allowed transitions in the energy range of 2—
10 meV (0.5—2.5 THz). These observations thus suggest that
interexcitonic transitions do not fall into this range, in good
agreement with the estimate of the binding energy obtained
from the absorption measurements. Further, optical phonon
modes are also absent in this energy region, and we therefore
assume that the measured photoconductivity simply arises
from photoinduced charge carriers and exhibits a linear
dependence on charge-carrier mobility and population. We
calculate a “Drude Factor”, following the method presented by
Milot et al,®® in order to assess the extent to which
photoconductivity spectra follow a free-carrier response with
short scattering times (zero imaginary part, constant real part).
Our analysis yields values above 0.8 at all time delays for low
(7 K) and room (295 K), indicating that Drude-like free-
carrier conduction prevails (see Figure S4c) However, we note
that at 7 K an interesting decrease in the Drude factor occurs
over time, from 0.97 to 0.82 between 0.2 and 92 ps after
excitation, which may be indicative of a stronger deviation
from free-carrier like transport as charge carriers localize over
time.

To assess the mobility of charge-carriers before and after the
ultrafast charge-carrier localization, we fitted the early time
transient decays in Figure 2c with a simple two-level model,
shown schematically in Figure 2d and discussed in detail in the
Supporting Information. The model assumes carriers are
initially photoexcited high into the conduction band into a
free-carrier state associated with a high mobility p4.,. and a
population #g4.o,, which determine the initial photoconductiv-
ity response at t = 0 ps. Following this, the mobility of charge
carriers is reduced through the formation of a “localized” state,
with mobility y,. and population ny,, with the localization rate
given by k.. From the localized state, charges will
subsequently recombine down to the ground state over longer
time scales, as observed in the time-resolved PL. We thus
describe this recombination using long-time recombination
rates k;, which we extract from the lifetimes obtained from the
fits to the high-energy PL decays recorded with TSCPC at
each temperature. While the initial free-carrier state could in
principle also contribute photoluminescence through band-to-
band recombination, no PL could actually be observed at
energies close to the absorption onset, presumably because the
free state depopulated too rapidly to contribute significantly
and to be resolved in our TCSPC measurements. Both the free
and the localized charge-carrier populations then contribute to
the total recorded photoconductivity, given by Ac = e
(Mgeloctdeloc + Mioctioc). Through knowledge of the initial

1734

density of photons absorbed (1, = 1. 59 X 10'® cm™ — see
Supporting Information for details), we may then extract a
localization rate k. and effective charge-carrier mobilities g,
and pp,. at each temperature. Although this is a highly
simplified schematic description of the charge-carrier dynamics
(e.g,, it does not account for the subsequent diffusion and
recombination dynamics of charge carriers that, for example,
give rise to the lower-energy emission around 1.25 eV), it
allows us to focus on the key processes that dominate the
charge-carrier dynamics over the first 25 ps: namely, charge-
carrier localization from a high-mobility state into a low-
mobility state.

In order to examine the charge transport mechanisms both
before and after charge-carrier localization, we examine the
respective mobility values extracted through the model and
presented in Figure 3a. The value of 4o, describes the

6
a
5_
3”4
>
N
1
S3r
w
Q
§2' E,~0.4+0.2meV %
1F ; ‘ ----- P N—— A A - A—A—E
A S Bl T+0.16
of . ; " " '
b
0.8 ]
<06 _% % ?
[%2]
£
8
x 04+ ]
0.2r ]
0 . . . . .
0 50 100 150 200 250 300

Temperature (K)

Figure 3. Temperature-dependence of (a) effective THz charge-
carrier mobilities and (b) charge-carrier localization rates
extracted from the two-level mobility model discussed in the
main text. The values of y . for the lowest four temperatures
were not included in the power-law fit, as this relation diverges
unphysically as T — 0. The dashed line in (b) indicates the mean
value of k. = 0.65 £ 0.05 ps™' across all temperatures, showing
the lack of temperature dependence of the self-trapping process.

mobility of charge carriers that have been initially excited;
these charges then can localize with a rate k. into a state with
charge-carrier mobility py,.. We find that the two species
exhibit distinctly different temperature-dependencies in their
mobilities; while 4, decreases with increasing temperature,
Hioc is found to increase. To describe these trends, we fit a
power-law dependence y «xT? to both trends, yielding negative
values of the exponent p = —0.33 + 0.07 for pgy. and a
positive p = 0.16 = 0.05 for py,.. Further, following Holstein
and Emin,*** we fit an expression reflecting the thermally
activated nature of the localized mobility, that is,
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“E/bT and obtain an activation energy of E, = 0.4 +

Hpe X €
0.2 meV.

In general, the temperature dependence of charge-carrier
mobility depends strongly on the type of scattering or lattice
coupling experienced by charge carriers, with the overall
charge-carrier interactions potentially having several contribu-
tions at any given temperature.49’72’86 The negative temper-
ature trend of the mobility of the free charge carriers is in
accordance with relatively weak charge-lattice interactions
(large polarons) dominating transport, while the positive trend
for the localized state is a signature of a self-trapped or small-
polaron state, as discussed further below. We note that the
localization rate kj,. appears to be largely temperature
independent (see Figure 3b) with an average value of k. =
0.65 + 0.0S ps~', indicating that the localization process itself
is not temperature activated and therefore most likely barrier-
free,”” suggesting that it may be caused by the low-dimensional
electronic nature of Cu,AgBil4 deriving from its structure and
chemical composition.”*”*” This would also be in accordance
with recent reports of ultrafast self-trapping in Cs,AgBiBrs, """
which also has a zero-dimensional electronic structure,
raising the question of the importance of the presence of silver
and bismuth for charge-carrier localization to occur.”’

In order for us to understand the temperature dependence
of the mobility 4., of free charge carriers in Cu,AgBils prior
to charge localization, that is, that of the initially formed large
polarons, we contrast our findings against those made for the
related hybrid metal-halide perovskites. The mobility of free
charge carriers in metal-halide perovskites is governed by
fundamentally similar mechanisms to those operating in
classical inorganic semiconductors such as GaAs;™ however,
some subtle differences may arise from metal-halide perov-
skites being mechanically soft and exhibiting temperature-
dependent dielectric constants and anharmonic lattice
vibrations.”>*>*® For the simple case of MAPbI,, Frohlich
coupling to longitudinal optical phonons has been shown to be
the dominant mechanism affecting carrier mobilities, as
expected for a polar semiconductor.””*" However, there have
been some discussions in the literature about the exact
temperature dependence of the mobility expected for MAPbI,.
While experiments mostly agree that mobilities vary with
temperature with an exponent of p &% — 1.5 in the tetragonal
phase,""*** theoretical calculations have somewhat struggled
to reproduce the observed trends conclusively. A simple
application of Frohlich’s theory incorporatin§ experimental
parameters yielded a p = —0.46 dependency, * while closer
attention to the way in which couplings were distributed across
the many longitudinal optical modes in MAPbI; yielded much
more negative values of p,86 closer to experiment, and even
more negative values in the low-temperature orthorhombic
phase where acoustic phonon scattering begins to dominate. In
addition, recent microscopic models accounting for lattice
fluctuations have suggested that anharmonicity in MAPbI; may
give rise to negative exponents near p = —2.”" We also note
that other metal-halide perovskites, including FAPbI3,64
FASnI;,"* and Cs,AgBiBrs,”” have exhibited mobility expo-
nents different from p & — 1.5, implying a variety of charge-
lattice interactions and scattering mechanisms that need to be
taken into account across different materials. The low value of
p = —0.33 measured here for Cu,AgBils may therefore derive
from the presence of multiple scattering mechanisms, some of
which may relate to intrinsic electron—phonon coupling, while

37,87
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others derive from extrinsic effects correlating with the partially
layered ordering in the structure and high cation disorder of
this material.”' High char§e-carrier mobilities are crucial for
photovoltaic applications,” and the values of pgeoc = 2.1—5.1
cm® V7' s7! presented here are a promising initial measure-
ment. Further, the flatter temperature dependence of the
delocalized charge-carrier mobility, relative to conventional
metal-halide perovskites,“’63 suggests that extrinsic factors,
such as poor crystallinity, still play a significant role, meaning
that suitable improvements in processing protocols may still
improve charge-carrier mobilities substantially.*'

Following the initial localization step, charge carriers exhibit
a positive temperature dependence of increasing puy,. with
increasing temperature. Such behavior is highly indicative of
temperature-activated “hopping” transport typical of localized
charge carriers,.*”** Theoretical studies of such small polarons
in crystal lattices have predicted a positive temperature
dependence of the carrier mobility,**® confirmed by experi-
ments across material classes such as chalcogenide glasses or
perovskite-oxides,"**°* while contributions from polarons
and energetic disorder to charge transport in organic
semiconductors have been studied extensively, with mobilities
of charges or neutral excitons in some organic semiconductors
also rising with increasing temperature.””° The formation of a
self-trapped state or small polaron agrees well with the
measurement of positive temperature dependence for ., and
the very low value for the activation energy of 0.4 + 0.2 meV is
in excellent agreement with the invariance of the localization
rate ki, with temperature.

The measurement of positive temperature dependence for
Hioc in CuyAgBily thus supports the notion that a self-trapped
state or small polaron forms soon after photoexcitation. The
fast localization time scales (see Figure 3b) that have little
temperature dependence imply a small barrier to the formation
of a self-trapped state,””*” as observed in lower-dimensional
perovskites such as (N—MEDA)[PbBr,]** (N—-MEDA = NI-
methylethane-1,2-diammonium), and are in accordance with
the structure of Cu,AgBils, with edge-sharing octahedra and
octahedral layering. Thus, the values measured for py,. are
likely to result from a combination of hopping transport of a
self-trapped state, as well as any remaining free-carrier
contribution, for example from either free electrons or holes
that do not undergo self-trapping, as we cannot be certain at
this point which carrier types are subject to self-trapping. As
discussed in a recent review article,*” this reduction in charge-
carrier mobility can be qualitatively interpreted as a reduction
in charge-carrier scattering time or an increase in charge-carrier
effective mass. There may be slight changes in carrier scattering
times when charge carriers localize in Cu,AgBil,, as quantified
by changes in the calculated “Drude Factor” above, but these
are likely to be quite small and would not lead to substantial
changes in charge-carrier mobility. Instead, given that we
observe charge carriers localizing into small polarons which
then carry a local lattice deformation with them as they “hop”
between lattice sites, we argue that this localization translates
to a substantial increase in carrier effective mass, which leads to
the observed reduction in charge-carrier mobility.

Opverall, photoexcitation therefore initially creates a number
of free electrons and holes forming large polarons, which
contribute to the initial photoconductivity with an overall
electron—hole sum mobility given by pg.o.. These free charges
rapidly localize on a picosecond time scale into a self-trapped
or small polaron state, reducing the measured photo-
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conductivity, with the remaining signal comprising contribu-
tions from remaining free charges and hopping transport of the
localized state, described overall as p,.. The variation in
charge-carrier mobility of both localized and free states with
temperature then gives rise to the variations in observed OPTP
transients shown in Figure 2c. As a guide for the suitability of
Cu,AgBil¢ for optoelectronic devices, we use the measured
values for yy,. and k; at room temperature to calculate an

estimate of the charge-carrier diffusion length L, = [~ kf:T as
€Ky

~400 nm. This value is similar to the typical layer thickness
implemented in many thin-film photovoltaic and optoelec-
tronic devices,' suggesting that this material has good promise
for use in these architectures. In addition, further improve-
ments are likely achievable through optimization of materials
processing, defect passivation and device-based optimization,
as has been the case for conventional metal-halide perovskites.

We note that in principle, the presence of an initial high-
mobility electronic state and a longer-time low-mobility state
could alternatively derive from the relaxation of charges from a
direct band into an indirect band. Studies of other bismuth-
halide based materials such as Cs,AgBiBrs, Cs,AgBiCly, and
Rb,Ag,BiBr, have revealed indirect band gaps,'®*® with higher-
lying direct gaps contributing more prominently to absorption.
This has been shown to be a general property of silver—
bismuth double perovskites for which both Ag and Bi orbitals
contribute to the band structure at the valence band minimum
or conduction band maximum.”” Further, theoretical calcu-
lations of the band structure of silver—bismuth Cs,AgBiX, (X
= Br, Cl) show that the direct bands at the I" point are more
strongly curved than the lower-lying indirect bands at the L
and X points.'® Given that higher curvature implies lower
charge-carrier effective masses and thus higher charge-carrier
mobilities, charge-carrier relaxation from the direct gap to the
indirect gap would lead to lower mobilities and thus decreased
photoconductivity. Although, as explained above, Cu,AgBil; is
not a double perovskite, it could have similar contributions to
the band structure, making it plausible that our measured
OPTP transients are caused by ultrafast relaxation of charge
carriers into an indirect gap following initial excitation across
the direct gap. However, this explanation cannot easily support
the observed switch in temperature-dependent behavior of the
charge-carrier mobility between the delocalized and localized
states, as it is unlikely for charge-carrier scattering mechanisms
to change so profoundly simply because of relaxation into an
indirect gap. Indeed, charge-carrier mobilities in Si and GaP,
which are indirect semiconductors with a higher-lying direct
gap, decrease as temperature increases because of increased
phonon scattering—the opposite of what is observed
here.”* ™" If charge carriers in Cu,AgBilg relaxed into an
indirect band within a few ps, we would then expect p,. to
display a similar temperature dependence to what is observed
for Hdeloc:

A similar argument is valid to exclude charge-carrier cooling
as the potential source of the early time reduction in
photoconductivity: given that higher-lying bands in metal-
halide perovskites have lower curvature (higher effective mass),
charge-carrier relaxation into the more curved (lower effective
mass) band extrema should lead to a rise in charge-carrier
mobility and thus photoconductivity. This has been observed
in excess-energy dependent OPTP spectroscopy in conven-
tional metal-halide perovskites'*>'*® but is the opposite to
what is observed here for Cu,AgBil4. Given this, we argue that
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the thermally activated hopping mobility sy, indicates the
formation of small polarons or self-trapped carriers in
Cu,AgBils, as outlined above, at the lowest point of the
bandstructure.*>****

In conclusion, we have presented clear evidence for strong
charge-lattice coupling leading to self-trapping processes in the
recently discovered semiconductor Cu,AgBil,. Self-trapping of
charge carriers is apparent in the temperature-dependent PL
and leads to highly red-shifted emission with large Stokes
shifts. The self-trapping process is also prominent in the
charge-carrier dynamics: at low temperatures the photo-
luminescence exhibits a very long lifetime, on the order of
microseconds, while there is an ultrafast decay in photo-
conductivity that is visible at all temperatures. Localized charge
carriers have lower mobilities, leading to decreased photo-
conductivity on a picosecond time scale. The lack of
temperature dependence of the localization rate and very low
activation energy obtained for the “hopping” transport imply a
low energetic barrier to self-trapping, which may derive from
the lowered electronic dimensionality of this material. These
findings will thus allow connections to be made between order,
electronic, and lattice structure design and the extent to which
such localization tends to occur. Overall, we note that while
the presence of a self-trapped state and ultrafast localization
somewhat lowers charge-carrier transport, this effect is not
substantial at room temperature, partly because small-polaron
motion is temperature-activated. At room temperature, this
process therefore only reduces the measured photoconductiv-
ity by a factor of 2, still leaving sufficiently high values near 1
cm? V7' s7! to enable efficient photovoltaic devices. Together
with an attractive bandgap near 2.1 eV for large-gap subcells in
multilayer photovoltaic architectures or visible light emission,
and low exciton binding energies comparable to thermal
energies at room temperature, Cu,AgBil4 therefore presents an
attractive new semiconductor for optoelectronic applications.
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