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Compositional Transformation and Impurity-Mediated
Optical Transitions in Co-Evaporated Cu,AgBil, Thin Films

for Photovoltaic Applications

Benjamin W. J. Putland, Marcello Righetto, Heon Jin, Markus Fischer,
Alexandra J. Ramadan, Karl-Augustin Zaininger, Laura M. Herz,* Harry C. Sansom,*

and Henry J. Snaith*

Quaternary copper-silver-bismuth-iodide compounds represent a promising
new class of wide-bandgap (2 eV) semiconductors for photovoltaic and
photodetector applications. In this study, vapor phase co-evaporation is
utilized to fabricate Cu,AgBil thin films and photovoltaic devices. The
findings show that the properties of vapor-deposited films are highly
dependent upon processing temperature, exhibiting increased pinhole density
and transforming into a mixture of quaternary, binary, and metallic phases
depending on the post-deposition annealing temperature. This change in
phase is accompanied by an enhancement in photoluminescence (PL)
intensity and charge-carrier lifetime, along with the emergence of an
additional absorption peak at high energy (~3 eV). Generally, increased PL is a
desirable property for a solar absorber material, but this change in PL is
ascribed to the formation of Cul impurity domains, whose defect-mediated
optical transition dominates the emission properties of the thin film. Via
optical pump terahertz probe spectroscopy, it is revealed that Cul impurities
hinder charge-carrier transport in Cu,AgBil thin films. It is also revealed that
the predominant performance limitation in Cu,AgBil, materials is the short
electron-diffusion length. Overall, the findings pave the way for potential
solutions to critical issues in copper-silver-bismuth-iodide materials and
indicate strategies to develop environmentally compatible wide-bandgap
semiconductors.

1. Introduction

Realizing affordable utility-scale multi-
junction solar cells would represent a
fundamental shift in the photovoltaic
(PV) landscape by reducing the levelized
cost of electricity beyond that attainable
using single-junction modules, and re-
ducing required land use.'*] Typically,
for triple-junction cells incorporating sil-
icon as the base absorber (E, 1.1 eV),
the optimum bandgap of the top cell is
1.95 eV, whilst for “all perovskite” multi-
junctions utilizing a 1.22 eV Pb-Sn based
absorber, the ideal top cell is 2.04 eV.[*]
The development of highly efficient in-
trinsic wide-bandgap semiconductors is
therefore critical. The versatility of the
ABX, (A = Cs*, FA*, B = Pb**, X =
-, Br™) perovskite structure makes hy-
brid lead-halide materials of particular in-
terest. The ability to tune their bandgap
by alloying iodide with bromide sus-
tains many of the excellent optoelectronic
properties associated with the [PbI,]* oc-
tahedral framework in lower bandgap
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perovskites, that is, strong optical absorption, long charge-
carrier diffusion lengths, and long charge-carrier lifetimes.[>®]
However, bromide-rich mixed-halide perovskites are usually un-
stable under illumination, reversibly segregating into iodide-
and bromide-rich regions leading to funneling of photo-excited
charges across compositionally heterogeneous regions.*1°l
This, coupled with the low thermal stability of the organic
cation, makes all inorganic, single-halide absorber materials
preferable.l'12] A vast majority of such materials are centered
on alternating [AgX] and [BiX,] (X = I7, Br~, Cl7) octahedral
networks. The corner-sharing double perovskites, in particular
Cs,AgBiBr,, have been studied because of their preferred high
stability and microsecond charge-carrier lifetimes.['>>] Never-
theless, power conversion efficiencies (PCEs) of photovoltaic de-
vices have been slow to progress as a result of a combination of
small electron diffusion lengths and the large absorber thickness
made necessary by the weakly absorbing indirect bandgap (1.8
2.2 eV) of the material.'**°] Alternatively, several edge-sharing
ternary silver bismuth iodide compositions (Ag,Bi/l, ;) have
been shown to possess encouraging photovoltaic properties and,
importantly, direct bandgaps around 1.8-2 eV!?*2l—of which
the silver-rich Ag,Bil; and Ag,Bil; compositions have system-
atically outperformed AgBil, and AgBi,I, in photovoltaic de-
vices, with the record PCE (5.56%) reported for sulfur-doped
Ag;Bils ,S,0-2>) Despite positive advancements, low short-
circuit current density and radiative efficiency,[?*2¢%’] film pro-
cessing issues,[?#2%1 and Ag* migration have all been reported.l*’!
More recently, Sansom et al. expanded the Ag-Bi-I phase space
through incorporation of monovalent Cu?, discovering two
novel quaternary Cu-Ag-Bi-I (sometimes referred to as CABI)
absorbers: CuAgBil; and Cu,AgBil,. Initial studies showed
Cu,AgBil, has a direct 2.06 eV bandgap suitable for tandems
and triple junctions, a high absorption coefficient comparable to
the best-in-class perovskites (~10° cm™), as well as modest yet
promising 0.43% PCE.3!] The role of Cu* is crucial in enhancing
electronic orbital connectivity between otherwise electronically-
isolated silver and bismuth octahedra (i.e., increasing the so-
called electronic dimensionality of the material),??) leading to
improved charge transport via increased mobility and reduced
exciton binding energy.**! This enhanced transport is attributed
to Cut contributing to the density of states at the top of the va-
lence band.3133] A shallower valence band maximum (VBM) also
has the further advantage of more favorable band alignment be-
tween Cu,AgBil; (—5.21 eV),’!) and typical hole transport layers
such as poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] PTAA
(5.2 eV),34 2,2,7,7" -tetrakis(N,N-di-p-methoxy-phenylamine)-
9-9'-spirobifluorene(Spiro-OMeTAD) (—5.2 eV),®® and NiO
(5.2 eV),3%] in comparison to the valance band maximum of
the silver bismuth iodides (~—5.6-5.9 eV).[?22837] Cu,AgBil,
has since been developed for use as photodetectors,*®! and
in solar cells under both AM1.5 and indoor irradiation
spectrums.3%#2

Studies on Cu,AgBil; have so far all been conducted on
solution-processed thin films or powder samples. Due to phase
heterogeneity, poor morphology, low crystallinity, and low precur-
sor solubility, formative investigations have concentrated on opti-
mizing the deposition process. This has either been through ad-
ditive or solvent engineering such as mixing dimethyl sulfoxide
(DMSO) with the heterocyclic organic compound pyridine, or in-
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corporation of phenethylammonium iodide (PEAI) or hydroiodic
acid (HI), which proves effective in passivating surface defects
and improving the crystallization and grain structure.383%43] De-
spite the use of deposition engineering techniques such as gas
and anti-solvent quenching, ink optimization, hot-casting, and
two-step annealing, their efficacy has not been as pronounced
as they have been for lead-halide perovskites. The influence of
the deposition method on Cu,AgBil; film quality, particularly
in the context of phase heterogeneity and high pinhole density
when the optimal solution/spin-coating conditions are not met,
was recently highlighted by Pai et al.,[*?! These stringent process-
ing requirements pose a challenge for optimizing the crystalliza-
tion process, which limits the options for controlling the grain
size and thickness, reducing the defect density, and ultimately
enhancing the PCE through deposition engineering.

Another challenge associated with Cu,AgBil, materials is
charge transport and consequently low extracted current den-
sity. Optical pump terahertz probe (OPTP) measurements re-
veal strong charge-lattice interactions.[**] Photoconductivity tran-
sients show a fast decay (on the order of picoseconds) of the initial
photoconductivity signal followed by a long-lived signal compo-
nent. Buizza et al. demonstrated how this is typical of charge-
carrier localization, causing an initially delocalized large polaron
to localize and form a small polaron whose mobility is signifi-
cantly reduced compared to the delocalized state, contributing to
low drift and diffusion rates.** Second, non-radiative recombi-
nation loss mechanisms such as point defects are important to
consider because they act as charge traps that reduce current,
which may also explain the low photoluminescence intensity and
open-circuit voltages found thus far in Cu,AgBil; materials and
solar cells. Such traps have been attributed to iodine vacancies, fa-
cilitated by the highly disordered Cu,AgBil, structure.[**] Partial
substitution of bismuth (III) for antimony (III) was shown to be
effective in reducing the lattice disorder and formation energy of
intrinsic defects. For example, when exposed to “indoor” illumi-
nation using a 1000 lux white light-emitting diode, Cu, AgBil,-Sb
photovoltaic devices achieved nearly double the PCE of the nomi-
nal Cu,AgBil, absorber, increasing from 5.52% to 9.53%.[“l Un-
der AM1.5G radiation, the champion PCE reported for the nom-
inal Cu,AgBil; is currently 2.39% and exhibits notable stability
of up to 240 days in ambient conditions.[*?] However, up to this
point, the most efficient Cu,AgBil devices have consistently em-
ployed a mesoporous electron-transport layer. In contrast, pla-
nar heterojunction device architectures have faced challenges in
surpassing 1% efficiency, primarily due to limitations in current
density. Nevertheless, these encouraging characteristics call for
further development and a deeper understanding of these newly
emerged Cu,AgBil, materials.

The utilization of thermal evaporation for the absorber in pho-
tovoltaic devices has gained popularity due to its scalability. This
approach could be particularly advantageous for Cu,AgBil, ma-
terials, given the strict processing conditions we previously de-
scribed. Thermal evaporation provides a wider parameter space
for investigation, such as varying thicknesses, annealing pre-
and post-deposition, and different compositions, without the
need to optimize a multitude of solution-coating variables, while
still maintaining conformal coverage. Despite these benefits,
no studies have yet explored the potential of vapor-deposited
Cu,AgBil,. In this study, we demonstrate the use of multi-source
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Figure1. a) Experimental X-ray diffraction patterns of unannealed and annealed Cu,AgBilg films (in air) using Cu-Ka as the radiation source. Unannealed,
110, 130, and 150 °C annealed films all refine to a single rhombohedral Cu,AgBil, phase (space group R3m),I3" but with varying impurity constitutions.
Impurity peaks belonging to Bilz, Cul, and metallic bismuth are marked with (#), (*), and (**), respectively. Reflections from the quartz substrate are

marked with (+).

b) Lattice constants and unit cell volume (taken from Table S1, Supporting Information) of the evaporated Cu,AgBilg unit cell, R, (red

dashed line), as a function of annealing temperature. Unit cell lattice parameters of powder and solution-processed thin films of Cu,AgBilg reported in
literature are plotted for reference (teal dashed line).[31] Top-view scanning electron microscopy images of c) unannealed films, and d) 110 °C, e) 130 °C,

and f) 150 °C annealed Cu,AgBilg films.

co-evaporation to fabricate polycrystalline Cu,AgBil; films and
devices. We carry out a detailed phase, morphology, and opto-
electronic analysis to investigate how the structural and optoelec-
tronic properties change following a range of annealing tempera-
tures, and in doing so, identify several performance limiting fac-
tors of key importance to the advancement of Cu,AgBil.

2. Results

We prepare 250 nm thick Cu,AgBil, films by co-evaporating
Cul, Agl, and Bil, separately under vacuum (10~° mbar) using
three resistively heated sources. All precursor powders readily
evaporate at temperatures less than 500 °C. Tuning the evap-
oration rates of each source attains an average composition of
Cu,.12(12)A81.0418) Blo.os(7) L6 00(14)» @S characterized by scanning elec-
tron microscopy energy dispersive X-ray spectroscopy (SEM-
EDX), which is within 1c error of the nominal target composi-
tion, Cu,AgBil,. The numbers in brackets represent the error,
calculated as the standard deviation of at least 6 SEM-EDX mea-
surements. A detailed fabrication procedure is outlined in the
Supporting Information. We also highlight an unforeseen syn-
thetic challenge in evaporating Agl, which depends on the choice
of crucible material. We describe it in the Supporting Informa-
tion and Figure S3, Supporting Information, but note here that
using an opaque crucible, such as alumina (Al, O;), is important.
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2.1. Phase Description and Film Morphology

To gain insight into the deposited phases, we carry out X-ray
diffraction (XRD) measurements and conduct phase identifica-
tion and unit cell analysis using Pawley fitting. The XRD data
of unannealed films is shown in Figure 1a. The crystal structure
refines to a single trigonal phase (space group R3m) witha =
b = 4.3206(8) A, ¢ = 20.888(8) A. Whilst the space group is
consistent with literature reports, in our evaporated films a and ¢
axes are larger and smaller, respectively, than those measured for
Cu,AgBil, powder synthesized via solid-state reactions at high
temperature (@ = b = 4.3151(2) A, ¢ = 21.141(1) A), but simi-
lar to the lattice parameters of solution-processed films (a = b =
4.3476(8) A, ¢ = 20.80(1) A).’!] Small impurity peaks belong-
ing to Bil; are also observed (marked (#) in Figure 1a). Com-
pared to the random orientation of powdered Cu,AgBil,*!l and
solution-processed Cu,AgBil,131**41] the relative intensities of
the Bragg reflections indicate unannealed evaporated films favor
out-of-plane growth along the [003] direction.

Though not always necessary, evaporated metal halide films
are often annealed post-deposition to enhance phase purity, crys-
tallinity, and morphology,2#>#¢l which could be important for
evaporated Cu,AgBil; considering films are multiphasic. Scan-
ning electron microscopy (SEM) of unannealed films (Figure 1c)
also reveals small grains (=50-100 nm), pinholes, and rod-like
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impurities likely to be Bils, consistent with the low-intensity Bil,
peaks observed in XRD measurements, and the morphology of
our evaporated neat Bil, films (Figure S4a, Supporting Informa-
tion). For these reasons, we anneal films post-deposition for 15
min in air between 110 and 150 °C and measure the surface mor-
phology, composition, and phase constitution using a combina-
tion of SEM, SEM-EDX, XRD, and Pawley fittings. The diffraction
patterns are presented in Figure 1la. The fits, and a detailed unit
cell and compositional analysis are presented in Figure S5 and
Table S1, Supporting Information, respectively. To summarize,
we fit all annealed films to a single rhombohedral phase (space
group R3m) with varying lattice parameters and impurity consti-
tution. Films annealed at 110 °C have an average composition
of Cu, 1312A81 18011 Bi1 0715 L6.00110) 20d are fitted to a single trigo-
nal phase, R,, with lattice parameters a = b = 4.313(1) A, ¢ =
20.709(4) A (space group R3m). Films annealed at 130 °C have an
average composition of Cu, o519 A 2116/ Bi1 09(10) L6 00004 20d are
fitted to a trigonal unit cell, R;, with lattice parametersa = b =
4.3183(3) A, ¢ = 20.651(2) A. Films annealed at 150 °C have
an average composition of Cu, g320/Ag1 g7(9)Bi1 14 I6.0003) and are
fitted with a trigonal unit cell, R, with lattice parametersa =
b = 4.3208(1) A, ¢ = 20.6519(6)A. The composition of all an-
nealed films are within 1o error of the composition measured
for unannealed films, indicating no preferential loss of elements
within the sensitivity of SEM-EDX over the investigated tempera-
ture range. We do not observe XRD peaks belonging to common
oxides or oxyhalides (e.g., BiOI, CuO, Cu,0, or Ag,0) that may
form as a result of annealing in air. Similar to unannealed films,
we identify the ever presence of Bil, impurity peaks in the an-
nealed films. Unlike for unannealed films, we identify peaks be-
longing to Cul (marked (*), Figure 1a) in films annealed at 110,
130, and 150 °C, which increase in intensity with annealing tem-
perature. We assign these peaks to a previously reported*’! trig-
onal Cul unit cell (space group P3m1: Coll.Code: 30363, ICSD
database), with lattice parameters a = b = 4.355(1) A, ¢ =
20.853(8)A. This trigonal Cul phase has similar lattice param-
eters to the main quaternary Cu,AgBil; phase, thereby poten-
tially explaining the preferential formation over the cubic zinc
blende structure. Owing to the overlapping XRD peaks of Cul
and Cu,AgBil; phases, it is difficult to infer the effect that anneal-
ing has on crystallinity of the main Cu,AgBil; phase, R;. XRD
data also shows that films annealed at 130 and 150 °C contain
metallic bismuth (**), which is consistent with the satellite peaks
found in the bismuth 4f spectra as measured by X-ray photo-
electron emission spectroscopy (Figure S6, Supporting Informa-
tion), and observations reported for solution-processed films.[*?!
We gain insight into main Cu,AgBil; phase, R, by analyzing
the evolution of lattice parameters with temperature, as shown
in Figure 1b. Here, as the annealing temperature increases, the
a—axis and unit cell volume of R, initially decrease, then increase
for films annealed at 130 and 150 °C. The c—axis, however, mono-
tonically decreases with temperature, with the largest decrease
observed during the unannealed to 110 °C annealed state. We ar-
gue that these changes are caused by the changing composition
of the main phase and/or impurity constitution, that is, loss of
tetrahedral Cu* and octahedral Bi**. However, given we do not
see a clear discontinuity in the a and ¢ lattice parameters, we in-
fer R, remains structurally 2D, as opposed to transitioning to the
3D octahedral network associated with CuAgBil [**]
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To assess the evolution of morphology across the investigated
temperature range, we compare top-view SEM of unannealed and
annealed films, as shown in Figure 1c—f. In agreement with XRD
analysis and similar to unannealed films, we identify Bil; impu-
rity grains in all annealed films. Films annealed at 110 °C remain
largely unchanged from unannealed films, but temperatures of
130 and 150 °C cause the films to develop surface features and to
visibly degrade through increasing pinhole density and size with
temperature. Considering the impurity constitution as identified
by XRD and the typical morphology of evaporated pure Cul films
(Figure S4b, Supporting Information), we speculate the surface
features to be Cul, rather than Bi° agglomerates.

2.2. Optoelectronic Properties

To probe the conductivity and doping, we compared the long-
range in-plane electrical conductivity of evaporated unannealed
and 150 °C annealed films to solution-processed Cu,AgBil;
films, using measurements obtained via the Van der Pauw
method.[*%! In this four-point square configuration, a current is
applied across two contacts, and the voltage is measured between
the remaining two opposite contacts. A full description of the
sample layout and measurement procedure is included in the
Supporting Information (Figure S7, Supporting Information).
The results are shown in Figure 2a. Interestingly, we measure
the conductivity of unannealed evaporated Cu,AgBil; films to
be (2 £ 1) x 1072 S cm™', which is several orders of magni-
tude greater than that of the 150 °C annealed films ((5 + 3) x
107> S ecm™') and solution-processed Cu,AgBil, films ((1.2 +
0.2) x 107> S ecm™'). Whilst the conductivities for evaporated
annealed and solution-processed Cu,AgBil are similar to val-
ues reported for MAPI and double and triple-cation (FA:MA:Cs)
perovskites,®! the conductivity of unannealed films is high, indi-
cating high free charge-carrier doping density. On the same plot,
we show the associated free charge-carrier densities, calculated
from the conductivity () and localized-state charge-carrier mo-
bility (t4,.) values (which we will discuss in more detail below).
Evaporated unannealed Cu,AgBil, films have the highest free
charge-carrier density of 9.6 x 10'® cm=2, followed by 150 °C
annealed (2.8 X 10" cm™2), and solution-processed (8.9 x 10
cm™?) films. The observed trend indicates that the unintentional
“doping density” is strongly dependent upon annealing temper-
ature and processing methodology. The origin of the change in
apparent p-doping and conductivity with annealing temperature
is subject to ongoing investigations.

We investigate the electronic band structure and estimate the
VBM of evaporated films using ultraviolet photoelectron spec-
troscopy (UPS). The results are shown in Figure 2b. The VBM
(E,) of unannealed films is measured to be —5.2 eV, consistent
with Cu,AgBil; powder (—5.21 eV).3! The work function (Fermi
level, E;) is measured to be —4.0 eV, and by adding the optical
bandgap to the VBM (E, + E,), we infer the conduction band
minimum (CBM) to be —3.1 eV, which compares to literature
values of —3.15 eV for bulk Cu,AgBil, powder,*!! and —3.36[*?!
and —3.83 eV,[*®] for solution-processed films. Measurements
of annealed films show a monotonic deepening of the VBM,
from —5.2 to —5.3 eV, and —5.5 eV for unannealed, 130, and
150 °C annealed films, respectively. The Fermi level also deepens
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Figure 2. a) Electrical conductivity and corresponding inferred charge-carrier density of evaporated and solution-processed Cu,AgBilg films. The error
bars illustrate the standard deviation in conductivity observed among five samples. b) Schematic band alignment of valence and conduction band
energies of evaporated Cu,AgBilg films, electron transport layer SnO,, Cul, electrodes (Au, indium tin oxide (ITO)), and the HOMO of the hole transport
layer poly[bis(4-phenyl) (2,4,6-trimethylphenyl)amine] (PTAA) used in photovoltaic devices. The energy levels of the Cu,AgBilg films were measured
using ultraviolet photoelectron spectroscopy (UPS), whilst values for the transport layers were taken from literature.[34484°] ¢) Absorption coefficient of
multiphasic unannealed and annealed Cu,AgBilg films and evaporated 300 nm thick Cul and Agl films. d) Steady-state photoluminescence spectroscopy
showing evaporated Cu,AgBilg films annealed at 150 °C strongly overlap with a defect-mediated optical transition found in Cul films.

relative to unannealed films, from —4.0 to —4.3 eV and —4.3 eV,
respectively. This behavior can be explained by considering the
role that Cu* plays in contributing to the band structure of Cu-
Ag-Bi-I compounds.3133] Increased Cu* is associated with a shal-
lower VBM and CBM, and narrower bandgap.*!! As a result,
compositions containing greater Cu* such as Cu,AgBil; have a
shallower VBM (~—5.2 eV) compared to CuAgBil; (—5.47 eV),
and the ternary silver bismuth iodides (=-(5.6-5.9 eV)).[222837]
We therefore infer that the loss of tetrahedral Cu* from the qua-
ternary structure during annealing, in the form of Cul impurity
domains, is responsible for the changes in band structure we ob-
serve, as supported by our XRD and SEM measurements. This
is further consistent with PL and absorption measurements de-
scribed below.

To probe the absorption properties of unannealed and an-
nealed Cu,AgBil; films, we measure the ultraviolet-visible
(UV-Vis) absorption spectra and calculate the absorption
coefficient, @, as a function of wavelength, as shown in Figure
S8a, Supporting Information. The absorption onset and profile
are typical of that observed for Cu,AgBil .’ All films display
strong absorption in the visible region and a red shift in absorp-
tion onset with increasing temperature. To account for the ex-
citonic contribution to the continuum of states, we model the
experimental absorption coefficient following the theory devel-
oped by Elliott*#32] (Figure S9a—d, Supporting Information) and
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estimate a direct bandgap of unannealed films to be 2.13 eV,
which is marginally larger but consistent with 2.06 eV reported
for solution-processed Cu,AgBil;.3!l As reported in Table S2,
Supporting Information, the bandgap decreases upon anneal-
ing, with 110, 130, and 150 °C annealed films showing reduced
bandgaps of 2.09-2.10 eV. Furthermore, the fitting also confirms
the exciton binding energy to be largely unchanged (17-24 meV)
over the temperature range, and comparable to room tempera-
ture thermal energies (%26 meV) and those reported for solution-
processed Cu,AgBil.31:44]

A key feature of the absorption profile of evaporated
Cu,AgBil,, which has also been observed in solution-processed
Cu,AgBil; materials,33°] is the emergence of an absorption
peak at ~#415 nm. In evaporated films, this peak redshifts from
408 nm for unannealed films, to 411, 414, and 417 nm for 110,
130, and 150 °C annealed films, respectively. Upon annealing
to 130 and 150 °C, the peak becomes noticeably sharper. Al-
though Grandhi et al. reported a similar observation for HI-
treated solution-processed Cu,AgBil,[*! the origin has not yet
been clarified. While Grandhi et al. suggested it could originate
from Agl, Bil;, or Cu,Bil; impurities, we assign this feature to
a Cul-rich impurity. As shown in Figure 2c, the absorption edge
of Cul is very close to the additional absorption edge observed
in Cu,AgBil; films. However, since the absorption peak exists
between those of Agl and Cul, it is also possible that the phase

© 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

95LB01 7 SUOLULLOD A0 3[cedldde U Ag peusenob e e VO ‘85N JO Sa|n. o} Akeuqi8UlIUO A8 ]I UO (SUONIPUOD-PUe-SWLBI LD A IM ARe.d 1[BU 1 UO//STIY) SUONIPUOD PUe SIS 1 8L 89S *[202/20/6Z] Uo Ariq1auljuo AB(1M od iuepey ayosiieziemuyds Aq ETEE0EZ0Z WUSe/Z00T 0T/I0p/W0d A8 | Akeiq i puljuo//:Sdny woij pepeoiumod ‘g ‘vZ0Z ‘0r89rTIT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ENERGY

www.advancedsciencenews.com

is a mixed Cu,_ ,Ag, I impurity, which commonly crystallizes in
a cubic or hexagonal structure.>3] Nevertheless, the lattice pa-
rameters we identify for the impurity phase in these evaporated
Cu,AgBil, materials area = b = 4.355(1) A, ¢ = 20.853(7) A
(space group P3m1). This is very close to the values obtained for
a known polymorph of CulL.l*>*l We therefore believe that if Ag*
is present in the structure, the phase is likely a Cu-rich Cu, Ag, I
phase. This assignment is further corroborated by photolumines-
cence measurements. As shown in Figure S8b, Supporting Infor-
mation for the Cu,AgBil, films, we observe strong PL emission
between 720 and 760 nm following 405 nm excitation, with PL
intensity increasing and blue shifting, and full width at half max-
imum (FWHM) narrowing, with annealing temperature. How-
ever, similar to Grandhi et al. we find that photoluminescence
emission is strongly dependent on excitation energy. We could
not detect any PL signal following excitation from 510 or 635 nm
(Figure S8d, Supporting Information). Interestingly, the emis-
sion from annealed Cu,AgBil; films matches very well with the
Cul defect emission band (Figure 2d), with all spectra peaking
near 730 nm.>>7] Since photoexcitation laser energies above
the Cu,AgBil, absorption onset but lower than the Cul one do
not result in observable emission, but laser excitation energies
above the Cul band gap do result in PL, it appears that the PL
from Cu,AgBil, is predominantly originating from the defect
band in the impurity, rather than the band-to-band transition in
Cu,AgBil,. This defect emission from Cul has been previously
assigned to electron traps (I~ vacancies) in Cul.>®*8] Based on the
expected relative band alignment, Cul embedded in Cu,AgBil,
films will form a heterojunction (Figure 2b). Specifically, Cul
(=5.2 eV) and Cu,AgBil; (—5.2 eV) valence band edges are close
in energy. On the other hand, reported conduction band onsets
for Cu,AgBil, (—3.35 eV)[*?l suggests a lower-lying conduction
band with respect to that of Cul (—2.1 eV).5%! Consequently, upon
high energy excitation, we expect holes to diffuse freely between
Cul and Cu,AgBil;, whereas electrons should be preferentially
funneled to Cu,AgBil unless they are trapped at [~ vacancy de-
fects in Cul. Given this band alignment, freely diffusing holes
can promote radiative recombination at Cul defect sites where
electrons are likely to become trapped. The enhanced PL and Cul
XRD peak intensity are consistent with the increased quantity of
Cul in the films upon higher temperature annealing. We also
observe longer PL lifetimes with increasing annealing temper-
ature as shown in Figure S8c, Supporting Information. The in-
creased PL lifetime is unexpected and raises the question of pos-
sible interactions between Cul defects and charge carriers in the
Cu,AgBil;.

Additionally, we compare unannealed and air-annealed films
with films that have been annealed in I,-vapor at 150 °C (hereon
labeled “treated”). I,-vapor annealing has been demonstrated as
an effective strategy to passivate iodine defects in Cul, quench-
ing the defect-mediated transition and thus potentially reducing
the possibility of electrons transferring from Cu,AgBil; to Cul
via the defect state.[>] The I,-annealing procedure and its impact
on the phase, morphology, and optoelectronic properties (Figure
S10, Supporting Information) are described in the Supporting
Information. To summarize, Pawley fitting of XRD data (Figure
S10h, Supporting Information) suggests the phase constitution
remains largely unchanged from films annealed in air. Both films
contain Bil; impurities, metallic bismuth, and Cul impurities.
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However, XRD peaks belonging to Cul were more intense in I,-
vapor annealed samples (Figure S10a, Supporting Information).
This is reflected in photoluminescence and absorption measure-
ments, where films annealed in I, vapor absorb more strongly
at the Cul band edge (Figure S10b, Supporting Information),
are more luminescent (Figure S10c, Supporting Information),
and show longer photoluminescence decay lifetime (Figure S10d,
Supporting Information). The morphology (Figure S10g, Sup-
porting Information) of treated films also contained more abun-
dant Cul surface species, in addition to greater pinhole density.

We emphasize here the significance of our findings concern-
ing the Cul defect band emission. Photoluminescence is widely
used as a metric to quantify the quality of solar absorber mate-
rials. This approach is valid only when PL originates from the
band-to-band transition: in this case, increases in PL intensity
and lifetime indicate reduced non-radiative recombination (e.g.,
charge-carrier trapping) and therefore reduced defect densities.
However, when the PL originates from a defect state, as appears
to be the case here, intense PL emission and long PL lifetimes in-
dicate increased charge-carrier trapping at the defect sites. There-
fore, the presence of the defect band emission is indicative of a
sub-optimal material and imposes careful considerations in the
assessment of PL from emerging solar absorbers. This could also
suggest that we have not yet measured and determined the band-
to-band emission properties of Cu,AgBil,. However, it is also
possible that the band-edge PL of Cu,AgBiI, falls within the same
spectral window as the Cul defect emission, which further com-
plicates matters.

Given the prominent role played by Cul in annealed
Cu,AgBil, thin films and its possible implications on Cu,AgBil,
solar cell operation, we investigate the effects of the presence of
Cul in Cu,AgBil, films on the charge-carrier dynamics using
optical-pump-terahertz-probe (OPTP) spectroscopy. By measur-
ing the fractional change in transmitted THz electric-field ampli-
tude (expressed here as —AT/T) upon photoexcitation, this tech-
nique monitors changes in the photoconductivity of the material,
giving insight into the dynamics of photo-generated free charge
carriers. To disentangle the effect of Cul domains on the charge-
carrier dynamics in Cu,AgBil, films, we used two different pho-
toexcitation wavelengths: 400 nm excitation to directly excite both
Cul and Cu,AgBil, domains, and 520 nm excitation to excite
charge carriers in Cu,AgBil, selectively. OPTP photoconductivity
transients measured following 520 nm (i.e., selective Cu,AgBil
excitation) and 400 nm excitation for unannealed, air-annealed,
and I,-annealed Cu,AgBil; thin films are shown in Figure 3a,b.
Photoconductivity transients for all the measured thin films show
qualitatively similar behavior, featuring a fast decay of the initial
photoconductivity signal followed by a long-lived signal compo-
nent. Buizza et al. previously demonstrated how charge-carrier
localization causes a rapid initial decay of the photoconductiv-
ity in Cu,AgBil,.>**] Here, delocalized large polarons gener-
ated after photoexcitation rapidly localize to form small polarons,
with the mobility of the large polarons estimated by the peak in
the photoconductivity.**] To quantitatively interpret the effect of
this localization, Wright et al. and Buizza et al. developed a two-
level mobility model (described in the SI),[*0] where uy, is the
delocalized-state mobility of the initially formed large polaron,
k.. is the localization constant, y,. is the localized-state mobil-
ity (i.e., small polaron mobility), and k, is the recombination
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Figure 3. OPTP transients for unannealed (blue circles), air-annealed (orange triangles), and I,-annealed (green stars) Cu,AgBilg thin films after a)
520 nm and b) 400 nm pulsed excitation at a fluence of 65 uj cm™2. Markers represent experimental data, and solid lines represent fits to the two-level
mobility model described in the Supporting Information. Effective THz charge-carrier mobilities for c) the delocalized state and d) the localized state in

Cu,AgBilg thin films with different annealing conditions, extracted from two-

level mobility model fitting to photoconductivity transients. Colored squares

represent mobility values extracted for 400 nm excitation, while colored triangles represent mobility values extracted for 520 nm excitation. Dashed lines

are guides to the eye.

constant of the localized state. As shown in Figure S11, Support-
ing Information, the two-level mobility model provides an excel-
lent fit to the fluence-dependent OPTP data for all the studied
thin films recorded under different excitation wavelengths. How-
ever, we note that the presence of Cul impurities and their possi-
ble influence on the photoconductivity complicates the interpre-
tation of the extracted parameters (see detailed discussion in the
SI).

Briefly, when comparing photoconductivity transients ob-
tained following different excitation wavelengths (Figure S12,
Supporting Information), we observe that 400 nm excitation sys-
tematically yields higher initial photoconductivity values, and
that this increased photoconductivity is more marked and ex-
tends over longer times for both air- and I,-annealed thin films.
These qualitative trends are confirmed by the parameters ex-
tracted from the above-mentioned two-level mobility model fit-
ting (Figure 3c,d, and Tables S4 and S5, Supporting Information).
We observe that, while slightly decreasing for direct Cu,AgBil,
excitation, the initial delocalized-state mobility measured un-
der 400 nm excitation conditions increases from ey, = 2.6 +
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0.1 cm? V-!s7! for the unannealed sample to €4, = 7.2 +
0.4 cm? V-!s7! for I,-annealed thin films. On the other hand,
the localized-state mobility is found to be constant around p,,. ~
1.5 cm? V157! for 400 nm excitation.

As described in detail in the SI, we ascribe the high observed
value for gy, following 400 nm excitation to photoconductivity
contributions from the Cul domains. To corroborate this hy-
pothesis, we measured the photoconductivity transients in neat
Cul thin films under similar excitation conditions (Figure S13,
Supporting Information). The resulting high charge-carrier mo-
bility for Cul thin films of p,; & 16 cm? V71s7! suggests that
the high p,, values obtained for nominal Cu,AgBil, films un-
der 400 nm excitation conditions include contributions from
charge carriers in both Cul and Cu,AgBil; to the photocon-
ductivity signal. Here, we note that charge-carrier recombina-
tion in Cul is faster than in Cu,AgBil, as confirmed by the ob-
served recombination rate for Cul k.,; ~ 0.2 ps~'. Therefore,
charge carriers generated in Cul will quickly recombine or be
funneled to the Cu,AgBil phase (as predicted by the band align-
ment shown in Figure 2b), thus giving photoconductivity traces
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representative of charge-carrier transport in the Cu,AgBil phase
at longer times.

The effect of Cul on charge-carrier transport in Cu,AgBil, thin
films can be selectively studied by analyzing OPTP transients fol-
lowing 520 nm excitation, which will only excite the Cu,AgBil,
directly and does not result in a direct injection of charge-carriers
into Cul, although it is possible that holes may transfer. As shown
in Figure 3a, we observe that the initial photoconductivity signal
from Cu,AgBil, is only slightly affected by the increasing pres-
ence of Cul domains. We postulate that this marginal reduction
of initial photoconductivity following 520 nm excitation is caused
by the increased charge-carrier scattering arising from Cul do-
mains distributed throughout the film, yielding slightly lower
charge-carrier mobilities (Figure 3c).

On the other hand, we observe more pronounced photocon-
ductivity decay dynamics for both air- and I,-annealed thin films
with respect to unannealed Cu,AgBil, thin films. As described
above and discussed more in detail by Buizza et al.,[**%] the
formation of small polarons (i.e., the charge-carrier localization)
yields a reduced charge-carrier mobility, resulting in a fast decay
of the photoconductivity. Even though such fast decay is observed
for unannealed thin films and is well captured by the two-level
mobility model, we observe a comparatively faster and more pro-
nounced decay dynamics for air- and [,-annealed Cu,AgBil thin
films (Figure 3a). These faster dynamics suggest that additional
decay channels are introduced as a result of Cul domain forma-
tion. Interestingly, no such effect is observed when comparing
400 nm excited photoconductivity transients for the different thin
films (Figure 3b). To reconcile these observations, we propose
here that charge-carrier trapping at Cul domains causes faster
photoconductivity decay dynamics for annealed Cu,AgBil, thin
films, and that trap-filling mitigates this effect under 400 nm ex-
citation conditions. As discussed in the SI, we note that a similar
conclusion can be reached based on the two-level mobility model
fitting parameters (Figure 3c,d). Overall, these findings reveal
that Cul domains hinder charge-carrier transport in Cu,AgBil,
thin films, with far-reaching implications for potential device ap-
plications.

2.3. Devices

To assess the photovoltaic properties of evaporated Cu,AgBil,
films, we fabricated “nip” planar heterojunction devices us-
ing compact SnO, (c-Sn0O,) as the electron transport layer,
unannealed and air-annealed evaporated Cu,AgBil; films
as the absorber, and undoped PTAA as the hole trans-
port layer with a corresponding device structure of ITO//c-
Sn0O,//Cu,AgBil,//PTAA//Au. We did not make photovoltaic
devices with [,-treated films because this post-deposition process
generated additional Cul impurity domains and degraded the
morphology. The full fabrication procedure is described in the
Supporting Information. We characterized the photovoltaic
cells under simulated “1 sun” irradiance (100 mWcm=2 with
air-mass (AM)1.5 global spectrum). Scans are first measured
from forward-bias to short-circuit, which we refer to as reverese,
and back to forward-bias (refered to as forwards) at a scan rate of
61 mVs~L. Our champion device was recorded for an unannealed
Cu,AgBil, film. The forward-bias to short-circuit scan yields a
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PCE of 0.43%, J,. of 2.20 mAcm™ V. 0f 0.34 V, and FF of 0.58,
with the reverse scan giving almost identical values (Figure S14a,
Supporting Information). The maximum power point tracked
efficiency of our champion device was 0.42%, measured at the
maximum power point for a duration of 30 s. However, when
collating the results of several batches, we find that annealed
films are on average higher performing and more reproducible
than unannealed films. We were not able to reproduce the high
efficiency of the 0.43% with an unannealed film. To demonstrate
the difference between unannealed and annealed films, we show
performance statistics for a number of different cells in Figure
S15, Supporting Information. This plot groups together several
different batches with devices that have been fabricated under
different conditions (e.g., annealing temperature, absorber
thickness, and transport layers, and passivation), with the aim of
highlighting the difference between unannealed and annealed
devices. We have not separated the parameters due to their
lack of individual impact on the photovoltaic performance and
poor reproducibility, as described further below. The results
show that annealed films yield better photovoltaic parameters
on average, with the measured steady-state open-circuit voltage,
short-circuit current density, fill factor, and PCE being greater
for annealed films compared to unannealed films. The forward
bias to short-circuit scan of our champion annealed device was
recorded for a 130 °C annealed film, yielding a PCE of 0.26%,
Jo of 1.51 mAecm™ V,__ of 0.32'V, and FF of 0.55 (Figure 4a),
with a closely corresponding maximum power point tracked
efficiency of 0.25% (inset, Figure 4a). 150 °C annealed films
perform worse than 130 °C annealed films. Our best 150 °C
annealed device (Figure 4b) yields a PCE of 0.13%, J,. of 1.20
mAcm™2 V. of 0.29 V, and FF of 0.39 in the forward bias to
short-circuit scan, and slightly higher values in the reverse scan
(PCE 0f 0.16%, J,. of 1.53 mAcm™ V. 0f0.28 V, and FF of 0.38).
The corresponding maximum power point tracked efficiency
is 0.17% (inset, Figure 4b). We ascribe this to poorer thin film
morphology with increased annealing temperatures, leading to
excessive shunting. Despite these challenges, the characteristics
of our champion devices are consistent with the PCEs cur-
rently reported in the literature for solution-processed samples
employing a compact metal oxide as the electron transport
layer.31:42]

Although we obtain modest open-circuit voltages, the pho-
tocurrent losses are overwhelmingly the limiting factor in evapo-
rated Cu,AgBil devices, which is also true for solution-processed
Cu,AgBil,. In our evaporated devices, these losses account for
over 80% of the expected short-circuit current density as calcu-
lated according to integrating the solar spectrum up until the
band gap of Cu,AgBil,, which is particularly surprising con-
sidering the high absorption coefficient measured. To attempt
to mitigate shunt pathways originating from pinholes in the
Cu,AgBil, absorber layer, we deposited a very thin layer (0.1 mg
mL™" in IPA) of insulating PMMA onto unannealed and an-
nealed Cu,AgBil; samples before depositing the hole-transport
layer, but this did not improve devices. Replacing PTAA with
Spiro-OMeTAD did not improve devices either, nor did fabricate
Cu,AgBil devices with an active layer ranging from 60-400 nm,
or changing the device architecture to the inverted “pin” struc-
ture. We, therefore, perceive that there is a major limitation of
charge transport within the Cu, AgBil, absorber layer, rather than
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Figure 4. Forward (short-circuit to forward-bias) and reverse (forward-bias to short-circuit) current-voltage characteristics for the champion a)
ITO/SnO, /130 °C annealed Cu,AgBilg/PTAA/Au and b) ITO/SnO,/150 °C annealed Cu,AgBils/PTAA/Au devices. The steady-state PCE at the maximum
power point is shown in the inset graph. c) External quantum efficiency measurements for front (n-side (glass)) and back (p-side (Ag)) illumination of
150 °C annealed semi-transparent ITO//c-SnO,//Cu,AgBilg//PTAA//M0O,//ITO//Ag devices.

the relatively poor performance originating from non-optimal se-
lection of device architecture or contact materials.

To understand the origin of these losses, we investigate the
photocurrent generation and extraction in devices. We first cre-
ated semi-transparent Cu,AgBil; devices by replacing the Au top
electrode with MoO,, semi-transparent indium tin oxide (ITO),
and Ag ring contacts, giving the device structure of ITO//c-
SnO,//Cu,AgBil,//PTAA//Mo0O,//ITO//Ag (Figure S2a, Sup-
porting Information). For the Cu,AgBil, films, we deposited
110 nm in thickness, and compared unannealed and annealed
films, illuminated from the front (n-side (glass)) and back (p-side
(contacts)), and measured the external quantum efficiency (EQE)
to assess the efficiency of electron and hole transport. This tech-
nique considers that the density of electron-hole generation at
a given point in the film is proportional to the number of pho-
tons absorbed at that point. Since the incident photons are atten-
uated exponentially according to the Beer-lambert law, a higher
density of electron-hole pairs is generated closest to the illumi-
nated transport layer. Therefore, when the n-side is illuminated
first, electrons have to travel the least distance to reach the ¢-SnO,
layer, whilst holes have to travel further to the rear contact. Con-
versely, when the p-side is illuminated, electrons have the fur-
thest to travel to be extracted by the ETL, whilst holes have the
least distance to traverse. The EQE results for unannealed and
150 °C air-annealed films are shown in Figure S14b, Supporting
Information and Figure 4c respectively. The current-voltage char-
acterization of the devices used for EQE measurements is shown
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in Figure S16, Supporting Information. Unannealed films, re-
gardless of illumination side, show almost zero extraction effi-
ciency. When illuminating 150 °C air-annealed films from the n-
side, the EQE (red line) spectra closely follow the absorption spec-
tra presented in Figure 2c, and have an integrated current den-
sity of 2.25 mAcm™2, consistent with ],  measured in devices. The
EQE onset at %700 nm, which peaks at 15%, can be assigned to
photon absorption from Cu,AgBil, whilst the EQE peak of 20%
at ~417 nm, can be ascribed to a mixture of Cul and Cu,AgBil,
domains. When illuminated from the p-side, we measure almost
no EQE (blue line) and hence integrated current density, indi-
cating loss of the initially high photo-generated carrier density.
This finding highlights an imbalance in the charge extraction ef-
ficiency of electrons and holes in the device. Considering EQE
is smallest when illuminating from the p-side, and hence when
electrons have the greatest distance to travel, we conclude that
electron diffusion is the overriding factor limiting charge extrac-
tion in Cu,AgBil devices, similar to reports on the double per-
ovskite, Cs,AgBiBr,.'%

3. Discussion

The presence of Cul and its impacts on the excited state dynamics
of Cu,AgBil; thin films are demonstrated here by combining ab-
sorption, PL, and OPTP spectroscopy measurements. Crucially,
PL and OPTP measurements indicate that Cul impurities are
not benign, but rather significantly interact with charge carriers
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in Cu,AgBil, and account for the photoluminescence properties
of the thin films. The community currently uses PL and TRPL
as metrics to assess radiative efficiency and photo-generated car-
rier lifetime, respectively. However, we note the emergence of
the role played by Cul in this material imposes a reconsider-
ation of this approach for Cu,AgBil; and other related com-
pounds. The PL emission at 730 nm is ascribed here to an iodine
defect-mediated transition in Cul domains. Therefore, any mea-
sured lifetime, or properties involving lifetime, such as diffusion
length, associated with this emission peak is likely reflective of
trapped charges in Cul domains, not free-carriers in Cu,AgBil,
highlighting the need to exercise caution when assessing appar-
ent improvements in Cu,AgBil, optoelectronic properties using
conventional indicators. This finding is also relevant to solution-
processed Cu,AgBil, materials with similar absorption and PL
characteristics. We observed that annealing in I, rich atmosphere
does not quench the defect-emission. Surprisingly, it has the op-
posite effect. We observe from XRD and absorption measure-
ments that annealing in I, vapor induces more Cul formation,
which results in increased photoluminescence intensity from the
Cul defect transition.

Our OPTP transient conductivity spectroscopy results indicate
that, although the direct photoexcitation of Cul domains yields
high early-time photoconductivity, charge carriers are funneled
from Cul to Cu,AgBil; and rapidly localize. On the other hand,
charge-carriers in the Cu,AgBil; phase interact with these Cul
domains (e.g., via ultrafast trapping), yet still exhibit consider-
able charge-carrier mobility, with the unannealed films exhibit-
ing the highest later-time mobility. In light of this, future work
should be directed toward achieving phase purity (e.g., elimi-
nating the Cul impurities). However, this is a challenge for the
Cu,AgBil, phase space where composition-temperature sensi-
tivity is reported across a number of synthesis pathways. For
example, in the powder synthesis of Cu,AgBil, slowly cooling
leads to a distribution of compositions, whilst synthesizing at,
and rapidly quenching from 350 °C produces compositionally ho-
mogenous powder.3!l XRD data can often also appear to originate
from a single phase, but the close overlap in XRD peaks of many
closely related compounds, e.g., CuAgBils, Cu,Bils, Ag,Bi,l s,
and Cul means often there is some level of uncertainty sur-
rounding phase constitution, which could be due to the com-
plex phase-space and phase diagrams associated with Cu,AgBil,
and Ag-Bi-I respectively, originating from the general disorder
and the cubic-close packed iodide sublattice underpinning their
structures. Thus, phases made at high temperature via solid-state
techniques are not necessarily the phases formed at low tem-
perature from thin-film processing techniques, and therefore it
may be possible to find a more ordered room-temperature Cu-
Ag-Bi-I phase beyond Cu,AgBil, and CuAgBil; Assessing our
own film processing conditions, no intentional substrate heat-
ing was applied to evaporated films. However, by measuring the
substrate temperature using non-electronic temperature indica-
tors, we find our samples reached a temperature of 60 °C during
deposition due to heating from the thermal sources. Measuring
this way meant we were only able to record the maximum sub-
strate temperature, but we expected it to evolve during film depo-
sition and cooling. This is likely a significant variable determin-
ing the phase of unannealed films, which then forms the base
template for all annealed films. Controlling the substrate tem-
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perature during deposition and cooling could therefore be im-
portant in controlling the phase and morphology of evaporated
Cu,AgBil,.

Compared to unannealed films, devices using an annealed
Cu,AgBil, absorber layer on average have higher open-circuit
voltage, short-circuit current density, fill factor, PCE, and EQE,
with 130 °C annealed Cu,AgBil; devices performing better than
films annealed at 150 °C, likely because of the increased den-
sity of pinholes found in 150 °C annealed films. Through front-
side and rear-side illumination studies, we demonstrated that
poor transport of electrons, as opposed to holes, through the
Cu,AgBil, films is responsible for the very low short-circuit cur-
rent densities. From the measured optoelectronic and morpho-
logical properties, we would have expected the unannealed films
to perform better than the annealed films in solar cells. This only
occurred in one instance, however. In all other batches, the unan-
nealed films performed extremely poorly in devices. We postulate
that this is caused by the increased unintentional charge-carrier
density in the unannealed films, which is presumably a p-type
majority carrier since hole transport appears favorable, result-
ing in even shorter diffusion lengths for electrons as a result of
increased minority charge-carrier recombination rates. Consid-
ering the imbalance of electron and hole extraction, the promi-
nent defects are likely to be electron traps. For example, iodine
vacancies have been found to have a low formation energy in
Cu,AgBil; due to the presence of bismuth.l*0] Therefore, substi-
tuting bismuth in evaporated films presents an opportunity to
reduce trap density and enhance device performance, mirroring
the success seen in solution-processed Cu,AgBil; films.[*l An-
nealing co-evaporated films at lower temperatures, or sequential
deposition, could also help modify the crystallization process to
suppress the formation of Cul whilst effectively reducing intrin-
sic defects.

4. Conclusion

In summary, our study successfully demonstrates the viability
of co-evaporation as a promising technique for fabricating qua-
ternary Cu,AgBil; films for use in solar cells, achieving modest
PCEs using a planar electron transport layer. In particular, we
unravel the significant impact of Cul impurities on Cu,AgBil
films, attributing the PL emission at 730 nm to defect-mediated
transitions within Cul impurity domains. The presence of Cul
also influences the excited-state dynamics of Cu,AgBil, thin
films, leading to faster charge localization and reduced long-time
photoconductivity compared to films with less Cul present. Fur-
thermore, our investigation reveals an imbalance in electron and
hole diffusion lengths, which is a significant factor limiting the
efficiency of photovoltaic devices. By optimizing the deposition
process to suppress Cul formation and identifying the source of
electron traps, we expect significant improvements in the perfor-
mance of Cu,AgBil-based solar cells.
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