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1 Sample Fabrication

Agl, Bi and I, powders (Table 1) were dissolved in 0.8 ml dymethyl sulfoxide (DMSO) by
stirring at 140 °C for 15 minutes. In a separate vial Cul powders were dissolved in pyridine by
stirring at 140 °C for 15 minutes. The Cul in pyridine solution was quickly filtered through a
0.22 pm pore-size, 13 mm diameter PTFE filter and added to the AgBil in DMSO solution.
The Cu-Ag-Bi-1in DMSO and pyridine solution was stirred for another 15 minutes at 140 °C.
The solution was filtered through a 0.22 um pore-size, 13 mm diameter PTFE filter and left
to keep stirring at 100 °C during deposition.

Glass microscope slides cut to size (approx. 24 mm x 24 mm) and z-cut quartz substrates
were sonicated in soap and de-ionised (DI) water for 15 minutes, rinsed with DI water,
sonicated in acetone for 15 minutes, sonicated in IPA for 15 minutes, dried using an N,
gun, and then further cleaned in a UV-Ozone generator for 10 minutes. Following this, the
substrates were quickly transferred to a No-filled dry box and kept at 150 °C for deposition.
100 ul of the 100 °C Cu-Ag-Bi-I solution was deposited dynamically onto the 150 °C substrate
and spun at 4000 rpm for 45 seconds on a spincoater. The films were then annealed at 50 °C
for 30 minutes in air, during which the films turned from a clear orange film to a dark red-
brown film. The film was then annealed at 150 °C for 5 minutes in air. Films were kept
in a nitrogen-filled glovebox until needed for measurements. The films deposited on the
z-cut quartz substrates were used for optoelectronic characterisation. The films deposited
on microscope slides were used to take microscopy images and compositional measurements
using scanning electron microscopy (SEM) energy-dispersive X-ray (SEM-EDX) analysis.
XRD was used to identify the phases present in the films, and to compare between the films
deposited on microscope slides and z-cut quartz. Z-cut quartz was chosen owing to its high

transparency in the THz frequency range.>!
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Table S1: Summary of material and solvent amounts used to create solutions for each of the five
Cuy,(AgBi);_,I; compositions investigated.

Nominal z and Solution 1 Solution 2
composition

Agl (mg) Bi(mg) I, (mg) DMSO (ml) Cul (mg) Pyridine (ml)

0, AgBil, 157 139 254 0.8 0 0.22
0.09, Cug 4AgBil, , 157 139 254 0.8 51 0.32
0.2, CuAgBilj 157 139 254 0.8 127 0.48
0.33, CupAgBily 157 139 254 0.8 254 0.74
0.6, CugAgBil;g 157 139 254 0.8 762 1.77




2 Experimental Methods

UV-Visible Absorption: UV-Visible absorption spectra were taken using a Perkin Elmer
Lambda 1050 spectrometer with an integrating sphere accessory. Deuterium and halogen
lamps were used as light sources for the UV, and visible and near-infrared spectral ranges,
respectively. A photomultiplier tube and lead sulfide detector were used for light detection
for the UV and visible, and near-infrared ranges, respectively.

In order to calculate the absorption coefficient, the following formula was used:

1 T
a:—dsamln<1_R). (1)

Here T = tgam/treference; B = Tsam/Treference, and dgam is the thickness of the thin film.

Thicknesses were measured using a Veeco Dektak 150 profilometer.

X-Ray Diffraction: X-Ray Diffraction patterns were measured using a PANalytical X'Pert
powder diffractometer, using radiation from a Cu—K,; source, across 20 values ranging from
5 — 45°. TOPAS-Academic V6 was used to perform Pawley fitting. In order to correct
against sample tilt, the z-cut quartz peak at 20 = 16.43° was used as a reference to pin the
spectra measured on quartz substrates.

Steady-State Photoluminescence Spectra: Samples were photoexcited by a 398 nm diode
laser (Picoquant, LDH-D-C-405M) with an intensity of 265 Wem™2 on the sample. The
resultant photoluminescence (PL) was collected and coupled into a grating spectrometer
(Princeton Instruments, SP-2558), which directed the dispersed PL onto a silicon iCCD
(Princeton Instruments, PI-MAX4). Measurements were carried out in a nitrogen atmo-
sphere.

Time-Correlated Single-Photon Counting: Time-resolved PL decays were measured using
Time-correlated single-phonon counting (TCSPC) following excitation by a 398-nm pulsed
laser (Picoquant, LDH-D-C-405M). The emitted PL was collected and coupled into a grating

spectrometer (Princeton Instruments SP-2558), after which light was detected by a photon-
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counting detector (PDM series from MPD). The measurements were carried out with a
repetition rate of 2.5 MHz at fluences of 1580 and 440 nJem ™2, and timing was controlled
electronically using a PicoHarp300 event timer. PL decays were measured in a nitrogen
atmosphere at the peak wavelength of the measured PL spectra.

Time-resolved emission spectroscopy (TRES) measurements involve carrying out TCSPC
measurements across a range of wavelengths (at a set interval). For the TRES measurements
the same setup as above was used, but with a repetition rate of 10 MHz and an excitation
fluence of 1610 nJem 2. These measurements were also carried out in a nitrogen environment.

Optical Pump Terahertz Probe Spectroscopy: An amplified laser system (Spectra Physics,
MaiTai - Ascend - Spitfire) with a central wavelength 800 nm, 35-fs pulse duration and 5
kHz repetition rate was used to generate THz radiation via the inverse spin hall effect>? and
was detected using free-space electro-optic sampling with a 1 mm-thick ZnTe (110) crystal,
a Wollaston prism and a pair of balanced photodiodes. The THz pulse was measured in
transmission geometry, and measurements were carried out under vacuum (< 1072 mbar).

To obtain a pump wavelength of 400nm, the pump beam was frequency-doubled to
400nm by a pS-barium-borate (BBO) crystal. To obtain pump wavelengths of 500 and
585nm, output from an optical parametric amplifier (Light Conversion: TOPAS-C) was
used, pumped with 800 nm-wavelength excitation from the amplified laser system described
above.

For the THz dark conductivity measurements, the same setup was used, with only the

THz probe beam being used (i.e. without photoexcitation).
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3 Compositional Analysis and X-Ray Diffraction

As an initial characterisation, scanning electron microscopy (SEM) images were taken for
the five Cuy,(AgBi); .14 compositions investigated here, which had been deposited as thin
films onto glass microscope slides (see Figure S2). The images show a clear trend in film
morphology with composition, with film coverage decreasing monotonically as x increases.
This increase in film roughness is likely to lead to stronger scattering of light in the optical
range, potentially contributing to the stronger apparent sub-band gap absorption features
measured by light transmission through the thin films (shown in Main Figure 1 (b) and
Figure S6).

Along with the images, compositional analysis of the films was carried out via SEM-
EDX measurements, using Cul, Agl and Bil; powders as reference standards. The results
of the compositional analysis are plotted on a triangle plot in Main Figure 1 (a), and as a
histogram of measured compositions along the AgBil, — Cul solid solution line in Figure S1.
The measurements show that the compositions of the films deposited on microscope slides
are in excellent agreement with the nominal, expected compositions, although, as seen on the
triangle plot, all films have a slight iodine deficiency: we attribute this to the formation of
a BiOI impurity phase, which is detected in the X-ray diffraction (XRD) measurements for
the films deposited on glass microscopy slides (discussed below). However, the lack of such
an impurity phase in the XRD measurements for the films deposited on quartz (which were
used for all optoelectronic measurements) gives us some confidence that the iodine deficiency
will not be significant in those films.

The X-ray diffraction (XRD) patterns of thin films deposited on quartz substrates are
shown in Figure S3. We performed Pawley fits on the XRD data, using the beneficial
reference peaks from the quartz substrates (marked with asterisks in Figure S3) as an internal
standard to compare the relative lattice parameters and unit cell volumes of the series of
investigated phases. The presence of the XRD peaks arising from the z-cut quartz at ~ 16°

and ~ 33° are not expected from the reported structures of quartz in the Inorganic Crystal
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Figure S1: The distribution of z values measured for each film by SEM EDX, compared to the
nominal composition in the solution. These values were measured for films deposited on microscope
slides. (There is no Gaussian distribution for z = 0 as there was no copper included in this material,
giving no variation along the AgBil, — Cul solid solution line. Variations in silver and bismuth
content for this composition are shown in Figure 1 in the main text.)
Structure Database (ICSD). However, the d-spacings of these peaks do correspond to the c-
lattice parameter of the low temperature alpha SiO, phase.>? Therefore, the substrate peaks
were fitted by the h00 reflections of a phase in an arbitrary cubic space group Pm3m. The
refined lattice parameter of 5.408(2) A was then fixed for the fitting of the other patterns.
The unit cell of AgBil, has been reported to be either cubic (space group F'd3m) or a
metrically-cubic trigonal cell (space group R3m).5* The structure of CuyAgBilg has been

reported to crystallise in a similar-sized trigonal cell with space group R3m.% The structure

of CuAgBil; has been reported to crystallise in a trigonal unit cell with space group R3m but
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Figure S2: SEM images of Cuy,(AgBi);_,I, films for nominal compositions z = 0 (AgBily), 0.09
(Cug4AgBil, 4), 0.2 (CuAgBil;), 0.33 (CuyAgBilg), 0.6 (CugAgBil;) deposited on microscope slides.
with the a-lattice parameter roughly doubled compared to that of AgBil, and Cu,AgBilg. 5
For these reasons, in order to compare how the lattice parameters change across the series,
a small trigonal unit cell with space group R3m was fitted to all the compounds apart from
CuAgBil;s. In the graphs plotted we have halved the refined a-lattice parameter of the larger
trigonal unit cell of the CuAgBil; phase. Subsequently, our reported CuAgBil; unit cell
volume is four times smaller than as refined.

The sample corresponding to x = 0 (AgBily) is fitted to a small trigonal cell associated
with the Ag-Bi-I materials, with a small Agl impurity present.®* A small trigonal cell is
also fitted to the z = 0.09 (Cug4AgBily4) sample, along with a Cul impurity. For z = 0.2
(CuAgBils), we fit the XRD pattern to the larger trigonal cell reported for CuAgBil;,%¢ and
a Cul impurity. Samples corresponding to x = 0.33 and 0.6 are fitted to a mixture of two
small trigonal cells, which have been found to be CuyAgBilg with a Cu,Bil5 impurity phase

in previous reports. >
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As x increases in formula Cuy,(AgBi); .1, we see a monotonic decrease in the a-lattice
parameter of the unit cell (see Figure S4 (a)). We also see a decrease in the c-lattice param-
eter for x < 0.20, and for x > 0.33, with a relatively large increase in the c-lattice parameter
between x = 0.2 and 0.33 (Figure S4 (b)). The same trend is then also observed in the
volume of the unit cell (Figure S4 (c)). We argue that this could correspond to a change in
the crystal structure where the octahedral network transitions from three dimensional (3D)
in CuAgBil; to two dimensional (2D) in Cuy,AgBilg following substitution of octahedral site
occupancy (Ag" and Bi*") with tetrahedral Cu’.50 Further, these trends also highlight the
compositional change across the series, giving us confidence in attributing the measured
changes in optoelectronic properties, discussed in the main text, to such compositional and
structural variations. (We note that on its own, SEM-EDX would not show this as it repre-
sents the measurement of the average composition of the film, rather than of an individual
phase.)

The XRD patterns of thin films deposited on glass microscope slides (deposited from the
same solutions as those on quartz), were also fitted with Pawley fits (see Figure S5). We
find that the phases present match those of the films deposited on the quartz substrate, and
are therefore representative of the films used for optoelectronic characterisation. The films
deposited on microscope slides show BiOI impurities, measured as peaks in 20 around 9.7°,
19.2°and 39.2°, which are not seen in the films deposited on quartz and which we link to the

slight iodine deficiencies measured in the compositions.
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Figure S3: (a) — (e) Pawley fits to XRD patterns of Cuy,(AgBi);_,I, films for nominal compositions
x = 0 (AgBily), 0.09 (Cug 4AgBil, 4), 0.2 (CuAgBil5), 0.33 (CuyAgBilg), 0.6 (CugAgBil;() on quartz
substrates, used for optoelectronic characterisation. Black tick marks correspond to the targeted
Cu-Ag-Bi-I or Ag-Bi-I phases fitted using a small trigonal cell. Tick marks of a secondary trigonal
phase (most likely Cu,Bil;5%), Agl, Bil;, and Cul are shown in red, pink, blue and orange. The tick
marks associated to the large trigonal cell reported for CuAgBil; are shown in green.>® Asterisks
mark the peaks attributed to the quartz substrates.
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Figure S4: (a) — (c) Extracted a- and c-lattice parameters, as well as the unit cell volume, from
Pawley fits to XRD patterns of Cuy,(AgBi);_,I, films for nominal compositions = = 0 (AgBily),
0.09 (Cug4AgBil, 4), 0.2 (CuAgBil;), 0.33 (CuyAgBilg), 0.6 (CugAgBilyg). The lattice parameters

were extracted from the XRD measurements taken for films on quartz substrates, as outlined above.
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Figure S5: (a) — (e) Pawley fits to XRD patterns of Cuy,(AgBi); I, films for nominal compositions
x = 0 (AgBily), 0.09 (Cug4AgBil, ), 0.2 (CuAgBil;), 0.33 (CuyAgBilg), 0.6 (CugAgBil;,) on glass
microscope slides, used for XRD and SEM measurements. Black tick marks correspond to the
targeted Cu-Ag-Bi-I or Ag-Bi-I phases fitted using a small trigonal cell. Tick marks of a secondary
trigonal phase (most likely Cu,Bilj S5), Agl, Bilz, and Cul are shown in red, pink, blue and orange.
The tick marks associated to the large trigonal cell reported for CuAgBil; are shown in green. The
broad peaks at 9.7°, 19.2°and 39.2°, marked by asterisks, are caused by the decomposition product
BiOI. There is an unidentified peak at 9°in the XRD pattern of CugAgBily,.
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4 Fitting of Optical Absorption Spectra Using Elliott’s
Theory

Contributions to the optical absorption of semiconductors arise from bound excitons and
electron-hole continuum states. Elliott’s theory can be used to describe the energy (F)
dependent absorption coefficient a(FE, Eg, Ep) arising from a semiconductor with a band
gap Fq and with excitons with a binding energy Eg, and this has previously been applied
to other silver-bismuth systems.®” The overall absorption coefficient can thus be described

as:

by S Am B2 E b 21 | 5o
o(E, Eq, Eg) = EOZ B_g (E — {EG - —B})—F—O ° cy ' JDoS(E)

Bl exp (—277 Ef%(})

(2)
where the joint density of states is given by JDoS(E) = c¢p\/E — E, for E > Eg and 0 oth-
1 (2

erwise, and the joint density of states constant ¢y = =z (—’i

3
e hg) > x 2, where p is the reduced

effective mass of the electron-hole system. The first term in Equation 2 contains the contri-
bution from bound excitonic states, while the second term contains the contributions from
the continuum states. Broadening caused by electron-phonon interactions, local fluctuations
in the stoichiometry of the material, and energetic disorder is represented by convolution of
a(FE) with a normal distribution A(0,T?) which has a mean 0 and standard deviation T.
The final Elliott function fenioe = (E, Eq, Eg) * N (0,T?), where * denotes convolution,
was used to fit the optical absorption onset using a least-squares method, giving the fits

shown in Figure S6 and in Main Figure 1 (b).
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Figure S6: (a) — (d) Fits (dashed pink lines) to the steady-state optical absorption spectra (solid
black lines) of Cuy,(AgBi);_,I, films using Elliott’s theory, S8 for thin films of the compositions shown
in each figure. The excitonic (blue) and free-carrier contribution with Coulombic enhancement
(green) are shown as the filled areas. The equivalent plot for the composition with = 0.2 is shown
in the main text. (e) Broadening parameter I' obtained from the Elliott fits.
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5 THz and Infra-Red Dielectric Function

Silver-bismuth-iodide lattice response is similar to that of MAPDbI;

To understand the dominant modes of the ionic lattice in these materials, terahertz absorp-
tion measurements were carried out over the range 0.5 — 2.7 THz (2.1 — 11.2meV), from
which the dielectric function € can then be calculated in the THz frequency range. The real
(blue) and imaginary (red) parts of € are shown for the five compositions in Figure S7 (a) —
(e), which show two clear phonon peaks in the imaginary part for all compositions, with fits
according to a Lorentzian lineshape shown in black. (See next section below for discussion of

the calculation of € and of the fitting.) The outputs of the fits are the peak frequencies fi, f;

THZ)

THz
€5 €

s 7) limits of the dielectric

peak broadenings 1, 7, and high-frequency ( and static (
function (relative to the THz range measured here), which are shown in Figure S7 (f) — (i)
and Main Figure 1 (g).

One clear conclusion from the dielectric function fits is that any vibrational modes as-
sociated with the copper-iodide network do not feature in the THz frequency regime; the
lattice response measured here must be predominantly arising from the network of silver,
bismuth and iodine ions. This conclusion follows from the lack of shift in frequency of either
phonon peak, which fall between 1.02 — 1.07 THz and 2.08 — 2.30 THz, including for x = 0,
implying that the addition of copper does not alter the two phonon modes measured in this
energy range.

In addition, both of the phonon modes measured here are similar to those of MAPbDI;,
whose transverse optical phonon modes feature at f; = 0.96 and f, = 1.96 THz.% This ob-
servation is somewhat surprising, given the different compositions and substantially different
crystal structures of the materials measured here (edge-sharing, partially layered octahedra
of the materials measured here vs. corner-sharing, fully connected octahedra in MAPDI3).

If we consider the simplified example of a diatomic chain, two factors determine the phonon

mode frequency: the ‘spring constant’, i.e. the strength of the ionic bonds in the lattice; and

S-16



the reduced mass of the ions in the chain. On its own, the slightly higher mass of bismuth,
relative to lead, would imply a red-shifted frequency. However, the difference in electronega-
tivity between iodine (2.66) and bismuth (2.02) is larger than that between iodine and lead
(2.33):519 given that the strength of an ionic bond depends on the difference between the
electronegativities of the two ions, a Bi-I bond will be more ionic than a Pb-I bond, leading
to a higher phonon frequency. We measure phonon frequencies here that are slightly above
those measured for MAPbI;, implying that the change in electronegativity dominates the
change in mass, leading to the small blue-shift in f; and f;. (We also note that silver-iodine
modes should be found at higher frequencies, outside of the range measured here, given the
combination of a much lower ionic mass for Ag’ as well as an even lower electronegativity
(1.93519) than bismuth, both of which would blue-shift the frequency substantially.)
Finally, lattice modes influence the polarisation of the ionic lattice, which in turn influ-
ences how photoexcited charges are screened in a semiconductor. The blue shift in phonon
modes, relative to MAPDI;, brings their energy closer to Eg, and thus should lead to increased
screening of the Coulombic attraction between electrons and holes, reducing Eg. 5512 How-
ever, the binding energy also depends generally on the electron-hole reduced mass M and

dielectric screening as Eg 6M2 As discussed in the main text, we find the values of the high-

e

frequency ( limit of the dielectric function (relative to the THz range) to all be similar
to, or slightly above, the value for MAPbI; (eI12 ~ 5.4512) at its exciton binding energy .
Given that the exciton binding energies measured here are all at least 50% higher than that
determined for MAPbI;, we think this is likely caused by a larger reduced mass, rather than
any reduction in dielectric screening in the silver-bismuth materials studied here. Further,
the correlation of lowered exciton binding energies and increased charge-carrier mobilities
with rising z also indicates this to be the dominant trend (rather than the lack of correlation
of Ep with values of € across the compositional series).

On the whole, the combination of similar phonon modes and values of the dielectric func-

tion show that the underlying ionic lattice in the silver-bismuth materials investigated here
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Figure S7: (a) — (e) Measured real (blue) and imaginary (red) parts of the dielectric function in
the THz frequency range for thin films of the five compositions measured. Every composition shows
two clear phonon peaks in the imaginary part, at approximately 1.1 and 2.2 THz. The black lines
are fits to the dielectric function using a two-peak Lorentzian line shape. (See main text of the SI
for a detailed discussion of the fitting and outputs.) (f) Fitted frequency f; of the lower-energy
phonon peak. (g) Fitted broadening parameter 74, of the lower-energy phonon peak. (h) Fitted
frequency fi1 of the higher-energy phonon peak. (i) Fitted broadening parameter v of the higher-
energy phonon peak. (j) Values of the high-frequency (red) and static (cream) dielectric constants
for each composition.

is comparable to that of conventional metal-halide perovskites such as MAPDbI;, notwith-

standing the variations in crystal structure and composition.

5.1 Calculation and modelling of dielectric function in the THz

frequency range

THz transmission measurements were carried out for each Cuy,(AgBi); I film, as well as

for a blank 2 mm-thick z-cut quartz substrate, used as a reference. This approach allows for
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the calculation of T'(w) = Egam(w)/Erer(w). Further, in order to account for variations in the
thickness of the z-cut quartz substrates, a phase factor was included, giving the following

final expression for T'(w):

Esam (W) —iAd(ns—1w

T(W) B Eref<w) ‘ ’

(3)

where Ad = dgam — dret, ns = 2.13 is the refractive index of quartz in the THz frequency
regime,>' and c is the speed of light.

In this case where the thin-film of Cuy,(AgBi); ,I; has a thickness much less than the
wavelength in the THz range (i.e. dsam << Arm,) and the underlying substrate is thicker
than the wavelength in the THz range (i.e. d,ef > Arn,), the dielectric function in vacuum

can then be calculated as:5!3

(o) feLE ) <T1 - 1) . ”

Wdgam (w

The dielectric response of a material can be modelled through Lorentzian fitting of the
spectra as the sum of contributions from n phonon modes that are present in the measured

spectral range, and the high-frequency response €.:

n

c(w) =D e (W) + ex- (5)

i=1
Here the contribution from each phonon mode can be modelled as a Lorentzian oscillator,

which results in the following expression for the Drude-Lorentz dielectric response: 54

2
Wo

éph(w) = —Aey (6)

w? — wE +iyw’
where Ae¢;, is the contribution of the phonon mode to the static (zero-frequency) value of the

dielectric function, wy is its (angular) resonance frequency, and + is its broadening parameter

(half line width).
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The overall static value of the dielectric function, in our case with two phonon modes

present, can thus be calculated as:

€5 = €00 + Al + A2 (7)

The fitted values of fi, 71, fo2, 72, € and €5 are shown in Figure S7 and Main Figure 1
(g). Fits were carried out between 0.5 — 2.7 THz.
We note that the correction to account for Ad leads to variations in the final shape of

the real and imaginary parts of the dielectric function, and thus to the values obtained from

5

the fits. As has been shown elsewhere,5!® variations in the value of Ad lead to very minor

changes in the imaginary part of the dielectric function (and thus in the values of f1, 71, fo,
72), but influence the real part of the dielectric function more substantially (and thus the
values of €5 and €).

To properly account for this uncertainty, we cross-verified our results in two ways in order
to ensure physical consistency. First, we measured the thickness of the quartz substrates
used for each sample, and for the reference measurements, using a micrometer. This gave
an average thickness of d = 2.0210 4+ 0.0005 mm. Given that the measured error is equal
to 0.5 um, we thus calculated and fitted the dielectric function for each sample with three
values of Ad = —0.5,0,+0.5 um.

Second, we used the values of the dielectric constant in the infra-red, €'®, as a lower

THz

7 (see below for calculation), as any dielectric function responses

bound for the value of €
between ~ 1300nm (0.95¢V) and 2.5 THz (120 pm or 0.01 V), for example owing to phonon

resonances, would increase the value of the real part of the dielectric function and thus

THz and ETHZ S12

[e.9] S :

increase both €
Figure S8 shows an example plot of the real and imaginary parts of the THz dielectric

function for AgBil, (z = 0) for the three values of Ad, with the corresponding fits (including

THz

THz — ¢IR from the UV-visibile transmission measurements).

a lower limit for the value of ¢

THz and 6THZ

The variations in Ad lead to substantial variations in e_; 5

(apparent in the real
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part of the dielectric function), whereas the peak positions and broadenings vary little (as
shown in the imaginary part of the dielectric function).
The spectra shown in Figure S7 are all calculated for Ad = 0 um. Then, for the THz

dielectric values shown in Main Figure 1 (g), we use the values obtained from the fits with

THz and GTHZ

[e.9] S :

Ad = —0.5,40.5 um as the upper and lower error bounds for the values of ¢
Instead, for the phonon peak frequencies and broadenings shown in Figure S7, we show the

errors obtained from the fitting procedure with Ad = 0 um, as these are larger.

5.2 Calculation of the dielectric function in the infra-red

In order to calculate the values of the dielectric function in the infra-red region, €&, we

fitted the measured values of R,T" between 1200 — 1300 nm from the UV-Visible absorption

measurements with values of R and T calculated from Fresnel coefficients, accounting for

SH of the stack of layers vacuum-sample-

Fabry-Perot interference inside the thin film sample,
quartz-vacuum. This approach allows for the extraction of the values of the refractive index
and dielectric function in the infra-red frequency range.

In general, the Fresnel reflection and transmission coefficients 7; ; and ¢, ; of the electric

field, for normal incidence going from layer i to layer j, are given by:S!

n; n;
i, 8
Tij i+ n; (8)
and
2n;
b= — (9)
n; + nj

Then, we define the Fabry-Perot interference term inside the sample as:

F =

1
‘ : (10)
1— Tsam,vacrsam,sub €xXp (QZUsta;nnsam)

For the total reflection from the stack, we thus obtain:
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QZstamnsam

F sam,su tsam vac-* 11
S LI 1)

T'Tot = Tvac,sam + tvac,sam exXp (

Here dgum, Nsam are the thickness and refractive index of the sample, and we use values of
1 and 1.54 for the refractive indeces of vacuum and z-cut quartz. We then calculate the

total reflected intensity as R = |r|?, where we have assumed that the silver mirror reference
used for reflection is 100% reflective in the 1200 — 1300 nm range, as was the case for the
UV-visible absorption measurements carried out.

Instead, for the transmission through the stack the relevant expression is:

iWdsamNsam WWdsub sy
tTot - Zfvac,sam exXp <—> Ftsam,sub exXp <#> tsub,vac' (12)
C C

Here dgy, = 2mm and ng,, = 1.54 are the thickness and refractive index of the z-cut quartz

substrate. We also calculate the transmission through a vacuum-quartz-vacuum stack:

iwd, bMsub
ZfRef = tvac,sub €xXp (%) tsub,vac- (13)

The total transmitted intensity is then calculated as T' = |ty /tret|?, Which accounts for
the reference measurement through a blank quartz substrate, as outlined above.

The Fresnel coefficients depend on the refractive index n of the sample, which in turn

depends on € as:

n = e+ ix, (14)

where £ is the absorption coefficient (fixed to be the measured value for each sample).

We thus fit the measured values of R, T" in the 1200 — 1300 nm range with values calculated
as above, allowing the value of e/ R to vary, whilst fixing all other relevant parameters. This
fitting routine yield the values of eI R found in Main Figure 1 (g), which represents values

of the dielectric function in the IR, sub-bandgap part of the spectrum. We note that this
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40+ = Ad=-0.5um 1 20} Ad=-0.5um

—%— Ad =0pm —— Ad=0pm
—%— Ad = +0.5um —%— Ad = +0.5um

0.5 1 15 2 25 0.5 1 15 2 25
Frequency (THz) Frequency (THz)

Figure S8: (a) Real part of the dielectric function in the THz frequency range for a thin film of
AgBily, calculated using values of Ad = —0.5,0,+0.5 um for the variations in substrate thickness
(lighter to darker shades of blue, fits in black). Changing the value of Ad leads to substantial
vertical offsets in the real part of the dielectric function, influencing the values of e.1* and eI,
(b) Imaginary part of the dielectric function in the THz frequency range, calculated using values of
Ad = —0.5,0,40.5 um (lighter to darker shades of red, fits in black). Variations in Ad do not lead

to substantial variations in phonon peak frequencies or broadenings.

approximation does not account for internal reflections in the quartz, as these would add high-

frequency oscillations that are not resolved by the instrument used for the measurements.
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6 PL Stability Under Continuous Illumination

120s 180s 240s

PL Intensity (a.u.)

x =0.6, x40

x =0.09, x4 x=0.2 | x=033 x4

600 650 700 750 800 850 600 650 700 750 800 850 600 650 700 750 800 850 600 650 700 750 800 850
Wavelength (nm) Wavelength (nm) Wavelength (nm) Wavelength (nm)

Figure S9: (a) — (d) Measured PL spectra under continuous illumination over 240s at 41 Wem 2
for four thin films of Cuy,(AgBi);_ I, with the = values shown. The spectra measured after
1,60, 120, 180,240s are shown as crosses, and the solid lines are a ten-point moving average. The
spectra show small changes in intensity, but no change in spectra shape, over the 240s for all

compositions.

7 Photoluminescence and Time-Correlated Single-Photon

Counting
a b
05F -
0.8
£ =
S °
20 ‘L
@ *0.45F 1
£o. =2
- (1N
o
02 ———x=0.33 0.4f £ .
r x=0.2 x=0.6
0 . . . . . . . . . . . Y
1.4 15 1.6 1.7 1.8 1.9 2 0 0.1 0.2 0.3 0.4 0.5 0.6
Energy (eV) X, Cqu(AgBi)l_Xl4

Figure S10: (a) Normalised photoluminescence spectra of Cuy,(AgBi); I, films, measured follow-
ing excitation at 398 nm with a continuous-wave intensity of 265 Wem™2. Measured spectra are
shown as open circles, Gaussian fits as solid lines. (b) Full-width half-maxima extracted from the

Gaussian fits to the photoluminescence spectra.
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Steady-state photoluminescence (PL) spectra were fitted with a Gaussian lineshape with

PL = Aexp (- (E;E°)2> + B. (15)

Here A is the PL amplitude, Ej is the PL peak energy, o is the width of the Gaussian

the form:

and B is an offset along the y-axis. The value of the full-width at half maximum was then
calculated as FWHM = 024/2log2. The normalised fits and resulting FWHM values are
shown in Figure S10.

In order to understand whether the dynamics of the PL emisison are influenced by compo-
sition, we carried out further time-resolved PL measurements of the emission bands between
1.58 — 1.70 eV. Such measurements were carried out on Cuy,(AgBi); I, thin films following
photoexcitation at 398 nm at fluences of 440 and 1580 nJem 2 using time-correlated single-
photon counting, the results of which are shown in Figure S10 (a) — (e). (Because of this
technique’s greater sensitivity than the iCCD used for the steady-state measurements, we
were able to record PL transient decays for AgBily.) The lower-fluence decays were then
fitted with a stretched exponential of the form I = he—(ﬁ)ﬁ’ and an average lifetime was
calculated as 7,, = %F(%), where T' is the gamma function.5!® From the average life-
time, we then calculate a monomolecular (trap-mediated) recombination rate k; = 1/(27,y),
following the convention of Richter et al,5!7 the values of which are plotted in Figure S10
(f).

The recombination rates are all between 0.27 — 1.46 x 10°s~!

, somewhat higher than
those found in conventional lead-halide perovskites,>'® but comparable to defect-heavy tin-

S19.520 which together with values of 3 that are well below 1 (i.e. sub-

based perovskites,
stantial heterogeneity in the decays, see Figure S10 (g)), is indicative of a large trap den-
sity and substantial energetic disorder present in these materials. The lack of clear trend
in the defect-mediated, nanosecond charge-carrier recombination rate k; with composition

again demonstrates that the ultrafast charge-carrier localisation taking place in these silver-

bismuth materials, which exhibits clear trends across the series, has an intrinsic nature.
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Figure S11: (a) — (e) Time-resolved PL transients measured using TCSPC at fluences of 1580 and
440nJem=2, for Cuy,(AgBi); I, thin films of the compositions shown. The solid black lines are
fits using a stretched exponential. (f) Monomolecular recombination rate kj extracted from the fits,
and also plotted as solid blue squares in Main Figure 5 (a). (g) Homogeneity parameter § extracted
from the fits.
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8 THz Photoconductivity

Drude Factor Calculation

To investigate the nature of the photoinduced charge carriers we measured photoconductivity
spectra across the range of 0.25 — 2.5 THz following photoexcitation at 3.1eV at a fluence
of 49 uJem™?2 across several time delays (see Figure S12 (a) — (e)). The photoconductivity
spectra exhibit reasonably flat real parts, indicative of Drude-like conductivity, typical of
free charge carriers.51352! The lack of resonance peaks is indicative of a lack of optically
allowed transitions in the energy range 1 — 10meV (0.25 — 2.5 THz), in good agreement
with the exciton binding energies measured here (the first excitonic transition would be
expected at an energy of %EB > 16meV). In order to quantify deviations from Drude-
like conductivity, we calculate a ‘Drude Factor’ (see below), as done previously for other
metal-halide semiconductors,52%52 for each composition at several time delays (see Figure
S12 (a) — (e)). These values show no trend over time for all compositions, although the
time-averaged values are somewhat below 1, falling in the range 0.67 — 0.69, indicating some
degree of deviation from the idealised charge-carrier transport of free electrons. Further,
the time-averaged Drude Factor increases slightly with x (Figure S12 (f)), which could be
correlated with the improved charge-carrier mobilities that we discuss below.

The Drude model for the photoconductivity of a electrons in a solid yields a flat, zero-
valued imaginary part of the photoconductivity in the THz regime.5'*514521 In order to

quantify deviations from this model, a ‘Drude Factor’ can be calculated as:5?2

; 1 Re (AT/T)*
e e g \/Re (AT/T)? + Im (AT/T)

(16)

Here AT/T = % is the change in THz transmission at each frequency point, and x is
the total number of points (in this case, we calculated fpruge between 0.4 — 2.5 THz). In the

case of ideal Drude-like conductivity, fpruae = 1, and deviations indicate other contributions
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e.g. from localized charge-carrier states.5?!

0.3
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Figure S12: (a) — (e) Real part of the photoconductivity measured for Cuy,(AgBi);_,I4 thin films
of copper content x as shown, at time delays of 1, 4-5 and 190 ps. The spectra were measured
following photoexcitation with a pump wavelength of 400 nm at a fluence of 49 pJem=2 (incident
photon fluxes of Ny = 9.9 x 103 cm—2, as calculated below).
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Figure S13: (a) — (e) Calculated ‘Drude Factor’ for thin films with the compositions shown, at
a variety of time delays following photoexcitation at 400nm at a fluence of 49 uJem=2 (incident
photon fluxes of Ny = 9.9 x 10!3cm~2, as calculated below). None of the compositions show any
clear trend over time, although the average values calculated over all times (f) show a slight increase
in value with increasing x.
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9 Fitting of OPTP Decays

This section discusses the ordinary differential equation (ODE)-based models used to fit the
OPTP transients, over long and early times. This model is shown schematically in Main

Figure 3 (e).

Early-time OPTP fitting

In order to fit the early-time OPTP transients, we follow the same approach used in previous
studies. 57523
We assume that all photoexcited carriers begin in the free state, such that ngeoc(t = 0) =

ng and nj,.(t = 0) = 0. For each pump wavelength, the initial charge-carrier density was

calculated as:

_ EA

N = =22
he

(1 - Rpump(/\) - Tpump(/\)) ) (17)

where E is the energy contained in an optical excitation pulse of wavelength A, and Rpump
and T,ump are the sample reflectivity and transmittance at the pump wavelength A. In order
to convert this into a charge-carrier density per unit volume, we accounted for the effective
overlap area of the optical pump and THz probe beams and the thickness of the sample,

such that:

N

= — 18
dfiim Ags (18)

no

The recombination rate from the localised state to the ground state, k7, is fixed using the
values of k; and ko obtained from the long-time fits (see below). We note that, as discussed
in the main text, we do not identify the precise nature of the localized or self-trapped state
(e.g. a self-trapped hole or exciton, or a small polaron), and so the schematic is simply

representative of the states and the parameters associated with them, and should not be
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interpreted as a band structure or energy-level diagram.

The simplified model outlined can thus be solved using a set of coupled rate equations:

8ndeloc

ot

- = klocndeloc ( 19)

anloc

ot

- _krnloc + klocndeloc- (2())

As outlined previously,5” AT/T can be related to the photoinduced change in the conduc-
tivity, and the overall measured signal can then be described using the following analytical

form:

AT - d OCk ocC _ OCkOC —k*
_ noe fhdelos — Ml—l* o~ Floct + HMocki e kit ) (21)
T €oc (na +np) kioe — ki Floc — K7

In order to account for the Instrument Response Function of the OPTP system used here
(see below), the expression in Equation 21 was convolved with a normalised Gaussian pulse

with orrp = 0.32ps. Accounting for an offset in time ¢y, the overall expression used to fit

the temperature-dependent OPTP data was thus:

T N 2600(nA + np kloc — ]CT \/§UIRF

*2 * 2
Pockioc e_k;(t—t0)+k1;2 Erfc (klgIRF il U t0)> } (22)

k‘loc - kf \/50 IRF

Here Erfc(z) is the complementary error function, defined as:

Erfe(x) = % /oo et dt (23)

The fits were carried out for each pump wavelength, globally across all fluences at that

wavelength, yielding values of pigeloc, fioe and ki at the three wavelengths, for each sample.
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These fit outputs are shown in Main Figures 3 and 4.
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Figure S14: (a) — (e¢) OPTP photoconductivity transients between -2 — 10 ps for thin films with
the five Cuy,(AgBi);_,I, compositions shown, using photoexcitation at 3.1 eV with incident photon
fluxes of Np = 9.91,6.52,4.74 x 10" cm™2. The solid black lines are fits to the decays as outlined
above. (f) — (j) OPTP transient decays between -2 — 10 ps for thin films with the five compositions
shown, using photoexcitation at 585nm with incident photon fluxes of Ny = 14.0,8.77,6.42 x
10"3 cm™2. The solid black lines are fits to the decays as outlined above.

Long-time (nanosecond) OPTP fitting

The long-time fits over approximately the first nanosecond follow the same approach we have
outlined previously.5?* We assume that recombination dynamics of the charge carriers from
the localised state can be described by a combination of monomolecular (trap-mediated) and

bimolecular (radiative) recombination, giving the following rate equation:

on

E = —kln — k2n2. (24)
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This solution to this equation is given by:

klOé
)= — -~ 25
n(t) = (25)
where « is related the initial charge-carrier density ng via:
1k
— = 4 k. (26)
(0% U
The change in transmitted THz radiation, % (¢) = x(t) is proportional to the free charge-
carrier density in the thin film:
n(t) = ¢Cx(t) (27)

Here ¢ is the number of free charge-carriers per photon, and C' = 7ny/x(0) is the pro-
portionality factor between the initial THz response 2(0) and the absorbed photon density
no.

Substituting for C' then gives us:

Ox
a = —C¢k’2$2 - k’ll‘ (28)

= —AQ.TQ — All’ (29)

Analytical solutions to this ODE are fitted globally to the decays across all fluences
in order to extract the rate constants A;. Given the influence of the photon-to-free-charge
conversion ratio ¢ we can only determine apparent bimolecular recombination rates ¢k,. Just
as for the charge-carrier mobilities shown above, given that 0 < ¢ < 1 the values presented
for ko in the main text are underestimates of the true intrinsic values.

Finally, in order to account for an initial spatially varying charge-carrier density (due

to absorption following the Beer-Lambert law), the fitting algorithm takes into account an
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exponentially decaying charge-carrier density. This is done by dividing the sample into 30

equally thick slices and computing the decay function for each of these individually.
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Figure S15: (a) — (e) OPTP transients covering the first 600 ps, for thin films with the five
Cuy,(AgBi),_,I, compositions shown, following photoexcitation at 3.1 eV with incident photon fluxes
of Na =9.91,6.52,4.74 x 10'3 cm™2. The solid black lines are fits to the decays as outlined above.
(f) = (j) OPTP transient decays out to 600 ps for thin films with the five compositions shown, using
photoexcitation at 2.5 eV with incident photon flux of Ny = 18.2 x 10'3 cm™2. The solid black lines
are fits to the decays as outlined above. (k) — (o) OPTP transients out to 600 ps for thin films
with the five compositions shown, using photoexcitation at 2.1eV with incident photon fluxes of
N = 14.0,8.77,6.42 x 10 cm™2. The solid black lines are fits to the decays as outlined above.
For ease of comparison, all decays have been shifted along the time axis such that their peak values
are at t = 1 ps.
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Figure S16: Normalised OPTP transient decays between -1 — 6ps for thin films of AgBil, (a)
and CuyAgBilg (b), following photoexcitation at 2.5eV with incident photon fluxes of Ny =
11.5,8.2,5.8 x 10 cm™2. The transients show very little difference, implying a lack of fluence
dependence to the dynamics at early times. For clarity, the decays have all been shifted along the
x-axis such that the peak is at time £ = 0 ps.
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Figure S17: Early-time OPTP onset for a 2 mm-thick wafer of high-resistivity silicon, pumped at
800nm at a fluence of 17.7 uJem™2. The data are fitted with an error function in order to extract
an estimate of the instrument response function of our OPTP system. The resulting Gaussian IRF
has a spread of 320 fs, much shorter than the dynamics observed in the thin films measured here.
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10 Instrument Response of OPTP Spectroscopy

As a measure of the Instrument Response Function (IRF) of our THz OPTP spectroscopy
systems, high-resolution measurements of the photoconductivity onset in silicon were carried

out. These data are then fitted with an error function, via an equation of the form:

F(x) = A(1 — Erf(B(z — C))) + D (30)

where A, B, C' and D are fitting constants and the error function is defined as:

Erf(z) = % /0 e, (31)

This timing is then converted into a Gaussian temporal broadening to simulate the IRF

of our experimental system:

G(z) = ozei(“(g"_li)J (32)

where the constant oy is related to the fitted value B by ogrp = 1/ (\/§B), « is the
amplitude and 3 is the offset in time (equivalent to C').
This approach yields the IRF shown in SI Figure S17, with ogr = 320 fs, much faster

than the timescales for the ultrafast localisation kj,. that are shown in Main Figure 3 (c).
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11 Fluences, Photon Fluxes and Photoexcited Charge-
Carrier Densities for OPTP Measurements

We report below in Table S2 the fluence (energy per unit area) and photon flux for each set
of OPTP measurements reported here, as well as the corresponding photo-excited charge-
carrier density used for each Cuy,(AgBi); ,I; composition.

The photoexcitation fluence is calculated as:

P

F= ;
fAeff

(33)

where P is the power of the photoexcitation pump beam, f is the repetition rate of the pump
beam (5kHz, as reported above) and Aeg is the effective overlap area between the optical
pump and THz probe beams.

The incident photon flux can then be calculated as:

F)

Ny = —
A he

(34)

where ) is the photoexcitation wavelength, h is Planck’s constant and c is the speed of light.
Finally, for a given thin film and incident photon flux, the photoexcited charge-carrier
density can be calculated as:
NA(l — Rpump()‘) — TpumpO‘))

= 35
"o dﬁlm ( )

where Rpump(A); Tpump(A) are the reflectance and transmittance at the photoexcitation wave-

length A\, and dgy,, is the thickness of the thin film.
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Nominal z and Pump Pump Incident Photoexcited
Cuy,(AgBi),_,1, Energy (eV) Fluence Photon Flux Charge-
Composition (wJem—2) (x1013 em~—2) Carrier Density
(x10*® em—3)
0, AgBil, 3.1 49.2 9.91 2.54
32.4 6.52 1.67
23.5 4.74 1.21
2.5 72.44* 18.2* 4.68*
45.8 11.5 2.96
32.6 8.21 2.11
21.8 5.81 1.49
2.1 47.5 14.0 3.50
29.8 8.77 2.20
21.8 6.42 1.61
0.09, Cug 4AgBil, 4 3.1 49.2 9.91 2.07
324 6.52 1.36
23.5 4.74 0.99
2.5 72.44* 18.2* 3.76*
45.8 11.5 2.37
32.6 8.21 1.69
21.8 5.81 1.20
2.1 47.5 14.0 2.78
29.8 8.77 1.74
21.8 6.42 1.28
0.2, CuAgBil; 3.1 49.2 9.91 2.19
324 6.52 1.44
23.5 4.74 1.05
2.5 72.44* 18.2* 3.90%
45.8 11.5 2.46
32.6 8.21 1.75
21.8 5.81 1.24
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Nominal z and Pump Pump Incident Photoexcited
Cuy,(AgBi),_,1, Energy (eV) Fluence Photon Flux Charge-
Composition (wJem=2) (x10¥em™2)  Carrier Density

(x10*® em—3)

2.1 47.5 14.0 2.86
29.8 8.77 1.79

21.8 6.42 1.31

0.33, CuyAgBilg 3.1 49.2 9.91 2.28
324 6.52 1.50

23.5 4.74 1.09
2.5 72.44* 18.2% 4.16*
45.8 11.5 2.63

32.6 8.21 1.87

21.8 5.81 1.33

2.1 47.5 14.0 3.13
29.8 8.77 1.96

21.8 6.42 1.44

0.6, CugAgBily, 3.1 49.2 9.91 1.15
324 6.52 0.75

23.5 4.74 0.55
2.5 72.44* 18.2* 1.99*
45.8 11.5 1.26

32.6 8.21 0.90

21.8 5.81 0.63

2.1 47.5 14.0 1.46
29.8 8.77 0.91

21.8 6.42 0.67

Table S2: Photoexcitation fluences, incident photon fluxes and photoexcited charge-carrier densi-
ties for each Cuy,(AgBi);_,I; composition for the early- and long-time OPTP measurements. For
photoexcitation at 3.1 and 2.1eV, the same three fluences were used for both early- and long-time
decay measurements. For photoexcitation at 2.5eV, only one fluence (marked with an asterisk *)
was used for the long-time decay measurements, whilst the three lower fluences were used for the
early-time decay measurements.
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