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A. Sample Preparation

We first prepare FAo.s3Cso0.17Pb(lo.6Bro.4)s precursor solution by dissolving formamidinium
iodide (FAI; Dyesol), caesium iodide (Csl; Alfa Aesar), lead iodide (Pblz; TCI) and lead
bromide (PbBrz; TCI) in anhydrous N,N-dimethylformamide (DMF; Sigma-Aldrich) to obtain
a stoichiometric solution. The solution was then stirred overnight in a nitrogen-filled glovebox.

We then add 69 pl of hydroiodic acid (HI; Sigma-Aldrich), 57 wt% in H20 and 34.6 pl of
hydrobromic acid (HBr; Sigma-Aldrich), 48 wt% in H20 into 1 ml of 1.2 M
FA0.s3Cso.17Pb(lo.6Bro.4)s precursor solution, and age for approximately 48 hours under a
nitrogen atmosphere without stirring.

In parallel, we generate BAPb(lo.6Bro.4)s precursor solution by dissolving n-butylammonium
iodide (BAI; Dyesol), Pbl2 and PbBr2 in DMF to obtain a stoichiometric solution. The solution
was also stirred overnight in a nitrogen-filled glovebox.

Prior to film deposition, we blend the FA0.83Cs0.17Pb(lo.6Bro.4)s and BAPb(lo.sBro.4)s precursor
solutions to achieve BAx(FAo.83Cso0.17)1-xPb(lo.6Bro.4)s with desired BA contents.

The precursor perovskite solution was spin-coated in a nitrogen-filled glovebox at 2000 rpm
for 45s, on a substrate pre-heated at 80°C. The films were dried inside the glovebox on a hot
plate at a temperature of 70 °C for 60 seconds. The films were then immediately transferred
into an oven and annealed in air at 175°C for 80 minutes.
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B. Experimental Details
UV-vis. and Infra-Red Absorption

Visible absorption spectra were taken using a Bruker Vertex 80v Fourier-Transform Infrared
(FTIR) spectrometer, with a tungsten halogen source and a silicon diode detector.
Measurements were carried out under low vacuum (< 5 mbar). Infra-Red absorption
measurements were taken using the same FTIR spectrometer fitted with a attenuated total
reflection (ATR) accessory. A globar light source was used with a nitrogen-cooled photovoltaic
HgCdTe detector. Measurements were taken with samples placed in air.

X-Ray Diffraction

X-Ray Diffraction patterns were measured using a Panalytical X’Pert powder diffractometer,
using radiation from a Cu-K, source, across 26 values ranging from 10-45°.

Steady-State Photoluminescence and Segregation Measurements

Photoluminescence (PL) spectra were measured following excitation by a 400 nm continuous
wave laser (Picoquant, LDH-D-C-405M). The PL emitted was collected and coupled into a
grating spectrometer (Princeton Instruments SP-2558), after which light was detected by an
ICCD camera (PI-MAX4, Princeton Instruments). For the PL segregation measurements, the
same setup was used, with PL spectra being measured after 1, 10, 30, 60, 120, and 300 s.
Measurements were carried out in air.

Time-Correlated Single Photon Counting

The same laser as above was used to photoexcite the thin films from the front side of the
perovskite film (not facing the substrate), but under pulsed excitation mode. A repetition rate
of 1IMHz was used for all measurements. Photoluminescence (PL) was collected using the same
monochromator, with a photon-counting detector (PDM series from MPD). Timing is
controlled electronically using a PicoHarp300 event timer. PL decays were measured at the
initial peak wavelengths. Measurements were carried out in air.

Optical-Pump Terahertz Probe Spectroscopy

An amplified laser system (Spectra Physics, MaiTai — Ascend — Spitfire), with a 5 kHz
repetition rate, centre wavelength of 800 nm and pulse duration of 35 fs was used to generate
THz radiation via the inverse-spin Hall effect from an emitter made of 2nm of tungsten / 1.8nm
of CoaoFes0B20 / 2nm of platinum, supported by a quartz substrate.[!l The THz probe was
focused onto the sample and detected via free-space electro-optical sampling in a ZnTe(110)
crystal of thickness 200 um. A 400 nm pump pulse was generated using a Beta Barium Borate
(BBO) crystal. Transient decays were measured by recording the change in peak THz amplitude
transmitted as a function of pump-probe delay time. Measurements were carried out under
vacuum (< 102 mbar).
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C. Absorption and Photoluminescence Spectra
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Figure S1:. Steady-state photoluminescence (PL) and absorption spectra for thin films of
BAX(FA0,83CSO,17)1.be(|o,6BI’o,4)3 for x =0-0.333 (A) and x = 0.429 — 0.8 (B) PL was measured
following continuous-wave excitation at 400nm at an intensity of 122 mWcm™2 on the front of the
samples. All of the films had thicknesses greater than 700 nm, well above the optical absorption depth
at 400 nm. The absorption onset and PL peak both blue-shift with increasing BA content.

The trends seen here in band gap energy, with band gap increasing with BA content,
must be married with the reduced interplanar spacing that is determined from XRD

measurements (see below). The dependence of band gap energy on lattice spacing is not trivial,
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with several contributing factors. It is now well understood that the nature of the band gap in
MAPDIs is governed by the overlap of the B- and X-site orbitals: the Valence Band Maximum
(VBM) arises from the antibonding states of Pb 6s and I 5p, and the Conduction Band Minimum
(CBM) is formed by empty Pb 6p orbitals or Pb 6p — | 5p interactions.>®! This electronic
structure is inverted relative to classical inorganic semiconductors, such as GaAs, leading to
lead halide perovskites having a positive deformation potential.*-¢1 This has been confirmed by
pressure-dependent measurements in MAPbBTrs3, where increasing pressure in the cubic phase
leads to shorter Pb-Br bond lengths, raising the VBM and leaving the CBM unchanged, giving
a smaller band gapl”l. However, if the A-site cation is varied, there is a non-obvious relationship
between the size of the cation and the band gap. One would expect smaller cations to lead to
decreased interatomic spacing, thus giving smaller band gaps. However, a crucial factor is the
metal-halide bond angle, meaning that larger ionic radii give larger angles, lining up the metal-
halide bonds, giving lower band gapst®l. Thus, for example, swapping MA for FA leads to a
lower band gap in FAPDbI3.*¥]

Temperature-dependent measurements have further probed this relationship, with
previous studies showning that the band gap of MHPs blue-shifts with increasing temperature,
and this effect has been found in conventional MAPDI3 as well as mixed-halide and mixed lead-
tin perovskites.[**14 When considering the effect of temperature, there are contributions from
both lattice deformation and electron-phonon coupling.l* There is debate as to the dominance
of the contributions: early work suggested that the electron-phonon couplings might cancel each
other out, leaving just the lattice expansion contribution.*> However, more recent work has
found a large anharmonicity in electron-phonon couplings,*®! and theoretical calculations have
found the dominant increase in band gap to arise from the electron-phonon couplings.[*”8l

By tuning the halide content, we can change the orbital overlap, altering the energy of
the VBM whilst leaving the CBM unchanged, due to the large contribution from the halide p-

orbital to the VBM.*®1 We thus get varying band gap energy with halide content, with Eg
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decreasing in order of chlorine / bromine / iodine, with mixtures of two halides confirming this
trend.[1%-21

The addition of BA to the materials under investigation here leads to lower interatomic
spacing,??! and if this were the only effect, would result in corresponding decrease in the band
gap due to the positive deformation potential of MHPs. However, since the PL and absorption
show a blue-shift with increasing BA content we thus suggest that the more convincing
explanation is of a slight variation in halide content within the 3D bulk region. The presence of
a higher bromide fraction within the 3D bulk region of samples with a greater BA content will
thus increase the band gap whilst reducing the lattice spacing, which is consistent with the

observed trends in both XRD peaks and band gaps.
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D. Infra-Red Absorption Spectra
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Figure S2: (A) Infrared absorption spectra of BAx(FA0.s3Cso0.17)1xPb(losBro4)s thin films on z-cut
quartz obtained using an attenuated total reflection (ATR) accessory mounted within an FTIR
instriument. Also shown are the IR spectra of the precursor powders, formamidinium iodide and n-
butylammonium iodide (blue and pink lines respectively). The peaks were assigned according to
relevant references.!*%! (B) Spectral zoom showing the infrared spectra of the perovskite thin films
between 1000 cm™ and 1200 cm™. The rise in absorption of the C-N stretching mode from the
butylammonium cation (BA") highlight the increasing BA" fraction in the perovskite thin-films. (C)
The infrared spectra of the perovskite thin films between 1600 cm™ and 1800 cm™. The decrease in
absorption of the C=N stretching mode (from the formamdinium) highlight the decrease in FA*
fraction in the perovskite thin-films.

The IR absorption for the C-N stretching frequency associated with n-butylammonium
iodide is shifted compared to the formamidinium iodide, as shown in Figure S2. The shift in
frequency is due to the R-groups attached to the primary ammonium ion or amine (BA*= R -
*NH3 , FA*= R- NH2).[?%1 The R-group in BA* consists of an aliphatic chain (CsHos) whereas
the R-group in FA™ consists of an imino group (CHNH:). The result of the different R-groups
is a change in the C-N bond length and bond angle, and will result in a difference in the C-N
stretching frequency between the BA* and FA*.[?526] Using the assigned peaks in the precursor
powder, it can be clearly observed that the C-N stretching frequency in the butylammonium
cation (BA") is 1092 cm™. The broad peak of the C-N stretching frequency associated with the

formamidinium (FA™) cation is masked by the strong absorption of quartz. Therefore, by
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tracking the C-N stretching frequency we can monitor the addition of BA* in the perovskite
thin-film. Further, the vibrational frequencies of bonds associated with the imino group (-C=N-)
in the FA* at 1716 cm™ and 3433 cm* are shown to decrease in absorption as the BA" fraction
is increased in the perovskite. The N-H stretching frequency in the BA* is broad, hence it is

masked by the increased absorption of the quartz above 3000 cm™.



E. X-Ray Diffraction
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Figure S3: (A) — (I) X-Ray Diffraction spectra for thin films of BAx(FA0.83CSo.17)1-xPb(lo.sBro.4)s, for
x =0 - 0.8. Peaks marked with an asterisk (*) are identified as Pbl, peaks at 12.7°. (J) The main (100)
reflection is found at ~14.3° and (K) the (200) reflection is found at ~28.7°. Both peak positions shift
to larger angles with increasing BA content.
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Figure S4: X-Ray Diffraction peak positions for (100) reflections (A) and full-width half-maximum
(FWHM) values of the (100) peaks (B). Peak positions and FWHM values both increase with BA
content.

Small amounts of BA increase crystallinity, as seen by the increased intensity in (100)
and (200) reflections for samples with x = 0.049 — 0.333, and by the lowest full-width half-
maximum (FWHM) value for x = 0.167. We also measure increasing reflection angles for the
(100) and (200) peaks, implying reduced interplanar spacing. We suggest this is due to two
effects: as a larger volume fraction of 2D crystallites forms, increased strain on the 3D bulk
lattice causes a reduction in interplanar spacing, and the 3D bulk changes halide composition
slightly (see also discussion above and in Main Text), enhancing the iodide content thus again
reducing interplanar spacing, leading to larger diffraction angles. These trends are similar to
those reported previously by Z. Wang et al.[?? At high BA content (x > 0.5) we see substantial
Pbl2 reflections, as well as additional peaks in the spectra. These can be partly attributed to 2D

crystallites occupying a significant volume fraction, and also to the lack of fully-formed
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perovskite phase, with the likely formation instead of a non-stoichiometric phase interspersed

throughout the film.

11
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F. PL Stability Measurements

Photostability with respect to aging under inert atmosphere
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Figure S5: (A) — (I) Photoluminescence spectrum shift between original steady-state PL spectra, and
spectra measured for thin films of BAx(FA0.s3Cso0.17)1xPb(lo.6Bro.4)s following aging in a nitrogen
glovebox for three months, for 0 < x < 0.8 content (the latter spectra also forming the t = 1s spectra
in the PL stability measurements shown in Figure S6).
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Photoluminescence Segregation
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Figure S6: (A) — (1) PL segregation for thin films of BAx(FA0.83CS0.17)1-xPb(lo.sBro4)s for x =0 - 0.8
under constant 400nm continuous-wave illumination at approximately one sun intensity (95 mWcm-
2). (J) Shift in mean photon energy over 1 — 300 s (see below for details).

For all samples we see that, following aging in a nitrogen glovebox for three months,
the PL spectra are red-shifted. This shift is slight for low BA content, but becomes substantial
for high BA content, with a secondary peak having formed at ~750 nm, potentially indicative
of halide segregation, with the emission now originating from iodide rich domains. These
changes are slight for x < 0.5 where they also do not seem to be associated with the appearance
of a secondary peak attributable to a clear iodide rich phase, hence they may be associated with

slight morphological or compositional settlement here with time.
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We subsequently monitored the stability of the aged films to halide segregation under
illumination. We observe increasing PL intensity and a slight red-shift in mean photon energy
with time spent under illumination, for all samples, with the amount of red-shift increasing
slightly with BA content, as measured by percentage change in mean photon energy after 300s,
relative to the initial value, defined as A (see below and main text).

We note that since samples with x = 0.667, 0.8 had already degraded in the absence of
intense light exposure (glovebox light levels) as part of the aging process, shifting most of the
PL to a new peak at 750nm, these halide segregation measurements under light are not
necessarily indicative of the materials’ general propensity to segregate. For this reason, the
shifts in Ephot are not included in Figure S6 (J) for samples with x = 0.667, 0.8.

In order to quantify the amount of segregation undergone by each sample, the mean
photon energy of each spectrum was calculated and plotted over time (see Figure S6 (J) and
Figure 1 (F) in the Main Text). The iCCD camera is calibrated to a blackbody spectrum with

units of energy density, thus the mean photon energy is calculated as:

Total Energy  YN,I; L L
— = = C )
NPhot ?]:1 Ni §V=1Ai1i

< Ephot >

where I; are the intensities and A; are the corresponding wavelengths at which they are recorded.
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G. Transient Photoluminescence Decays
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Figure S7: (A) — (1) Transient PL decay curves for a range of excitation fluences for thin films of
BAX(FA0.83Cs0.17)1-xPb(lo.6Bro.4)s for x = 0 — 0.8. Samples were excited at 400nm using fluences of ~4,
~30, ~250 nJem. Decay lifetimes decreased with decreasing fluence, and traces at the lowest fluence
were fitted with a monoexponential curve (green) to extract a lifetime ;.
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H. Terahertz Spectroscopy

Photoconductivity measurements
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Figure S8: Terahertz photoconductivity spectra measured for thin films of BAx(FA0.83CSo0.17)1-
«Pb(losBro4)s, after 1 ns following excitation at 400nm at a fluence of 1.38 pJcm™2, across four
different compositions. Solid lines with crosses are the mean value of two scans, with the shaded area
representing the statistical error.

Measurements of the terahertz photoconductivity response were carried out on thin films
of BAx(FA0.83Cs0.17)1-xPb(lo.6Bro.4)s, for x = 0.091, 0.167, 0.333, 0.667, after 1 ns following
excitation at 400nm at a fluence of 1.38 pjcm™2.

Several studies on a variety of different perovskite compositions have described the
nature of excited states in mixed-halide perovskites.[?>%% Given the low exciton binding energy
in 3D perovskites,132 and following several studies using photoluminescence, transient

absorption and optical-pump, terahertz-probe measurements,*-*! it is now fairly well-accepted
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that excited states in 3D perovskites are dominated by free charges, and are well described by
the Drude model, with a flat photoconductivity response.[***"1 In thinly-layered 2D layered
perovskites with strong electronic confinement, also known as Ruddlesden-Popper perovskites,
excitonic and polaronic effects are more common, and these have also been studied in some
detail.383% In the 2D-3D hybrid system that we present here, 3D perovskite domains are
interspersed with 2D crystallites near the grain boundaries, and we might therefore expect the
majority of photo-excited species to be free charge carriers. Terahertz photoconductivity spectra
shown in Figure S8 indeed show a Drude-like free-carrier response (positive flat real part, zero
imaginary part, as expected for free carriers with short momentum relaxation time) across a
range of compositions, indicating that the photoconductivity transients are dominated by the
response of free charge carriers in these materials. These results are in good agreement with the
photoluminescence and absorption spectra that we measure (Figure S1), and by the typical
transient photoconductivity decays observed (Figure S9), which are close to those measured

previously for 3D bulk perovskites.[11:384041]
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Optical-Pump Terahertz-Probe Spectroscopy
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Figure S9: (A) — (I) Optical-Pump, THz-probe transient decay traces for thin films of
BAX(FA0.83Cs0.17)1-xPb(lo.6Bro.4)3, measured following excitation at 400nm at a range of fluences for 0
— 0.8 BA content. Data points are in open circles with error bars, and fits to a standard equation
describing the charge-carrier density decay (see below) are solid lines.

18



WILEY-VCH

Calculation of Charge-Carrier Mobility
We follow the same process outlined by Wehrenfennig et al.[*?l Charge-carrier mobility
is linked to the photoconductivity of a thin film by:

_ AS Aggy

S1
Ne

U

Here AS is the sheet conductivity of the film, A, is the effective overlap area of the optical
pump and THz probe beams, N is the number of photoexcited free charge carriers, and e is the
elementary charge.

Given that THz wavelengths are both much longer than the perovskite film thickness
(Aruz > drim), and shorter than the quartz substrate thickness (Ary, < dgypstrate), WE Can use
the following approximation for the sheet photoconductivity of a thin film between two media

with refractive indeces n, and ng:

AT
AS = —egc(nyg + ng) (T) S2

Here AT = T.ycitea — Taark 1S the photoinduced change in THz electric field, and n, = 1 for
vacuum and ng = 2.13 for a z-cut quartz substrate.

We determine the number of photoexcited charge-carriers using:

E A
N = ¢ﬁ(1 - Rpump(z)) (1 — Tyump (,1)), S3
where E is the energy contained in an optical excitation pulse of wavelength A ( = 400 nm),
Rpump and Tpymy, are the sample reflectivity and tramittance at 400 nm, and ¢ is the branching

ratio of photons-to-free-charges.

We can substitute equations S3 and S2 into S1, in order to obtain:

A ¢sshc AT
pu = —eoc(ng +np) eIy ( )

EeA (1 = Rypump@) (1 = Tpuamp D)V T
Given that the branching ratio 0 < ¢ < 1, the calculated effective charge-carrier mobility is

always an underestimate; it is only identical to the true free-carrier mobility when there is full
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conversion of photons to free charges. Further, the determined charge-carrier mobility arises
from contributions to the conductivity from both free electrons and free holes, and these cannot
be separated. Thus, the effective mobility values given in the main text are the sum of electron
and hole mobilities.

For very high excitation fluences (> 50 pJem) the proportionality between AT / T and
u no longer holds. We thus calculate effective mobilities from the initial AT / T response for

fluences below this value.

Transient Decay Fitting
The overall charge-carrier dynamics in a perovskite semiconductor can be
approximately described by the following partial differential equation:

on
E:—k:;ng—kz 2—k1n SS

In this case, as we set ks = 0, the PDE can be solved analytically:

on
= _k2n? —
T k kin S6
Separating out variables gives us:
1
j—dn = f —k,dt S7
k 1
1+72
”( k, ")
k,
1 K2
fﬁ_ k—llcdn =f—k1dt S8
n2
1+ k, n
ky \
In(n) —In(1 +k—n = —kit+ A, S9
1
n
In - = —kit + A4, S10
1+72n
1

where A is simply the integration constant. Then, exponentiating both sides:
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— Be~kat S11

where B = e4, another constant. Thus, rearranging for n:

B
n(t) = — S12
kit 22
ef1 K, B
Finally, substituting in for a = kE:
1
kia
= —— S13
n(®) ekt — k,a

We can relate « to the initial charge-carrier density n, via:

1 ky
a nyg

Thus, at t = 0, we recover n(t = 0) = n,.
The change in transmitted THz radiation AT / T (t) = x(t) is proportional to the free
charge-carrier density in the thin film:
n(t) = ¢ € x(t) S15
Here ¢ indicates the number of free charge-carriers generated per photon, and C = ii, / x(0)
is the proportionality factor between the initial THz response x(0) and the absorbed photon
density fi,, given by:

_Eda(d)

=hed,, (1- Rpump(A)) S16

fig
Here the effective overlap area A,fr can be calculated from the pump and probe beam

parameters, whilst the absorption and reflection coefficients are measured for each sample. For
very high excitation fluences (> 50 pJem-?) the proportionality in equation S15 no longer holds;
we therefore determine C based on the initial response for fluences below this.

Substituting equation S15 into S6 gives us:

dx .
E = _Cd)kzx - klx
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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 mobility, given that 0 < ¢ < 1 the values presented for kz 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
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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