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Single crystals of mixed Br/Cl and Sn-doped
formamidinium lead halide perovskites via inverse
temperature crystallizationt
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Hybrid organic—inorganic perovskite mixed halides of FAPbBrs_,Cl, and doped FAPb; ,Sn,Brs were
synthesized using a generalized inverse temperature crystallization (ITC) method. With an appropriate
choice of solvents and crystallization temperatures we show that large millimeter sized single crystals of
these hybrid perovskites can be grown in a matter of hours to days using ITC. The structural and optical
properties of these single crystals were characterized systematically. The mixed metal and mixed halide
perovskites displayed a compositional bandgap tuneability in the region of 2.05 eV to 2.57 eV. The
electrical properties of the perovskite single crystals were determined using a space-charge limited
current (SCLC) method. The trap density determined from SCLC was between 10° and 10** cm™ for all
perovskites which is exceptionally low. The mobility was found to increase by one order of magnitude
on the addition of only 3% Sn for FAPb,_,Sn,Brs based perovskites which shows promise for enhancing

the electrical properties. This demonstrates the generalizability of the ITC method to grow large high-
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Accepted 13th January 2020 quality perovskite single crystals with enhanced optical and electrical properties. In addition, it was

observed for FAPbBrs;_,Cl, based perovskites that initially degraded surfaces with suppressed PL emission
DOI: 10.1039/d0ra00060d could be repaired by using an anti-solvent treatment re-enabling the PL emission. Other perovskite

rsc.li/rsc-advances compounds did not display any degraded surfaces and exhibited excellent stability in ambient conditions.
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Introduction

In recent years, organic-inorganic halide perovskites (AMX;)
have been the focus of intense research due to their remarkable
optical and electrical properties."® Recently, single crystal
organic-inorganic halide perovskites have been shown to
exhibit significantly longer diffusion lengths, higher mobilities
and lower trap densities than polycrystalline thin films.” These
enhanced properties make single crystals attractive for further
improving optoelectronic device performance. Typically single
crystals have been grown using cooling induced precipitation
(C1P),*** seeded solution growth,* or vapour-assisted crystal-
lisation,® however these methods typically take weeks to months
to prepare high quality crystalline samples.

Inverse temperature crystallisation (ITC) is method which
takes advantage of the observed retrograde solubility of perov-
skites, allowing rapid growth of high-quality, millimetre-sized
perovskites in a matter of days.”**** Based on the ITC approach
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single crystal materials of MAPbX; (MA = methylammonium and
X = halide),”*" FAPbX; (FA = formamidinium),'>*'¢
CsPbBr;,"*° MAPbBr;_,Cl,,>** MAPbBr;_,I,>**?° and hetero-
valent doped MAPbBr; > and MAPbCI; ** have been reported. It
has been shown that substitution of MA for FA can lead to
improved stability in solar cells® and enhanced charge transport
properties in thin films**** and single crystals'® compared to their
MAPDbX; counterparts. However, formamidinium based mixed
single crystals have yet to be reported. Here we report the
successful synthesis of large, millimetre-sized, single crystal
perovskites containing mixed halides of FAPbBr;_,Cl, and doped
metals of FAPb, ,Sn,Br; with low trap densities using ITC. The
incorporation of both mixed halides and doped metals into the
single crystal perovskites permits tuning of the band gap across
the visible spectrum and alters its electrical properties. While
investigating air stability of these materials, FAPbBr;_,Cl, based
single crystals were found to exhibit a degraded surface species
that could be repaired using an anti-solvent treatment (see ESIT).

Experimental

Chemicals and reagents

Lead bromide (PbBr,, =98%), lead chloride (PbCl,, 98%), N,N-
dimethylformamide (DMF, anhydrous, 99.8%), dimethyl sulf-
oxide (DMSO, anhydrous, =99.9%), tin(u) bromide (SnBr,) and
methylamine solution (33 wt% in absolute ethanol) were

This journal is © The Royal Society of Chemistry 2020
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purchased from Sigma-Aldrich. Methylammonium bromide
(MABr) and formamidinium bromide (FABr) were purchased
from Dyesol Limited. vy-Butyrolactone (GBL, 99+%) was
purchased from Acros Organics. All precursors were used as
received without any further purification.

Synthesis

In general solutions were prepared by dissolving AX and MX,
precursors in a suitable solvent (DMF/DMSO/GBL). After the
precursors have dissolved the solution is filtered using a 0.22
pum PTFE hydrophilic filter. 2 mL of the solution is than placed
into a glass vial with a 21G needle and heated in oil bath.
Further details on specific temperatures, reaction conditions
and initial precursor concentrations can be found in the ESL

Measurement and characterization

Powder X-ray diffraction was performed on a Panalytical X'Pert
Pro diffractometer using a Cu-Ka radiation. The steady state
absorption was carried out on a Varian Cary 50 UV-vis spectro-
photometer. Photoluminescence emission and decay were
carried out on a Horiba Jobin Yvon Fluorolog/Fluorohub setup,
a xenon lamp was used as the source for PL emission and
a 265 nm NanoLed was used as the source for TCSPC. EDS
elemental analysis was carried out using a Jeol JSM-6610 SEM.
I-V characteristics were carried out in the dark under ambient
conditions with an Agilent 4156C Precision Semiconductor
Parameter Analyser.

Results and discussion

Synthesis and characterization

Unlike MAPbBr;_,Cl, there are no reports of FAPbBr;_ ,Cl,
single crystals as far as we are aware. In order to grow large
FAPDbBr;_,Cl, single crystals, a 1:1 v/v mixture of DMF-GBL
can still be used similar to pure FAPbBr;."> However, due to the
lower solubility of PbCl, in DMF, the concentration and crys-
tallisation temperature must be decreased with the increasing
PbCl, inclusion to optimise the crystal growth. Using the opti-
mised reaction conditions (Table S1, ESI}), large single crystals
of FAPbBr;_,Cl, were grown in just a few days. Photographs of
the single crystals with a total synthesis time of 20 hours and
a total synthesis time > 48 hours can be found in Fig. 1A and B,
respectively. It was observed that for reactions with a total
synthesis time of 20 hours the resulting single crystals were
orange, yellow and pale yellow for FAPbBr;9Clg 31,
FAPDBTr, ,;Cl ;7 and FAPbBr; 33Cl; 67 respectively. These results
are similar to those observed for MAPbBr;_,Cl, based perov-
skites (Fig. S2, ESIt). However, if the total synthesis times were
increased to >48 hours then the single crystals were observed to
be very dark orange. This suggests that an increase in the
synthesis time under ambient conditions can lead to degrada-
tion of FAPbBr; ,Cl,. Powder XRD spectra were collected for
samples with a total synthesis time of 20 hours and are shown
in Fig. 1D and the corresponding lattice constants are shown in
Table 1. For FAPbBr; ,Cl, perovskites the diffraction peaks
shift to higher angles with increasing Cl content thus indicating
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Fig. 1 Photographs of FAPbBrz_,Cl, (A) based perovskites with a total
synthesis time of 20 hours and (B) with a total synthesis time > 48 hours
showing a degradation of the surface with increased synthesis time. (C)
Photographs of FAPb;_,Sn,Brs based perovskites. (D) Powder XRD
spectra of FA based perovskites with different halide and metal
compositions.

a decrease in the lattice constant due to the inclusion of the
smaller Cl atomic radius. The powder XRD spectra were also
collected for the degraded samples (Fig. S3, ESIt). The powder
XRD spectra showed no difference between the samples with
the same nominal Cl inclusion irrespective of the total synthesis
time. Furthermore, upon grinding the samples for XRD the
resulting powders were observed to have a similar colour
regardless of the total synthesis time (Fig. S4, ESIf). This
suggests that the increased synthesis time has resulted in the
formation of degraded surface species, see the ESI for a more
detailed discussion on the degraded surface and how it can be
repaired using a simple anti-solvent treatment. Energy disper-
sive X-ray spectroscopy (EDS) was used to identify the actual
composition of the mixed halides and mixed metals present in
the single crystals. The elemental compositions are summar-
ised in Table 1. We can see that the nominal Cl inclusion is
close to that determined using EDS. This also resembles the
observations for MAPbBr;_,Cl, analogues grown using ITC
(Table S2, ESIT), where no preferential incorporation of Br or Cl
is observed. Single crystals of MAPb,_,Sn,Br; have been
recently reported via the TSSG method,** motivated by this
report we also attempted to synthesize mixed Pb/Sn single
crystals using ITC. Using DMF-GBL (1:1 v/v) as a solvent,
perovskites of FAPb, ,Sn,Br; were successfully achieved by
substituting an equal molar ratio of PbBr, for SnBr, and using
and inert atmosphere to prevent Sn oxidation. Specific reaction
conditions can be found in the ESI.f Photographs of the
FAPDb, _,Sn,Br; perovskites are shown in Fig. 1C. We can see
that with increasing Sn inclusion the crystals appear from
orange for pure Pb, to dark red for mixed metals (1% and 3% of
Sn). The powder XRD spectra are shown in Fig. 1D. The
diffraction peaks for FAPb, ,Sn,Br; based perovskites are
shifted to slightly higher angles with increasing Sn inclusion
resulting in a smaller lattice constant as summarized in Table 1.
The actual composition of Sn in the doped metal perovskites are
shown in Table 1. We can see that the actual percentage of Sn
incorporated into the perovskite is only between 1-3%. This
shows a preferential incorporation of Pb relative to Sn in the
FAPb, ,Sn,Br; based perovskites, only allowing dopant level
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Table 1 Summary of elemental composition determined from EDS
and lattice constants determined from XRD for FAPbBrs_,Cl, and
FAPb, _,Sn,Brz single crystals

Lattice Nominal Cl Actual Cl1

constant or Sn inclusion or Sn inclusion
Samples (A) (in solution) (via EDS)
FAPbBr; 6.03 — —
FAPbBI, 40Cly 5,° 5.99 16.7% (CI) 10.3% (CI)
FAPbBr; 55Cly 57° 5.90 33.3% (Cl) 25.6% (Cl)
FAPbBr, 3;Cl; ,° 5.86 50.0% (CI) 55.7% (CI)
FAPbg.ooSngo;Brs  6.02 25.0% (Sn) 1.0% (Sn)
FAPb, 6,51 03B 5.98 50.0% (Sn) 3.0% (Sn)

“ Perovskites placed in anti-solvent (dichloromethane) for 4 months to
repair the crystal surface. ° Perovskites placed in anti-solvent
(chloroform) for 1 month to repair the crystal surface.

incorporation of Sn to be achieved using ITC. Similar percent
level dopants of Sn are also observed for MA analogues that we
synthesized using ITC (Table S2, ESIT), and as such this method
appears to be generally less useful than TSSG for preparing
mixed metal single crystals.

Optical characterization

The absorption and PL spectra for FAPbBr;_,Cl, single crystals
are shown in Fig. 2A. The absorption edges are blue-shifted with
increasing Cl content and show a similar trend to the photo-
graphs. The absorption edge for perovskites with different
synthesis times also appear blue shifted, suggesting that the
observed differences in the photographs of the single crystals
are indeed a surface effect which is discussed in more detail in
the ESI.f Similar to MAPbBr; ,Cl, based perovskites the PL
emissions are blue-shifted but otherwise show similar trends to
the absorption spectra with increasing CI content (Fig. S7, ESIT).
The blue shifted (see ESI{ for more detail) PL peak is similar to

A [T e riper ),
. FAPb,,Sn,Br, 28
S
T T r s ) 5
FAPby 458N, 4,Bry % . /o
[=2}
s e Fe— e T b 2.4+ /
k FAPbBr,| 7/ —o— FAPbB, CI
@ ,ol A 5.CL
] 41 ¥ —a— MAPbBr, Cl,
T

0.00 0.25 0.50 0.75 1.00
Cl/(Br+Cl) molar ratio

L
\ —a— MAPb, Sn Br,
3

000 001 002 0.03
Sn/(Pb+Sn) molar ratio

: i FAPbBI, ,Cl, , [20 ]
SRV P w'/\\\“ L ;
* VIRE FAPDBE, Cl, ., [48 h]*

ey 269

At e,

Ry FAPbBY,,Cl, [20h]| __
3 2151

— , ; e 2
“M] © 210

2

w :
T T T 7 2.00
400 500 600 700
Wavelength (nm)

—a—FAPb, SnBr;

Absorption and PL intensities (a.u.)

Fig. 2 Absorption and PL spectra for (A) FA based perovskites with
mixed halides or mixed metals. *Absorption and PL spectra collected
for samples with degraded surface (total synthesis time > 48 hours).
Band gap of (B) mixed Br/Cl perovskites and (C) mixed Pb/Sn perov-
skites extrapolated from Tauc plots.
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and (D) FAPbg 97Sng 03Brs perovskite single crystals with regions corre-
sponding to SCLC theory. The crystal thickness is givens in the paren-
thesis and the conductivities are calculated from the ohmic regime, the
trap densities are calculated from the TFL and the mobilities are deter-
mined from the Child's regime.

other perovskite single crystals grown using CIP.** With this in
mind, Tauc plots (Fig. S8, ESIt) are used to extract an estimate
of the band gaps. The estimated band gaps for mixed Br/Cl
single crystals are shown in Fig. 2B. We can see a rough linear
trend with increasing Cl content. In general, the FAPbBr;_,Cl,
perovskites show a slight red shift compared to their
MAPbBr;_,Cl, analogues.

UV-vis absorption spectra are shown in Fig. 2A for the tin-
doped FAPb, ,Sn,Br; single crystals. We can see that the
incorporation of only 1-3% Sn results in a much broader
absorption edge which is red-shifted relative to pure FAPbBr;.
We observe a similar trend for MA analogues as shown in
Fig. 2C. No PL emission was observed for the doped Sn single
crystals, ostensibly due to an increased number of trap states
(relative to pure FAPbBr; see Fig. 3) causing non-radiative
recombination.

Electrical characterization

The current-voltage (I-V) properties were measured using
a sandwich type device (Au/perovskite/Au) structure with two Au
(100 nm) electrodes. Under an applied bias the dark current
should follow the space charge limited current model
(SCLC),**** which displays three distinct regimes. It should be
noted that not all the single crystal perovskite materials
exhibited all three distinct regions, as is shown in Fig. 3.
Nevertheless the SCLC method has been consistently used to
measure single crystal properties in the literature, despite some
limitations.>”:813716:19:35 Gee the ESIT for a more detailed discus-
sion on SCLC theory and extracting electrical properties.
Conductivities are largely comparable with literature with
the exception of FAPbBr;, which has a conductivity of
2.0 x 107'° S em™", about two orders of magnitude lower than
previous reports on other FA single crystals.***® This may be due to

This journal is © The Royal Society of Chemistry 2020
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degradation of the perovskite surfaces upon exposure to humid
conditions. The addition of 1-3% Sn in FAPb,_,Sn,Br; has
resulted in up to a 2 order of magnitude increase in the
conductivity, and this trend is also observed for MAPb, _,Sn,Br;
analogues prepared by ITC (Fig. S10, ESI{). In general, the trap
density of our single crystal perovskites is between 10°~10"* cm 3
which is significantly lower than their thin film counterparts and
comparable to previous reports on perovskite single crystals (Fig.
S11 and Table S4, ESIt).>781371619353¢ For FAPb, ,Sn,Br; based
perovskites the inclusion of only several percent of Sn has resulted
in an increase in trap density by 1 order of magnitude and
MAPbD, _,Sn,Br; perovskites also exhibit similar trends (Fig. S10,
ESIT). The hole mobilities for FAPbBr; were found to be 0.12 cm?
V™' s which appears to be lower than that determined previ-
ously,' perhaps in part related to the observed degradation at the
surface of these FA based perovskites. In the case of FAPbBr, ,3-
Cly,> the mobility is 12 em® V' s™! which is two orders of
magnitude higher than pure FAPbBr;. This suggests that Cl
inclusion may be a useful approach to enhance the mobility. In
the case of FAPb, 5Sn, 5Br3, we find a mobility of 0.22 cm>V *s™ ™,
This is a moderate increase compared to MA based analogues
which exhibits a two order of magnitude increase for 3% Sn
inclusion (Fig. S10, ESIY).

Conclusion

In summary, the ITC method was successfully generalized to
synthesize large single crystals of FAPbBr; ,Cl, and doped
FAPDb, ,Sn,Br; mixed perovskites with only minor variations in
preparation technique. Structural and optical characterizations
were carried out to obtain a highly tuneable bandgap for mixed
halide and doped metal single crystal perovskites grown using
ITC. In addition, FAPbBr;_,Cl, single crystals with degraded
surfaces were successfully repaired using a simple anti-solvent
treatment, leading to enhanced PL emissions. The conduc-
tivity was found to increase with the inclusion of only 1-3% Sn
for FAPb, ,Sn,Br; based perovskites, similar to their MA
analogues. Overall the trap density for our single crystals
perovskites is between 10°-10"" em ™ which is exceptionally
low. The mobility of the mixed halide and doped metal perov-
skites increased upon both Cl and Sn inclusion, suggesting that
Cland Sn inclusion could lead to an enhancement in the charge
transport properties for FA based single crystals. This demon-
strates that ITC can be generalized to grow a wide variety of high
quality formamidinium perovskite single crystals in a matter of
days.
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