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Segregation and Enhancement Optoelectronic Performances of
MA1yXyPbl1gBri2 (X = Cs, Rb) Single Crystals
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ABSTRACT Introducing inorganic cation into hybrid organic-inorganic perovskites (HOIPs) has attracted great
attention because of the enhancement stabilities without sacrificing their excellent optoelectronic properties.
Here, we introduce Cs and Rb into MAPDbI; gBr; , single crystals (SCs) to dig out the mixed cation effect on
optoelectronic performances and phase stabilities. Both Rb and Cs can increase the lattice capacity, which is
sufficient to relieve the lattice stress caused by photon energy, thus achieving the purpose of stabilizing the
lattice structure and inhibiting migration of halide ions, compared with MAPbI,; ¢Br; , SC. On the other hand,
the smaller polarity of Rb and Cs reduces the electron-phonon coupling, thus significantly inhibiting the migra-
tion of halide ions. Meanwhile, through planar photo-detectors, MAqsCso1Pbl; sBri.-based device behaves
much excellent optoelectronic performance (R = 0.170 A/W, EQE = 51.39 %, D" = 4.42 x 10'? Jones, on/off
ratio: ~522).
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n INTRODUCTION

Due to the advantages of large absorption coefficient, small exci-
ton binding energy, high carrier mobility, adjustable band gap and
easy manufacturing, organic-inorganic hybrid metal halide perov-
skites CH3NH3PbX; (X =1, Br, Cl) have attracted much attention
as light absorbers for optoelectronic devices.!*®! Till now, the
power conversion efficiency (PCE) of perovskite solar cells has
reached a record of 25.5%.!%1 However, the application and deve-
lopment of perovskite optoelectronic devices still face many diffi-
culties, such as instability and toxicity of lead, etc.”®! Improving
the stability and optoelectronic property of perovskites is greatly
demanded for further commercial applications.0-*4

To improve the stability and optoelectronic property of perov-
skites, many efforts have been made, among which mixed halide
is one of the most effective methods.['214 For instance, mixed
halide can regulate the absorption range and band gap of MAP-
bBr;«Clxand MAPDbI;«Bry perovskites covering the entire UV-visi-
ble region.*! Besides, mixed halide can adjust carrier diffusion
dynamics. It was reported that in MAPbIs «Bry perovskite films, the
carrier diffusion rate of photo-generated carriers is dependent on
Br content.*® |t should be noted that in the mixed halide perov-
skites, the molar ratio of halides should be strictly controlled.
Unsuitable mixed halide ratio brings fatal defect of photo-induced
phase segregation, which ultimately induces instability in the
mixed halide perovskites. Draguta et al*™ quantitatively analyzed
the phase segregation process of MAPbIs.Bry perovskites using
spectral measurement and theoretical modeling. They believed
that the phase segregation driving force is the I-rich phase with
the reduction of band gap, and phase segregation could be sup-
pressed by deliberately designing carrier diffusion length and
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injected carrier concentration. Byun reported the optical and
structural properties of mixed halide perovskite MAPbBrslx SCs
to investigate the underlying mechanisms of the light soaking ef-
fect and found that the photo-induced phase segregation is com-
pletely reversible.l*!

To suppress photo-induced phase segregation in the mixed ha-
lide perovskites, various strategies are proposed, among which
partial replacement of organic cation (MA, FA) by smaller polarity
of inorganic cations (Cs, Rb) can reduce the electron-phonon cou-
pling and inhibit halide segregation.**?1 Bischak[?? demonstrated
that photo-induced phase segregation is an intrinsic property of
mixed halide perovskites, and the segregation severity and dyna-
mics depend on the electron-phonon coupling strength. Knight(?3l
provided evidence for low-barrier ionic pathways in MAPb(Broslos)s,
which brought rearrangement of halide ions in localized region. In
contrast, FAo83CSo.17Pb(Bro.los)s lacks such low-barrier ionic path-
ways and is, consequently, more stable against halide segregation.
Compared with perovskite films, perovskite SCs have lower de-
fect densities and no grain boundary, so it is expected that the
photo-induced phase segregation effect might be different from
that in film.[?*27] Nonetheless, the photo-induced phase segrega-
tion mechanism in perovskite SCs is still unclear yet.

Doping | in MAPDbBr; perovskite can effectively control the crys-
tal band gap, but a large amount of | doping will lead to the crystal
structure from cubic phase (MAPbBr3) to tetragonal phase
(MAPDI3). Thus, we controlled the | content to about 60%. To clarify
the mechanism of phototropic phase segregation in perovskite
SCs, here we successfully grow a series of MA1yX,Pbl; gBryi> (X
= Rb, Cs) SCs to investigate the light soaking effect on SC. In
particular, the photo-induced phase segregation is systematically
investigated through PL, UV-vis and XRD, which testifies that
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Figure 1. (a) Photographs of MAPbI1gBri2, MAooRbo.1PblisBri2 and
MAo.9Cso.1Pbl1.sBri.2 SCs; (b-c) XRD patterns and enlarged XRD patterns
of MAPbIz, MAPbBr3 and MA1yXyPbl1.sBri1.2 powders; (d-f) Element distri-
bution of MAPbI18Bri2, MAo9Rbo.1PbligBriz and MAosCso.1PblisBri.2
SCs, respectively.

phase segregation is a completely reversible process. In addition,
Cs and Rb can significantly improve the optical stability, and ef-
fectively improve the crystal properties.

n RESULTS AND DISCUSSION
Figure 1a shows photographs of MA;yX,Pbl; gBr:» SCs, whose

S Chinese Journal of
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shapes are similar cubic. The crystal color is related with the crys-
tal thickness, which gradually transforms from black red to black
because of the thickness related transmittance. For instance, the
color of MAg 9Cso.1Pbl1 gBri2 SCsillustrated in Figure Sla testifies
this phenomenon. Therefore, through controlling the growth time
within 2-3 days, thinner MA1.yX,Pbl, gBr1, SCs are grown (Figure
S1b-d), confirming that the thickness affects the color of crystals,
which in turn affects the absorption of the crystals. Figure S2
shows the UV-vis absorption spectra of MAPbI, gBr; » powder and
the transmittance of MAPbI, gBri, SC at thicknesses of 1 and 2.5
mm. It is found that with the increase of crystal thickness, the
transmittance decreased, and thus the absorption coefficient was
enhanced.

In order to characterize the crystal structure, XRD patterns of
MAPDI3;, MAPbBr; and MA1.yX,Pbl; sBri, powders were carried
out (Figure 1b). The diffraction peaks of MA1.yX,Pbl; gBr1, crystals
correspond to cubic MAPbBr; and are different from that of tetra-
hedral MAPDI;. According to the crystallization theory, lead halide
and methylamine halide perovskite precursors can coordinate
with organic solvent molecules to form complexes. Since Pb-I has
weaker bond energy than Pb-Br, the coordination between Pbl,
and solvent is stronger than that of PbBr,, resulting in PbBr,-GBL
complexes requiring higher temperatures to dissociate. Com-
pared with Pbl,-GBL, the PbBr,-GBL complexes are easier to dis-
sociate at 60 °C, so that the content of Br in the precursor solution
increases sharply and reaches the saturated state, and the grown
single crystals are more inclined to the MAPbBr; structure. There-
fore, the as-grown MA1. X,Pbl,gBri» crystals belong to cubic
structure and Pm3m space group. Compared with MAPbI; gBry 5,
incorporation of Rb or Cs increases the concentration of | into
crystal lattice, causing the increase of | in the crystal. Thus, the
color of MA0_9C50_1Pb|1_gBr1_2 and MAo_gRbo_lpbll_gBrl_g SCs are
deeper than that of MAPbI, gBr; 2, and the crystal lattices are ex-
panded through the diffraction peak shift to the small angles (Fig-
ure 1c). By comparison with the X-site halide anion, the A-site
mixed cations play a role of charge compensation in lattice and
stabilize the crystal structure, contributing relatively little to the
structural distortion.l?®! Besides, we further investigate the stability
of MA1.yX,Pbl; ¢Br1 » perovskites at room temperature via XRD. As
shown in Figure S3, after the MA1 X,Pbl,gBri, perovskites are
placed in the air environment for 4 months, the diffraction peaks
remain unchanged compared with the fresh samples, thereby con-
firming their good stability. Furthermore, the energy dispersive X-
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Figure 2. Optical performance of MA1.yXyPbl1gBr12 crystals: (a) UV-vis absorption, (b) Optical band gaps, (c) Steady-state PL spectra.
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Figure 3. (a-c) UV-vis absorption of MA1.yXyPbl1.sBr1.2 before and after light illumination and after recovery.

ray spectrometer (EDS) in Figure 1(d-f) also shows that the | con-
tents of the crystals with the addition of Rbl or Csl are higher than
that in MAPbI, gBr1» SC, which is consistent with the XRD data.

Figure 2a shows the UV-vis absorption spectra of MAPbIs,
MAPDBBr; and MA1yX,Pbli gBr1, crystal powders. Compared with
MAPDI gBr; », redshift of the absorption onsets of MA1.,X,Pbl; gBri >
with incorporation of Rbl or Csl occurs, and the corresponding
optical band gaps are 2.05, 1.97 and 2.02 eV respectively, as
shown in Figure 2b. The changes of band gaps and absorption
onsets are attributed to the increase of | into crystal lattice. The
main contribution of Cs and Rb cations adjusts the structural sta-
bility and electrical neutrality.?®! Therefore, the contribution of Rb
and Cs to the optical absorption and band gap of the crystals is
not as obvious as that of I, which is consistent with the results of
XRD. It is worth noting that the PL emission peaks of MA1.,X,Pb-
l1.8Br12 crystals are 709, 729 and 703 nm respectively, which have
obvious Stokes shift compared with the absorption onsets (Figure
2c). In addition, under strong light illumination, the color of crystals
changes from dark red to black (Figure S4), which means the
phase segregation appears in the crystal under illumination, re-
sulting in the emergence of I-rich region and thus bringing red shift
of PL peaks.

Figure 3 shows absorption spectra of MA1.,X,Pbl1 gBr; > crystals
under strong light illumination (power density: 6 mW-cm2) for 1 h.
The absorption onsets of MA1.,X,Pbl; gBri» crystals change sig-
nificantly after 1 h illumination, and the absorption capacity of the
crystals towards longer wavelength (730-760 nm) is significantly
enhanced. However, the Rb and Cs can reduce the change of the
absorption onsets of the crystals under illumination. The smaller
polarity of Rb and Cs leads to weak interaction between free
charge and ion lattice and form less polar lattice,?® which can ef-
fectively inhibit ion migration (photo-induced phase segregation)
under light illumination. Figure S4 shows the evolution process of
MA1.yX,Pbl1 gBri» powders under continuous illumination, in which
the color of MA1.yX,Pbl; gBr1 > powders changes from black red to
black. After the withdrawal of illumination for 3 hours, the absorp-
tion onsets recover to their original position and the color of the
powders returns to its original color under environment conditions.
This phenomenon indicates that photo-induced phase segrega-
tion is an almost reversible process,®% and provides a promising
prospect for the crystal in future commercial applications.

To better investigate the photo-induced phase segregation in
MA1.yXyPbl; gBri, crystals, the in situ PL and XRD were carried
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out. As we all know, the halide ions in the crystal migrate when
obtaining sufficient energy, and form I-rich and Br-rich regions.4
Meanwhile, the activated carriers (electrons and holes) migrate to
the I-rich region and recombine here, resulting in the redshift of
PL positions (Figure 4). Obviously, from the PL spectra the PL
peak of MAPbI, gBri, is ~18.73 nm redshifted after illumination,
and the intensity is remarkably enhanced. However, the MA1.,X,Pb-
l1gBry1 2 crystals with Rb or Cs have significant lower redshift of
~15.89 and ~14.71 nm, respectively, as shown in Figure 4(b-d).
Cs significantly reduces the trap density, as well as the secondary
recombination rate of free mobile carriers in perovskite bulk ma-
terials. Furthermore, the trap states in Cs-containing perovskites
are at shallow states. In contrast, the addition of Rb has only a
minor impact on the trap states.® Therefore, the inhibition effect
of Rb on photo-induced phase segregation is weaker than intro-
ducing Cs. In addition, the PL spectra of MA1.yXyPbl;gBri> SCs
after illumination for 7 min and recovery for 30 min were investi-
gated, as shown in Figure 5(a-c). It is found that the PL intensity
of MA1yX,Pbl; gBri » SCsis significantly reduced after recovery for
30 min, confirming that the photo-induced phase segregation is
an almost reversible process. After recovery, compared with
MAPDI; gBr1 2, the red shift of PL peaks of Rb and Cs doped crys-
tals is not obvious, indicating that Rb and Cs inhibit the migration
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Figure 4. (a) Schematic of relevant kinetic processes during halide phase
segregation; (b-d) PL spectra of MA1.yXyPblisBri2, recorded under a
wavelength of 445 nm.
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Figure 5. (a-c) PL spectra of fresh, soaking, and recovered MA1.yX,Pbli1gBri.2, recorded under a wavelength of 445 nm; (d-f) XRD patterns of
MA1.yXyPbl1.8Br1.2 before and after illumination intensity of 6 mW-cm2 and a wavelength of 365 nm.

of halide ions not only in the light illumination but also during the
recovery process.

On the other hand, through the XRD data in Figure S5, the dif-
fraction peaks of MAPDI; gBr1 > and MAg gRbo 1PDbl1 gBr1 » decrease
significantly after 1.5 h illumination due to the fact that illumination
destroys the structures of the crystals to reduce the crystallinity.
However, diffraction peaks of MAg ¢Cso.1Pbly gBr1» crystals main-
tain stable after illumination, indicating that Cs is beneficial to sta-
bilize the crystal structure, and the enhanced bonding between
Cs and the inorganic metal skeleton.

The enlarged XRD of MA1.yX,Pbl1 gBr1 » is shown in Figure 5(d-
f). For MAPbI, gBr12, the diffraction peaks are obviously broad-
ened and asymmetric under illumination, and an obvious diffrac-
tion peak at 14.6° belonging to MAPblI; crystal occurs, implying
that MAPbI, gBr1» crystals show phase segregation and form |-
rich and Br-rich regions, and thus MAPbI; phase appears in the
crystals. From the absorption spectra, it is noteworthy that the
photo-induced phase segregation in MAPbI, gBr; » crystals is re-
versible. lllumination stimulant ions migrate inside the crystals to
from I- and Br-rich regions (Figure 6a), which increases the lattice
stress (Figure 6¢-d).!% When illumination disappears, ions re-
versely migrate under the stress inside the crystal lattice and con-
centration gradient, and the redistribution of ions leads to a
change in the lattice parameters. Non-uniform strains and local
distortions associated with the halide distribution are in existence,
which is manifested through the shift of diffraction peaks between
fresh and recovered XRD. The recovery diffraction peaks shift to-
wards larger angles implies that the recovered crystal lattice
shrinks and shortens the inter-ion spacing. On the other hand, ion
redistribution repairs shallow-level defects and improves crystal
quality. After recovery, the diffraction peaks of 14.6° of MAPbI, gBry »
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crystal disappears, implying the redistribution of halide ions and
disappearance of I-rich and Br-rich regions.

Nevertheless, no diffraction peaks of MAPbI; are detected in
MA,.9Cs0.1Pbl1 sBri2 and MAg9Cso.1Pbly gBri 2 in Figure 5(d-f), in-
dicating that Rb and Cs improve the structural stability, which in
turn improves the photo-stability. The smaller size of Rb and Cs
compared with MA increases the lattice tolerance, which is suffi-
cient to relieve the lattice stress, thus achieving the purpose of
stabilizing the lattice structure and inhibiting the migration of halide
ions, as shown in Figure 6b. On the other hand, the smaller po-
larity of Rb and Cs can reduce the electron-phonon coupling and
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Figure 6. Schematic diagram of Rb and Cs inhibit phase segregation: (a)

MAPbI1 8Br1 .2 lattice; (b) MA1yXyPbl1 gBr. 2 lattice; (c-d) Formation of Br- or
I-rich regions in MAPbI1.gBr1.2 crystals.
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Figure 7. Optoelectronic properties of photo-detectors based MA1.yXyPbl1sBri2 SCs: (a-c) Photocurrent; (d-f) Responsivities and EQEs; (g-i) Detectivities.

adjust the lattice distortion,’3-34 therefore significantly suppress-
ing the migration of halide ions.

Besides, the diffraction peak intensity of MA1.,X,Pbl; gBr1 > crys-
tals after recovery increased significantly compared with those af-
ter illumination. The redistribution of ions after light withdrawal and
Cs doping lead to the reduction of defects and carrier migration in
the crystal lattice.® Therefore, the crystals recover to the stable
phase and the crystallinity increases after the light withdrawal.

To dig out the roles of Cs and Rb on optoelectronic properties,
planar photo-detectors were fabricated. Figure 7(a-c) depicts the
|-V characteristics of the devices in the dark and under light illu-
mination of 405 nm with various power densities. As an increase
of power density, the photocurrent of the devices gradually in-
creases. The dark current of MA1.yX,Pbl; gBri > with Rb or Cs are
3.96 and 4.64 nA respectively at 3 V bias, lower than that of the
MAPDI, gBr12 SC (4.88 nA). In addition, the photocurrent of MAy.y-
XyPbl; gBr1, SCs with Rb or Cs (996.60 nA, 2512.05 nA) is much
larger than 413.15 nA for MAPbI, gBr1 2. The enhancement of op-
toelectronic properties by Rb and Cs is ascribed to that Rb and
Cs passivate the surface and eliminate surface defects, thereby
hindering the recombination of carriers.?®! On the other hand,
compared with MA, Rb and Cs have higher migration activation
energies because of their stronger binding force with inorganic
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metal skeleton and result in better optoelectronic performances.
In addition, the responsivity (R), external quantum efficiency

(EQE) and detectivity (D*) are the key parameters of the photo-

detector and calculated according to the following equations:3-37]

— Iph_’dark

_ Rxhxc
EQE = < @
D= = ®

2exlgark

Where Iy, and lgak represent the photocurrent and dark current,
Pin is the incident light intensity, S is the effective area of photo-
detector, h is the Planck's constant, c is the speed of light, e is the
elementary charge, and A is the wavelength of the laser. The re-
lationships of R, EQE and D* of MA1.yX,Pbl; gBri , SCs with vari-
ous illumination powers and bias are shown in Figure 7(d-i). The
responsivity of MAPbI, gBr; , photo-detector is about 0.038 A/W,
while it is enhanced to 0.065 and 0.170 A/W of MAg sRbo 1Pbl1 Br1 2
and MA,9Cso.1Pbly gBri, SCs, respectively. The EQE values in-
creased from 11.54% for the MAPDbI; sBr1 > SC photo-detector to
19.65% and 51.39% for the MAg gRbo.1Pbl; gBri > and MAg oCsg.1Pb-
11.8Br1.2 SCs photo-detectors. The D* of the photo-detector also
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Devices Light (nm) Responsivity (A-W-1) EQE (%) D (Jones) On-off ratio Refs.
MA0.9Cs0.1Pbl1.8Bri.2 SC 405 0.170 51.39 4.42 x 10%? 522 This work
MAPDb(l1-xBr)s films 532-808 0.331 50.3 4.27 x 10% [41]
CHsNHsPbls film 405 12 6.5 x 101 [42]
(FAPDI3)1-x(MAPbBTr3)x films 254 0.15 25 7.21 x 100 337.14 [43]
MAPDBCIz SC 365 0.047 1.2 x 10%0 1.1x108 [44]
MAo.6FA0.4Pbls film 775 0.27 1.49 x 10%? [45]
MAPbIs/UCns film 0.27 46 0.76 x 102 108 [46]
MAPbIs SC 405 0.019 6.55 1.0 x 102 17 [47
MAPbBrs SC 405 0.038 0.113 55 [48]

increased from 9.66 x 10 Jones in MAPbI; gBr; > SC to 1.99 x
102 and 4.42 x 10%? Jones in MAggRbo1Pbl1gBri» and
MA, 9Cs0.1Pbl; ¢Br; > SCs under 405 nm. Rb and Cs significantly
improve the responsivity and detectivity of the crystal, because
Rb and Cs improve the photo-stability and passivate the surface
to reduce defects and improve the crystal quality.*8-4% As a result,
the optoelectronic properties of the crystal are enhanced. Table 1
lists the intrinsic optoelectronic properties of other organic-inor-
ganic halide perovskite photo-detectors, implying MA1.,X,Pbl; gBri »
SCs have excellent optoelectronic properties.

Transient photo-response is one of the key parameters of opto-
electronic devices. To illustrate the transient photo-response of
MA1.yXyPbl; §Br.» SCs photo-detectors, we measured the current-
time (I-t) curves of the photo-detectors. As shown in Figure 8(a-c),
switching cycles illustrate a reproducible photocurrent response
with good cycling stability. For MAPbI, gBr; > SC device, the high-
est on-off ratio is 89 under 1.5 V bias, which is enhanced to 201
(MAo_gRbo_lpbll_gBl’l_z) and 522 (MAQ_QCSo_]_Pb'l_gBrl_z), respec-
tively. The enhancement of on-off ratios is considered to be as-
cribed to the higher photocurrent. In MAPbI; gBr; 2, halide ions mi-
grate to form more defects in the crystal under illumination and
electric field, causing poor optoelectronic performance. While Rb
and Cs inhibit ion migration, and improve the light tolerance of
MA1.yX,Pbl;¢Bri> SCs, optical stability, and the optoelectronic
performance of the device.

n CONCLUSION

In summary, the contributions of Cs and Rb in MA..yX,Pbl; gBr1 »
SCs on photo-induced phase segregation and optoelectronic per-
formance are investigated. The introduction of Rb and Cs into the
crystal lattice effectively alleviates the photo-induced phase seg-

regation, inhibits defect formation and improves the optoelec-
tronic performance of devices.

n EXPERIMENTAL

Chemicals. Methylamine (CH3NH,, 40 wt%) was purchased from
Kelon Chemical Reagent Factory. Hydroiodic acid (HI, 47 wt%),
lead iodide (Pbl;, 98%), and cesium iodide (Csl,99.9%) were ob-
tained from Macklin. Hydrobromic acid (HBr, 40 wt%), rubidium
iodide (Rbl, 99.9%), N,N-dimethylformamide (DMF, 99.8%) and y-
butyrolactone (GBL, 99%) and lead bromide (PbBr,, 99%) were
commercially available from Aladdin. MAI and MABr were synthe-
sized according to the previous report.1%-50]

Growth of MAPbIs, MAPbBr3 and MA1.yXyPbli1gBri> SCs. The
equal mole ratio MAI (or MABr) and Pbl, (or PbBr;) were dis-
solved in 5 mL GBL (or DMF) solvent, and 1 M yellow transparent
solution (or the transparent colorless solution) was obtained by
continuous stirring at room temperature. After 3-4 days, centimeter-
grade MAPbI; (or MAPbBr;) SCs were obtained at 100 and
60 °C, as shown in Figure S6(a-b). MA1.,X,Pbl; gBri , SCs can be
obtained by dissolving MABr and Pbl; in a solvent mixture of GBL
and DMF (volume ratio GBL:DMF = 5:1) in the designed ratio to
obtain 0.8 M clear solution. Then, 10% Rbl and Csl were added
to the solution, the yellow transparent solution was sealed and
heated to 60 °C. Large-scale MA;.,X,Pbl,gBr;> SCs can be ob-
tained within 2-5 days as shown in Figure S7(a-c).

Devices Fabrications. The planar photo-detectors with interdigi-
tated Au electrodes (150 um interdigital width) were fabricated on
the polished (100) crystal facet of MA1.yX,Pbl; gBri, SCs by ther-
mal evaporation (VZZ-300, Vnano), using an interdigitated mask
(3%x3 mm?) placed on the (100) facet.
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Figure 8. (a-c) Continuous on-off circles under different applied voltages of the photo-detector devices on (100) planes.
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Characterizations. The XRD patterns of MA1.,X,Pbl; gBr1, crys-
tal powders were collected on X-ray diffractometer (D/Max 2500
PC, CuKa radiation with wavelength of 0.154 nm). UV-vis absorp-
tion spectra of MA1.yXyPbl; gBri» crystal powders were recorded
by UV-8000 spectrophotometer. The in-situ photoluminescence
(PL) spectrum was recorded by Ocean Optics QE65000 spec-
trometer. A series of photocurrents of the planar photo-detectors
based on MA1.yX,Pbl; gBri, SCs were obtained by the electrical
characteristic measurement system (Keithley 2450) under illumi-
nation using 405 nm InGaN-based semiconductor diodes. Be-
sides this, the continuous on/off photocurrents under various ap-
plied voltages were harvested through setting the on/off interval
time (20 s). All measurements were conducted in a dark space in
order to eliminate the effect of light on the experiments.
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