Observation of large Rashba spin—orbit coupling at room temperature in compositionally engineered
perovskite single crystals and application in high performance photodetectors
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Abstract

Indirect absorption extended below the direct transition edge and increase in carrier lifetime derived from
Rashba spin—orbit coupling may advance the optoelectronic applications of metal halide perovskites. Spin-

orbit coupling in halide perovskites is due to the presence of heavy elements in their structure. However,
when these materials lack an inversion symmetry, for example by the application of strain, spin—orbit
coupling becomes odd in the electron’s momentum giving rise to a splitting in the electronic energy bands.
Here we report on the observation of a large Rashba splitting of 117 meV at room temperature, as
predicted by relativistic first-principles calculations, in halide perovskite single crystals through a facile
compositional engineering approach. Partial substitution of organic cations by rubidium in single crystals

induces significant indirect absorption and dual peak photoluminescence as a result of a large Rashba

splitting. We measured circularly polarized photoluminescence and magneto-photoluminescence in
perovskite films printed by single crystals as well as magneto-electroluminescence and magneto-
photocurrent in spin-LEDs based on perovskite single crystals. They indicated significant spin-momentum
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locking due to the large Rashba effect. A hybrid perovskite single crystal photodetector achieved record
figures of merit, including detectivity of more than 1.3 x 108 Jones which represents a three orders of
magnitude improvement compared to the to date record. These findings show that facile compositional
engineering of perovskite single crystals holds great promise for further advancing the optoelectronic
properties of existing materials.

Introduction

Metal-halide perovskites of the general formula AMXs, where A* is an organic or inorganic cation, M is a
heavy metal such as Pb?*, Sn?* and X~ is a halide anion (CI-, Br, I"), are in the forefront of current interest
due to their salient features such as high absorption coefficient, long charge carrier diffusion length and
low trap densities [1], [2], [3]. They are therefore considered of value in a variety

of optoelectronic applications including solar cells [1], [2], [3], [4], [5], light-emitting diodes [6], [7], [8],
memory

devices [9], [10] and photodetectors [11], [12], [13], [14], [15], [16], [17], [18], [19], [20], [21], [22], [23], [24
1, [25], [26]. Spin-orbit coupling (SOC) related phenomena, such as the so-called Rashba effect, have
recently gained much attention in perovskite systems as they induce intriguing optoelectronic phenomena,
such as band gap narrowing and reduced non-radiative recombinations [27], [28], [29], [30]. Large Rashba
splitting is mostly observed in perovskite materials that exhibit pronounced spin-momentum locking upon

breaking of the inversion symmetry as in the case of two-dimensional (2D) perovskites that form multiple
quantum wells where the inversion symmetry is broken naturally. Recently, a significant (i.e. ~40 meV)
Rashba splitting close to the extrema of the electronic bands has been reported for several 2D
perovskites [31], [32], [33]. This splitting induces a direct-to-indirect band gap transition which is
responsible for the observed band gap narrowing and for unusually long carrier lifetime. The latter is
explained on the basis of the formation of an indirect band gap below the direct transition edge that
protects thermalized carriers against recombination via the fast direct transition [34].

Generally weak Rashba splitting has been observed in three dimensional (3D) perovskite structures [35].

These are generally quasi-cubic centrosymmetric structures, which require the application of external
forces such as strain to break their inversion symmetry [36], [37], [38]. However, applying external pressure
could be detrimental for practical applications. Despite the significant interest in Rashba effect related to
fundamental knowledge, potential exploitation in applications requires facile methods to explore and
possibly amplify this effect in perovskite materials and make use in practical devices. Intuitive strategies to
achieve enhanced Rashba splitting and band gap modulation is to synthesize single crystals and/or vary the
cation in A site [39]. Single crystals are prone to local inversion symmetry breaking due to structural

disorder present in their surfaces [39]. Moreover, different A cation size and hydrogen bonding interactions
in perovskite crystals and thin films may amplify the effect of spin—orbit coupling through affecting the
crystal structure [40].

Here, we manipulate at the atomistic level the geometric environment of the perovskite structure to
achieve large Rashba splitting at room temperature through a facile compositional engineering approach
applied in 3D perovskite single crystals. Substitution of methylammonium (MA) and formamidinium (FA) by

an optimized fraction of rubidium (Rb) cations induces a Rashba splitting which causes red shifted indirect
absorption, dual peak emission at room temperature and increase in the carrier lifetime by nearly a factor
of two [27], [37]. The magnitude of Rashba splitting was estimated by the energy difference of the emission
peaks and found about 104 meV, which is consistent with the 117 meV calculated by first

principles relativistic calculations. This is significantly higher compared to 35 meV which was predicted for
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the undoped perovskite single crystals. Our experimental evidence indicates uniform Rb substitution within
the crystal surface and bulk whereas circularly polarized photoluminescence and magnetic field-effect

measurements verify the enhanced odd-in-electron’s momentum spin—orbit coupling. Our facile
methodology of enhancing the Rashba splitting through compositional engineering of the perovskite single
crystals enabled direct application in practical devices. Specifically, the Rb incorporated perovskite crystals
served as an optoelectronic material platform to achieve high-performance photodetection in a
perovskite/molybdenum sulfide (MoS;) hybrid device with detectivities exceeding 1.3 x 108 Jones, nearly
three orders of magnitude higher than the thus far reported record of 7.5 x 10%° Jones [11], demonstrating
the potential impact of our approach in several classes of perovskite optoelectronics.

Results and discussion

Perovskite single crystals (SCs) of the general formula Rb,(MAFA)100.xPbls (x =0, 5, 10, 15) were grown with

an inverse temperature crystallization method in y-butyrolactone (GBL) (Fig. S1, Supporting

Information (SI)). Compositional engineering was achieved through replacing part of MA and FA cations
with Rb*. The small radius alkali metal Rb* was chosen to replace some of the large organic cations in order
to insert a symmetry changing structural distortion into the perovskite lattice aiming at breaking the crystal
inversion symmetry [41]. This could induce enhanced Rashba splitting on the otherwise spin-degenerate
parabolic bands [42], [43]. The incorporation of Rb within the crystals, however, is challenging and it was
accomplished by careful control of the temperature gradient whereas the crystals size was highly
dependent on the Rb content. This was controlled through adjusting the precursor concentrations in the
initial solution (Fig. S2). The nominal stoichiometry of perovskite SCs that gave rise to both indirect
absorption at room temperature and double peak PL emission was Rbis(MAFA)ssPbls (termed hereafter as
RbMAFA for brevity). These crystals exhibited well-defined shape and size in the micrometer scale (Fig. 1a).
They were of fine quality as evidenced by the selective area electron diffraction (SAED), the low-energy
electron diffraction (LEED) patterns, the high-resolution TEM (HRTEM) image and the X-ray diffraction
(XRD) patterns (Fig. S3a-d and Fig. 1b). The crystal lattice of these crystals was affected by Rb incorporation

as evidenced by the shift towards higher angles of the XRD peaks (Fig. 1b). For the undoped crystals
(termed hereafter as MAFA), the peak at 13.83° is attributed to (0 0 1) plane. This peak shifts to 13.94° for
RbMAFA single crystals, which indicates a small decrease in the lattice volume upon the incorporation of
the smaller Rb* ion. Even a small lattice distortion, however, could be sufficient to induce enhanced Rashba
splitting through breaking of inversion symmetry of the crystal [40], [41], [44]. Since X-ray diffraction
represents a bulk analysis method, we speculate that Rb incorporation also proceeds within the bulk and it

is not only limited in the surface of the crystals. To unravel, however, if this incorporation is uniform, we
performed elemental analysis in the MAFA and RbMAFA SCs using time-of-flight secondary ion mass

spectrometry (TOF-SIMS) measurements. The TOF-SIMS profiles verified that there are no Rb cations in the
undoped samples, while Rb cations are incorporated into the perovskite lattice quite uniformly and do not
form aggregates in the interspace. This was partially corroborated by TOF-SIMS images that show the
surface (Fig. 1e,f) and the inner within 50 um zoom-in (Fig. 1 g,h) of the RoMAFA samples. Similar
measurements were obtained in the undoped samples (Fig. S4). It is observed that Rb incorporates on the
surface and inside the lattice of the doped crystals. This was also supported by electron

dispersion spectroscopy (EDS) mapping (Fig. 1 i—l). As a result, we expect that with our method we are able
to induce compositional tuning within the bulk and surface of these crystals.
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Figure 1. Structure and elemental analysis of perovskite single crystals. (a) SEM image of a

typical Rbo.1s(MAFA)o.ssPbls (15% Rb) single crystal. (b) Powder XRD patterns of MAFA (0% Rb-undoped) and
RbMAFA (15% Rb-doped) perovskite single crystals. Elemental analysis of perovskite single crystals: TOF-
SIMS depth profile results for (c) MAFA (0% Rb) and (d) RoMAFA (15% Rb) single crystals. TOF-SIMS imaging
data for ROMAFA (10% Rb) single crystals collected on the surface (e, f) and with 50 um zoom-in (g, h). (e, g)
Show the Pb* distribution and (f, h) the Rb* distribution. (i) SEM image and (g—I) the

corresponding EDS mapping of a representative RoMAFA (15% Rb) perovskite crystal.

Next, we were able to deposit printable perovskite films of high quality from these crystals using a doctor
blade technique (Fig. S5). Fig. 2a presents the UV—Vis absorption spectrum of a perovskite film deposited
from RbMAFA SCs. Remarkably, the absorption spectrum extends far into the near-infrared region with the
absorption onset reaching ~900 nm. This extension in the absorption onset is surprising, as incorporation
of smaller Rb cations should induce band-gap opening due to structural distortion [45], [46]. The observed
absorption shift can be attributed to either gap states lying below the bands extrema or to indirect tail
states lying below the indirect transitions [47], [48], [49]. However, trap states cause undesirable
recombinations hence decreasing carrier lifetime. Transient photoluminescence (TRPL) decay curves
measured at room temperature in films composed of ROMAFA and MAFA SCs (Fig. 2b) indicate a strong
increase in carrier lifetime in the 15% Rb-doped SC films. The TRPL were fitted with two exponentials each
and the fitting parameters and estimated carrier lifetimes are summarized in Table S1. A nearly 100%
enhancement in carrier lifetime of RoMAFA compared to MAFA perovskite (from 46.34 to 81.33 ns)
denotes that the below band gap transitions in the compositionally engineered perovskite are not likely to

originate from trap states as they would decrease the charge carrier lifetime. Further evidence for the
existence of strong indirect transitions in the Rb-engineered perovskite SCs were obtained by the room
temperature steady-state PL spectrum taken in films composed of RoMAFA SCs (Fig. 2c). Remarkably, the
PL spectrum presents dual emission consisting of a main peak centered at 762 nm (1.627 eV) and a second,
weaker but distinct peak at 814 nm (1.523 eV). Recently, Wang et al. [27], and Gréatzel and co-workers [37],
attributed the dual peak PL to the direct and indirect band gap emission in MAPbI; films and APbBr;, where
A corresponds to caesium, MA or FA, single crystals, respectively. The indirect band gap was originated
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from enhanced Rashba splitting upon breaking the crystal centrosymmetry. Similar direct and indirect dual
emission peaks have also been reported in conventional indirect semiconductors such

as germanium (Ge), gallium selenide (GaSe), and 2D transition metal dichalcogenides (MoS,

MoSe;) [50], [51]. We therefore believe that our results indicate a significant Rashba splitting in the Rb-
engineered perovskite SCs which causes the formation of tail states with an exponential distribution below
the direct band gap. The effect should be stronger at the conduction band minimum (CBM) because the
atomic number of Pb (Z = 82), the orbitals of which have major contribution in the conduction band
minimum, is larger than | (Z = 53). We calculated the energy Rashba splitting from the energy difference
between the two peaks in the dual peak PL spectrum of RoMAFA SC film and found it to be ~104 meV.
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Figure 2. Optical and magnetic field dependent measurements. (a) UV—Vis absorption spectrum of films
printed from 15% RbMAFA perovskite single crystals. (b) TRPL decay profiles of films printed from MAFA
(0% Rb) and RbMAFA (15% Rb) perovskite single crystals. (c) Steady-state PL spectra of films printed from
0% and 15% Rb-doped perovskite single crystals. Two distinct absorption peaks one intense located at
higher energy (i.e., 1.627 eV) and one weak located at higher energy (i.e., 1.523 eV) are evident. (d)
Circularly polarized photoluminescence spectra of a RoMAFA perovskite film taken upon polarized

excitation (o7) at 75 K. (e) Schematic set-up of measuring magneto-photoluminescence in RoMAFA
perovskite films. (f) Magneto-photoluminescence response of a perovskite film printed from 15% Rb-doped
perovskite single crystals. (g) Schematic illustration of the spin-LED device. (h) Magneto-
electroluminescence and (h) magneto-photocurrent of the spin-LED based on 15% Rb-doped perovskite
single crystal emitter (absorber) layer.

To confirm the existence of spin-dependent band splitting due to significant Rashba effect in our doped
perovskite crystals, we applied circularly polarized photoluminescence spectroscopy at low temperature
(75 K). The films were excited with a circularly polarized (c”excitation) laser at 530 nm. The circularly
polarized photoluminescence components PL(c”) and PL(c*) present distinct difference (Fig. 2d), which

originates from optical orientation and detection of spin-polarized electrons as a result of enhanced spin—
orbit splitting. Next, the single crystal perovskite films were placed inside a magnetic field, B, oriented
perpendicularly to the PL light propagation direction (Fig. 2e). When this perpendicular to electron

spin magnetic field increases, the measured magneto-photoluminescence decreases because the external
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field causes the precession of the electron spin (Fig. 2f). We further examined the magnetic field spin
precession by studying spin-dependent optoelectronic characteristics in a single crystal perovskite spin-LED.
The device included a perovskite film inserted between a thin ferromagnetic (NiFe) and a silver electrode.
We expected that the applied magnetic field will modulate the optoelectronic properties of the device. As

Rashba splitting is present in our crystals, the large spin—orbit coupling will become odd in the electron
momentum. Through the magnetic field we induce changes in the spin-momentum pair with different spin
configurations thus changing the electroluminescence emission (taken by applying a forward bias) or the

device photocurrent (taken by illumination and application of a reverse bias) [52], [53]. The magnetic field
is aligned perpendicular to the electrodes which means that it is aligned with the propagation direction of
the injected carriers [54]. Spin polarized holes are injected from the ferromagnetic electrode whereas
unpolarized electrons are injected from the silver electrode (Fig. 2g). Only electron-hole pairs of the same
spin can form excitons which means that the electroluminescence increases as the magnetic field increases
because the hole population also increases (Fig. 2h). As a result, magneto-electroluminescence appears
with opposite polarity compared with that of magneto-photoluminescence as well as magneto-
photocurrent (Fig. 2i). We also note that, electroluminescence originates from electron-hole pairs formed
upon carrier injection that should be both triplet and singlet in nature with a ratio 3:1. In contrast,
magneto-photoluminescence in the perovskite film and magneto-photocurrent in the complete device
come from electron-hole pairs generated after photon absorption and present solely in the singlet

configuration. This explains their similar polarity that is opposite to that of magneto-electroluminescence.

Our experimental results indicated that due to a non-centrosymmetric crystal environment upon Rb
doping, spin-polarized bands whose minima are shifted in momentum space are present in RoMAFA
crystals (Fig. 3a). The figure of merit of the Rashba effect is in this case defined as the Rashba interaction
parameter, a. To investigate the effect of structural distortion introduced in the perovskite host by Rb
incorporation, we carried out relativistic Density functional theory (DFT) calculations on (MAFA)Pbl; and on

Rbx(MAFA)1..Pbl; perovskites based on 2 x 2 x 1 supercell containing 16 formula
units [55], [56], [57], [58], [59]. We start by investigating the 50:50 MAFA perovskite experimentally
characterized considering various mutual positions of MA and FA molecules. We found three

representative structures which are very close in energy (within 10 meV per formula unit) characterized by
a small Rashba parameter (Fig. 3b—d, Fig. S6 and Table S2), suggesting a small inversion symmetry

breaking due to the size mismatch between MA and FA cations. Starting from these three parent
structures, we investigate the effect of 12.5% Rb incorporation, close to the nominal 15% Rb doping
experimentally introduced. We have performed an extended structural sampling of all the possible
geometries corresponding to the specific Rb doping, finding overall nine possible structures whose energy
is within 34 meV, Fig. 3 and Figs. S7-S9 and Table S3. It is interesting to notice that for each of the Rb-
containing structures a higher a value than the corresponding parent structures is predicted, clearly

indicating that incorporation of Rb ions strongly enhances the Rashba effect in the considered perovskite
host. As an example, for the most stable RoFAMA structure the Rashba interaction parameter increases
from 1.00 to 1.24 eV A compared to the parent MAFA structure, while maximum values of 1.00 and

1.62 eV A are found considering slightly less stable FAMA and RbFAMA structures, respectively, see Fig.

3 and Table S3. We have stepped forward to investigate the Rashba effect with higher Rb concentration by
doping three Rb atoms in the same supercell, thus modeling the composition Rbo.19MAg 44FA¢ 37Pbl3 and
Rbo.1sMAg 37FA0 44Pbls. Optimized geometries, energetics and Rashba parameters for these configurations
have been reported in Figs. S10-S15 and Tables S4 and S5. Notably, further Rb addition does not generally

lead to increased Rashba interaction parameter, suggesting that an optimal doping density related to a
maximum structural asymmetry is to be predicted.
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Figure 3. Rashba spin—orbit splitting. (a) Diagram of SOC-splitted Rashba bands. Both valence
and conduction band are split away from the I point, leading to VBM and CBM which are shifted in k-space

by Ak. The characteristic band energy splitting at the CBM (&%) is also shown for the conduction band. The
blue and red bands correspond to the different spin channels. The orange and cyan arrows indicate
absorption and emission pathways, both direct, i.e. preserving k (solid) and indirect (dashed). Relaxation
pathways of excited electrons are shown as dashed wavy lines. The Rashba interaction parameter is
defined accordingly as a = £*/2Ak. (b—d) Modulation of the Rashba effect by structural sampling. Different
configuration of Rbg12MA 44FA0.44Pbls modeled by doping with 2Rb atoms in 2 x 2 x 1 supercells containing

16 formula units. For each parent MAFA structure various mutual positions of Rb cations have been
explored. The values in parentheses are calculated energy difference from the most stable calculated
structure in meV (0 thus corresponds to the minimum energy structure). Highlighted are the position of
representative MA and FA cations (orange and red, respectively) and of doping Rb cations (magenta).

The increased Rashba effect found by optimized Rb incorporation could explain the prolonged carrier
lifetime and below band gap absorption upon Rb incorporation observed experimentally. The formation of
an indirect band gap below the direct one may induce below band gap absorption and contribute to
suppress carrier recombination by making the band-edge transitions spin- or momentum-

forbidden; excited electrons may thus prefer to relax into the direct band edge and then radiatively

recombine. The latter can explain the large expansion in carrier lifetime of ROMAFA. The dual emission can
be explain in the context of the direct (intense) and indirect (weak) emission. The incorporation of

Rb* defines the spin textures of the electronic bands by inducing Pb and | displacements that breaks the
inversion symmetry as confirmed with DFT calculations. Based on these results, we attempted to make
practical use of the significant Rashba splitting obtained in the Rb incorporated perovskite by designing and

fabricating a hybrid photodetector using absorber layers composed of MAFA and RoMAFA crystals based
absorber combined with a MoS; conductor. The 2D MoS, monolayer was successfully grown on the SiO,/Si
substrate (Fig. S16), through exfoliation, to act the device photocurrent channel towards the electrodes due
to its higher carrier mobilities compared to perovskites [60]. The device geometry is presented in Fig. 4a
and was designed based on the consideration that the perovskite SCs absorbs the incident light and
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produces free carriers. Then, these carriers diffuse without being recombined and transfer to the

MoS, monolayer due to favorable energy level alignment at the perovskite/MoS; heterointeface (Fig. 4b).
Subsequently, the electrons and holes are swept by the electric field in the Ti/MoS, and Au/MoS; junctions
and collected at the respective electrodes (Fig. 4c). Current-voltage (I-V) characteristic curves of the
RbMAFA perovskite photodetector measured under dark and upon various light intensities are shown

in Fig. 4d. In Fig. S17b similar |-V curves under weak-light conditions are also presented. These

characteristics show linear and low resistance symmetric behavior upon illumination verifying that our
hybrid device works as an ultra-sensitive broadband photodetector. The dark current was found lower than
10712 A consistent with the superior crystalline quality of our perovskite. The dramatic increase in

photocurrent for mild illumination conditions highlights the essential role of Rashba splitting for increased

carrier generation (i.e. indirect below band gap absorption) and prolonged carrier transport in achieving
high photoconductivity.
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Figure 4. Photodetector configuration and working principle. (a) The device architecture of the hybrid
perovskite/MoS; photoconductor type photodetector. (b) Schematic of energy-band diagram of the
perovskite/MoS, interface considering vacuum level alignment before contact, and (c) illustration of the

operation mechanism of the perovskite/MoS; hybrid photodetector under illumination. (d) I-V curves of the
hybrid perovskite photodetector measured under various intensities of light.

In Fig. 5a the photocurrent and responsivity, which is the direct measure of the device response to light, of
the RbOMAFA SC perovskite photodetector under various light intensities are presented. The device
responsivity R, calculated by R = Jon/Light, Where Jpn is the photocurrent and Ligne is the incident light intensity
(see Methods), was found 2.4 x 10* A W™ that is above the to date record of 1.5 x 10* W A" [11]. The
decrease in responsivity in high light intensities is in agreement with an enhancement of many-body
interactions in the lead halide perovskite that shorten the excitons and free carriers lifetime under high
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irradiances. Furthermore, we measured the key figure-of-merit parameter of a photodetector that is its
specific detectivity (D*). With the synergy of a highly boosted photocurrent due to Rashba effect and low
dark current derived from the superior crystalline quality of our perovskite, we evaluated

a D* ~ 1.3 x 10* Jones (cm HzY2 W?). This value is nearly three orders of magnitude higher than the to
date perovskites record of 7.5 x 10%° Jones [11], and almost five orders of magnitude higher than that of the
commercially available silicon photodiodes (~3 x 10'? Jones). This remarkable performance could be the
result of the intense below band gap absorption and highly prolong carrier lifetime caused by the giant
Rashba splitting of our perovskite SCs. Notably, the photodetector using MAFA SC perovskite absorber
exhibited inferior performance with a maximum responsivity of 0.281 W A™* and maximum detectivity of
2.6 x 10% Jones (Fig. S17a), further corroborating the importance of using enhanced Rashba splitting in
practical applications. The RbMAFA device voltage measured across the perovskite under various intensities

of light in voltage detection mode and changes in the measured voltage (AV) and voltage responsivity of
the device at different light intensities are shown in Fig. 5b,c. We estimated a high voltage responsivity of
1.9V mW™ cm™. The response speed of the device was measured by recording the current temporal photo
response (Fig. 5d, blue curve. The illumination power of a frequency modulated light of 532 nm laser was
0.3 mW. The green curve corresponds to the laser on—off). The rise/erase time of the present device was
determined from the current transit time and found ~130 ms (Fig. S17c). This is highly improved compared
to previously reported polycrystalline MAPbI3/MoS; hybrid photodetectors suggesting that it is possible to
further increase the device response speed by using crystals with superior quality.
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Figure 5. Performance of hybrid perovskite single crystal photodetector.

(a) Photocurrent and responsivity of the photodetector under various intensities of light. (b) Photodetector
device voltage measured across the perovskite under various intensities of light in voltage detection mode.
(c) Change in the measured voltage (AV) and voltage responsivity of the device at different light intensities.
(d) Temporal photoresponse of the perovskite photodetector (blue curve). The illumination power is

0.3 mW and the laser wavelength is 532 nm. The laser on—off (green curve) is controlled by a mechanical

shutter synchronized with the reset back gate voltage pulses (black curve).
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Conclusions

In summary, compositional engineering of perovskite single crystals provides a facile route for the

generation of a large Rashba splitting in these crystals. Tailored Rb incorporation within the lattice of
MAFAPbIs single crystals breaks the inversion symmetry hence inducing an experimentally estimated
Rashba splitting of 104 meV. Theory predicts Rashba splitting up to 117 meV with a Rashba parameter of
1.62 eV-A. TOF-SIMS and EDS measurements suggest that Rb is uniformly incorporated within the

whole crystal lattice which means that the large Rashba splitting is not limited only on the crystals’ surface.
Circularly polarized photoluminescence and magnetic field-effect measurements verify the spin

dependence in emission and photocurrent of perovskite films and spintronic devices. The compositionally
engineered crystals serve as an optoelectronic material platform for the fabrication of

perovskite/MoS; hybrid photodetector with above state-of-the art figure of merits including the highest
detectivity ever reported for any type of perovskite photodetector. The perovskite compositional
engineering paradigm presented here that induces the formation of large Rashba splitting provides a facile
approach to realize not only record performance photodetection but also novel perovskite devices
including optoelectronics and spintronics.

Experimental section

Materials. The organic cation salts formamidinium iodide (FAI) and methylammonium iodide (MAI) were

purchased from Dyesol. The lead iodide compound was from TCl, and Rbl was from abcr GmbH. All
chemicals were used without further purification.

Growth of single crystal perovskite. Rb,(MAFA)...Pbls perovskite single crystals were grown using an

inverse temperature crystallization (ITC) method with some modifications. The MAPbIs (containing 1 M MAI
and Pbl; in GBL) and FAPbIs (containing 1 M FAI and Pbl, in GBL) solutions were mixed in a 1:1 ratio. To this
mixture, 1 and 1.5 M Rbl solutions (containing Rbl in GBL) were added to obtain perovskites with

different stoichiometries (5% Rbl:(MAFA)Pbls = 5:95 (v/v), i.e., Rbs(MAFA)qsPbls; 10%

Rbl:(MAFA)Pbl; = 10:90 (v/v), i.e., Rbio(MAFA)soPbls; 15% Rbl:(MAFA)Pbl; = 15:85 (v/v), i.e.,
Rbis(MAFA)gsPbls). The perovskite with nominal stoichiometry Rbis(MAFA)gsPbls (termed as RbMAFA in this
paper) gave the best photodetector performance and higher Rashba splitting. All solutions were heated at
70 °C for 24 h (in ambient condition with 35-40% relative humidity) and filtered using a hydrophobic
polytetrafluoethylene (PTFE-D) filter with 0.2 um pore size. The filtrate of mixed Rb(MAFA)Pbl; solution

(3 mL) was stored in a convection oven at 130 °C for 6 h.

Preparation of single crystal perovskite films. The precursor single crystal solution was dropped onto the
Si0,/Si substrates and swiped linearly at a speed of 1.2 cm s™! at the gap between substrates, and the blade
was 80 mm. The substrates were held at in situ annealing during blade deposition (typically 125 °C). A 10—
20 L of precursor solution was used per 2.25 mm? substrate. This value was much lower than 50-100 pL

typically used for spin coating of similar perovskite solutions over the same area of substrate, which
demonstrated the advantages of high material usage by doctor-blade coating. After rolling was complete,
the substrates were cooled immediately to avoid the possibility of thermal decomposition. All experiments

were conducted under ambient conditions.
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Structural and optical measurements. Perovskite thin films were characterized using an optical
microscope (ICS-305B, Sometech) and a scanning electron microscope (SEM, Hitachi S4800) with
an accelerating voltage of 15 kV. The optical properties were measured using a UV—

visible spectrophotometer (Varian Cary 5000, Agilent Technologies) and a

fluorescence spectrometer (FLSP920, Edinburgh Instruments). Steady-state PL measurements were
acquired using a time correlated single photon counting setup. The samples were photoexcited using a
laser head pulsed, providing <200 ps pulses with the fluence of ~30 nJ/cm?. The PL excitation wavelength
was 530 nm. The time resolved photoluminescence (TRPL) was measured using a commercial time-

correlated single-photon counting system (FluoTim 200, PicoQuant). The crystallinity and elemental

analysis of the thin films were determined via SAED and EDX spectrometry (AZtec software, Oxford

instruments) with a transmission electron microscope (TEM, JEM 2100F, JEOL.) at an accelerating voltage of
200 kV. For preparing the TEM sample, the focused ion beam process was applied (Nova 600, Nanolab).

Large-area crystallinity was measured by an X-ray diffractometer (D/MAX-2500/PC, Rigaku) using a Cu Ka
source (A = 1.54 A) operated at 2.4 kW and an HR X-ray diffractometer (Smartlab, Rigaku) with a 2D
detector (PILATUS 100 K, Rigaku) using a Cu Ka source operating at 9 kW. For the in-plane phi scan, the

29 angle was fixed at 14°. For the 2D XRD measurements, the X-ray analyzed area of the film was

5 mm x5 mm. The measurement range was from 10° to 55° in the 26 direction and from 0° to 60° in the chi
direction.

Elemental analysis. The time-of-flight secondary ion mass spectroscopy (TOF-SIMS) depth profiles were
collected using a TOF analyzer (TOF-SIMS 5, lon-TOF GmbH), equipped with a 25 keV Bi* beam for the
analysis and a 1 keV Cs* and O, source for the sputtering. TOF-SIMS images were taken TOF.SIMS.5.NSC
instrument (ION.TOF Gmb) (Primary gun Bis*, spectral mode: 30 keV, 30 nA, 5 um spot size, imaging mode:
30 keV, 0.5 nA, ~120 nm spot size). Energy dispersive spectroscopy (EDS) was conducted by using an EDS
device connected to SEM.

Photodetector fabrication. Bottom-contact, top-gated FET photodetectors were constructed on Au
(50 nm) electrodes (the separated spacing and width of this finger electrode were 5 um, and the effective
area was 3 x 10° um?) that were patterned by photolithography on a SiO, (500 nm)/Si (p-doped) substrate.

The clean pre-patterned (in acetone, toluene and isopropyl alcohol for 15 min each, dried in an oven at

120 °C for 15 min) and exposed for 1.5 h to UV light in air SiO, substrate surfaces were treated with

decyltrichlorosilane (DTS) for 0.5 h by immersion in 1% by volume of DTS in toluene. POCB (3 pL) was spin-
coated on the SiO,/Si-treated OTS. Monolayer MoS, were mechanically exfoliated from commercially
available molybdenite crystals (Furuuchi Kagaku, Japan) and were later analyzed using optical microscopy,

Raman, and PL spectroscopy. The single crystal perovskite film was deposited on the top of the finger
electrode. The samples were annealed at 80 °C for 30 min and kept under high vacuum (10~ Torr)
overnight (>10 h) to remove any residual solvent. The 40 nm Au electrodes were deposited on top of
perovskite layer by thermal evaporation.

Electrical characterization of the photodetectors. The photodetectors were characterized using a probe
station at ambient condition. A red LED (OVLBx4C7 Series, OPTEK Technology Inc., main wavelength:
623 nm) was mounted above the photodetector, which was controlled by a Keysight precision
source/measure unit (B2902A) in the current source mode. The optical power density that reached the
sample surface was determined by measuring a commercial reference photodiode (PDB-

C154SM, Luna Optoelectronics) with a responsivity of *0.3 A W™ at 623 nm. The single crystal
photodetector response was measured with a semiconductor device analyzer B1500A (Agilent
Technologies), and the overall measurement scheme was controlled via MATLAB. The extraction of the
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time constant was performed by modulating the LED voltage with an Agilent waveform generator (33522A)
and constantly applying 100 mV to the photodetector with the Keysight precision source/measure unit
(B2902A). The voltage was applied on the photodetector top electrode. At the bottom electrode, a current
amplifier (Stanford Research Systems, Model SR570) was connected, which converted the current to a
voltage for the display on the oscilloscope (Agilent Technologies, MSO-X 3014A).

Magnetic measurements. The magneto-photoluminescence (MPL) measurements were performed in a
single crystal perovskite film using solid-state laser operating at 488 nm as a pump excitation. The MPL is
defined as:

and was measured at a constant laser excitation.

The device for magnetic measurements was fabricated as follows: a thin (about 10—15 nm) ferromagnetic
NiFe (Angstrom Engineering, 99.99% purity) film was deposited on single crystal RoMAFA (15% Rb)
perovskite layer using electron beam evaporation with a base chamber pressure of 1 x 107 Torr

and deposition rate of 0.1 A s7%. Silver paste was later applied on both sides of the device to provide
electrical contact. The single crystal perovskite device was transferred into a vacuum chamber that was
place in a magnetic field provided by an electromagnet up to 40 mT. The magneto-photocurrent was
measured upon illumination at room temperature. The magneto-electroluminescence (MEL)
measurements were conducted at forward bias and the electroluminescence (EL) emission was probed
with a silicon detector. The MEL is defined as:

Simulations. First-principles calculations based on density functional theory (DFT) are carried out as

implemented in the PWSCF Quantum-Espresso package [55]. Geometry optimization, including dispersion

correction [56], is performed using PBE functional [57], and the electrons-ions interactions are described by
ultrasoft pseudo-potentials [58] with electrons from | 5s, 5p; N, C 2s, 2p; H 1s; Rb 5s; Pb, 6s, 6p, 5d; shells
explicitly included in calculations. Geometry optimizations of 2 x 2 x 1 supercell (16 formula units) are
performed with a k-point sampling [59] of 1 x 1 x 2 by relaxing both ions and volume along with plane-wave
basis set cutoffs for the smooth part of the wave functions and augmented electronic density expansions of
50 and 400Ry, respectively. GGA-SOC band structures have been considered for Rashba splitting and
calculated using the method described at Ref. 30.
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