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Two-dimensional hybrid organic—inorganic perovskites

(2D-HOIPs) that form natural multiple quantum wells have attracted pcgy lumination
increased research interest due to their interesting physics and potential chiral HOIP \L’” <
applications in optoelectronic devices. Recent studies have shown that (] ¥

spintronics applications can also be introduced to 2D-HOIPs upon T 5.9 : 1\ 1\ 1\ Tm
integrating chiral organic ligands into the organic layers. Here we report M Hd “
spin-dependent photovoltaic and photogalvanic responses of optoelec- R G
tronic devices based on chiral 2D-HOIPs, namely, (R-MBA),Pbl, and 110 4

(S-MBA),Pbl,. The out-of-plane photocurrent response in vertical

photovoltaic devices exhibits ~10% difference upon right and left illumination

circularly polarized light (CPL) excitation, which originates from

selective spin transport through the chiral multilayers. In contrast, the in-plane photocurrent response generated by CPL
excitation of planar photoconductive devices shows a typical response of chirality-induced circular photogalvanic effect that
originates from the Rashba splitting in the electronic bands of these compounds. Our studies may lead to potential
applications of chiral 2D-HOIPs in optoelectronic devices that are sensitive to the light helicity.

hybrid organic—inorganic perovskites, chirality, spin transport, photovoltaic effect, circular photogalvanic effect

wo-dimensional hybrid organic—inorganic perovskites identical chemical composition and conformation, which

(2D-HOIPs) are composed of alternating organic and cannot overlap by a mirror transformation; this also breaks

inorganic layers, in which the electronic excitations are the inversion symmetry.'”'® It is noteworthy that chirality
localized in the inorganic layers due to large potential barriers plays an important role in biological and pharmaceutical
caused by the adjacent organic layers."”” These materials have fields."”*" In addition, chirality also induces extraordinary
recently attracted increased interest due to extraordinary optical and spin-related properties. For example, circularly
physics and potential optoelectronic applications coupled polarized photoluminescence emission was demonstrated in
with solution-processed fabrication and chemical tunability chiral 2D-HOIPs, where ~3% polz;r}i:;tligg degree was detected
that govern the active spectral range of these compounds.’™® in the absence of magnetic field.” ™" Also “spin filtering”
Other studies have demonstrated that the 2D-HOIPs have also has been achieved with layers of chiral material via the so-

called chirality-induced spin selectivity (CISS), in which the

attractive spin-related properties, such as relatively long spin
transport of one electron spin species is favorable over the

lifetime and Rashba spin splitting of the continuum bands and,

therefore, may be also used for spintronic applications.”” "’ opposite species. """
Recently, an interesting method of enhancing the spintronic
properties of 2D-HOIPs has been advanced, in which chirality July 17, 2020
in the compound was introduced by chiral ligands in the November 17, 2020
organic layers that influence the electronic properties of the November 26, 2020
inorganic layers.*'' ™"

Chirality is an important structural property of material
systems. Right-handed and left-handed chiral materials have
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Figure 1. Structural characterizations of the chiral 2D-HOIPs. (a) Crystalline structure of the chiral 2D hybrid perovskite ((R/S-
)methylbenzylammonium lead iodide, (R/S-MBA),PbL,. GIWAXS of the (R-MBA),Pbl, (b) and (S-MBA),Pbl, (c) films. (d) Absorption
spectra of (R/S/rac-MBA),Pbl, films. (e) Circular dichroism (CD) spectra of (R/S/rac-MBA),Pbl, films as denoted, measured at room
temperature. The CD polarities of (R-MBA),Pbl, and (S-MBA),Pbl, are opposite to each other, whereas (rac-MBA),Pbl, shows no CD. The
absorption bands in (d) and CD bands in (e) due to exciton (EX) and interband (IB) are denoted.

Previously we reported spin-selective transport in chiral
right-handed (R-MBA),Pbl, and left-handed (S-MBA),Pbl,
methylbenzylammonium (MBA) lead iodide based spintronic
devices;"" their molecular structure is shown in Figure la. Due
to the CISS process, we showed that the transport of one spin
orientation in these 2D-HOIPs is enhanced over the other spin
orientation, depending on the specific chirality of the
perovskite. In the present work we study the photovoltaic
and photogalvanic responses of optoelectronic devices based
on these chiral 2D-HOIPs. In vertical photovoltaic devices we
show that circularly polarized light (CPL) generates spin-
oriented electrons and holes of which transport in the chiral
2D-HOIP device is preferentially filtered depending on the
perovskite specific chirality. Consequently, the photocurrent is
spin-polarized, and thus the device I-V characteristic response
under CPL illumination depends on the excitation light helicity
and the 2D-HOIP chirality. The largest obtained difference in
the device photocurrent (AI/I) with different CPL sense was
measured to be ~10% at 7 K. In contrast, photovoltaic devices
based on (rac-MBA),Pbl,, which is not chiral, do not
differentiate between the left- and right-handed polarization
of the CPL illumination. In addition we demonstrate that the
photocurrent in planar photoconductive devices based on the
same chiral 2D-HOIPs is also light-helicity-sensitive, showing a
typical circular photogalvanic (CPGE) response that is due to
Rashba splitting in the electronic bands. Importantly, the
CPGE response changes polarity for right- and left-handed
chiral 2D-HOIPs, indicating that the chirality plays an
important role in the inversion symmetry breaking of these
compounds."®

RESULTS AND DISCUSSION

Materials Characterization. The chemical structure of
chiral 2D-HOIPs (R/S-MBA),Pbl, is illustrated in Figure la.

589

The inorganic layer consists of PbI,>~ octahedra, which is the
same as common 2D-HOIPs. However, here the organic layer
is composed of organic ligands of methylbenzylammonium,
(MBA)*.*® This organic ligand comes with the left-handed and
right-handed enantiomers (R-MBA)* and (S-MBA)®, respec-
tively, which introduce chirality into the 2D-HOIP multi-
layers.”” Polycrystalline thin films of (R/S/rac-MBA),Pbl,
were formed by spin-casting of a 0.1 M solution, which is
made by dissolving (R/S/rac-MBA),Pbl, single crystals in
dimethylformamide (DMF) solvent (see Methods section).
Figure 1b and c show the crystalline structure characterized by
grazing-incidence wide-angle X-ray scattering (GIWAXS),
which presents intense Bragg spots for (R- and S-MBA),Pbl,
films, respectively. The observed GIWAXS results demonstrate
very highly oriented crystal grains in the (R- or S-MBA),Pbl,
films, where the Bragg peaks may be assigned to the (h k I)
peaks that are consistent with the same crystal structures
observed in bulk single crystals. The extent of crystallographic
texture is the same in both (R- and S-MBA),Pbl, films,
showing the sequence of chiral 2D-HOIP film (0 0 2I) peaks.
X-ray diffraction (XRD) spectra obtained for (R/S-MBA),Pbl,
films are included in the Supporting Information Figure S1, as
well as atomic force microscopy (AFM) images showing the
films’ morphology. It is seen that the crystallization and
morphology of (R- and S-MBA),Pbl, films are identical, and
thus the observed spin-dependent optoelectronic responses
described below are representative of the chiral 2D-HOIPs and
not obscured by the film morphology.

The absorption spectra of (R/S/rac-MBA),Pbl, films are
shown in Figure 1d. An exciton band at ~2.5 eV is observed in
all three HOIPs films, which is a common feature also in other
2D-HOIPs such as (PEA),Pbl,***” The films" chirality was
verified using circular dichroism (CD) in transmission
geometry. The CD spectra of the (R/S-MBA),Pbl, films are
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Figure 2. Structure and I-V responses of the spin PV devices. (a) Schematic view of the spin photovoltaic device based on the MBA,Pbl,
active layer. LCP and RCP light are used for the photocurrent generation. The I-V response of the photovoltaic devices based on (b) (rac-
MBA),Pbl,, (c) (R-MBA),Pbl,, and (d) (S-MBA),Pbl, measured at 7 K in the dark (black), with LCP (red) light, and with RCP (blue) light
using light from a 486 nm laser at an intensity of 20 mW/ cm? The inset is a magnified view of the data around V=0 V.
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Figure 3. Voltage dependence and action spectrum of %. (a) Relative photocurrent difference, AI/I, of (R/S-MBA),Pbl, spin PV devices as

a function of bias voltage. (b) Action spectrum of AI/I in an (R-MBA),Pbl,-based PV device compared to the relative absorption difference
AA/A of LCP and RCP light in an (R-MBA),Pbl, film measured by CD.

presented in Figure le. The obtained CD value is calculated
from the relation®>%>"

In 10 )( )
4 (1)

where AA is the difference in the optical density (OD)
between left circularly polarized (LCP) and right circularly
polarized (RCP) light. Note that (R-MBA),Pbl, and (S-
MBA),Pbl, show CD spectra with opposite polarity. At higher
photon energy (>3 eV) the CD signal is related to the optical
activity of the chiral organic ligands (namely, R/S-MBA®),
whereas the CD signal near the exciton level (~2.5 €V) shows
that there is chirality transferred from the chiral organic layers
to the inorganic layers.'® In contrast, (rac-MBA),Pbl, does not
show a sizable CD signal. We also measured Faraday rotation
spectra of the chiral HOIPs that are compatible with the CD
spectra near the exciton energy, as shown in the Supporting
Information Figure S2.

Photovoltaic Response. The photovoltaic device struc-
ture is illustrated in Figure 2a. Indium tin oxide (ITO) was
used as bottom electrode (anode), covered with a thin film of

180000

CD=AA><(
T
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PEDOT:PSS as hole transport layer. Subsequently, (R/S/rac-
MBA),Pbl, film was spin-coated onto the structure by spin-
casting. A film of phenyl-C61-butyric acid methyl ester
(PCBM) as an electron transport layer is then spin-coated
onto the 2D-HOIP layer. The device was capped with an Al/
Ca thin film as cathode. The I-V responses of (R/S/rac-
MBA),Pbl,-based photovoltaic devices were measured using
circularly polarized 486 nm laser light illumination with an
intensity of 20 mW/cm” at 7 K for all measurements.

The obtained I—V responses of the two chiral 2D-HOIP-
based devices are shown in Figure 2¢ and d. In Figure 2, it is
seen that the photocurrent response in the (R-MBA),Pbl,-
based device is different under excitation of LCP light and
RCP light. We note that the intensity of the LCP and RCP
light is the same during the measurements (Suppporting
Information Table S1). The short-circuit photocurrent, I,
shows a difference |AL | =ILcp — Lepl = 5.8 uA when
excited using LCP and RCP illumination, respectively.
Interestingly, AI decreases with increasing bias voltage and
vanishes at the open-circuit voltage of the device (V. & 0.55
V). This shows that V,_ is predominantly determined by the
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Figure 4. Circular photogalvanic effect in chiral 2D-HOIP. (a) Experimental setup for measuring the photogalvanic current using a A/4
plate; the angles @, 0, and ¢" are denoted. x” indicates the current flow direction. Photogalvanic current vs the quarter-wave plate rotational
angle, a for (b) the (R-MBA),Pbl, and (c) the (S-MBA),Pbl, films, measured at 520 nm using xenon lamp excitation at room temperature.
The values of the CPGE coefficient C obtained from the fitting using eq 3 are denoted. (d) Action spectra of the obtained CPGE coefficient
C for the two chiral 2D-HOIPs in the spectral range of the exciton absorption band. The data for (R-MBA),Pbl, are multiplied by a factor of

3 in order to compare with the other chiral 2D-HOIP.

electrical potential difference of the two electrodes rather than
the chirality of the 2D-HOIP layer or the light circular
polarization. We note that the I—V response has been
measured multiple times on the same device and other devices
to account for the variation in the measurements (Supporting
Information Figures S3—S5). The (S-MBA),Pbl,-based device
shows a similar IV characteristic response to that of the (R-
MBA),Pbl,-based device except that AI has opposite sign
(Figure 2d). As a control experiment, the same measurements
were carried out on a (rac-MBA),Pbl,-based device; the -V
response is plotted in Figure 2b. It is seen that there is no
obvious difference in the photocurrent upon LCP and RCP
illumination, respectively. This indicates that the difference in
the photocurrent response upon CPL illumination for (R/S-
MBA),Pbl,-based photovoltaic devices originates from the
different chirality of the active 2D-HOIP layers.

The relative photocurrent difference AI/I can be calculated

by

N = Iicp — Irer
(Lcp + Iep)/2 ()

where I;cp and Izcp are the photocurrents under LCP and
RCP illumination, respectively. AI/I as a function of bias
voltage is plotted in Figure 3a. It is seen that |AI/Il has a
constant value of ~10% independent of the bias voltage, with
opposite sign for (R-MBA),Pbl,- and (S-MBA),Pbl,-based
devices. Also the sharp perturbation jump around 0.55 V is due
to a mathematical artifact related to the open-circuit condition,
where in eq 2 the denominator I = 0 A. A plausible
interpretation for the obtained significant difference in the
device photocurrent response with CPL excitation is that it is
related to the different light absorption caused by the CD of
the chiral 2D-HOIP active layer. Since the absorption
coefficients of LCP and RCP light are different in these
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compounds, the CPL light may photogenerate different exciton
densities in the chiral 2D HOIP active layers depending on
their chirality and light helicity. Consequently, upon exciton
dissociation, this would lead to different photocarrier densities
and, in turn, to different photocurrent for LCP and RCP
excitations,'>*>%*

To check the consequence of this interpretation, we
measured the AI/I action spectrum, namely, AI/I, at zero
bias voltage as a function of the excitation photon energy in an
(R-MBA),Pbl,-based PV device. In this case a xenon lamp was
used as the light source. The light was dispersed by a
monochromator and then modulated by a photoelastic
modulator (PEM). Since the excitation light intensity here is
much weaker than the laser light intensity used before, the
signal-to-noise ratio here is not as good. Nevertheless, a
reliable AI/I action spectrum could be measured as seen in
Figure 3b. For comparison, the relative absorption difference
AA/A calculated by CD/(32 980 X absorbance) is also plotted
in Figure 3b."*%*7 In contrast to the AA/A spectrum, the AI/I
action spectrum has an onset at 2.4 eV and stays constant at
AI/I =~ 10% throughout, whereas the AA/A spectrum shows a
clear modulation feature close to the exciton energy. The
difference between AI/I and AA/A spectra demonstrates that
AI does not originate solely from the different absorptions of
the LCP and RCP light in the chiral active layer. Moreover it is
clear from Figure 3b that AA/A is several orders of magnitude
smaller than the obtained AI/I value of ~10%. We thus
conclude that the CD effect is not large enough to cause such a
large AI/I In contrast, AI/I in the (rac-MBA),Pbl,-based PV
devices is not as sizable (Supporting Information Figure S8).

In our previous study, we demonstrated that chiral HOIPs
can function as spin filters in spintronic devices due to the
CISS effect, where the transport of electrons with one spin
orientation is preferred due to the embedded chirality."" In the
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photovoltaic devices based on chiral HOIPs studied here, due
to optical spin selection rules, spin-polarized carriers are
generated upon CPL excitation.””* Subsequently, during the
transport of the spin-polarized electrons and holes through the
chiral HOIP active layer, photocarriers with one spin
orientation drift more easily than the other spin orientation,
a process described by the CISS effect.”> Consequently a
different photocurrent response is generated when LCP and
RCP light polarizations are used for a given chirality of the 2D-
HOIP active layer. This phenomenon leads to spin-related
optoelectronic device applications.

Circular Photogalvanic Response. We note that CISS
occurs mainly for an out-of-plane photocurrent, as illustrated
above; the in-plane transport in chiral HOIPs may not be as
affected by CISS due to the geometry of the chiral organic
ligands in the 2D-HOIPs.>® Therefore, the in-plane photo-
current difference upon CPL illumination may not be as
sizable.>'® On the contrary, we show here that the in-plane
photocurrent is still quite sensitive to the light illumination
helicity, via a different process, namely, the circular photo-
galvanic effect.’*™>* The conduction band (CB) bottom in
HOIP consists of states with angular momentum | = '/,,
whereas the states at the valence band (VB) top have spin
angular momentum S = '/,. The optical transition selection
rules for the angular momentum due to the light circular
polarization require that the component of angular momentum
changes by Am; = +1. In HOIP with strong spin—orbit
coupling (SOC) and breaking of the inversion symmetry, it has
been established that Rashba séplitting occurs in the CB and to
alesser degree also in the VB.'*” The circularly polarized light
creates nonequilibrium spin polarization between the two
Rashba branches. Since the CPL excitation with two different
helicity leads to electrons having group velocity that is opposite
in direction and equal in magnitude along k,, the resulting
photocurrents have opposite polarities.””" At steady-state
conditions and at bias voltage V = 0, the continuous generation
of spin-polarized free carriers thus leads to photocurrent that is
sensitive to the excitation light helicity; this is known as the
circular photogalvanic effect, CPGE.*' Importantly, the
nonequilibrium spin-polarized photocurrent may also be
generated via exciton absorption and subsequent dissociation
if the excitons are spin polarized. This is indeed the situation in
the chiral 2D-HOIP, where this mechanism falls in the
category of spin-photogalvanic effect, or SPGE."**’

Figure 4a illustrates the experimental setup for the CPGE
measurements. A quartz quarter-wave plate (QWP) was used
to modulate the light polarization of the incident light. & is the
angle between the fast axis of the QWP and the incident light
polarization. The light excitation intensity was modulated by a
mechanical chopper at a frequency of 310 Hz. The in-plane
photocurrent as a function of the angle o was measured by a
phase-sensitive technique (see Methods). Importantly the
photocurrent was obtained at zero bias voltage and at room
temperature. We note that in addition to the CPGE (or SPGE)
current associated with circularly polarized light, there is also a
spin-independent photocurrent when the excitation light is
linearly polarized (LP, for a = %n) This is known as the linear

photogalvanic effect (LPGE).***” Through a 360° rotation of
the QWP angle o, the incident light polarization cycles through
LP, RCP, LP, and LCP, and therefore the measured
photogalvanic current, ], contains both CPGE and LPGE
current components given by the relation®
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J(a) = Csin(2a) + L cos(4a) + D 3)

The 4a term is due to the LPGE, whereas the 2a term is
generated by the CPGE; D represents a polarization-
independent offset that originates from other effects such as
photothermal effect, photovoltaic response, or a photo-
Dember effect.*"***¢

Figure 4b and ¢ show respectively the helicity-dependent in-
plane photocurrent measured on planar devices fabricated on
(R-MBA),Pbl, and (S-MBA),Pbl, crystal surfaces. As seen,
the photocurrent changes substantially with the QWP rotation
angle a. Importantly, the photocurrent response, PC, vs a is
quite different for the two compounds with opposite chirality.
Using eq 3 we fit the PC(a) response of the two chiral
compounds to obtain the coefficients C, L, and D (see
Supporting Information Table S2). We find a substantive
contribution of CPGE in both compounds with a C/D ratio
between 5% and 12%. This unambiguously shows that
substantial Rashba splitting occurs in the continuum electronic
bands in both chiral 2D-HOIP compounds.'® This happens
since the spin—orbit coupling is relatively strong here due to
the heavy atoms in the HOIP building blocks and the lack of
inversion symmetry that can be inferred from the chirality in
the two compounds, a phenomenon known as chirality-driven
symmetry breaking.'® Moreover, as seen in Figure 4d the
CPGE coeflicient, C, has opposite sign for the two compounds
with opposite chirality. This shows that the CPGE here is
sensitive to the induced chirality of the 2D-HOIP, which is an
exciting phenomenon. We interpret this chirality-sensitive
CPGE as due to SPGE that originates from the photo-
generated spin-polarized excitons. As seen in the excitation
dependent on the helicity-dependent coefficient C shown in
Figure 4d, the CPGE effect happens when the excitation light
is on resonance with exciton absorption in the (R/S—
MBA),Pbl,. In this case, depending on the specific chirality
of the HOIP, the photogenerated exciton density is larger with
one light helicity compared to the other. Following exciton
ionization the spin-polarized excitons dissociate into spin-
polarized photocarriers, which, in the case of Rashba splitting,
occupy a preferred half in k-space having opposite group
velocity for the two circular light polarizations. This, in turn,
changes the CPGE phase and thus the C coefficient polarity.
This observation introduces chirality as an important factor to
the field of CPGE, as well as provides a tool to investigate the
existence of chirality in semiconductors.

CONCLUSIONS

In conclusion, the optoelectronic devices based on chiral
perovskites integrate both exceptional optoelectronic proper-
ties of HOIPs and also spin selectivity typical of chiral
materials. This provides an emerging type of photovoltaic
device that is sensitive to the helicity of the circularly polarized
light excitation that results in a photocurrent difference of
~10% between LCP and RCP light illumination in devices
based on chiral 2D-HOIPs. This observation demonstrates that
chiral semiconductors can be used in optoelectronic devices for
manipulating spin transport via the chirality-induced spin
selectivity effect. We also showed that the chiral 2D-HOIP
compounds possess a relatively large Rashba splitting in their
electronic bands that is due to the large SOC and the chirality-
driven inversion symmetry breaking caused by the induced
chirality into the inorganic layers. This gives rise to the
measured chirality-sensitive CPGE that we interpret as SPGE
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that originates from the selectively photogenerated spin-
polarized excitons by the circularly polarized light excitation.
Our studies provide an avenue to utilize chiral 2D-HOIPs in
spintronic optoelectronic devices, in which spin-polarized
current can be selectively photogenerated by the chirality of
the chemical components and the light helicity.

METHODS

Materials. All chemicals were used as received unless otherwise
indicated. (R)-(+)-a-Methylbenzylamine (R-MBA, 98%, ee 96%),
(S)-(—)-a-methylbenzylamine (S-MBA, 98%, ee 98%), (+)-a-
methylbenzylamine (rac-MBA, 99%), lead oxide (PbO, 99.999%),
N,N-anhydrous-dimethylformamide (DMF), and $7% aqueous
hydriodic acid (HI) solution (99.95%, distilled, stabilized by
H;PO,) were purchased from Sigma-Aldrich.

Synthesis of (R-MBA),Pbl,, (S-MBA),Pbl,, and (rac-
MBA),Pbl, Single Crystals. A 200 mg amount of PbO (0.897
mmol), 200 uL (1.57 mmol) of R-, S-, or rac-MBA, and 6 mL of HI
solution were loaded into a glass vial. Then the as-formed yellow
precipitates were dissolved in an oil bath at 90 °C. The solution was
slowly cooled to room temperature with a cooling rate of 1 °C/h,
which leads to orange needles. These crystals were vacuum filtrated
and rinsed with diethyl ether. The final product was dried in a vacuum
overnight.

Preparation of (R-MBA),Pbl,, (S-MBA),Pbl,, and (rac-
MBA),Pbl, Thin Films. The substrates are cleaned by acetone and
isopropanol in a sonicator for 10 min each, followed by an UV-ozone
treatment for 15 min. The precursor solutions are prepared by
dissolving the corresponding perovskite crystals in DMF with a
concentration of 0.1 M. Thin films are then prepared by spin coating
the precursor solution onto substrates with a rate of 4000 rpm for 30
s. The film is then followed by annealing at 100 °C for 10 min. Thin
films on glass substrates are used for XRD and AFM measurements.
Thin films on quartz substrates are used for optical (linear absorption
and CD) measurements.

GIWAXS Measurements. The GIWAXS experiments were
carried out in Stanford Synchrotron Radiation Lightsource (SSRL)
beamline 11-3. The X-ray beam has a beam energy of 12.7 keV. The
samples were deposited in NREL, shipped to SSRL, and stored in a
glovebox. Before the experiments, the films were quickly brought to
the beamline (within 5 min) and loaded in the N,-filled chamber in
the hatch. The position of the sample was calibrated, and the incident
angle was set to 1.12 deg. A 60 s exposure was used for each 2D
diffraction image. All GIWAXS results were analyzed using the pygix
package in Python.

CD Measurements. CD spectra of the perovskite films were
carried out by a Jasco J-715 spectropolarimeter with the thin film
placed in the beam path. The spectra were smoothed using an internal
algorithm in the Jasco software package J-715 for Windows. The CD
spectra were monitored from 200 to 600 nm with 0.2 nm resolution,
and the data are presented as the raw CD signal.

PV Device Fabrication. The ITO bottom electrode on a glass
substrate was patterned by wet etch photolithography. The ITO
electrode was cleaned by sonication in acetone and isopropanol for 15
min. Subsequently the bottom electrode was treated by oxygen
plasma for 10 min. A thin hole transport layer, poly(3,4-ethylene-
dioxythiophene) polystyrenesulfonate (PEDOT:PSS, Clevios P VP Al
4083), was annealed in air for 20 min at 150 °C. The chiral perovskite
film was spin-coated on the pretreated ITO electrode inside a N,-
filled glovebox (O,/H,0 < 1 ppm). The sample was then annealed at
100 °C for 10 min. After cooling to ambient temperature, a 20 mg/
mL solution of PCBM dissolved in anhydrous chlorobenzene (Sigma-
Aldrich) was spin-coated at 800 rpm. The device was capped with a
Ca (20 nm) and Al (100 nm) electrode that was thermally evaporated
through a shadow mask with a cross configuration to the ITO
electrode. The device area was 1 X 2 mm.

PV Device Measurements. Following the fabrication process the
spin PV device was transferred to a closed-cycle cryostat for
photovoltaic measurements. All measurements were done at 7 K,
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using 486 nm laser light at an intensity of 20 mW/cm? A quarter-
wave plate followed by a polarizer was used to filter circularly
polarized light. The I—V response was measured by a four-point
method using a Keithley 236 power supply and a Keithley 2000
multimeter.

CPGE Device and Measurements. For the device used for
CPGE measurement, two 70 nm thick gold electrodes were deposited
onto the crystals by e-beam evaporation through a shadow mask in a
glovebox-integrated vacuum deposition chamber (Angstrom Engi-
neering), which had a base pressure of 3 X 107 Torr (x4 X 107° Pa).
The gap between the electrodes was 0.5 mm. For the CPGE
measurements, we used as pump excitation an incandescent light
source from a xenon lamp, which was dispersed through a
monochromator. Roughly 25% of the light beam was focused on
the active area of the device, with an area of 0.5 mm X 0.75 mm, with
an intensity of ~8.0 mW/cm? Due to the low intensity of the xenon
lamp, we use a full-slit width of the monochromator to ensure the
needed intensity for a measurable signal. The spectral resolution was
estimated to be ~10 meV.
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