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1. Experimental details

A. Fabrication and characterization of (CH3;NH3)Pbl; single
crystal devices. (CH3NH3)Pbl3 single crystals were grown by
the bottom seed solution growth method as reported in litera-
ture (1). Details of the crystal growth and characterization
are given in Ref. (2) and its supplementary online materials.
Crystals were transferred through air and 70 nm of gold were
thermally evaporated on the crystals with a spacing of 1 mm
to form the contacts. The contacts were aligned with the
macroscopic edges of the crystals. Crystals were stored under
nitrogen atmosphere for several days and no longer than four
weeks prior to the photocurrent measurements.

B. Setup for photocurrent measurements. Photocurrents are
excited with a Ti:Sa laser. The excitation laser power ranged
from 5 uW to 3 mW (exceeding 40 pW only when the sample
was cooled to 4 K). Experiments were done both with the laser
in cw and pulsed (15 kHz repetition rate, 100 fs pulse duration)
mode giving similar results. The laser beam was chopped at
a rate of 1180 Hz, and the photocurrent is measured using a
lock-in amplifier.

Two different cryostats were used for the experiments, one
containing a helium-cooled coldfinger and a fine translational
stage for spatially resolved measurements at low tempera-
ture. The other one is a He flow cryostat for angle-dependent
measurements. For measurements at room temperature, the
sample was kept in a nitrogen atmosphere. For temperature-
dependent and low-temperature experiments, the sample was
in vacuum.

Because of the well-known possible sample-to-sample vari-
ations and limited stability of (CH3NH3)Pbls we performed
measurements on a total of eight devices, see also table S1.
The reported CPE was measured on all samples, even though
the amplitude of the excited photocurrents varied from device
to device and with the time after the first measurements. Gen-
erally, the photocurrent increases as the samples age and the
CPE amplitude is reduced. Because of this sample degradation,
data reported here were recorded on different devices, within
48 h after mounting them in the cryostat for measurements
and starting the illumination.

C. Analysis of polarization-dependent photocurrent mea-
surements. To measure the dependence of the photocurrent
on the light polarization, a A\/4 waveplate is introduced in
the excitation beam. Photocurrents are recorded continuously
while the waveplate is rotated at low speed (36 s/turn). The
resulting raw data are shown in figure S1 (a). They show a
polarization-independent current of several nA, most probably
due to a photo Dember effect and a photovoltaic effect caused
by a band bending at the electrodes. To extract the photo-
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galvanic effect, slow fluctuations in the photocurrent, which
are caused by fluctuations in the laser power and changes in
the sample at room temperature, need to be subtracted. We
therefore average the photocurrent within an interval [a—180°,
a + 180°[ around each waveplate angle a and subtract this
average. The extracted polarization-dependent photocurrents
are given in figure S1 (b). This photocurrent is then back-
folded into the interval [0, 360°[, see figure S1 (c). Finally,
data points are averaged with a step width of 1°, figure S1 (d).

D. Measurements of the photoconductivity. For photo-
conductivity measurements, the voltage applied to the sample
was swept under the same illumination conditions that were
used for polarization-dependent measurements. The voltages
applied did not exceed Ve, = 0.5 V and the voltage was
swept in a symmetrical way (0 V t0 Vimaz, Vimas t0 —Vimae,
—Vimaz to 0 V). We then extract the photoconductivity as
the maximum slope of a linear fit to the AI/AU during the
Vinaz-t0-—V ez, see figure S2. The resulting conductivity
is given in Figure 3 of the main manuscript. Since the
photoconductivity of lead halide perovskite devices can be
substantially altered if a bias voltage was applied (3-5), all
CPE measurements discussed in this work were recorded
before the voltage sweeps were performed.

E. Photoluminescence spectroscopy and extraction of the di-
rect optical band gap. In order to estimate the direct optical
band gap of the (CH3NH3)Pbls perovskite single crystals un-
der investigation, we employ photoluminescence spectroscopy.
Photoluminescence was excited with a 532 nm cw laser be-
tween photocurrent measurements. Steady-state spectra were
recorded using a OceanOptics QE spectrometer after suppress-
ing the laser line with a dielectric 550 nm longpass filter. The
resulting photoluminescence spectra are given in figure 5 of
the main manuscript for different temperatures.

Figure S3 (a - d) shows a representative spectrum recorded
at 270 K, as well as fits to the data based on different models.
For direct semiconductors, the photoluminescence spectrum
arising from purely electronic transitions (not involving the
generation or annihilation of phonons) is given by the product
of the absorption spectrum A(FE) and the Boltzmann distribu-
tion fp(F) = exp(—E/kT), where E is the photon energy (6).
We modelled the data using two different types of absorption
spectra. The first one assumes only band-to-band transi-
tions, without inclusion of excitonic effects. The resulting
A(E) = (E = Egap)" - 0 (E — Egap) reflects the joint den-
sity of states of the valence and conduction bands. Here, 6 (E)
denotes Heavyside’s theta function. The photoluminescence
intensity is then given by

1) o< (E — Egap)" - 0 (E — Eqgap) - exp(—E/KT) 1]
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where Fgq, denotes the transport gap (energy difference be-
tween conduction band minimum and valence band maximum).
Equation 1 with n = 1/2 describes, for example, the photo-
luminescence spectrum of GaAs at room temperature very
well. Larger n are possible if dipole transitions between the
valence and conduction band edges are symmetry-forbidden.
A fit of equation 1 to the data is shown in figure S3 (a). Even
though we chose n to be a fit parameter, resulting in n =~ 4,
the agreement between this model and the data is poor.

To refine the approach, we use an absorption spectrum
derived from the Elliot model (7-9). This model takes into
account both excitonic and band-to-band transitions, giving
the absorption spectrum

A(b)(E) _ Chr—p 14 erf (E — Egap) /7)
E?2 1—exp(—272|Ez1/ (E — Egap)l)
3 2
T Z,: (1n°) exp | - v

2]

where C,_p, and Ce,. are the probabilities for band-to-band
and excitonic recombination, F.1 is the binding energy of the
first exciton (we use Ez1 = 16 meV from Ref. (10)), and +y is
a broadening parameter. A fit of A®(E) - f(E) to the data
is shown in figure S3 (b). The fitting curve matches the data
well. We note that Cere > Cp—p in the fits, consistent with
an assignment of the photoluminescence to recombination via
excitonic transitions.

Alternatively, the broad photoluminescence spectrum of
(CH3NH3)Pbls might arise from carrier-carrier recombination
involving the creation or annihilation of phonons and molecu-
lar vibrations (11). In this case, each vibrational mode should
generate a photoluminescence spectrum similar to the one
described by equation 1 for n = 1/2, shifted by the vibra-
tional energy to lower (phonon creation) or higher (phonon
annihilation) energy with respect to Egqp. The width of the
experimental spectrum (= 100 meV) is much larger than the
one expected from equation 1 (= 40 meV for n = 1/2), suggest-
ing that various vibrational modes which are not individually
resolved contribute to the spectrum. This broadening could
also be seen as the result of a disordered electronic potential
energy landscape due to structural fluctuations. To model a
broad distribution of unresolved, narrow photoluminescence
peaks, we use a convolution of a Gaussian and a Boltzmann
distribution, the latter reflecting the thermal broadening from
equation 1. The resulting fitting curve is shown in figure S3 (c).
The agreement between the data and this model is as good as
with the model described by equation 2.

For reasons of completeness, we also determine the position
of the maximum in the photoluminescence spectra by fitting
a Voigtian function to the data as shown in figure S3 (d).

The band gaps estimated using the different approaches
are summarized in figure S3 (e). With the exception of the
modeling based on equation 1, which matches the data poorly,
all models give similar temperature dependences. However, the
absolute values of the extracted band gaps vary by tens of meV.
In the main manuscript, we decide to give the results from
the model using a Gaussian distribution of phonon-assisted
emission peaks and a thermal population of electronic states.
This interpretation of the photoluminescence spectra is in
agreement with the literature implying strong electron-phonon
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coupling in perovskites (11-13), and the resulting band gaps
are in line with the ones found from transmission measurements
on thin films (14).

Thermal broadening is negligible for the modeling of the
photoluminescence spectra recorded at 4 K in the orthorhombic
phase, figure S4. This photoluminescence spectrum has a
substructure, which we model by a sum of three Gaussian
peaks. Using this approach, we find a high-energy emission
feature at 1.64 £+ 0.01 eV, a second peak at 1.61 + 0.01 eV,
and broad low-energy continuum emission with a maximum
at 1.56 £ 0.01 eV, in agreement with previous reports (15—
18). The positions of the maxima are indicated by tick marks.
Following the literature (16, 19), we assign the highest-energy
peak at 1.64 eV to the direct optical band gap of orthorhombic
(CH3NHs3)Pbls.

2. Additional photocurrent measurements

A. Dependence of the CPE on experimental geometry. Fig-
ure S5 shows the polarization-dependent changes in the pho-
tocurrent for different geometries. When the beam fully illu-
minates the device (a), the CPE effect is roughly one order
of magnitude stronger than in case of a focused beam (b). In
the former case, electron-hole pairs are generated closer to the
contacts, whereas in case of a focused (50 pm diameter) beam
the carriers need to travel further before they are extracted.
The increased number of scattering events results in a reduced
influence of the optical transition that initially excites the
photocurrent.

If the device is rotated by 90°, the CPE is reduced by
at least two orders of magnitude and vanishes within the
experimental uncertainties. This behavior is expected for a
CPE resulting in a transverse photocurrent (see also figure 1

of the main manuscript) and has similarly been observed for
the bulk Rashba system BiTeBr (20).

B. Spatially resolved photocurrent. To check the homogeneity
of the (CH3NH3)Pbl; single-crystal devices and estimate the
size of the laser spot, current maps were recorded. The device
is placed on two linear stages in the cryostat that allow posi-
tioning along both directions with a precision of ~ 50 nm. A
photocurrent map is given in figure S6 (a) for (CH3NH3)Pbls
in the orthorhombic phase (4 K). We find a non-vanishing
photocurrent for all positions of the laser spot, probably due
to asymmetries in the gold contacts. Scanning the laser across
the channel and the gold contacts along the y direction gives a
mirror symmetric current profile, see figure S6 (b). The laser
spot size was estimated from approximating the interfaces be-
tween (CH3NH3)Pbls and the gold contacts as a step function
and convolving with a Gaussian reflecting the radius of the
laser spot. We find a Gaussian spot diameter of 0.6 mm in
this "moderately focused" geometry.

C. Linearity of the photocurrent. Figure S7 shows the photo-
current measured at a fixed photon energy (1.66 €¢V) and bias
voltage (—0.25 V) as a function of excitation density. For a
laser power < 1 mW the photocurrent increases linearly with
excitation density.
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3. Estimating the Rashba parameter from the experi-
mental data

Within the Rashba model, the dispersion of the valence and
conduction band is described by

i RPK?

1y
2m;?‘+( )ik

Ei(k) = Ei(0) + (=1)

with ¢ = 1 for valence band and ¢ = 2 for the conduction
band. Here, E;(0) is the energy of the band of the band at
the high-symmetry point, m] is the carrier effective mass,
and «; is the Rashba parameter of the corresponding band.
In reasonably good agreement with calculations (21, 22), we
assume m] = m3 = m”. The transition energy between the
bands is given by the energy difference Eo1 = E2(k) — E1(k).
The transition energy has its minimum for % =0or k=
"21—;(041 + as) , respectively. The energy difference between
this lowest-energy transition and the first transition between
spin-degenerate bands, which occurs at k = 0 with an energy
of E2(0) — E1(0), is AE = %(al + a2)?. Finally, the sum «
of the Rashba parameters of the valence and conduction band
is given by

AE
a = a1+ az| =20y —.

With the experimental AE and a value m* = 0.3 mo in
agreement with calculations (21, 22), we estimate o = 3 eV A.
As discussed in the main manuscript, calculations show a larger
Rashba splitting in the conduction than in the valence band.
In the limiting case that Rashba splitting in the valence band
is neglected, a gives an estimate of the Rashba parameter in
the conduction band.
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Fig. S1. Analysis of the polarization-dependent photocurrents. From the raw data (a) first a sliding average is subtracted to account for slow fluctuations in laser power (b). The
data are then projected onto an interval of 360° (c) and averaged to steps of 1° (d).
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Fig. S2. I(U)-curves under illumination at different laser wavelenghts for the room-temperature tetragonal phase (a - h) and the low-temperature orthorhombic phase (m - I). The
maximum slope (red and blue linear fits) is used as a measure of the photoconductivity.

Sample number 1 2 3 4 5 6 7 8
wavelength dependence of C (4 K) S8 3(c, d), S8
wavelength-dependent photoconductivity (4 K) 3(d)

wavelength dependence of C' (290 K) 3 (a, b), S8 S8 5, S8
wavelength-dependent photoconductivity (290 K) 3 (b)

¢ dependence (290 K) 2 (b) 2 (a, b)

temperature-dependent C' 4(a,b),S8 | S8 5, S8
photoluminescence S4 5,83

Table S1. List of measurements performed on the samples under investigations. Numbers and letters indicate the figures showing the
corresponding data.

40f6 Niesner et al. 10.1073/pnas.1805422115



Material E: E2 AE technique assignment Ref.
(CH3NH3)Pbl3 - - 0.047 | MWC, PL (*) indirect/direct gap (23)
1.55 1.61 0.06 T, PL (**) indirect/direct gap (Rashba) (24)
1.48 1.58 0.10 R, PL, PC different localization in unit cell (25)
(HCN(NH2)2)Pbls | 1.40 | 1.52 0.12 T, R, PC bulk vs surface (26)
(CH3NH3)PbBr3 222 | 2.30 0.08 PL bulk vs surface (27)
225 | 2.37 0.12 R bulk vs surface (27)
222 | 2.28 0.06 R, PL, TA bulk vs surface (28)
222 | 231 | 0.09 PL, TPPL - (9)
222 | 2.31 0.09 PL phase coexistence (29)
214 | 2.27 0.13 PL bulk vs surface (30)
220 | 2.30 0.10 R, PL small and large polarons (30)

Table S2. Reported dual near-bandgap optical transitions for single-crystal lead halide perovskites at room temperature. Transition energies
E1, E5 as well as their difference AF in eV.
Techniques: MWC - microwave conductivity, PL - photoluminescence, T -transmission, R - reflectance, PC - photocurrent spectroscopy, TA -
transient absorption, TPPL - two-photon induced photoluminescence.

(*) experiments done on thin films as a function of temperature across several phases.

(**) experiments done on thin films as a function of pressure across several phases.

(a) power-law DOS x (b) absorption from Elliot's theory
Boltzmann distribution x Boltzmann distribution
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1.70¢ Elliot model: transport gap 2] GaN/Al; Gag — N 0.002 (33) < 0.01 (34-37)
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N e Table S3. CPE amplitude C' and Rashba parameter ar of different
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Fig. S3. Photoluminescence spectrum of (CH3NH3)Pbls perovskite single crystal
at 270 K under cw illumination, and fits of different model functions to the data (a -

material systems. SC: single crystal, PC: polycrystalline thin film,

QW: quantum well structure.

*since no experimental data are available for (CH3NH3)Pbls,

d). The extracted values of the optical band gap are summarized in (e). The band
gaps measured in transmission experiments on thin films (yellow data points) from

(@) Ref. (14) are given for comparison.
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we give the values for the related (CH3NHs3)PbBr; (42) and
(CsH5C2H4NH3)2Pbl, (43) LHPs.
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Fig. S5. Light-polarization-dependent changes in the photocurrent. Data are given for a positive (red) and a negative (blue) angle of light incidence, as well as for normal
incidence (black), and for the three different experimental geometries depicted to the right: (a) parallel excitation beam, (b) focused laser beam, (c) focused beam, sample

rotated by 90°.
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Fig. S6. Spatial variation of the photocurrent as the laser is scanned across the
device. (a) gives a two-dimensional representation of the photocurrent as a function
of the position of the laser spot. The channel width of the device along the y-direction
is 1 mm, the length of the devices along the z-direction > 3 mm. The laser spot
size was estimated from convolving a Gaussian with the dimensions of the device. A
cross-section of the photocurrent is given in (b).

1.5x10°) excitation wavelength: 748 nm .

sample temperature: 4 K
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Fig. S7. Intensity-dependence of the measured photocurrents. A linear fit to the data
is shown for intensities < 1 mW.
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Fig. S8. Amplitude C' of the CPE in control measurements on different samples. The
numbering of the samples refers to table S1. Amplitudes are normalized for better vis-
ibility. (a) and (b) show the photon-energy dependence of |C'| in the low-temperature
(4 K) orthorhombic and the room-temperature tetragonal phase. To measure the
temperature-dependence shown in (c), sample 5 was heated monotonously from 4 K
to room temperature, whereas sample 6 was cycled through the phase transition
at &~ 160 K (measurements were first taken at 210 K, then at 150 and 30 K, and
finally at 240 K). Sample 8 was kept in the room-temperature phase and not cooled
below the orthorhombic-tetragonal phase transition temperature. In (c), the excitation
photon energy was 1.51 eV for temperatures > 160 K and 1.64 eV for temperatures
< 160 K.
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