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Figure S1. Comparison of the surface roughness of stamped and un-stamped 

CH3NH3PbBr3 crystals. Atomic force microscopy image (AFM) of the surface of a crystal 

formed by spin coating (a) with and (b) without PDMS-stamping . 

 

 

Figure S2.  EBSD of a crystal with two domains.  a) SEM image of the crystal of 

CH3NH3PbBr3. Numbers show the position of the electron beam where the EBSD patterns 

were collected. The dashed line indicates the boundary between domains, based on the 

crystal’s morphology and EBSD patterns. b) EBSD patterns from four different points. 

Patterns from each side of the dashed line are similar to each other but different from the 

patterns collected from the other side of the line. c) Indexed EBSD patterns and crystal 

orientation of CH3NH3PbBr3, extracted from the Kikuchi patterns. The crystal orientations of 

the patterns are <100> (left) and <110> (right). Green spheres are bromide anions, while blue 

spheres represent the methylammonium cations. The yellow sphere is the lead cation. 
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Figure S3. Electron backscatter diffraction (EBSD) of a CsPbBr3 crystal. (a) SEM image 

of a CsPbBr3 single crystal. Numbers indicate the positions of the electron beam where the 

EBSD patterns were collected. (b-f) EBSD patterns from locations 1-5 on the crystal, which 

all show the same Kikuchi pattern indicating the same crystallographic orientation.  

Single crystal x-ray diffraction of CH3NH3PbBr3  

To confirm the single-crystalline character of the grown crystals, the unit cell parameters of 

several randomly selected crystals were measured using single crystal x-ray diffraction. In all 

cases the cubic unit cell was found (a = b = c = 5.92 Å), which is in accord with previous 

reports
[1-3]

. Solution of the crystal structure of one of the selected crystals confirmed the 

 space group (no. 221). As pointed out by Knop et al.
[2]

 in this space group, the 

CH3NH3
+
 cation has to be positionally disordered over at least 6 equivalent C–N orientations. 

This should also lead to a small intensity of diffraction compared to the contributions of Pb
2+

 

and Br
–
. Indeed, due to this disorder, determining the precise location of the N and C atoms 

was difficult; however, a model with the CH3NH3
+
 cation being disordered over 12 positions 

led to a satisfactory R-value. The assignment of the N vs. C atoms was based on the 

expectation that the NH3
+
 group should be directed towards the negatively charged Br

–
 atom. 

During an unconstrained refinement, due to the positional disorder, the C and N atoms tended 

to shorten their distance to values close to 1 Å; therefore, their distance was constrained to 

1.50 Å and these atoms were refined isotropically. As a result of the disorder, no satisfactory 

positioning of the hydrogen atoms of the CH3NH3
+
 cation could be obtained, as after 

refinement they tended to occupy chemically wrong locations; therefore, for the final solution 

the hydrogen atoms were not included. The above results are in agreement with the structure 

recently reported by Shi et al.
[3]

 (Figure S4). 

mPm3
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Figure S4. Asymmetric unit of CH3NH3PbBr3 (left) and positional disorder of the CH3NH3
+
 

cation. Visualization was made with ShelXle. 

Experimental methods of single crystal x-ray diffraction 

Data was collected on a Bruker D8 Quest Eco diffractometer, equipped with a TRIUMPH 

monochromator and a CMOS PHOTON 50 detector, using Mo-Kα radiation (λ = 0.71073 Å). 

The intensity data were integrated with the Bruker APEX2 software 
[4]

. Absorption correction 

and scaling was performed with SADABS
[5]

. The structures were solved with SHELXT.
 

Least-squares refinement was performed with SHELXL-2014
[6]

. 

An intense orange plate-like specimen of CH3NH3PbBr3, approximate dimensions 0.026 mm 

x 0.187 mm x 0.227 mm, was used for the x-ray crystallographic analysis. The x-ray intensity 

data were measured. 

A total of 86 frames were collected. The total exposure time was 0.24 hours. The frames were 

integrated with the Bruker SAINT software package using a narrow-frame algorithm. The 

integration of the data using a cubic unit cell yielded a total of 496 reflections to a maximum 

θ angle of 26.16° (0.81 Å resolution), of which 68 were independent (average redundancy 

7.294, completeness = 100.0%, Rint = 5.49%, Rsig = 3.85%) and 68 (100.00%) were greater 

than 2σ(F
2
). The final cell constants of a = 5.9222(18) Å, b = 5.9222(18) Å, c = 5.9222(18) Å, 

volume = 207.71(19) Å
3
, are based upon the refinement of the XYZ-centroids of 75 

reflections above 20 σ(I) with 6.818° < 2θ < 52.30°. Data were corrected for absorption 

effects using the multi-scan method (SADABS). The ratio of minimum to maximum apparent 

transmission was 0.215. The calculated minimum and maximum transmission coefficients 

(based on crystal size) are 0.0470 and 0.1780.  

The final anisotropic full-matrix least-squares refinement on F
2
 with 9 variables converged at 

R1 = 3.52%, for the observed data and wR2 = 10.26% for all data. The goodness-of-fit was 

1.349. The largest peak in the final difference electron density synthesis was 2.540 e
-
/Å

3
 and 

the largest hole was -1.561 e
-
/Å

3
 with an RMS deviation of 0.290 e

-
/Å

3
. On the basis of the 

final model, the calculated density was 3.829 g/cm
3
 and F(000), 206 e

-
.  
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Table 1. Single Crystal XRD Data of CH3NH3PbBr3 

Temperature 296 K 

Wavelength 0.71073 Å 

Crystal size 0.026 x 0.187 x 0.227 mm 

Crystal habit intense orange plate 

Crystal system cubic 

Space group P m  m 

Unit cell dimensions a = 5.9222(18) Å α = 90° 

 
b = 5.9222(18) Å β = 90° 

 
c = 5.9222(18) Å γ = 90° 

Volume 207.71(19) Å
3
 

 

Z 1 

Density (calculated) 3.829 g/cm
3
 

Absorption coefficient 34.633 mm
-1

 

F(000) 206 

 

 

Table 2. Atomic coordinates and equivalent isotropic atomic displacement parameters (Å
2
)  

U(eq) is defined as one third of the trace of the 

orthogonalized Uij tensor.  

 
x/a y/b z/c U(eq) 

Pb1 0.5 0.5 0.5 0.0254(11) 

Br1 0.0 0.5 0.5 0.097(2) 

C1 0.111(18) 0.0 0.0 0.010(19) 

3
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x/a y/b z/c U(eq) 

N1 0.0 0.161(7) 0.161(7) 0.15(18) 

 

Table 3. Bond lengths (Å)  

Pb1-Br1 2.9611(9) Pb1-Br1 2.9611(9) 

Pb1-Br1 2.9611(9) Pb1-Br1 2.9611(9) 

Pb1-Br1 2.9611(9) Pb1-Br1 2.9611(9) 

Br1-Pb1 2.9611(9) C1-C1 0.93(15) 

C1-C1 0.93(15) C1-C1 0.93(15) 

C1-C1 0.93(15) C1-N1 0.99(8) 

C1-N1 0.99(8) C1-N1 0.99(8) 

C1-N1 0.99(8) C1-C1 1.3(2) 

C1-N1 1.50(2) C1-N1 1.50(2) 

C1-N1 1.50(2) N1-C1 0.99(8) 

N1-C1 0.99(8) N1-N1 1.34(6) 

N1-N1 1.34(6) N1-N1 1.34(6) 

N1-N1 1.34(6) N1-C1 1.50(2) 

N1-C1 1.87(5) N1-C1 1.87(5) 

 

Table 4. Bond angles (°)  

Br1-Pb1-Br1 90.0 Br1-Pb1-Br1 90.0 

Br1-Pb1-Br1 180.0 Br1-Pb1-Br1 90.0 

Br1-Pb1-Br1 90.0 Br1-Pb1-Br1 90.0 

Br1-Pb1-Br1 90.0 Br1-Pb1-Br1 90.0 
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Br1-Pb1-Br1 90.0 Br1-Pb1-Br1 180.0 

Br1-Pb1-Br1 180.0 Br1-Pb1-Br1 90.0 

Br1-Pb1-Br1 90.0 Br1-Pb1-Br1 90.0 

Br1-Pb1-Br1 90.0 Pb1-Br1-Pb1 180.0 

C1-C1-C1 60.0 C1-C1-C1 90.000(4) 

C1-C1-C1 60.000(4) C1-C1-C1 60.000(4) 

C1-C1-C1 90.000(4) C1-C1-C1 60.0 

C1-C1-N1 152.(7) C1-C1-N1 102.(5) 

C1-C1-N1 62.(7) C1-C1-N1 102.(5) 

C1-C1-N1 102.(5) C1-C1-N1 152.(7) 

C1-C1-N1 102.(5) C1-C1-N1 62.(7) 

N1-C1-N1 85.(4) C1-C1-N1 102.(5) 

C1-C1-N1 62.(7) C1-C1-N1 102.(5) 

C1-C1-N1 152.(7) N1-C1-N1 85.(4) 

N1-C1-N1 146.(10) C1-C1-N1 62.(7) 

C1-C1-N1 102.(5) C1-C1-N1 152.(7) 

C1-C1-N1 102.(5) N1-C1-N1 146.(10) 

N1-C1-N1 85.(4) N1-C1-N1 85.(4) 

C1-C1-C1 45.0 C1-C1-C1 45.0 

C1-C1-C1 45.0 C1-C1-C1 45.0 

N1-C1-C1 107.(7) N1-C1-C1 107.(7) 

N1-C1-C1 107.(7) N1-C1-C1 107.(7) 

C1-C1-N1 40.(3) C1-C1-N1 40.(3) 

C1-C1-N1 98.(4) C1-C1-N1 98.(4) 
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N1-C1-N1 137.(3) N1-C1-N1 137.(3) 

N1-C1-N1 61.(2) N1-C1-N1 61.(2) 

C1-C1-N1 64.(4) C1-C1-N1 98.(4) 

C1-C1-N1 98.(4) C1-C1-N1 40.(3) 

C1-C1-N1 40.(3) N1-C1-N1 61.(2) 

N1-C1-N1 61.(2) N1-C1-N1 137.(3) 

N1-C1-N1 137.(3) C1-C1-N1 64.(4) 

N1-C1-N1 128.(9) C1-C1-N1 40.(3) 

C1-C1-N1 98.(4) C1-C1-N1 98.(4) 

C1-C1-N1 40.(3) N1-C1-N1 137.(3) 

N1-C1-N1 61.(2) N1-C1-N1 137.(3) 

N1-C1-N1 61.(2) C1-C1-N1 64.(4) 

N1-C1-N1 79.(4) N1-C1-N1 79.(4) 

C1-N1-C1 56.(10) C1-N1-N1 47.(2) 

C1-N1-N1 78.(5) C1-N1-N1 78.(5) 

C1-N1-N1 47.(2) N1-N1-N1 60.000(3) 

C1-N1-N1 47.(2) C1-N1-N1 78.(5) 

N1-N1-N1 90.0 N1-N1-N1 120.0 

C1-N1-N1 78.(5) C1-N1-N1 47.(2) 

N1-N1-N1 120.000(2) N1-N1-N1 90.000(2) 

N1-N1-N1 60.000(2) C1-N1-C1 38.(8) 

C1-N1-C1 38.(8) N1-N1-C1 40.(3) 

N1-N1-C1 40.(3) N1-N1-C1 82.(4) 

N1-N1-C1 82.(4) C1-N1-C1 38.(8) 
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C1-N1-C1 38.(8) N1-N1-C1 82.(4) 

N1-N1-C1 82.(4) N1-N1-C1 40.(3) 

N1-N1-C1 40.(3) C1-N1-C1 52.(9) 

C1-N1-C1 14.(5) C1-N1-C1 42.(9) 

N1-N1-C1 52.5(9) N1-N1-C1 68.9(13) 

N1-N1-C1 52.5(9) N1-N1-C1 68.9(13) 

C1-N1-C1 30.(5) C1-N1-C1 30.(5) 

C1-N1-C1 42.(9) C1-N1-C1 14.(5) 

N1-N1-C1 68.9(13) N1-N1-C1 52.5(9) 

N1-N1-C1 68.9(13) N1-N1-C1 52.5(9) 

C1-N1-C1 30.(5) C1-N1-C1 30.(5) 

C1-N1-C1 29.(4) 
  

 

Table 5. Anisotropic atomic displacement parameters (Å
2
)   

The anisotropic atomic displacement factor exponent takes the form: -2π
2
[ h

2
 a

*2
 U11 + ... + 

2 h k a
*
 b

*
 U12 ]  

 
U11 U22 U33 U23 U13 U12 

Pb1 0.0254(11) 0.0254(11) 0.0254(11) 0 0 0 

Br1 0.021(2) 0.136(4) 0.136(4) 0 0 0 
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Figure S5. Perovskite solar cells fabricated using the back-contacted device platform. (a) 

A glass substrate with electrodes fabricated using two steps of photolithography. (b) 1 M 

solution of the precursors, CH3NH3Br and PbBr2, in DMF. (c) Spin-coating of the solution on 

top of the prepared electrodes. The solvent was not allowed to evaporate fully. (d) Pressing 

the substrate face down into PDMS on a hotplate (100°C) until the crystals formed. (e) 

Schematic of the final sample with crystals distributed randomly over the substrate after 

annealing it face up for an additional 10 minutes. Some of the crystals bridged the gaps 

between the electrodes to form devices. (f) Optical microscopy image of a CH3NH3PbBr3 

single crystal formed in the gap between two pre-fabricated electrodes. (g) False-color SEM 

image of a single crystal of CH3NH3PbBr3 (orange) bridging the gap between two electrodes 

(blue for titanium, purple for palladium). (h) Schematic of a microscale perovskite solar cell 

made with high and low work function (WF) metals as carrier-selective contacts. 

Materials selection for the electrodes of the back-contacted platform 

In order to make solar cells, the electrodes were fabricated on glass substrates using two steps 

of photolithography prior to the deposition of the perovskite crystals (as explained in the 

experimental section). Because the electrodes are fabricated before deposition of the crystals, 

this platform avoids the difficulty of finding a process for layer deposition that will not 

damage the perovskite. Standard processes for thin-film deposition – such as those requiring 

high temperature, plasma, incompatible solvents (e.g water), or oxidizing environments – can 

be used to fabricate the underlying contacts. Also, if no surface reactions occur between the 

electrodes and the perovskite, this structure is also a reusable test platform because the 

crystals can be removed using a suitable solvent. After the solution deposition and PDMS 

stamping, crystals were distributed randomly on the substrate so that some bridged the gaps 
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between the electrodes (Figure S5). The large size of the crystals, whose edges often exceed 

50 µm, enables optical imaging and facilitates in-situ characterization of the devices. In order 

to choose the correct carrier-selective electrode for CH3NH3PbBr3 back-contacted devices, a 

list of metals with higher work function than the valance band and lower work function than 

the conduction band of CH3NH3PbBr3 was considered (Figure S6). The first requirement for 

selecting the electrode material is chemical stability of the electrode in the perovskite 

precursor solution. Ti electrodes were stable upon the deposition of the perovskite solution. 

When the CH3NH3PbBr3 devices with symmetric electrodes (Ti-Ti) were fabricated, they had 

linear I-V curves, indicating the ohmic nature of the contact (Figure S6). Other metals with 

similarly small work functions, such as aluminum and silver, were also tested; however, 

severe corrosion of the metal was observed immediately following deposition of the 

perovskite solution. 

Devices with Pd-Pd contacts were fabricated to test Pd as a hole-selective electrode for 

CH3NH3PbBr3 solar cell devices. They were  stable and conductive but showed saturation in 

their current (Figure S6). While the cause of this saturation is unknown, similar behavior 

arises in other semiconductors when scattering with phonons or impurities imposes a limit on 

the drift velocity of the carriers at high fields. Alternatively, saturation can also appear when 

the conduction channel of the device becomes restricted, as is the case in transistors 
[7]

. Gold 

and nickel were also tested as hole-selective electrodes; however, the devices with Au-Au 

electrodes did not show stable I-V behavior (Figure S7). In the case of devices with symmetric 

Ni-Ni electrodes, although no damage to the electrodes was visible after deposition of the 

perovskite crystals, running current through the devices caused them to break down 

electrically, and the appearance of the nickel electrode was altered. Energy-dispersive x-ray 

spectroscopy (EDS) confirmed the loss of nickel atoms from the electrode near the 

CH3NH3PbBr3 crystal (Figure S6). Platinum was also tested for the hole-selective contact and 

showed behavior similar to that of palladium (Figure S8). 

 

 

Figure S6. Electrical characterization of CH3NH3PbBr3 single crystals using the 

symmetric back-contacted device platform (a) Energy band diagram for CH3NH3PbBr3 
[8]

 

and metals with appropriate work functions for extracting holes and electrons. (b) I-V curves 

of CH3NH3PbBr3 single crystals in the dark (gray) and under 1-sun illumination (colors) with 
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symmetric electron-selective electrodes (Ti-Ti) and (c) symmetric hole-selective electrodes 

(Pd-Pd). 

 

Figure S7. Testing other high work function metals (gold and platinum) as hole-selective 

electrodes. I-V characteristics of CH3NH3PbBr3 crystals with (a-b) Au-Au and (c) Pt-Pt 

symmetric electrodes under 1-sun illumination. Au-Au electrodes did not have stable I-V 

curves over repeated measurements, as these I-V curves are from the same crystal at different 

times. Pt-Pt devices had stable and symmetric I-V characteristics, but use of Pt was 

discontinued because of practical difficulties in e-beam evaporating Pt. 

 

Figure S8.  Reactivity of symmetric Ni-Ni electrodes. A CH3NH3PbBr3 crystal on top of the 

electrodes before (a) and after (b) running current through the device. (c) SEM image of the 

damaged part is shown in which an energy-dispersive  x-ray spectroscopy (EDS) line scan 

was performed. (d) The EDS spectrum indicates the loss of Ni from the electrode near the 

crystal. 
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Figure S9. I-V curve of the back-contacted CH3NH3PbBr3 single crystal presented in 

figure 3 under the dark condition.  

 

Figure S10. Superimposed optical image and photocurrent map of the CH3NH3PbBr3 

single crystal presented in figure 3d. It shows that the photocurrent is produced only 

directly above the Ti electrode, which is the electron-selective contact. 
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Figure S11. Scanning photocurrent maps (a and c) and optical images (b and d) of two 

different back-contacted CH3NH3PbBr3 single crystals. The red squares define where 

the photocurrent was mapped.  These maps, along with the third presented in the main text, 

show that the hot spots in the photocurrent vary in their positions with different devices. 

 

 

Figure S12. Calculation of the relative change in photocurrent (at λ =540 nm) expected 

with changes in the thickness of the crystal. Changes are estimated relative to a 1000-nm-

thick crystal and for three different diffusion lengths (L). A thickness variation in the crystal 

can cause both increases and decreases in photocurrent, but the total magnitude of the change 

(from minimum to maximum) is always less than a factor of two.  

 

In general, the photocurrent I at a particular wavelength in a crystal of thickness d is given by: 
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𝐼 = ∫ 𝐺(𝑥)𝐶(𝑥)𝑑𝑥
𝑑

0

 

where G(x), is the generation profile as a function of depth (x), and is calculated numerically 

using a transfer-matrix model that accounts for thin-film interference and back reflection from 

the Ti electrode.
[9]

 Values of the refractive indices for the perovskite
[10]

 and Ti
[11]

 were taken 

from the literature. The refractive index of the SiO2 was measured by ellipsometry. The 

collection efficiency was modeled as an exponential decay from the perovskite-electrode 

interface: 

 

𝐶(𝑥) = 𝐶0𝑒
(𝑥−𝑑)/𝐿 

 

in which C0 is a constant that describes the collection efficiency at the perovskite-metal 

interface, d is the thickness of the crystal, and L is the minority carrier diffusion length. 

 

Based on this calculation, the changes in photocurrent in the map of the main text (a factor of 

four increase) cannot arise solely from a local change in the crystal’s thickness (d), assuming 

that the local collection efficiency at the contact (C0) and diffusion length (L) remain constant. 

AFM (Figure S13) shows that the crystal’s thickness over the Ti electrode varies in the 

simulated range, from 760 to 1000 nm. 

 

 

 

Figure S13. Atomic force microscopy of the CH3NH3PbBr3 single crystal device 

presented in figure 3 
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