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Experimental Details 

Materials Synthesis

Methylammonium iodide (MAI) was purchased from Greatcell Solar Limited (Australia). Lead (II) 

iodide (PbI2, 98%) was purchased from Shanghai Macklin Biochemical Co., Ltd. γ-Butyrolactone 

(GBL, >99%) and Hypophosphorous acid solution (H3PO2, 50 wt.% in H2O) was purchased from 

Sigma-Aldrich. All materials were used as received without any further purification. The single 

crystals were synthesized based on the inverse temperature method.1 The -free ones were I ―
3

grown using 1.5 M perovskite precursor and 1 vol. % hypophosphorous acid (H3PO2) at 90 °C. 

Note: H3PO2 decomposes at temperatures higher than 130 °C. The perovskite single crystals 

were synthesized at different temperatures by varying the precursor’s concentration from 1 M 

to 1.75M.

Single Crystal Photodetector Fabrication

Using e-beam evaporation, parallel Au electrodes (100 nm thick) were deposited onto the (100) 

facet of MAPbI3 single crystals under a vacuum pressure of 10-6 Torr using a patterned shadow 

mask. The channel length and width of the fabricated two-terminal, parallel-type photodetectors 

were 70 μm and 1 mm, respectively.

Optical and Electronic Characterization

The absorption measurements of perovskite single crystals were recorded using a LAMBDA 950 

UV/Vis/NIR Spectrophotometer with an InGaAs sphere from PerkinElmer. The absorption of 

MAI solutions was measured using a Cary 5000 UV/Vis/NIR spectrophotometer. The 
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photoluminescence spectra were characterized using a Horiba JY LabRAM Aramis spectrometer 

with an Olympus 50x lens in a Linkam THMS600 stage. A 633 nm laser was used as the excitation 

source. For time-correlated single photon counting (TCSPC), the samples were excited by a pulsed 

laser diode (405 nm) that was purchased from HORIBA Jobin Yvon, model (DD-405L, IRF ≈ 65 

ps). The repetition rate of the pulsed laser ranged from a few kHz to MHz by the DDC1 picosecond 

controller purchased from HORIBA. The laser energy per pulse used was 0.5 pJ. The laser light 

was tightly focused on the sample using an objective lens purchased from Olympus, Ltd. (Plan N, 

10x/0.25). The maximized emission was collected from the same excited area by the objective lens 

after passing through a reflective beam splitter (R 488) from Thorlabs. Then, the collected emission 

was focused on a commercial Avalanche photodiode that was controlled by a Hydra Harp 400 

multichannel picosecond event timer unit purchased from PicoQuant to detect the emission in a 

single photon fashion, i.e., one per laser pulse at max. Then, the collected emission intensity versus 

time was analyzed and fitted using multiexponential decay equations. Hall mobility and free carrier 

concentration were obtained using the Lake Shore Hall Effect Measuring System.

Chemical and Structural Characterization

Mass spectroscopy was performed using Agilent Technologies 1290 Infinity LC. For liquid-state 

1H NMR, samples were prepared by dissolving the single crystals with a calculated volume of 

deuterated DMSO inside 3 ml glass vials. The samples were vigorously stirred until the single 

crystals were completely dissolved. Afterward, 500 μl was transferred to a 5 mm NMR tube. To 

obtain comparable data, all experiments were carried out under the same instrumental parameters 

and conditions. Each NMR spectrum was recorded using a Bruker 500 MHz AVANACIII NMR 
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spectrometer equipped with Bruker CPTCI multinuclear CryoProbe (BrukerBioSpin, Rheinstetten, 

Germany). The 1H NMR spectrum was recorded by collecting 128 scans with a recycle delay time 

of 10 s using a standard (zg) program from the Bruker pulse library. The chemical shifts of all 

spectra were corrected using the TMS signal at 0.0 ppm as an internal chemical shift reference. 

Bruker Topspin 3.5pl7 software (Bruker BioSpin, Rheinstetten, Germany) was used to collect and 

analyze the data.

Photodetection Characterization

The photoresponse and electrical characteristics of the devices were measured under ambient 

conditions using a Keithley KE4200-SCS semiconductor characterization system. Various 

continuous-wave semiconductor laser diodes operating at distinct wavelengths, 253, 300, 447 nm 

(Horiba), 532 and 660 nm (Civil Laser), were used as excitation sources. A laser power meter 

(Thorlabs) was used to measure the intensity of the incident light at the surface of the devices. The 

device sensitivity toward nonfocused white light was inspected using a Sony Xperia XA1 Ultra 

cell phone.

Density Functional Theory Calculations

The density functional theory (DFT) calculations were performed at the generalized gradient 

approximation (GGA)/Perdew-Burke-Ernzerhof (PBE) level using the projector-augmented wave 

(PAW) method as implemented in the Vienna Ab initio simulation (VASP) package.2-3 The plane-

wave basis set cutoff of the wavefunctions was set at 500 eV, and a uniform grid of 6×6×4 k-mesh 

in the Brillouin zone was employed to optimize the crystal structure of tetragonal-phase MAPbI3. 
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The van der Waals functional vdW-DF was also included for the structural optimizations and 

electronic properties calculations. A 2×2×2 supercell was used for the defect state calculations, 

and the Brillouin zone was sampled at the Γ-point. The atomic positions of MAPbI3 supercells 

without and with an iodine interstitial (Ii) were fully relaxed until the supercells with forces on 

each atom were less than 0.01 eV/Å. The charge density distribution of the valence band maximum 

(VBM), conduction band minimum (CBM) and defect state for MAPbI3 supercells was described 

using VESTA code.
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Figure S1. As-prepared (left) MAI dissolved in GBL, and heated inside glovebox (middle) and in 

air (right).
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Figure S2. Mass spectra of (a) -free MAPbI3 single crystal; (b) -rich MAPbI3 single crystal I ―
3 I ―

3

heated at 60oC; (c) 75oC; (d) 90oC; and (e) at 100oC. The insets are magnified in equal proportion 

for the region between 370 and 400 m/z, to highlight the 380 m/z peak. 
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Figure S3. UV-Vis absorption spectra of -free and different -rich MSCs.I ―
3 I ―

3

Figure S4. XRD pattern of the rhombic (top) facet of -free (left inset) and -rich (right inset) I ―
3 I ―

3

MSCs, where each of them is patterned with an array of parallel Au electrodes.



9

Table S1. The key parameter formulas used to calculate the photodetector properties.

Properties Equations Remarks

Responsivity (R): Ratio of the 
photocurrent generated in the 
detector to the incident light 
power.

𝑅 = 𝛥𝐼/(𝑃 × 𝐴)
ΔI = Ilight − Idark

P = Light intensity
A = Active area of the device

Specific Detectivity (D*): The 
sensitivity of a photodetector

D ∗ = 𝑅 × A1/2/(2 × q × Id )1/2

R = Responsivity
A = Active area of the device
q = Absolute value of electron charge
Id = Dark current

External Quantum Efficiency 
(EQE): Ratio of the number of 
photogenerated carriers to the 
number of photons illuminating 
the device that generates the 
photocurrent.

EQE = (h × c
e × λ) ∗ R

h = Planck's constant
c = Velocity of light
e = Electronic charge
λ = Incident light wavelength
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Figure S5. (a) Semi-log scale I-V characteristics of MAPbI3 ( -rich) single crystal I ―
3

photodetectors, in dark (black) and under UV illumination at 253 nm (pink) and 300 nm (violet), 

both with a light intensity of 4.9 mW/cm2. All devices were kept under a bias voltage of ±1 V. (b) 

Semi-log scale I-V characteristics of -free MAPbI3 single crystal photodetectors, in dark (black)  I ―
3

and under UV illumination at 253 nm (pink) and 300 nm (violet), both with a light intensity of 4.9 

mW/cm2. All devices were kept under a bias voltage of ±1 V.
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Figure S6. (a) Semi-log scale I-V characteristics of MAPbI3 ( -rich) single crystal photodetector I ―
3

under 447 nm light illumination at different intensities. All devices were kept under a bias voltage 

of ±1 V. (b) Photocurrent (left) and responsivity (right), (c) Detectivity, and (d) EQE of the single 

crystal photodetector, obtained at -1 V, as a function of light intensity at a wavelength of 447 nm. 

(e) Temporal photoresponse of MAPbI3 single crystal photodetectors under alternating dark and 

light (447 nm) illuminations with an intensity of 3.3 mW/cm2. (f) Photostability of the single 

crystal devices, at a wavelength of 447 nm with an intensity of 3.3 mW/cm2.
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Figure S7. (a) Semi-log scale I-V characteristics of MAPbI3 ( -rich) single crystal photodetector I ―
3

under 532 nm light illumination at different intensities. All devices were kept under a bias voltage 

of ±1 V. (b) Photocurrent, (c) Responsivity, (d) Detectivity and (e) EQE of the single crystal 

photodetector, obtained at -1 V, as a function of light intensity at a wavelength of 532 nm. (f) 

Photograph of an array of two-terminal, lateral-type MAPbI3 (with ) single crystal devices.  I ―
3
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Figure S8. (a) Semi-log scale I-V characteristics of -free MAPbI3 single crystal photodetector  I ―
3

under 532 nm light illumination at different intensities. All devices were kept under a bias voltage 

of ±1 V. (b) Photocurrent, (c) Responsivity, (d) Detectivity and (e) EQE of the single crystal 

photodetector, obtained at -1 V, as a function of light intensity at a wavelength of 532 nm. (f) 

Temporal photoresponse of -free MAPbI3 single crystal photodetectors under alternating dark  I ―
3

and light (532 nm) illuminations with an intensity of 25.5 mW/cm2.
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Figure S9. (a) Semi-log scale I-V characteristics of MAPbI3 ( -rich) single crystal photodetector I ―
3

under 660 nm light illumination at different intensities. All devices were kept under a bias voltage 

of ±1 V. (b) Photocurrent (left) and responsivity (right), (c) Detectivity, and (d) EQE of the single 

crystal photodetector, obtained at -1 V, as a function of light intensity at a wavelength of 660 nm. 

(e) Temporal photoresponse of MAPbI3 single crystal photodetectors under alternating dark and 

light (660 nm) illuminations with an intensity of 4.7 mWcm-2. (f) Photostability of the single 

crystal devices, at a wavelength of 660 nm with an intensity of 80 mWcm-2.
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Figure S10. (a) Semi-log scale I-V characteristics of -free MAPbI3 single crystal photodetector  I ―
3

under 660 nm light illumination at different intensities. All devices were kept under a bias voltage 

of ±1 V. (b) Photocurrent (left) and responsivity (right), (c) Detectivity, and (d) EQE of the single 

crystal photodetector, obtained at -1 V, as a function of light intensity at a wavelength of 660 nm. 

(e) Temporal photoresponse of -free MAPbI3 single crystal photodetectors under alternating  I ―
3

dark and light (660 nm) illuminations with an intensity of 40 mWcm-2. (f) Photostability of the 

single crystal devices, at a wavelength of 660 nm with an intensity of 25 mWcm-2.
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