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Analysis of the charge recombination and transfer processes:

As reported before, the recovery kinetics can be expressed as:!

dan = An + Bn® (1)
dt

where n is the photogenerated carrier density, and t is time. The rate constant A corresponds
to the removal of either carrier to form an immobile species (a trap state), and B describes
the free carrier recombination. When the perovskite is sandwiched between Au and Ga, the
electron injection rate from the perovskite to the metal electrode can be defined as:?
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In Eq. (2) ‘E(E )‘ is the average electronic coupling between the perovskite valence band
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and the accepting metal states, o(£)is the density of accepting states at the energy E

relative to the valence band edge, and AZ = £, — £ is the energy gap between the

valence band of perovskite and the metal work function. It can be observed from Eq. (2)

that the charge injection rate increases with an increasing energy gap. The charge injection

efficiency 7, . 1is defined asp, = E + £,K, /K, ]l, where k;(;) i1s the forward

(backward) transfer rate constant, and 7, is a dimensionless factor related to the initial

conditions.?* To perform the calculation, 7,, . can be estimated from the density of states:
Doy = 4+ FLpE) / p(£) 3)

by using the following formula:

p(E) = N, exp(ak / k,T) 4

which expresses the density of states at the VBM (£, )and Au (£,). Assuming the

difference of « can be ignored, Eq. (3) can be expressed as



Ny ® A+ Aexp(BxAE))" (A =L7r, P = 7 A and f are constants, f,

a
B
represents the geometry factor, N and o' are used to characterize the strength and

distribution width of localized states in gap). Figure 4a shows the calculated 7, . as a

function of the energy gap AE by assuming the value of A = 15 and f = —15.2 The

injection efficiency increases with an increasing energy gap, whereas the slope first
increases and then decreases. This behavior is ascribed to the dependence of the perovskite

valence band on the rate constants.
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Fig. S1 XPS characterization of perovskite single crystals. (a) XPS survey spectrum of the
top surface of the perovskite single crystals for all the four samples. (b) CI2p core level
XPS spectra of the perovskite single crystals, the characteristic peak binding energy of
CI2p 3/2 (198.9 eV) is indicated.
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Fig. S2 lon chromatographic analysis of I- and Cl- (inset), with specific retention times of

4.25 and 3.53 min, respectively.
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Fig. S3 Calibration curves for ion chromatography. Aqueous solutions containing different

concentrations of iodide (a) or chloride (b) anion were analyzed by ion chromatography.
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Fig. S4 (a) Calculation of the optical band gap for CH;NH;PbI; single crystal using the

Tauc method.
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Fig. SS Single crystal picture for the SCLC measurement.



Fig. S6 Equivalent circuit used to fit the impedance spectroscopy measurement results.
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Fig. S7 KPFM characterization of perovskite single crystals. (a) KPFM images of local
surface potentials of I, (b)1300:1, (c) 600:1 and (d) 375:1.
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Fig. S8 Photoelectron spectroscopy spectra for (a) I, (b) 1300:1, (c) 600:1 and (d) 375:1.
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Fig. S9 The band alignment of CH3;NH;Pbl; with and without CI atom doping. The band
gap of CH3NH;Pbl; without Cl atom doping is 1.65 eV.
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Fig. S10 The local density states (LDOS) of CH3;NH;Pbl; and CH3;NH;PblI; (Cly. (a)
LDOS of CH3NH;PbI;. Inset: the LDOS around the Fermi level. (b)-(d) The LDOS
around the Fermi level of CH3;NH;Pbl;_Cl, by doping 1~3 Cl atoms into the unit cell.



Table S1 Comparison of the trap-state density, carrier mobility and lifetime.

Performance | Synthesis | Value Characterization | Reference
methods

parameters Method

trap densities | TSSG 36X 1010 om-3 SCLC 4
AVC 33X 1010 e SCLC i
ITc 1.4X 1010 cm? SCLC ‘
STL 3.82 10° cm'? SCLC ’
ITC 5.95 x10° cm SCLC '
ITC 1.8X 10° em SCLC '
ITC 6.0 10 cm3 SCLC ’
ITC 1 3 >< 10]0 Cm_3 SCLC Our I’esult

Carrier TSSG 164+25 sz V—] S—1 SCLC 4

mobilit

’ TSSG 105435 cm? V-1 57! Hall )

TSSG 240+6.8cm?Vig! TOF 4
ITC 67.2+t73cm? Vgl SCLC °
STL 121 £20 cm? V71 g7l SCLC 7
ITC 74+ 12 em? Vgl SCLC 7

Lifetime TSSG 95 us (1 sun) IS 4
TSSG 198 ps (0.1 sun) IS g
TSSG 82 us (1 sun) TPV 4
TSSG 234 ps (0.1 sun) TPV .
ITC ~300 ps (0.1 sun) TPV 7
STL ~400 ps (0.1 sun) TPV 7
ITC 127 ps (1 sun) IS Our result
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