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Supplementary Figure 1 | Passivation effect and impact of OAIl. (a) PL quantum vyield
measurement of pristine (Glass/FAo.090Cs0.01Pbl3) and surface-passivated (Glass/FAo0.99Cso0.0:Pblz/OALl)
films. Both films were excited by a 635-nm CW laser. The PL quantum yields of pristine and surface-
passivated perovskite films were 4.9% and 13.1%, respectively. XPS of (b) Pb, (c) I and (d) N in both
pristine and surface-passivated films. In the pristine film, the calculated Pb:1 ratio is 1:1.98, which is
much larger than the ideal stoichiometry of 1:3 in perovskites, suggesting an abundance of I~
vacancies on the perovskite surface. After depositing the OAI layer, the ratio between Pb and I
becomes 1:2.45. The extra I~ supplied from OAI compensates the halide vacancies. In addition, in
the pristine film, the calculated Pb:N ratio is 1: 0.715, which is also larger than their ideal
stoichiometry of 1:2 in FA0.99Cs0.01Pbls, suggesting the existence of FA* vacancies at the perovskite
surface. After depositing OAI, an extra N peak at ~402.5 eV appears (originated from the NHs" in
OAl) and the calculated Pb:N ratio becomes 1:1.06. This result also suggests the compensation of
FA™ vacancies by the mounting of the OA chains at the perovskite surface. Therefore, we consider
OAI has a bi-functional passivation on both the FA™ and I~ vacancies simultaneously in the studied
devices. X-ray diffraction patterns of (e) pristine and (f) surface-passivated perovskite films. We

consider no 2D perovskites formed as only 3D perovskite peaks are observed.



Supplementary Figure 2 | Absorption spectrum of FAo.9Csoo0iPbls film and selective
wavelengths of pump beam (808 nm for CW-PPPc and 800 nm for ns-PPPc) as well as IR push
beam (980 nm for CW-PPPc and 1064 nm for ns-PPPc). The energy of pump and push beams is
larger and smaller than the bandgap of FA0.99Cso.01Pbls, respectively. The energy of 980-nm (~1.27
eV) and 1064-nm (~1.17 eV) push beams is large enough to push the majority of trapped carriers
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located in both shallow and deep traps of perovskite.
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Supplementary Figure 3 | Lock-in amplifier signal as a function of modulation frequency in
CW-PPPc measurement. X, Y, and R values of (a) pristine and (b) surface-passivated devices, as

well as corresponding phases of (c) pristine and (d) surface-passivated devices. The phases remain
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Supplementary Figure 4 | AJ;g versus IR push intensity curves of surface-passivated devices in
CW-PPPc measurement. The solid lines indicate the linearly fitted results. The error bars represent

the standard deviation of the data.
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Supplementary Figure 5 | AJjg/] pump Versus IR push intensity of a pristine FA0.99Cs0.01Pbl3
device under various pump intensities. The solid lines indicate the linearly fitted results. The error

bars represent the standard deviation of the data.
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Supplementary Figure 6 | J pymp Versus pump intensity curves in CW-PPPc measurement of
pristine and surface-passivated devices. Both curves show linear relationships, which reflects either
negligible second-order recombination or pseudo-first order recombination was dominant in the

devices.
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Supplementary Figure 7 | Kinetic model for the carrier trapping and recombination processes.
All the arrows indicate photophysics processes in terms of holes. Detailed discussion about this model

can be found in Supplementary Note 4.
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Supplementary Figure 8 | PPPc data analysis based on the kinetic model shown in
Supplementary Figure 7 and Supplementary Note 4. (a) Global fitting of AJ;z //pym;p data for the
pristine device. (b) Global fitting of AJ;z /Jpum; data for the surface-passivated device. (c) Modelled

trapped carrier concentration (ny.) as a function of pump intensity. The calculated b values (in

Equation 1) of pristine and surface-passivated devices are 0.65 and 0.16, respectively.
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Supplementary Figure 9 | RC constant extraction from pristine and surface-passivated PeSCs
measured by electrochemical impedance spectroscopy under white light (100 mW cm=) at
open-circuit voltage condition. (a) Nyquist plots and (b) capacitance as a function of frequency. The
series resistance (Rs) of the devices was extracted from the Nyquist plots a while the geometric
capacitance (Cq) was extracted at 1 MHz from b. The calculated RC time constants are 0.29 us and

0.23 us for pristine and surface-passivated PeSCs, respectively.
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Supplementary Figure 10 | Jpymp Versus pump fluence curves in ns-PPPc measurement for

pristine and surface-passivated devices. Both curves show linear relationships, which suggests first-

order (or pseudo-first order) recombination was dominant in the devices at short circuit conditions.

2.0x10° o

Lock-in Amplifier Signal:

1.5x10° —

1.0x10° —

AJjg (MA cm™?)

5.0x10* —

0.0 H

T T T T T T T T T
0 100 200 300 400 103 104 10°

Delay Time (ns)
Supplementary Figure 11 | AJ;g response of FA0.99Cso0.01Pbls device under 800-nm pump (5.1 pJ
cm~2) and 1064-nm push (170.8 pJ cm™2) in ns-PPPc measurement. The observed 90-degree phase
change in time-resolved PPPc measurement after 1 x 10° ns is expected and attributed to the
comparable time scale of the electrical delay and the modulation period of the chopper. This effect is

accounted for and does not affect the results, when the total amplitude R value is presented.
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Supplementary Figure 12 | Fluence-dependent nyc dynamics of a pristine device. (a) Pump

fluence-dependent results. (b) Push fluence-dependent results. (c) Normalised pump fluence-

dependent results. (d) Normalised push fluence-dependent results.
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Supplementary Figure 13 | Fluence-dependent ny dynamics of a surface-passivated device. (a)

Pump fluence-dependent results. (b) Push fluence-dependent results. (c) Normalised pump fluence-

dependent results. (d) Normalised push fluence-dependent results.
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Supplementary Figure 14 | Current density versus voltage curves of optimised pristine and
surface-passivated devices with PMMA. Device architecture:
ITO/SNO2/PMMA/FA0.99Cs0.01Pbl3/Spiro-OMeTAD/Au (pristine) and
ITO/SNO2/PMMA/FA0.99Cs0.0:Pbl3/OAI/Spiro-OMeTAD/Au (surface-passivated). Detailed

photovoltaic parameters are listed in Supplementary Table 3.
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Supplementary Figure 15 | Trapped carrier dynamics of optimised pristine and surface-
passivated devices [ITO/SnO2/PMMA/FA0.99Cs0.01Pbls/(OAI)/Spiro-OMeTAD/Au], under



pump fluence of 3.3 uJ cm= and push fluence of 170.8 pJ cm=. (a) Pristine and (b) surface-
passivated devices with and without PMMA layer. (c) Normalised dynamics of trapped carriers in
pristine and surface-passivated devices with PMMA layer. Note that the spike shown in the pristine
device is due to the instant optical effect between pump and push pulses, rather than the occurrence

of real trapped carrier dynamics.
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Supplementary Figure 16 | Temperature-dependent results based on different devices. Trapped
carrier dynamics of optimised (a) pristine device and (b) surface-passivated device, under pump
fluence of 3.3 pJ cm 2 and push fluence of 170.8 uJ cm™2. Note that the spikes shown in both cases
are due to the instant optical effect between pump and push pulses, rather than the occurrence of real
trapped carrier dynamics.
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Supplementary Figure 17 | Schematic diagram showing the hole extraction (for current

generation) without and with IR push. All the arrows indicate physical processes in terms of holes.

Supplementary Tables

Supplementary Table 1 | Photovoltaic parameters of pristine and surface-passivated
FA0.99Cs0.01Pbl3 devices.

Voc (V) Jsc (MA cm™?) FF (%) PCE (%)
Pristine Forward 0.99 24.2 53.5 12.8
Reverse 1.01 24.3 65.4 16.1
Surface- Forward 1.08 24.3 64.3 16.9
passivated Reverse 1.09 24.4 73.3 19.5

Supplementary Table 2 | Summary of fitted and fixed parameters in the kinetic model (in
Supplementary Note 4) for CW-PPPc. The k., and k., are estimated based on the ns-PPPc results

(Figure 4a) by assuming an absorption cross-section of 110" cm? for trapped carriers.

Fitted Parameters

Fixed Parameters

N (cm ™) 3.85>10% Ky (cm3s7h) 1.51x101
- kpep (cM*s™) 4.53x10°° kep (cm®s™) 242510710
Fl;’:;[:cnee kg (s 9.38%10° N, Nyp (cm™) 1x10%
Rpymp (cm™) 35 T (K) 300
Rz (cm?) 5.02x10°Y
N (cm ™) 8.05>10% Ky (M3 s7h) 7.10>1071
Surface- kpep (cm3s7h) 9.13x10710 kep (cm3s7h) 1.78x10°°
Passivated kg (s 8.2610° Ncg, Nyg (cm™3) 1x10%°
Device Rpymp (cm ') 22450 T (K) 300
Rg (cm?) 4711071




Supplementary Table 3 | Photovoltaic parameters of optimised pristine and surface-passivated

devices.
Voc (V) Jsc (MA cm™?) FF (%) PCE (%)
Pristine Forward 1.04 64.9 16.7
Reverse 1.08 74.3 19.8
Surface- Forward 1.14 76.8 21.9
passivated Reverse 1.15 80.4 23.2

Supplementary Table 4 | The parameters in drift-diffusion model used for ns-TAS simulations

(Supplementary Note 6), that are different from those used in the original Driftfusion code.

Pristine Surface-Passivated
B (cms™?) 1 %1071 1 %1012
sn; (cm s—1) 1 %1072 11072
sn, (cms-1) 11072 11072
sp; (cms-1) 11072 11072
sp, (cm s—1) 1 %1072 11072
p(cm?Vv1is? 1.8 1.8

Supplementary Table 5 | The parameters in drift-diffusion model used for ns-PPPc simulations

(Supplementary Note 6), that are different from those used in the original Driftfusion code.

Pristine Surface-Passivated
B (cms™) 1 %1071 1 %1072
sn; (cms-1) 1.0 2.8
sn, (cms-1) 1x10°% 11072
sp; (cm s1) 11072 1x107°
spy (cm s-1) 1.0 2.8
p(em?Vv?is? 1.8 1.8

Supplementary Table 6 | Summary of parameters used in Equation S6.6 in Supplementary Note

6.
Pristine Surface-Passivated
Neo (cm ™) 3.85%10% 8.05%10%°
k., (cm®s™) 1.5x10713 6.8x10° 12
kep (cm®s7h) 2410712 1.7><1071
Ncg, Nyg (cm™®) 1x<10%° 1x10%°
T (K) 300 300




Supplementary Note
Supplementary Note 1: Estimation of the impact of IR heat on photocurrent difference.

To estimate how the IR push could affect the temperature of perovskite in CW-PPPc experiments,

we estimate its temperature increase (AT) resulting from the absorption of IR beam by the following

equation:
L) A-P
AT =9 _ fir _ IR (S1.1)
m-c p-V-c pd-S-c-2fig
Here:

Q is the absorbed energy of IR beam when the chopper is on;
m is the mass of the perovskite;
c is the specific heat capacity of perovskite (308 J kg 1 K™?); !

A is the percentage of the light absorbed by photogenerated carriers in the active layer of the device
(measured using TAS to be below 0.15%);

P, is the maximum power of 980-nm IR beam in our experiments (i.e., 1.3 mW);

p is the density of perovskite (4.1x1072 kg cm™3); 2

V is the volume of perovskite under IR illumination, which is determined by the product of d (the
distance of light passing through the perovskite layer, 1600 nm) and S (beam size of IR light, 0.0012

cm?);
fir 18 the chopper frequency (717 Hz).

In this case, even assuming no heat flows out of the active layer during the illumination, the
maximum IR power used increases the temperature of perovskite by 0.0056 K. According to Figure
2¢, such a temperature increase could cause a decrease in photocurrent density by 5.5x10° mA cm 2,
which is over 2 orders smaller than the typical PPPc signal (~1x10~3 mA cm?) at the corresponding
pump and push intensity (Supplementary Figure 4). Note that this estimation does not consider
contributions from substrate heating by the IR beam, because the transfer of heat from the substrate
to the perovskite would have a time lag which would manifest itself as a decreased out-of-phase (Y)
component of the signal (according to Figure 2c) at lower frequencies which, however, was not
observed in Supplementary Figure 3. Hence, we consider that heat generated by the IR push has a
negligible effect on the PPPc results in our study.



Supplementary Note 2: Origin of PPPc signal

Supplementary Figure 17 illustrates the fundamental operating principle of PPPc technique. Under
optical illumination a photocurrent density J.,;:nout—1r 1S €xtracted from the device. This photocurrent
is composed from thermalised (cold) free carriers so that Jithout—1r = Jeotd—carrier- VWhen the IR
push beam illuminates the device and a new photocurrent density J,,;:n—;r 1S observed. Some trapped
carriers are optically detrapped by the IR and contribute an additional component J,ound—carriertO
the photocurrent density. Band-edge free carriers will also be excited to higher energy states and some
these will also contribute an amount J,,¢—carrier 10 Jwith—1r- HOWever, this reduces the population of
thermalised carriers contributing to J,,i:n—;r by asimilar amount so that J.,iq—carrier = Jwithout—Ir —
Jnot—carrier- SiNCe Most hot carriers quickly cool back to band-edge to become cold carriers typically
within 1 ps,® much faster than the time scale for charge collection at the contacts (~100 ns, see Figure
4), so we would expect Jo¢—carrier 10 be very small. Our previous research has also shown that hot
carrier trapping generally is not present in 3D perovskites, so we would not expect its occurrence

here.*® Therefore, the additional photocurrent density induced by the IR beam is given by:

AJir = Jwith-1r — Jwithout-IR

= []hot—carrier + (]without—IR _]hot—carrier) +]bound—carrier] _]Without—IR

= Jbound—carrier (82.1)

The high selectivity of PPPc, which is only sensitive to bound species in the device and make
unbound species undetectable, has made it a valuable tool in the investigation of organic solar cells
over the past decade.® In organic solar cells, bound species typically refer to excitons and traps, while
in 3D perovskite solar cells, the bound species are solely traps since negligible excitons are present

due to their small exciton binding energy.

Supplementary Note 3: Calculation of the trapped carrier concentration (ny¢) from intensity-
dependent CW-PPPc results.

To better understand the amplitude of A/, signal, we can evaluate it by the following expression:



Iig - /11R

hc

AJjg = (1= e MR - E(lpymp) - q (S3.1)

where I is the push intensity before chopper; A,z is the push wavelength; «;5 is the absorption
coefficient of trapped carriers which depends on the number of trapped carriers present; g is the
elementary charge; h is Planck’s constant; c is the speed of light; E(Ipump) is the charge extraction
possibility, which is a function of pump intensity (/p,m,) due to the change of dominant
recombination process (i.e., first-order trap-mediated in bulk or at interface, band-to-band, or Auger
recombination) and charge distribution resulting from different concentrations of band-edge carriers.
Note that the increased concentration of band-edge carriers generated by the IR push beam is small
compared to the population of band-edge carriers generated by the pump beam. Therefore, the charge

extraction possibility in the “pump only” and “pump + push” cases is assumed to be identical.

We can also evaluate /p,,, by the following expression:

Ip “Ap - .
Jpump = = - (1= e P ) - E(Ipymp) * 4 (53.2)
where Apymp and ap,m, are pump wavelength and corresponding absorption coefficient,

respectively. Note that the intrinsic absorption coefficients of the 800/808-nm pump and 980-nm push

beams for FAPbIs, which are reported from literatures, are ~3x10° cm™ (@pymp) and << 1 m™,

respectively.”® Based on these values, we can infer that the pump has a penetration depth of ~3.33
um, while the IR push has a much larger penetration depth of >> 1 m (in the absence of free carriers),

suggesting that both of them can reach the top surface of perovskite.

Combining Equations S3.1 and S3.2, we can calculate AJ;g//pymp t0 €eliminate the unknown

parameter of E (Ipymyp):

LA o
N e (= e ® Y E(lpymp) - q (1— e @rd). 1o+ A
1 % - — p—Pump'd) . .
Joums W' (1 —em@rume®) - E(Ipump) - q (1= e ) Ipump * Apump

(1—e oMy App

(1 - e—apump-d) ) IPump ) APumP

" IIR (533)

where ¢ is the absorption cross-section of trapped carriers and a;z = o * ny¢, While np refers to the
trapped carrier concentration. Here, o originates from the intrinsic properties of trapped carriers,
which should solely relate to the types of traps.® In such a case, we consider o, at a specific push
wavelength, to be a constant. And it is identical for the 800-nm thick pristine and surface-passivated

FA0.99Cs0.01Pbl3, because OAI passivation only changed the density rather than the type of traps (as



the depth of traps is similar, as discussed in the main text). Therefore, we can simplify the discussion
via the relationship of a;z « npc. Finally, ny; was assumed to be homogenous across the whole
perovskite film, and hence demonstrates the average effect from both bulk and surface traps of
perovskite.

Based on Equation S3.3, we see that A/;z//pump depends linearly on I if the fractional changes
in ny¢ induced by lir are small. This assumption is consistent with the results shown in Figures 3a
and S5. In such a case, the slope of (A/;r//pump) VS I;r Can be expressed by the following equation,

which can also be quantitatively extracted from Figures 3a and S5.

d(A]IR/]Pump) — (1 - e_aIR.d) 'AIR (33 4)
Al (1 - e—apump-d) Apump * Apump '
Therefore, nr can be expressed as a function of Ipy,,y,:
1 1— e %Pump'd) .| A d(A
Nre o Qp = ——- In {1 _ ( ) Pump Pump . ( ]IR/]Pump)} (33.5)
d Air dlig

where the slope term can be determined from the relevant (A/;r //pump) VS 11z dependence measured

experimentally.

Supplementary Note 4: Kinetic Model for CW-PPPc.

As discussed in the main text, we considered hole traps dominated the total trap states of perovskite.
In such a scenario, to simplify the kinetic model, a single trap level is considered here. Supplementary
Figure 7 shows a zero-dimensional kinetic model for CW-PPPc which can be described by the

following equations:

dn Rp " AP
= M’Pump —kgn — kyep(np — nlz)

dt hc
q(Et—EcB)
— k¢n [nnpe — Nege 8T (ng — nye) (54.1)
dnrc a(Evp—Er) qa(E¢—Ecp)

_ I I 1 /
= ktp lp(nto —nrc) — Nyge k8T nTcl —kin InnTc — Ncge  *8T  (nyg —npe)

Rigp-A
— 5 nrclin(®) (54.2)



q(Eyvp—Et)

dp RP " AP , ,
- = MIPump — kgp — kpep(np — nlz) — Kep p(ng —nye) — Nyge k8T npc

dt hc

Rip - /11R ,

+ e nrclir(t) (54.3)

where, in this context, n, p, and ny. represent the average concentration of electrons, holes, and

trapped holes, respectively, and n; = \/NcgNy 5 exp[q(Eys — Ecg)/(2ksT)] is the intrinsic carrier
concentration. These quantities are averaged for the thickness of the film regardless of whether the
charges are located at interfaces or in the bulk. Ip,,,,,, and I;(t) are the intensity of pump (constant)
and push beam (square wave) respectively, the push beam is assumed to only excite holes from the
traps; Rpymp and R;g are the absorption factors for the pump and push beams respectively; n,, is the
trap density; kp,, is the band-to-band recombination rate constant. k., and k,,, are the electron and
hole capture rate constants. kg is the extraction rate constant for carrier (for simplicity, assumed to
be the same for electrons and holes) to the electrodes. E; — Ecg (—1.46 eV) and Ey 5 — E; (—0.28 €V)
are the trap energy relative to the conduction and valence band, determined from the trap activation
energy measurements (Figure 3d) and the band gap. kg and T are Boltzmann constant and

temperature, respectively. And Euler's method is used to resolve the dynamics as a function of time.

To investigate the relationship between modelled trapped carrier concentration and pump intensity
(nyc versus Ipymy), We globally fitted the Afjg/Jpumyp results in Figures 3a and S5. The detailed
parameters setting for the global fitting and fitted parameters are listed in Supplementary Table 2 and
the fitted results are shown in Figures S8a and S8b. Putting all parameters back into the kinetic model
allows us to model the ny. versus Ipy,,, curves for pristine and surface-passivated devices
(Supplementary Figure 8c). While the fitted n;, allows us to estimate the trap density ratio between

pristine and surface-passivated devices.

Supplementary Note 5: Calculation of the trapped carrier concentration from ns-PPPc results.

Similar to the analysis for CW-PPPc results, the A/, signal as a function of time (t) [i.e., AJ;z (t)]
can be expressed as:
I,

fIR IR

AJir(t) = e

[1— e RO E(Ipymp t) " q (S5.1)

In this context, f;x is the repetition rate of the IR laser and I, refers to the time averaged intensity

of the train of push pulses. In addition, note that the Jp,.,,, has a linear relationship with Ip,,,



(Supplementary Figure 10), which suggests that first-order recombination dominates the total
recombination in the measuring range. In this a case, since Af;r //pumyp is SMall, the charge extraction
probability E (Ipymyp, t) is a constant (E) and not dependent on Ip,,, and t. Therefore, AJ;,(t) and

Jpump Measured by the lock-in amplifier can be expressed as:

IIR /1
AJr(E) = fIR he [1- e_am(t)'d] "E-q (S5.2)

| Pump ‘2
Pump
pump

]Pump T . (1 - e—apump-d) -E- q (853)

where f,,myp IS the repetition rate of the pump pulses, which is identical to f; (i.e., 4000 Hz), and
Lyump refers to the time averaged intensity of the pump pulses. We can combine Equations S5.2 and

S5.3 to calculate AJyg /Jpyumyp t0 eliminate the E:

IIR AIR [1 —aIR(t)-d] - E - q

Air (t) = fIR hc _ Iig " A - [1 B e_am(t)'d] (S5.4)
]Pump Ip}{mp A_P;ltmp . (1 — e_aPump'd) ‘E-q IPump ) APumP ) (1 - e_apump.d)
pump " NC
Therefore,
1 I A (1 — e~ %Pumpd) A
e () & ap(t) = —= - In |1 — 222 _“Pump ( ). Aiw () (S5.5)
d IIR /11R ]Pump

Supplementary Note 6: Simulated the concentration of free holes and trapped holes for ns-TAS

and ns-PPPc spectroscopies.

Driftfusion is an open-source MATLAB based simulation package describing semiconducting
devices in one dimension. The software solves a set of semi-classic partial differential equations using
MATLABs (PDEPE solver).'®! The code used for the simulation is available in:
https://github.com/barnesgrouplCL/Driftfusion. The model simulates semiconductor devices using a
coupled set of continuity equations to determine solutions for the time- and position-dependent
electrostatic potential [V (x, t)] described by Poisson equation and the free electron n(x, t) and free
hole p(x, t) densities. Also, ionic species (optional) are denoted as c(x, t) for cation and a(x, t) for
anion. The equations account for the drift due to the electric field in the layer (gradient of electrical
potential) and the diffusion due to gradients in electron and hole concentration. Recombination and

mobile ionic defects are also considered. All equations are given as follows:



¢ 2o m 9 amey 4 (S6.1)
Fri X I x™f)+s )
In which:
e dV] (PG D) —n(x,0) + () — ax £) + N, ()
— x,t) —n(x, c(x,t) —al(x, (x

V (i) emax dx Emaxeo p '
u= ;l cC=|1|f= _]:n s = In(x,t) — 1, (x, 1) (S6.2)

c llj _]p gp(x' t) - rp(x' t)

a 1 —Jc 0

_ja . - 0

where €, (x) is relative permittivity normalised by €4, g is the unit charge, g,, g, are the carrier
generation rate under laser excitation (the spatial dependence origin from beer-lambert law).
JnsJprJerJa denote currents, and r,,, 1, denote recombination rates for electrons, holes, cations, and

anions, respectively. N;(x) are static ionic densities including N4, Np, Neat, Nani-

Equations S6.3-6.5 show the generalised form for boundary conditions. For V(x,t), Dirichlet
boundary condition is applied since the electrode of device has fixed potential after connection. V.,
Vi, Vapp, and Vy,; are the potential of right electrode, the potential of left electrode, the applied bias,
and the built-in potential difference, respectively. ny;/po; denotes the initial electron/hole
concentration on left boundary and so as ng,./po, for right boundary. For c(x,t) and a(x,t), the
boundary is zero flux. For n(x, t) /p(x, t), Neumann boundary conditions are applied through a fixed

extraction rate of electron (sn;,.) and a fixed extraction rate of hole (sp, ,):

du
p(rt,w) + G Of (16w, ) = 0 (56.3)
In which:
% —Vi 0
n —sn;(n(0) —ny,) 1
LEBL P —sp(p(0) —po)) | 47 |1 (56.4)
a 8 1
_V;‘ + Vbi - Vlep - I/;‘es 0
_Snr(n(xmax) - nor) 1
Pr = —SPh (p(xmax) - Por) ar = % (56.5)
0 1
0

The sample is modelled with a single active layer and the electron and hole transport layers are
simplified by extraction rate and fermi-level difference on both sides. Fermi-level, ionisation potential,
and electron affinity etc. are all taken from preset values given in Ref. [10]. And the changed

parameters are detailed in follows section.



For ns-TAS simulation: To match the time scale of the simulated TAS result and experimental TAS
data. We adjusted the values of carrier mobility, extraction, and recombination rate B used in
Driftfusion (Equation S6.2) to fit the simulated average of the electron [n(x, t)] and hole [p(x, t)]
concentration profiles (normalised and plotted against time), with those inferred from the ns-TAS
measurements from the ground state bleach decay (Figure 4b). The recombination rate B relates to
band-to-band recombination, and it is the main recombination we considered in the bulk with a
relationship of r(x,t) < B[n(x, t)p(x,t)].

All parameters different from those used in the original Driftfusion code in Ref. [10] are listed in

Supplementary Table 4.

For ns-PPPc result simulation: To explicitly estimate the dynamics of trapped carriers at the
interface, we calculated solutions for the conduction and valence band carriers in the perovskite layer
as a function of time and position following an optical pump laser pulse as described above. We then
used these solutions as a basis for estimating the variation in time of the number of trapped carriers
at the interface. This approach is reasonable since the total concentration of trapped carriers is several
orders of magnitude smaller than the concentrations of free carriers in the conduction and valence
bands which will not be significantly perturbed. The trapping dynamics for PPPc are realised by using
the surface concentration of free carriers as a function of time as an input to a simplified ordinary
differential equation (ODE) that forms the basis of the Shockley—Read—Hall rate equation to solve
for the time dependent concentration of trapped charge.'®!! Instead of using a Shockley—Read—Hall
recombination rate as implemented in the original drift-diffusion code, we directly utilised a separate

ODE:s to solve for the time-dependent concentration of trapped holes ny at the HTL interface.

dnyc , 4(Evp—Er) , )
T = ktppl(nto —Nye) — kipNyge ksT  nrc — kgnunye
q(E¢—EcB) )
+ ki Nege %87 (ngo — npe) (56.6)

where n;(t) and p;(t) are the concentrations of free electrons and holes at the HTL interface (at x =
0, left), respectively, determined from the Driftfusion solution following a simulated laser pulse. n,
is the concentration of trap states, ki and ki are the electron and hole capture rate constants, Nvs and
Nce are the effective density of states at the valence and conduction band edges and Ey 5 — E; (—0.28
eV) and E; — Ecg (—1.46 ¢V) are the trap depth relative to the valence band edge and conduction
band edges, respectively, determined from the trap activation energy measurements (Figure 3d) and
the band gap.

Then we performed Driftfusion simulation by adding carrier extraction to both electrodes. We
selected the solution data for electron and hole concentration at the HTL interface, n;(t) and p;(t),

and applied it to our ODE (Equation S6.6) to simulate the ns-PPPc measurement. This approach is



based on the assumption that the PPPc signal is significantly associated with trapped holes at the
interface. The change of photocurrent density AJ;g /Jpumy directly relates to the transient free electron
and hole concentrations at the interface.

All the parameters different from those used in the original Driftfusion code in Ref. [10] are listed
in Supplementary Table 5. And the parameters used for Equation S6.6 are summarised in

Supplementary Table 6.
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