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Al. Discussion of simulation parameters

Relative permittivity: The relative permittivity value for the transport layers was chosen as 3, since typical values for fullerenes
lie between 2 and 4.48 The relative permittivity of the perovskite layer was set arbitrarily high to ensure no electric field inside
the perovskite layer. However, the simulations in figure 4 in the main paper use the perovskite permittivity chosen from ref.*,

Bandgap: The PTAA layer bandgap was chosen from ref.50. The perovskite bandgap was chosen arbitrarily. The PCBM layer
bandgap was chosen based on ref.>1.

Electron affinities: The perovskite electron affinity was slightly modified from the value reported in ref.50. For simplicity, no band
offsets were considered at the perovskite/transport layer interface. Therefore, the electron affinities were chosen based on the
bandgaps in table S1.

Effective density of states (DOS): The effective DOS for the conduction and valence band of the perovskite layer was chosen from
ref.52, The DOS of the transport layers were chosen to be the same as that of the perovskite layer for simplicity.

Radiative recombination coefficient: The order of the perovskite layer radiative recombination coefficient was chosen from ref.
52, No recombination in the contact layers was assumed.

Mobilities: The electron and hole mobilities were set equal in all cases for simplicity. Based on the generally large mobilities
reported for perovskite layers,2? we chose a value of 20 cm?2/Vs. For the equivalent circuit simulations, the mobility is considered
high enough to create a uniform carrier concentration in the perovskite layer and its value is hence unneeded.

lon densities: lonic effects in perovskite solar cells are known to occur at low frequencies (below 103 Hz).4% Since we are interested
in only electronic processes within the perovskite solar cell, we set the ion densities to zero and focus only on the high frequency
region of the spectra. However, the simulations in figure 4 in the main paper include ionic densities.

Trap densities and capture coefficients: We focus on the effects of deep traps on the perovskite solar cell response and hence
choose trap densities at mid-gap for the simulations. The trap density was chosen arbitrarily and the capture coefficients were
set to obtain Shockley-Read-Hall lifetimes of 10~7 s for electrons and holes.

Built-in electrostatic voltage: The built-in electrostatic voltage in the transport layers was chosen arbitrarily, with a factor 2
assigned to the modification of this electrostatic voltage by the external voltage by assuming that the external voltage is split
equally between the two transport layers to modify their respective electrostatic voltage.
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A2. Derivation of the charge carrier exchange model

We consider the continuity equation for the perovskite bulk, shown in equation 5 in the main paper. Applying a small perturbation
and removing steady-state terms, we obtain

an _ Jo n Jexe (51)

dt qd  Trec qd

To obtain the modulated carrier density, we apply a small perturbation to equation 4 in the main paper and using the Taylor
expansion, we obtain

~ dn ~ qn = C\ =~
n= (dVint) int = mVint = q_;Vint ’ (s2)
where C, is the chemical capacitance, given by
_ q%dn; (qVint)
o= 2057 P\t (S3)

The modulated exchange current density can be obtained by applying a small perturbation to equation 7 in the main paper and
using the Taylor expansion, as

- C, =~ 1 =
Jexe = = Vine — R_Velec ’ (S4)

Texc exc
where 7oy is the charge carrier exchange lifetime that determines the speed at which charge carriers are injected (extracted)
into (from) the bulk of the perovskite layer, given by
d
Texc =5 (S5)

Sexc

and the exchange resistance Ry across which the potential drop in the transport layer occurs, is given by

— 2kBT —qVelec
Rexe = q%NiSexc exp( 2kpT ) : (s6)
Substituting equations S3 and S4 in equation S1, we obtain
dvin ~ 1 1 17 Ve ec
gt = Jo = Cu (o ) Vine + 2 (57)

with R, being the recombination resistance, given by

Rpec = 2= S8
rec Cll ( )

The balance of the current density in the device is obtained by including the capacitive discharge jc,, from the electrodes to
obtain the current density at the terminals as

dvelec

J =Jexc _jcap = Jexc — Cg ac (S9)
where Cg is the geometric capacitance. Substituting equation S4 in equation S9, we obtain
dve ec [ Ve ec ~
Cogr = ro Vi = 3o =7 - (510)

The relation between Vg e and the external voltage Ve, is given by
Velec = Vext +Rsj, (S11)

where Rq is the external series resistance. Substituting equation S11 in equations S7 and S10, we obtain

dvint 1 1 1 17 I7ext Rs

G =Te = Gt ) T + 322+ 25 (512)
Wexe _ Cu jp _ Texe _ Ry 4y,

Co Tt = Vi — 22 (1 + o+ Ry dt) j. (513)

Equations S12-S13 represent a set of coupled, linear differential equations whose solution allows calculating the response of the
solar cell to a small perturbation of current, voltage or light intensity. An alternate way of representing these equations is in the
form of a matrix, given by

c 0 AVine _ G G ~ 1 Rs
—7int 74 ~
( OU c ) dgt — Texcc Trec Rex{: (~1nt> + RRexc 4 (}?) (514)
g/ | Lext L — Vext 0 —1—-—=—RCa—/\/
dt Texc Rexc exc dt

For the specific case of TPC and TPV measurements, we assume a delta pulse at t=0 for the modulated illumination jpand set the
corresponding unmodulated quantities (Voy, in TPC and J in TPV) to 0. In the case of TPV, the open-circuit condition implies that
Vint = Velec = Vext, Which allows defining the additional relation



d

Texc(Voc) = Rexc(Voc) X Cu(Voc) = SencWod) (S15)
We therefore obtain the matrices for TPC and TPV as
TPC
- L TR Rs -
(CH 0 ) (dvlnt/dt> — Texc Trec Rexc (Vint) . (516)
0 CgRs/\ dj/dt G —1-2 )\ ]
Texc Rexc
TPV
- . 1 1 -
(CH O ) (dl/lnt/dt) — Rexc Rrec Rexc (Kint) (517)
0 Cg dVext/dt TC“ - Rl Vext

The matrices in equations $16-S17 are of the form CX = AX + B, where X is the matrix that contains the variables that need to
be solved for (Vi and either V,,, or j) and the overdot indicates the first differential in time. The solution is thus given by

X = Db e Mt + Ev,e %2t | (518)

where D and E are constants, 7; and ¥, are the 2 x 1 eigenvectors of the C~1A4 matrix and A, and 1, are the eigenvalues of the
C~1A matrix. The time constants are obtained from the inverse eigenvalues i.e. T; = 1/4; and T, = 1/4,. Using the initial
condition of the photocurrent or photovoltage deflection being 0 at t=0, we obtain the photocurrent deflection in a TPC
measurement as

-t —t
Aj(t) = Ajy <e’i.decay — e’ ise) (519)
and the external voltage deflection AV, in a TPV measurement as
—t —t
AVeXt(t) = AVeXt,O <eTV,decay — eTV,rise> X (S20)
The analytical solutions from the model for the rise and decay time constants obtained from TPV measurements are
2
TVrise = 4 e o+ (et R k) ks (521)
2
Tv.decay = ky+ky+ks— (i +kp+ks)2—4ko ks * (522)
and the time constants in the case of TPC measurements are
2
Tirise = ks tha t (R, Ry TRy ks )e (K, K ki Ky iy (523)
2
Tidecay = kst ke Ry by ha tha)? (koK PR Rt ks’ (524)
where
1
k —
1 Trec
1
k =
2 Texc
1
k =
3 Rexccg
1
ky = ReCy (S25)
A3. Calculation of the time constant from -imag W
The IMVS transfer function given by equation 18 in the main paper is
W = WO ( ?V,decay _ "t'V,rise ) , (526)
1+l“’TV,decay 1+iwTy rise



where W, is a constant. We consider a situation where the decay of the photovoltage is much slower than the rise of the
photovoltage i.e. Ty gecay > Tv rise- The negative imaginary part of W is then given by

2 2
. Wy decay WTy rise
—imag W =W, o -—5 , (S27)
1+w TV,decay 1tw Ty rise
where W, is a pre-factor. Differentiating equation S27 versus angular frequency w, we obtain
d(—imagW) _ w T\zl,decay(l_sz\zl,decay) _ T\Zl,rise(l_“’zf\zl,rise) (528)
- 0 2 2 .
dw (1+mzr\2/,decay) (1+mzr\2/,rise)

The characteristic frequencies are calculated by setting the LHS of equation $28 to zero. We thus obtain

— 2 2 4 2 2 4 4 2 2 4 2 2
0= (TV,decay - (‘)charTV,decay)(l + 2(J‘)charTV,rise + wcharTV,rise) - (TV,rise - wcharTV.rise)(l + chharTV,decay +
4 4
wcharTV,decay) . (529)

2
Dividing both sides of equation S29 by T{}’decay and noting that (Tv,rise/Tv,decay) - 0, we obtain

1

Wchar = (S30)

Tv,decay

Therefore, when the time constants Ty gecay and Ty rise are well separated in magnitude, the negative imaginary part of the
transfer function plotted versus w shows only the larger (slower) of the time constants as its maximum.

AA. Calculation of the time constants from -imag My,

The negative imaginary part of the transformed IMVS transfer function is given from equation 21 in the main paper by

—1mag MW — MW,O ( WTyrise _ _ @Tvdecay ) , (531)

242 2.2
1+w TV,rise 1+w TV,decay

where Myy ¢ is a constant. Differentiating equation S31 versus angular frequency w, we obtain

d(—imag Myy) __ M (TV,rise((1+w27\2/,rise)_2w27\2/,rise) _
w,0

dw (1+mzr\2/,rise)2
TV,decay((l+wZT\21,decay)_Zzsz\zl,decay)) (532)
(1+w27\21,decay)
The characteristic frequencies are obtained by setting the LHS of equation S32 to zero, yielding
C3x3—-C(BC+D)x>—-(BC+D)x+1=0, (S33)

where x = w3, C = Tv,decay TV rise aNd D = T\%'decay + T‘Z,’rise. Solving numerically for the roots of equation S33 yields the rise

and decay time constants from T¢har = 1/Wchar-

A5. Calculation of the amplitude of the negative real part of W

The IMVS transfer function from equation 18 in the main paper is given by

W = W0 ( Ty,decay _ TV rise ) . (534)

1+iWTy, decay 1+iwTy rise

The real part of equation S34 is given by

real W = WO ( Tvdecay _ _ Tvrise ) . (535)

272 2.2
1Hw TV,decay 1w Ty rise

For well-separated time constants in magnitude (Tyrise < Ty,decay), €quation S35 can be approximated using the Taylor
expansion at high frequencies as

real W = W, ( L Tvirise ) ) (S36)

- 2
("ZTV,decay 1"'(“’z‘rv,rise

Equation S36 transitions to negative values at high frequencies, with a corresponding minimum. We calculate the amplitude of
this transition by finding the root wy,;, of the derivative of real W versus w and plugging it back in equation S36. We thus obtain



real W(wmin) = Wy | — TVrise +

JTV,decayTV,rise
L +1

Tv,rise

t t
TV,decay~TVrise TV,decay~TVrise

2 "
TV rise . (537)

\/TV,decayTV,rise
\

Ty, decay’V rise

Tv,decay ~ TV rise ' TV,decay ~ TV rise
For well-separated time constants, we have the approximations Ty gecay — Tv,rise = Tv,decay aNd Ty rise/ Tv,decay = 0. Therefore,
equation S37 simplifies to

real W(wmin) = —WoTv rise - (S38)

A6. Subtraction of R from impedance transfer function to obtain M,

We consider a general impedance Z; given by

Z1=Z1(w)+iZ,"(w), (S39)
where the real and imaginary parts are denoted using ' and "’ respectively. We transform the impedance transfer function to My,
given by

Mz, = iwZ; = iwZ; —wZ;". (S40)
The characteristic frequency w; is thus obtained from the peak of the negative imaginary part of Mz, given by

d(-imag(Mz,)) _ ~Zj(wy)

—_ (7 az; _

™ 0= (Zl+wdw)—>w1 _(d_z; ) (S41)
dw |,  _
w=w1
We now consider an impedance Z, given by

ZZ = RS + Zl , (542)

where Rg is the series resistance. The corresponding transformed transfer function My, is
Mgz, = iwZ, = io(Rs + Z1) — wZ;". (S43)

The characteristic frequency w, is thus calculated from the peak of the negative imaginary part of the transfer function in
equation S43 as

_ —(Rs+Z1(wy)
Wy = —(dZ’ > .
azy

dw w=w

Equation S44 shows that the characteristic frequency w, of the modified transfer function My is influenced by the series
resistance and is equal to the characteristic frequency w;without a series resistance only when R tends to zero. We therefore
subtract the series resistance from the measured spectra to remove the influence of Rs.

(S44)

A7. Derivation of current-voltage curve equation with the influence of non-ideal charge extraction

We consider a PSC with an intrinsic perovskite layer of thickness d. The steady-state current density is given by

j=qd(G-R)=qd (G - (—"‘"‘)) : (545)
Trec

where G is the generation rate, R is the recombination rate, n is the carrier concentration, n; is the intrinsic carrier concentration

and Tec is the recombination lifetime. To include the effect of non-ideal charge extraction, we replace the LHS of equation S45

with the expression for the exchange current density using equation 7 in the main paper, as



s o (229) - xp (222)) = g0 (5 —

Using the relations

_ qVint
n = niexp (ZkBT)

and
d

T =
exc
Sexc

in equation S46, we obtain

nj nj \4
G+ M eXp(q elec)
Trec Texc 2kpT

n 1
( - )
Texc Trec

Substituting equation S49 in equation S45, we obtain

MR}

n—-n;

Trec

).

3

2 L
3
Cant E.
Wy
> E;
O Of = = = = 0 e e - e - - - - -
C
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Figure S1 Band diagram of the perovskite solar cell used for the SETFOS simulations. No conduction band offset and valence band

offset was considered at the perovskite/electron transport layer and perovskite/hole transport layer interfaces respectively. The

permittivity of the perovskite was increased arbitrarily to ensure no electric field in the perovskite layer. No ionic densities were

considered in this simulation. Band diagrams that include ionic densities in the perovskite layer are shown in figure 4 in the main

paper.
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Figure S3 Drift-diffusion simulations of TPV (a, b and c) and IMVS (d, e and f) spectra at open-circuit conditions under different

8 12

light intensities, for varying densities of mobile ions in the perovskite layer. The time constants obtained from these spectra are
shown in figure 4 in the main paper.
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Figure S5 Current-voltage curves of the perovskite solar cells used to make the TPV and IMVS measurements.
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Table S1 Parameters used to carry out the drift-diffusion simulations using SETFOS, unless stated otherwise in the caption. For
TPV simulations, we set an arbitrarily large series resistance (Rg = 5 X 107 Qcm?) to ensure no current flow, while for TPC, we

set Rg = 1 Qcm2.

parameter hole perovskite electron
transport layer transport

layer

thickness (nm) 10 300 10

relative permittivity 3 3%x10° 3

electron affinity (eV) 2.33 3.93 3.93

bandgap (eV) 3.2 1.6 2

effective DOS CB (cm3) 1018 1018 1018

effective DOS VB (cm-3) 1018 1018 1018

electron mobility (cm2/Vs) variable 20 variable

hole mobility (cm2/Vs) variable 20 variable

radiative recombination coefficient 0 6 x 1011 0

(cm3/s)

acceptor trap energy level (eV) 0.8

ion density (cm3) 0

trap density (cm3) 1016

electron capture coefficient (cm3/s) 10°

hole capture coefficient (cm3/s) 10°

laser pulse width — 2 nanoseconds.

Table S2 Parameters used to carry out the equivalent circuit simulations in figure 5 in the main paper. No recombination is

considered in the transport layers.

parameter perovskite transport layers
thickness (nm) 300 10
relative permittivity 30 unneeded
bandgap (eV) 1.6 unneeded
effective DOS CB (cm3) 1018 1018
effective DOS VB (cm3) 1018 1018
electron mobility (cm2/Vs) unneeded 0.01

hole mobility (cm?2/Vs) unneeded 0.01
radiative recombination coefficient (cm3/s) 6 x 1011

Shockley-Read-Hall recombination lifetime (s) 2x10°6

built-in electrostatic voltage (V) unneeded 0.75

ion density (cm3) 0

series resistance = 1 Qcm?.
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