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Supplementary Figure 1.  Hysteresis in a top cathode cell using a ZnO electron
collection layer instead of PCBM. (a) Device architecture for a ITO/PEDOT:PSS
/CH3NHz3Pbls/ZnO/Al perovskite solar cell (b) Forward (black curve) and reverse (red curve)
current-voltage scan (125 mV/s) exhibiting large J-V hysteresis (ITO/PEDOT:PSS
/CH3NH3Pbls/PCBM/AI devices showed minimal hysteresis cf. Fig. 1c). The
ITO/PEDOT:PSS /CH3NH3Pbl; stack of layers was fabricated as described in reference!. The
CHsNH3Pbl3 layer was then contacted with a layer of ZnO nanoparticles. The 20 mg/ml
solution of ZnO nanoparticles was prepared as described in reference 2, only in this instance
the solvent was replaced completely with IPA. The nanoparticle solution was spin cast on top
of the perovskite layer at 2000 rpm for 45 seconds followed by heating at 120 °C for 5
minutes. An evaporated Al layer was then deposited in the same way as for the PCBM
containing device. A control ITO/PEDOT:PSS /CHsNH3sPbls/PCBM/AI device was also
prepared in which pure IPA was spun onto the PCBM layer and then heated prior to the
evaporation of Al. The current-voltage sweeps for this control device do not exhibit
hysteresis, similar to those shown in Fig.1c, and indicate that the IPA solvent and heating
steps are not responsible for the presence of hysteresis in the device containing ZnO.
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Supplementary Figure 2.  Top cathode cell voltage transients of the transient
measurements. (a) The evolution of the Vo at one sun equivalent intensity following
preconditioning with Vpreset = 0 V in the dark. The inset shows the time constants, z, for the
single exponential fit to the photovoltage transient measurements made during the Vo
evolution. (b) The small perturbation transient measurements collected at different times
during the Vqc evolution shown in (a). The shaded pink region shows indicates the time when
the sample is illuminated by the laser excitation pulse in addition to the one sun equivalent
bias light. Both the open circuit voltage and photovoltage transients remain relatively stable
throughout the measurement, similar to when the cell is preconditioned at forward bias cf.
Figs 3a and 3b.
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Supplementary Figure 3.  Details of simulated charge density at interface. Details from
the device simulation charge densities for (a) top cathode and (b) bottom cathode devices
showing the interface between the p-type (shaded pink) and perovskite regions (at x = 200
nm), change in ionic charge profile and the depletion regions. The mobile ion, electron and
hole densities are denoted by a, n and p respectively. Subscript i indicates the initial state of
the cell following illumination and subscript f the final state after the Vo has stabilised.

‘
’




a 1 08 - I I I I 1 b Sirl'nulateleop Catlhode
12} Vpreset = +1.2V
—_ 1.06f 900x10° 1 = g Pulse t=9s
= 1.04f - 1 £ B
Y — N _=10" ——t=2s ——t=32s
o " > 4
> 1.02¢ ':' 700 . | ro ——t=4s ——t=48s A
Nion =0 | N Nion: 0 ]
1.00 Sp=seesniiaeam=l - 0 ‘
. . . Tilme [s] . . . . . J
0 10 20 30 40 -1 0 1 2 3 4 5
Time [s] Time [us]
C 1.10f 7 d 19! | Simulated To‘?pijih:g\e/ '_
1.05r 1 — 3 Pulse t=9s
—_ ) | —t=0 =14s |
2 00 1.6x10 N = 1019 E —:21: —:221:
1.001 - i — —t=2s ——t=32
>8 @ "2 % 4] _f:4§ —t=482 |
0.95" MO8 N, =0 ]
0 10 20 30 40 0
0.90k . . Tilme [s] . ] . . . . . .
0 10 20 30 40 -1 0 1 2 3 4 5
Time [s] Time [us]

Supplementary Figure 4.  Top cathode cell voltage transients of the transient
simulations. Simulated transients of the transient photovoltage measurement for a device
with the SRH recombination coefficient in the p- and n-type contact layers set to zero with (a
and b) Vpreset = +1.2 V, and (c and d) with Vpreset = 0 V. The data is presented in the same way
as that shown in Supplementary Fig. 2. A forward bias value of greater than the Vo of the cell
was used as in the experiment shown in Figs 1c and 3b. The small change in transient
photovoltage magnitude observed in the simulated device could be attributed to the simplicity
of using a p-i-n architecture and the absence of minority carrier accumulation at interfaces due
to blocking contacts. An incorrect built-in voltage would also lead to the possibility of
electronic charge not being able to fully screen the electric field created by ionic displacement
after the cell has been switched to open circuit.
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Supplementary Figure 5.  Simulated ionic charge distributions and quasi-Fermi levels
during J-V scans shown in Fig. 1. The distribution of mobile ionic charge is shown near the
p-type/perovskite interface (at x = 200 nm) for the (a) top cathode device and (b) bottom
cathode device. The p-type region is shaded pink. The corresponding electron quasi-Fermi
levels are shown for the complete devices in (c) and (d) where the n-type region is shaded
blue. The simulation outputs are shown for different applied voltage points (0, 0.4, 0.8 and 1.1
V) during the J-V scans at 40 mV s from reverse to forward bias (fwd) and from forward to

reverse bias (rvs).
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Supplementary Figure 6.  Bottom cathode cell voltage transients of the transient
simulations with forward bias preconditioning. Simulated transient of the transient
photovoltage measurement for a bottom cathode device (zn,srH = 7p,srH = 2 X107 s, Nion =
10%° cm3) after preconditioning with Vpreset = +1 V forward bias. See Figs 3¢ and 3d of the
main text for experimental equivalent. (a) Shows the evolution of the background Vo and the
inset shows the evolution of the time constants (gold line, circles) of the small perturbation
photovoltage transients shown in (b) where the pink shaded region represents the duration of
the laser pulse. The dotted black line in the inset shows the time constants from an otherwise
identical simulation but with no mobile ions (Nion = 0 cm™). We note that the decay time
constant after preconditioning with +1 V in the simulation is 1 to 2 orders of magnitude lower
than observed experimentally. This could be attributed to an unrealistically high rate constant
for band-to-band recombination or the absence of electron and hole blocking layers in the
simulation, since no adjustment for possible variation in the built-in potential has been made.
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Supplementary Figure 7.  Simulated effects of varying ion defect density and contact
recombination. Band diagrams (left) and charge densities (right) for simulated p-i-n structure
solar cells at open circuit with a uniform carrier generation profile of 2.5x10%* cms*. The p-
and n-type regions are shaded pink and blue respectively. (a) and (b) Top cathode cell without
mobile ion defects (Nion = 0 cm™®) or SRH recombination in the contacts (znsrH = 7p.srH = 0 S).
Standard quasi-Fermi level splitting is observed. (c) and (d) Bottom cathode cell without
mobile ion defects (Nion = 0 cm™) and with a high rate of SRH recombination (zn.srH = 7Tp.srH =
2 x10% s) in the contact regions. (e) and (f) Bottom cathode cell (znsrr = 7psrRH = 2 X107° 5)
with 10*” cm™ mobile ionic defects after the cell has equilibrated at short circuit (dashed



lines) and been switched to open circuit (solid lines) with generation on. While the ion density
is large enough to screen out the field between approximately x = 210 nm and x = 440 nm, the
asymmetry caused by a single ionic carrier type and associated giant Debye length at the
perovskite/n-type interface results in the formation of a valley further from the contact.
Although faster recombination is switched on in the contacts, a greater proportion of
recombination takes place in the bulk compared to the cases in which Nion = 10* cm and Nion
=10'° cm3. This leads to a lower effective recombination rate constant, and resultant higher
charge carrier densities and Voc. We noted the Voc was converging: Reducing the SRH
recombination time constant by 2 orders of magnitude only reduced the initial Vqc (739 mV)
by 16 mV suggesting that it would not be possible to reach the experimentally observed initial
value (around 400 mV). Furthermore, a negative TPV could not be obtained using a simulated
light pulse (generating an additional 2.5x10%* cms* carriers). These results suggest that in
the cells tested, > 107 cm™ ionic carriers are present. (g) and (h) Bottom cathode cell with
108 cm mobile ionic defects equilibrated at short circuit (dashed lines) and switched to open
circuit (solid lines). In order to reach the experimentally observed Vo, an increased SRH time
constant of zn,srH = 7psrH = 3%x10718 s was required. However, all other results in this case
remained similar to the case for Nion = 10'° cm™ due to shorter Debye lengths and effective
screening of the built-in field.

a 08 : : , : b 5
SRH single contact
— 0 Vs
/\ > high high
;' 0.6 4 é 51 band-to-band band-to-band
— high band-to-band all layers o all layers bulk
) o)
g g-10}
© 0.4 high band-to-band bulk | § 15|
= SRH single contact
20| ]
0.2 : ; ; : - ‘ . .
0 10 20 30 40 50 -1 0 1 2 3 4 5
Time [s] Time [us]

Supplementary Figure 8.  Voltage transient simulations under different recombination
schemes. (a) Slow open circuit voltage transients after the cell had reached equilibrium at
short circuit (Vpreset = 0 V) and (b) initial photovoltage transients (t = 0 s) for four different
recombination schemes trialled in the study. See Supplementary Note 2 for details.
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Supplementary Figure 9.  Single contact recombination simulation data. (a) Band
diagram and (b) charge densities for simulated p-i-n structure solar cells with a high SRH
recombination rate coefficient (zn,srr = 7p,srH = 2 X10° 5) in the n-type contact only. Solid
and dashed lines indicate initial and final states respectively. The p- and n-type regions are
shaded pink and blue respectively.
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Supplementary Figure 10. Additional slow transient Voc experimental measurements.
Examples of biphasic increase in Vo with time for (a) a bottom cathode device after
preconditioning at short circuit for 60 seconds before switching to open circuit and (b) a top
cathode device with the same measurement protocol. The characteristic hump in this case is
suggestive of a higher rate of recombination in a single contact cf. Supplementary Fig. 8a.
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Supplementary Figure 11. Simulated device architectures. Device architectures with
position labels and layer thicknesses for (a) the fixed potential boundary condition p-i-n (pin)
simulation used for JV and current transient measurements, and (b) the symmetric p-i-n-n-i-p
(spin) cell used for simulating open circuit voltage transients. The p-type, intrinsic and n-type
regions are shaded red, grey and blue respsectively.
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Supplementary Figure 12. Effect of mesh grid spacing on simulated solutions. Solutions
for a bottom cathode device undergoing a transients of the transient measurement are shown
for grid spacings of 0.5, 0.67 and 1.33 nm. (a) lon accumulation region at the p-
type/perovskite interface at equilibrium (where the p-type region is shaded pink) and (b)
transient photovoltage simulations after the cell has been equilibrated at short circuit then
switched to open circuit with different mesh spacings. A spacing of 1.33 nm per points leads
to large errors in regions of high charge density gradients, for example at the p-
type/perovskite interface (Supplementary Fig. 12a). The ion charge accumulation layer at this
location has a characteristic length of a similar magnitude to the grid spacing (approximately
1.47 nm when the cell is at equilibrium) resulting in poor reproduction of the profile. These
numerical inaccuracies are carried over to the transient photovoltage simulations
(Supplementary Fig. 12b). A higher resolution grid spacing of 0.5 nm per point leads to
marginally more accurate solutions compared with the 0.67 nm spacing used for the
simulations in the main text. It is clear however that the solutions are convergent with respect
to reduced grid spacing. A spacing of 0.67 nm was chosen for all other simulations presented
in this study as a compromise between numerical accuracy and calculation time.



Supplementary Tables

Supplementary Table 1. Key device simulation parameters.

Parameter name Symbol Value

Band gap® Eq 1.6 eV

Built in voltage® Vbi 1.3V

Dielectric constant’ &s 20

Mobile ionic defect density? Nion 101 cm?

lon mobility Ua 102 cm?Vvist
Electron mobility® Ue 20 cm?Vist
Hole mobility® Un 20 cm?Vv1ist
Nominal band-to-band recombination coefficient Kbtb 1010 cm3s?
p-type donor density Na 3.0 x10% cm3
n-type acceptor density Np 3.0 x10% cm3
p-type and n-type SRH time constants Tn,SRH, Tp,SRH 2x10°15 s*

SRH trap energy, n-type Et, ntype -0.2 eV (n-type)**
SRH trap energy, p-type Et, ptype -1.4 eV (p-type) **
Effective density of states No 10 ¢cm
Generation rate G 2.5x10% cm3s?

All values for the perovskite phase are roughly based on literature values, except the band-to-
band recombination rate, which was calculated based on a homogeneous charge carrier
density of 10%® cm and a nominal steady-state transient photovoltage decay time constant of
0.5 us. The Shockley-Read-Hall (SRH) recombination rate coefficient and trap energies were
chosen to reproduce the approximate open circuit voltage for the bottom cathode device. The
generation rate was chosen to yield an absorbed photocurrent of ~ 16 mA cm. The ionic
mobility was adjusted from our previous literature estimate of about 4x10* cm? Vst (ref. &)
to a lower value of 102 cm? V1 s to correctly approximate the evolution time of the
transient.

* SRH coefficient used in bottom cathode device only.

** In the band gap, below conduction band (0 V)



Supplementary Table 2.  Table of Variables and symbols used for device simulation.

Variable name Symbol Units
Electron charge carrier density n cm®
Hole charge carrier density p cm
Mobile ionic defect charge carrier density a cm
Intrinsic carrier density ni cm
Static ionic defect density Nion cm
n-type electron equilibrium density No cm
p-type electron equilibrium density Po cm
Electrostatic potential \Y \Y/
Built in voltage Vbi \
Applied voltage Vapp \Y/
Current densities (electron, hole, ion defect) Jn, Jp. Ja Acm?
Generation rate G cmis?
Recombination rate U cmis?
Net free charge density pf cm3
Position X cm
Time t S

Supplementary Table 3.  Constants and values used for device simulation.

Constant name Symbol Value (4 s.f.)*  Units
Boltzmann’s constant Ks 8.617x10° eV K1
Temperature T 300 K

Vacuum permittivity €0 5.524x10° g?eVicm?
Electron charge q 1.619%x101° C

*Values in the simulation generally to higher accuracy.



Supplementary Notes

Supplementary Note 1. Derivation of zero dimensional kinetic model of
recombination

CH3NH3Pbls is assumed to be an intrinsic semiconductor, the electron and hole
concentrations [cm™] are approximated by Boltzmann statistics and given by:

Ern—E.
n= Ncb exp % (1)
and
Eyp—E
p = Ny exp——=F @

where Ncb and N are the effective density of states at the conduction band and valence edges
which have energies Ecn and Ews respectively. Er, and Erp are the electron and hole quasi-
Fermi energies, kg is Boltzmann’s constant and T is the temperature.

The mean effective recombination rate, R, in the device is approximated as a power law
R = k(np)Y/? 3)

where k is the effective recombination rate constant [cm30-Y) s1]. If the concentration of
electrons is equal to the concentration of holes (n = p) then this expression becomes:

R = kn? 4)

where y is the recombination reaction order. For example, if simple band-to-band
recombination (bimolecular) is dominant then y = 2, if Shockley-Read-Hall recombination via
mid-gap states dominates then y = 1.

In this study we measured the time constant, z, of small perturbation transient decays. We
wish to find the relationship between this measured values and the recombination rate
constant, k. We follow the analysis in O’Regan et al.3: For a sufficiently small perturbation,
the change in photovoltage is proportional to the change in carrier concentration in the device
(4Voc < 4n). Consequently, the small perturbation photovoltage decay time constant, z,
describes the rate at which the excess charge carriers decay:

dAn An
i ©)



This can be described in terms of the total recombination rate using Supplementary Equation
4.

—Cf—tn = k(n+ An)Y — kn¥ = knY (1 +y ) kn? = kyn'~'An (6)

Using Supplementary Equation 5 we can then write Supplementary Equation 6 as:

nl=v

YT

(7)

Given that the cell runs at quasi-steady state conditions we may state that the recombination
rate is equal to the generation rate, G = R, then substituting Supplementary Equation 7 into
Supplementary Equation 3 we can write:

( )(1 v)/2 ( )1/2
CE—— (np)r/? = ®)

YT

G =

Substituting the Supplementary Equations 1 and 2 into Supplementary Equation 8 gives:

Epn—Efpp+Eyp _Ecb]

~ (NepNop)/2 eXp[ 2kgT

YT

This can be rearranged to give an expression for the Vqc by finding the difference between Ern
and Erp:

quc ~ Ecb - Evb + ZkBTlog(VTG) - kBTlog(Nchvb)a (9)
where in principle the only variables are y, z and G. During the transients of the transient
experiment the bias light, and thus G is constant. If y is also constant and the model were
valid then the change in Vo during the experiment would be given 2ksT log(z).
Supplementary Note 2. Simulation details

Physical model

The device physics of the simulation is based on established semiconductor equations,

detailed in Nelson* as described below using parameters and variables defined in
Supplementary Tables 1-3.

Simulation coupled equations



The MATLAB pdepe 1-dimensional solver was used to solve the continuity equations and
Poisson’s equation for n, p, a and V as a function of time. The following relationships were
used in the model.

Total current density

J=TJn+ ]p +Jot+ ]disp (10)

Drift and diffusion current densities

av d
Jn = —que(n— — kgT =) (11)
av dp
Jp = qin (PE + kgT E) (12)
av d
Jo = qua (aa+ kBTd_Z) Xpi < X < Xin (13)
Jo=10 0 < X < Xpi & Xin < X < Xg (14)

Displacement current density

d (av
]disp = &p&s it (a) (15)

Continuity equations

on _ 100

E:qax-l_G"_U” 0<x<Xg (16)
%=—$%+GP—UP 0<X<Xd (17)
";_‘tl: _5%‘: Xpi < X < Xin (18)
%a _ 0 < X < Xpi & Xin < X < Xg (19)

ot



Poisson’s equation

a%v —-q
ﬁza(n—p+NA) O<X<Xpi (20)
az_V = —q (‘n —p—a + Nion) Xpi < X < Xin (21)

d0x2 £o&r

2 —
aV=£(n—p—M;) Xin < X < Xd (22)
ocr

0x2

Intrinsic and Doped Carrier Densities

Intrinsic and doped equilibrium carrier densities were calculated using Boltzmann statistics.
In order to generate the correct built-in potential at open circuit, doping densities in the n and
p-type regions were calculated using the offset of the anode workfunction, @ano with the
ionisation potential, ¢, and the cathode workfunction, ¢ca, with the electron affinity, gea. For
simplicity, the contacts are assumed to be Ohmic.

-E,
n; = Noexp (ﬁ) (23)
No = o= Noexp (#2=222) (24)
Na = po= Nyexp (—(IJIPI:B‘:“O) (25)

Open circuit voltage

The open circuit voltage, Vo is given by the difference in electron and hole quasi Fermi levels
at the n-type and p-type boundaries of the device respectively:

Voo = V () = V (xg) + 227 In (P20 200) (26)

Recombination

Band-to-band recombination, Upw in our model uses a simplified for of bimolecular
recombination:

Uptp = kpto(np — nf) (27)



We used a reduced form of the Shockley-Read-Hall equation, where the capture cross section,
mean thermal velocity, SRH coefficient and trap density are compressed into time constants,
n,srRH and zp,srH for electrons and holes respectively.

np-n?

Tn,sRH (D +Pt)+Tp,srH (M +7t) !

Usrn = (28)

where n¢ and p; are the electron and hole densities when the Fermi level is at the trap level.

p-i-n Structure Boundary Conditions

Jn(0) = 0 (29)
n(xq) = ng (30)
p(0) = po (31)
Jp(xa) = 0 (32)
V(0)= 0 (33)
V(xa) = Voi — Vapp (34)

p-i-n-n-i-p Structure Boundary Conditions

Ja(0) = 0 (35)
Jn(x2q) = 0 (36)
J,(0) =0 (37)
Jp(x2q) = 0 (38)
V(0)= 0 (39)

V(xza) = 0 (40)



Supplementary Note 3. Investigation of recombination schemes.

Implementing SRH recombination (zn.srr = 10°7's) in a single contact (n-type) allowed the
negative TPV transient to be reproduced (Supplementary Fig. 8b blue trace) simulated using
the transient of the transient (TROTTR) protocol (Fig. 2a). The simulated Vo at timet=~ 0
was 200 mV higher than observed experimentally (Supplementary Fig. 8a blue trace) and
converging with respect to decreasing recombination time constant. This was due to the
charge carrier concentrations in the contacts reaching their doping density equilibrium values.
A number of factors could lead to this discrepancy in Voc such as lower-than-real rates of
band-to-band recombination, a higher-than-real built-in voltage (which would alter the doping
density in the contacts), and the uniform generation profile implemented in the simulation.
The slow V. transient also exhibited a characteristic hump (Supplementary Fig. 8a blue trace)
occasionally observed in top cathode Vo transients (Supplementary Figure 10b).
Implementing high rates of band-to-band recombination (ko = 102 cm3st) in all layers of the
cell also enabled reproduction of the negative TPV at early times in the TROTTR
(Supplementary Fig. 8b purple trace). In this instance however, the slow Vo transient
exhibited an initial negative deflection of around 120 mV, after which it plateaued
approximately 100 mV above its initial value (Supplementary Fig. 8a purple trace). Setting
the bulk pervoskite band-to-band recombination rate to 10 cm3s? allowed the experimental
Vo for the TROTTR experimental data to be obtained but neither the negative TPV nor slow
Vo transient were reproduced (Supplementary Figs 8a and 8b red traces). Finally, switching
from high rates of SRH to band-to-band recombination in the contacts produced very similar
results to when SRH was implemented in the main findings (Supplementary Figs 8a and 8b
yellow traces).
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