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Abstract

Hole transporting materials (HTMs) play essential roles in facilitating hole extraction and
suppressing recombination in lead halide perovskite solar cells (PSCs). High levels of p-doping
in HTMs is necessary for achieving high device performance, attributed to an increased
electrical conductivity. In this work, we provide evidences that the poor performance of PSCs
with low levels of doping (i.e., 4 mol% spiro-OMeTAD?) in spiro-OMeTAD is mainly caused
by the presence of a Schottky barrier at the perovskite/spiro-OMeTAD interface, hampering
hole injection. Under continuous illumination at open-circuit condition, the barrier gradually
diminishes, increasing the PSC power conversion efficiency by 70-fold after 7 hours. This
process is completely reversible, returning to the initial poor performance after dark storage.
We attribute this improvement in performance to a gradual photodoping of spiro-OMeTAD,
triggered by the transfer of photogenerated holes and mediated by the slow migration of halide
anions from perovskite to compensate the newly formed spiro-OMeTAD". In-situ parallel
analyses with impedance spectroscopy (I1S) and photoluminescence are employed to gain
insights into the charge dynamics along with light soaking. We find that the Schottky barrier
resistance overlays with the recombination signal at the high frequency arc of IS, having
important implications for the IS data analysis for PSCs. The work elucidates a major
mechanism causing the slow efficiency variations during light/dark cycling, commonly

observed in PSCs, which complicates the determination of long-term stability.
Introduction

Despite the certified excellent power conversion efficiency (PCE) exceeding 25%,* PSCs still
suffer from a variety of transient behaviours that interfere with its characterisation. In particular,
the slow transients that take place in the range of minutes to hours complicate the analysis of
the stable operation in the long term, which is a key milestone for the development of this type
of photovoltaic technology.? When measuring the PCE under dark-illumination cycles, the
response of the PSC varies among publications.® In literature, there are several reports on
devices experiencing both gain and loss during light soaking and some of the performance is
reversible when being stored in the dark.*® Moreover, a single device can exhibit both
behaviours when the performance is being tracked for a long time, suggesting that multiple
processes are behind the light soaking observations.? Previous works have studied the physical

origins of these slow transient behaviours by analysing perovskite ion migration/accumulation



at the interfaces or photoinduced trap filling.% %% Most of these works focused on electron
transporting materials (ETMSs) such as TiO, and SnO». For instance, TiO2 was reported to form
weak Pb-I-Ti bonds,® creating light-induced oxygen vacancies,!! or inducing UV-promoted
trap formation,® among others.*2* The role of the interactions between organic HTMs and the
perovskite layers has been generally overlooked when analysing the causes of slow reversible
transients and/or degradation mechanisms in PSCs. Being the most broadly employed HTM,
2,2',7,7'-tetrakis(N,N-di-p-methoxyphenyl-amine)-9,9'-spirobifluorene (spiro-OMeTAD) has
consistently demonstrated high device performance but still suffer from the following
limitations: (i) it needs additives and arbitrary air-exposure times to achieve adequate
conductivity,® (ii) the additives can segregate within the spiro-OMeTAD layers or cause
internal reactions that changes electrical properties and morphology of spiro-OMeTAD,6-18
(iii) small cations from the additive can diffuse through the perovskite layer and alter the device
performance and hysteresis, ° (iv) illumination and heat affects the oxidation levels of spiro-
OMeTAD, modifying its conductivity?>?? and (v) the oxidised species spiro-OMeTAD" can
promote chemical reactions with the halide anions in perovskite.® Overall, spiro-OMeTAD is
a selective contact that can indeed play a significant role, by itself or in conjunction with other
processes, in defining the transient and long-term operation of PSCs; yet the implications are

largely unknown.

The scope of this work is to provide a comprehensive study on how the properties of the spiro-
OMEeTAD layer affects the slow but dramatic gain in PCEs under illumination.?® For that, we
have carefully modified the spiro-OMeTAD conductivity by tuning the amount of pre-oxidised
[spiro-OMeTAD]?* in the absence of metal additives/dopants such as Li*, Cul?* or Co?3*
complexes without air exposure. We have observed extremely poor PCE for PSCs with spiro-
OMEeTAD layer that has low electrical conductivity. With detailed characterisation using IS,
photoluminescence (PL) and the support from electrical modelling of the J-V curves. We
demonstrate that the weak performance is not only caused by a significant series resistance but
also by the presence of a Schottky barrier at the perovskite/spiro-OMeTAD interface. During
light soaking, the series resistance is gradually reduced while the hole injection barrier is
gradually diminished. Surprisingly, the recombination mechanisms are not obviously affected
during most of the light soaking period and such conclusions cannot be drawn just from IS
interpretation. Finally, we propose a reversible photodoping mechanism for spiro-OMeTAD
layer in which the migration of halide anions in perovskite layer promotes the oxidation of

spiro-OMeTAD and reduction of spiro-OMeTAD* under illumination and dark conditions,



respectively. We expect that this study will provide insights for better selection of HTM with
optimum electrical and electronic properties by maintaining the long-term stability of HTM
conductivity in PSCs. The analyses in this work provide essential information to assess one of
the multiple causes for the degradation and light soaking transients observed in PSC stability

studies.
Results and discussion

A device structure of FTO/cp-TiO2/mp-TiO2/Rbo.05CSo.05FA0.8MA0.07PbBro.al257/HTM/Au (c-
TiO2-compact titania layer; mp-TiO2- mesoporous titania layer; FTO- glass coated with
fluorine-doped tin oxide) is used in this work. To study the effects of HTM properties on the
performance of PSCs, we utilized two types of devices fabricated with 2 mol% and 16 mol%
of spiro-OMeTAD(TFSI)2 in the HTM formulation. More fabrication details can be found in
Supporting Information. The addition of spiro-OMeTAD(TFSI)2 readily provides oxidised
spiro-OMeTAD"* species in the spiro-OMeTAD films. As shown in our previous work, there
is a linear relationship between the mole fraction of spiro-OMeTAD(TFSI)2 and the HTM
conductivity.?*?> According to our previous study, 14 mol% content of spiro-OMeTAD(TFSI).
is sufficient to achieve optimal PCEs for PSCs in the absence of air exposure, which are

comparable to PSCs with HTMs fabricated with lithium salts in air.?*
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Figure 1: Evolution of the J-V curves during light soaking for PSCs fabricated with a) 16 mol%
spiro-OMeTAD(TFSI)2 which is referred as PSC with high content of spiro-OMeTAD" and
abbreviated as “HC” and b) devices with 2 mol% spiro-OMeTAD(TFSI), which is referred as
PSC with low content of spiro-OMeTAD" and abbreviated as “LC”. All J-V curves have been
measured in both directions from forward bias (FB) to short circuit (SC) (1.2 - —0.1 V) and
vice versa (—0.1 - 1.2V) at a scan rate of 100 mV s™*. A white LED illumination was adjusted

to produce device photocurrent equivalent to which was measured under 1 sun and the devices



were kept at open-circuit conditions during the light soaking as indicated in the legend between
J-V scans.

Figure la shows the current density-voltage (J-V) curve for the PSC with 16 mol% spiro-
OMeTAD(TFSI)2 which was referred to as devices with high content of spiro-OMeTAD" and
abbreviated as “HC”. At the beginning of the experiments (t = 0) the HC device shows
excellent photovoltaic properties with Jsc = 23.1 mA-cm?, Voc = 1.13 V, fill factor (FF) = 72%
and a PCE of 18.9% scanning from forward bias (FB) to short circuit (SC). This is among the
best PCEs reported for this device configuration in the absence of lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) and air exposure. Figure 1b shows a typical J-V
curve of a device with 2 mol% of spiro- OMeTAD(TFSI)2 which is referred as the PSC with
low content of spiro-OMeTAD" and abbreviated as “LC”. At t = 0, the LC device has a
negligible PCE of 0.2% but, when kept under illumination at open circuit conditions, the
photovoltaic parameters gradually improve. The evolution of the parameters versus light
soaking time is illustrated in Figure Sla and will be described briefly as follows. Both the Jsc
and Voc show dramatic improvement from 1.5 to 21.3 mA-cm2and 0.91 to 1.08 V within the
first 30 minutes and eventually reach 23.2 mA-cm™ and 1.07 V (stabilised) after 7 hours. In
contrast, the FF and the subsequent PCE, show a steady and gradual increase over the 7 hours
period, rising from 17 to 60% and 0.2 to 14.2%, respectively. It is worthwhile to note that the
FF values at initial stages of the light soaking are below 25% producing an “s-shape” in the J-
V curves. Since a high series resistance and/or low shunt resistance will deliver an FF equals
to 25%, the traditional diode equation including shunt and series resistance is not sufficient to
explain this behaviour. The “s-shape”, often observed in organic solar cells,®?” and PSCs
fabricated with pristine spiro-OMeTAD,* 2830 js usually attributed to a charge accumulation
mechanism at the interfaces. To the best of our knowledge, this is the first report showing the
elimination of the “s-shape” via light-soaking of the device, suggesting a complex interaction

between the perovskite and the LC HTM, which will be explored in detail below.

At this point we would like to emphasise two interesting observations; firstly, the PCE
improvement under light soaking is reversible, i.e. the device performance will revert to the
initial t = O state after storage in the dark. Secondly, the performance recovery shown in Figure
1b is hampered when the LC device is illuminated at short circuit conditions, see Figure S1b.

The FF remains fixed to values around 25% after the first 15 min of illumination, limiting the



photocurrent despite a slight improvement in the Voc. This observation also rules out irradiation
heating effects on the performance recovery of the device.
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Figure 2: The arc features in IS for HC device and LC device at different stages of the light
soaking. Nyquist plots show different arc magnitudes at the same applied voltage, 0.3V a) t =
0 for LC and HC cell and LC cell at b) t = 30 min and c¢) t = 2 h of light soaking. d) Bode
(phase-frequency) and f) capacitance-frequency plots are helpful to identify the different
features. The low (If), high (hf) and very high (vhf) frequency features are indicated as a guide
in all plots and the circuit. e) Simplified equivalent AC circuit employed for the fitting of all
IS data.

To analyse this gradual improvement in the device performance, we carry out IS analysis,
which is a frequency-resolved technique that allows one to decouple the physical processes
occurring at different time scales. IS spectra were collected at various applied voltages (Vapp)
from 0.3 to 1.1 V for the LC devices at incremental stages of the light soaking, as well as for
the HC devices. We note that the IS spectra of the HC device had negligible variations during
light soaking, therefore only the measurement at t = 0 is shown. In general, three arcs can be
observed in the Nyquist (Z-Z"’) plot, examples are shown in Figure 2a for both HC and LC
devices at t = 0 as well as LC device after different light soaking intervals, Figure 2b,c. We
label the arc features according to the range of frequencies they span, i.e. around 1-100 Hz is
low frequency (If), between ~10%-10° Hz high frequency (hf) and over 10° Hz very high
frequency (vhf). The peaks on the Bode (phase-frequency) plot, Figure 2d, and the “plateaus”
in the capacitance-frequency plot, Figure 2f, provide a visual support to easily identify the

characteristic frequencies where the arcs appear. The IS spectra were fitted to the equivalent



circuit shown in Figure 2e, composing of three R/CPE elements and a resistor in series.
Constant phase elements (CPEs) were used to model the non-ideal capacitances.3! The choice
of such a simplified circuit is supported by the work of Todinova et al. which demonstrates
that the values of the fitted parameters (i.e., resistances, capacitances and time constants) are
similar for most of the equivalent circuits found in the literature, provided that inductive

elements are not present. 2

In Figure 2f, from left to right, the first resistor Rrro is a non-capacitive resistance caused
mostly by the external contacts and FTO. The second circuit element at vhf is the average
resistance of the HTM layer, and its associated capacitance CPEnw.2* 3% %2 The interpretation
of the features found at hf and If varies among reports, we provide an overview as follows. For
the best performing PSCs, at high voltages near Vo, the sum of the resistances fitted from the
features at hf and If directly relates to the total recombination resistance (Rrec) and Rrec= Rt +
Rir, 3+3° with a characteristic exponential voltage dependence expressed as:

Ryec = Ry exp (—M) (1)

niskpT

where Ro is the recombination resistance at short circuit, g is the elementary charge, Vint is the
voltage across the perovskite layer, nis the ideality factor, T is the temperature and ks is the
Boltzmann constant. In this interpretation, CPEn in parallel with Rrec and is generally attributed
to the geometric capacitance (Cg) of the perovskite layer, similar to a dielectric double-plate
capacitor. Since the dielectric constant is a property of the perovskite material, Cqy is not
expected to change. However, the variations observed for CPExs in Figure 2f suggest that it

cannot be solely assigned to Cq.

The origin of the split recombination arcs into an hf and If signal as well as the origin of the
CPEy is still under debate, however, an increasing consensus attributes it to the coupled effect
of mobile ions in the perovskite. In this scenario, when applying the 10 mV voltage perturbation,
the “slow” ions are unable to follow the fast electrical field changes at hf, but they do respond
to the If perturbations partially screening the electric field thus originating the apparent If
capacitance.® 38 4041 |n contrast, other reports where devices with relatively lower efficiencies
were measured, assigned the hf arc to (i) the electron transport resistance of the ETM, %23 (ii)
charge transport resistance of the perovskite layer,**> and (iii) injection processes at the

perovskite/ETM interface.®® %6 Some of the controversy can be understood thanks to a recent



work which for the first time demonstrates that the electron transport resistance and chemical
capacitance of sufficiently thick mesoporous TiO layers will overlay in the recombination 1S
arcs, adding up to the total resistance Ris+ Rir.*” However, our observations are different from
the previous reports, thus in Figure 1le we have not assigned a physical meaning to the hf and
If arcs. This is because, according to our findings below, there are two different processes
behind the hf arc. The If arc does not have a physical meaning by itself. For the sake of
completeness, and to put into context with the state-of-the-art literature, we advance the
complete equivalent circuit in Figure S2, deduced after our findings below. However, this
circuit will not be used for further discussion in this manuscript, the reader may use it as a guide
to understand the distribution of all physical processes within the PSCs. The J-V curves
extracted from the IS scans from the DC current and DC voltage are plotted as solid circles in
Figure 3b. Note that these J-V curves represent the actual performance of the device
simultaneous with the IS measurement. Despite the long time required to collect all 1S data
points (~2 min per point), the “light soaking” evolution of the LC device is similar to the J-V
curves obtained at 100 mVs™ in Figurelb, ensuring the validity of the measurement. The times
used in the J-Vapp labels are indicative of the start of the voltage scan e.g. LC t = 0 is the first
point. Figure 3a shows the evolution of the HTM resistance (Rnutm) for the LC device at
incremental light exposure times as well as the HC device at t = 0. The fitted values of Rytm
exhibit a small variation along the Vapp, partially influenced from the intrinsic error while fitting
the IS. The variation is shown in Figure 3a as scattered points. However, it is clear that the
overall Rutm values decrease progressively with longer light exposure times. The HTM
conductivity (ontm) can be obtained through the following expression: outm = d/(Rutm-A),
where d is the HTM thickness and A is the active area. For the LC cell at t = 0, oxm IS around
4.2 x 107° S cm™t, which is close to the reported conductivity of pristine spiro-OMeTAD.?> 3%
4849 After 4 h illumination, the conductivity increases up t0 6.0 + 1.1 x 107* S cm™, whereas it
is 1.2 + 0.8 x 10 2 S-cm! for the HC cell and this is comparable to the conventional spiro-

OMeTAD layer with lithium additives and air-exposure.*8

The photoinduced oxidation process of spiro-OMeTAD is known as “photodoping”. Some
previous works suggest that the presence of oxygen molecules in the proposed oxidation
reactions is compulsory.?% °0-°2 However, Sanchez et al. demonstrated that the light-induced
oxidation of pristine spiro-OMeTAD in solution can take place under inert atmosphere and the
speed of oxidation is accelerated by the presence of additives or bubbling air into the solution.%?

In addition, Wang et al. showed that the photodoping mechanism of the spiro-OMeTAD in



PSCs with air exposure is spectrum dependent and the oxidation of spiro-OMeTAD can be
triggered under illumination at higher wavelengths (i.e. > 450 nm) when the perovskite layer
IS present. Here we prepared encapsulated devices, which were not exposed to air at any stages
during the fabrication or characterisation processes. We therefore are able to rule out the
presence of oxygen within the encapsulation gap. In addition, the p-dopant spiro-
OMeTAD(TFSI), readily provides oxidised spiro-OMeTAD" species, whereas its counter-ion
TFSI" or the other additive 4-tert-butylpyridine (t-BP) is unlikely to participate in further light-
induced oxidation reactions. On this basis, we suggest that the photogenerated holes in the
perovskite layer are the main cause of the photodoping in our HTM system. Furthermore, the
oxidised species may revert to neutral spiro-OMeTAD when the device is kept under dark,

causing the reversibility in device performance explained above.
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Figure 3: a) Evolution of the Ryrm obtained by fitting the vhf feature from IS (normalised to
the active area) is plotted versus the light soaking time. The scattered points are the values at
all the applied voltages where LC and HC at t = 0 are plotted at the time of 2 min for clarity.
Rrro is similar for all measurements and the average value (grey dash line) is shown in the plot
as a guide. b) The DC current- applied voltage (J-Vapp, solid circles) values extracted from the
IS data for the LC device at various light soaking times (t= 15 min, 45 min and 2h) and the HC
device at t = 0. Curves with open circles are plotted after correcting the voltage drop

(represented as arrows) caused by Rrro +Rumw; i.€. current vs. the internal voltage (J-Vin).

As Rutm and Rrro are located at the external layers of the sandwich device, a considerable
voltage drop at Vapp Will occur across these layers affecting the internal voltage of the device
(Vint). Considering the large variations in Rutm for the LC device during light soaking, the

voltage at the internal part of the solar cell, i.e. perovskite bulk and TiO2/perovskite/HTM



interfaces see Figure S4, will evolve accordingly. In order to allow for a fair comparison
between measurements of Ry and Ry without considering the voltage drop caused by the series

resistance, Vint was calculated as:
Vint= Vappt J-(RHTM+RFTO) (2)

The J-Vint curves plotted in Figure 3b shows how the different voltage drop depends on the

current density and Rurm with light soaking of LC device.
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Figure 4: a) High frequency resistance (Rnf) and b) low frequency resistance (Ry) fitted from
IS data plotted vs. the internal voltage Vint for the LC device from t = 0 to 4h light soaking

times as well as HC cell at t = 0.

For the HC device, (black symbols in Figure 4) both Rns and Ry have a decreasing trend with
Vint, especially approaching Voc. The less pronounced voltage-dependence below the maximum
power point (Vmee ~ 0.8 V) is an effect of the existing shunt resistances. Similar trends have
been observed for high performance PSCs, where it has been proposed that the sum of Rys and
Rit is equivalent to the recombination resistance of the device (Rrec).3*3% %% As Ryec is expected
to follow the exponential relation shown in Eq. (1) at voltages between the Vmpep and Voc, we
can extract the device ideality factor nis (see Figure 5a) to gain insights into the device
recombination mechanisms. 34-3% %3 For the HC device, Ry provides an ideality factor of nis =
1.5, a value typical for Schottky-Read-Hall (SRH) recombination, and is commonly reported
for PSCs.53%* However, higher ideality factor values, 2 < nis < 5 for Ryt of the HC device and
LC t =2 and 4h, cannot be easily attributed to any recombination mechanisms. In the literature,

ideality factors greater than 2, obtained either by IS, transient methods or Suns-Voc, have been



attributed to device polarization, electrostatic effect of the mobile ions and multiple trapping
recombination.®*>® In order to understand whether these mechanisms are actually influencing

the LC device, we further analysed the ideality factor using the Suns-Voc method.

For that, we have measured the device Vo at different light intensities (Piight) (Figure S5) and
calculated the differential ideality factor nq through Eq. (3).%*

My = s (3)
With the Suns-Vo, the effects of parasitic resistances on the determination of ng are
eliminated.>* % In addition, despite the apparent linear relation of Vo vs. In(Piignt), See Figure
S5, by analysing the derivative instead of a linear regression we can account for the different
slopes enabling a more accurate analysis.>* " Figure 5b shows that, compared to ns, there is
little variation in the values of ng for the LC device between 25 min and up to 3.5 h of light
soaking, which are also similar to the ng of the HC device. The ideality factors nq range from
values close to 2 at lower light intensities to ng~ 1 at intensities close to 100 mWcm™?,
suggesting a change in the dominant recombination mechanisms from trap-mediated to band-
to-band.>*° The average value is around nq= 1.5, matching the ideality factor extracted from
the If arc in IS for the HC device and equals to the typically reported ideality factors for high
efficiency perovskite devices.>*¢ Moreover, for the LC device at t = 10 min, nq is less than 1,
similar low values have been observed after “poling” the PSCs and was attributed to the
activation of recombination sites after ionic accumulation at the interfaces.®® In summary,
ideality factors extracted from the Suns-Voc for LC device suggest that the recombination

mechanisms may be altered by the hole accumulation only for the first 25 min of the light

soaking.
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Figure 5: a) Ideality factors (nis) of LC device during light soaking fromt =15 mintot = 3.5
h and t = 0 for HC device obtained by applying Eg. (1) to the Rx¢ (circles) and Ry (triangles).
b) Differential ideality factors (nq) obtained by applying Eq. (3) to the Suns-Voc measurement
at different stages of the light soaking. We therefore conclude that the large ideality factors nis
extracted from Rns and Ry for the LC at t = 2 h and 4 h, see Figure 5a, is an artifact created by
the presence of an additional series resistance in the device, in addition to the previously
determined Rutm and Rero.*® Such series resistance causes an additional voltage drop that can
be seen as a decreased slope in the recombination resistance for LC att=2hand 4 h in Figure
4a-b, which is also observed in the J-V curves in Figure 3a as lower FF.

Recalling Figure 4a for the LC device illuminated for t = 15, 30 and 45 min, R increases
exponentially with Vin, which is reflected in Figure 5a as negative ideality factors with
surprisingly constant values around nis= —3. This is clear evidence that Rxf for the LC device
at the beginning of the light soaking originates from a different physical process rather than
charge recombination. We propose that Ryt is mainly contributed by a voltage-dependent hole
injection resistance that we will refer to as Rinj in the following discussion. It appears that the
presence of Rinj strongly correlates to the “s-shape” of the J-V curves shown in Figure 1b and
3a. As introduced above, FF values below 25% cannot be modelled with the classical diode
equation by just including an ohmic series resistance drop, therefore, a more complex scenario
accounting for a voltage-dependent series resistance needs to be introduced. On this basis, we
have simulated the J-V curves by simply adding a diode in series with the terminal, between
Rrec and (Rrro + Rutm), as shown in Figure 6a. This diode acts as a voltage-dependent series
resistance and has been used by others to model a Schottky barrier at a selective contact. Similar
approaches with different degrees of complexity have been previously reported to model the
“s-shape” in J-V curves.>®52

To understand the impact of the additional resistance, we will begin by discussing the current
through the device using the typical equivalent circuit model before addressing the voltage
losses caused by Rinj and the influence it plays on the other circuit elements.

I=1,— Iy (exp (ﬂ) - 1) Ve (4)

nikgT Rgsp

where lg is the short circuit current of the device, lo1 is the dark current across diode 1, n; is

the ideality factor of diode 1 and Vr is the voltage across diode 1 (representing Rrec) and Rsh is



the shunt resistance (see Figure 6a). We employ the Shockley diode equation to model the
voltage drop cause by Rinj:

kT I1+1
Vin = "% n (5122) 5)

o2

where n; is the ideality factor and lo2 is the dark current of diode 2. By using Vr = Vint + Vinj,
we can substitute Eq. (5) into the traditional solar cell diode equation, Eq. (4). The equation
used for simulating the “s-shape” of J-V curves takes the following form:

= =t o0 (25 (0 (529) 1) -2 0

1 o2 Rsn

The J-V curves were simulated by numerically solving Eq. (6) and plotted as solid lines in
Figure 6d which agrees well with the original data (dotted lines). In order to further reduce the
number of parameters, we have set the ideality factors to n, = n; = 3 based on the ideality
factors obtained for Rinj in Figure 5a and an approximation of n;s obtained for Rn¢+ Rif of HC
device (see Figure 5). We also set Rs = Rrro at V = 0.8 V and used lo2 as a fitting parameter to
scale Rutm; the rest of the parameters were determined from cursory fits of the data and fixed
for the simulations. Further details on the simulation and the list of parameters can be found in

the Supporting Information.
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Figure 6: a) Equivalent DC circuit used for the simulation of the “s-shape” J-V curves shown
in d) as solid lines, the dotted lines in d) are the experimentally obtained J-V curves for the LC
device at different times of the light soaking and for HC device at t=0 . b),c), e), f) Simulated
Ry (long dash) and R;,; (dash-dot) extracted from the simulated J-V curve parameters at
different light soaking times as well as the sum R+ R;,,; (solid line) that simulates the Rns +

Ryt obtained from IS shown in Figure 4, for LC b,c,e) and HC f) devices.

Furthermore, the simulated recombination and hole injection resistances R;.. and R;,; can be
calculated from the expressions of diodes 1 and 2, respectively, as:
, av;
Ryec = Wl:j (7)
1 AVinj
inj = g ’ (8)

The simulated Ry, and R;,; are plotted in Figure 6b,c,e,f during light soaking at t =15 min,

45 min and 2 h for the LC device, and HC device at t = 0. We emphasise that the sum of R;...

+ Ri,; closely reflects the Rn+ Rir measured from IS shown in Figure 4. At initial stages of the

!

light soaking, i.e. t = 15 min, R;,; is significantly larger (dash-dot line in Figure 6b) and is the
dominating resistance across the Vapp range. With increasing time of light soaking, see Figure
6¢, R;,; is reduced but remains significant at voltages close to Voc and causes a plateau in the
combined resistance (solid line) after 2 hours as shown in Figure 6e. This trend can be observed
in Figure 4 and provides a clear physical explanation for both the 1S and J-V results. When Rin;
is negligible, the main resistance governing the J-V curve is Rrec, Which is seen in Figure 6f

(black solid line) and Figure 4 (black symbols).

In order to gain further understanding on the origins of the injection resistance, we have
characterised the PL response of the perovskite in a LC device at different times of light
soaking as shown in Figure 7b. We performed concurrent J-V measurements (Figure 7a) to
confirm that the device behaved similarly to the J-V performance in Figure 1b, which is clearly
the case given the presence and subsequent reduction in the “s-shape” with light soaking. For
the PL measurements, a band pass filter was used to capture the peak PL from the perovskite
film with minimal contribution from other layers, i.e. FTO, TiO2 or HTM. For a high efficiency
solar cell, the PL intensity should be minimal close to short circuit conditions due to the

efficient extraction of photogenerated carriers and increase exponentially approaching open



circuit conditions, where no carriers are extracted therefore are forced to recombine. However,
the high PL intensity at t = O indicates that there is a relatively high amount of radiative
recombination within the perovskite film independent of Vapp. During light soaking, the PL
gradually decreases at all Vapp but the decrease is more pronounced at low bias voltage close to
0 V by over 1.5 orders. Att = 4 h the PL increases exponentially from Jsc to Vo, as expected
for a good performing device. This evolution during light soaking can be understood
considering that the changes in the PL reflect changes in Vr. Att =0 Vr is closer to open circuit
conditions independent of Vapp, caused by a large voltage drop at the series resistances
identified above Rinj, Rrro and Rutm. A reduction in PL corresponds to a likewise drop in the

series resistances.
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Figure 7: a) J-V curves measured at different times of light soaking for a LC device. b)
Photoluminescence mapping was measured simultaneously to the J-V curves shown in a), an
average of the PL intensity within the device active area shown in the inset was taken and

plotted as log (mean PL intensity) vs. Vapp. Inset PL mapping image is taken at 1.2 V at 6 hours.

Through comprehensive analysis of the IS spectra and PL measurements, we have unraveled
the presence of a hole injection barrier at the perovskite/HTM interface for devices with
initially low content of spiro-OMeTAD" in the HTM. We show that light soaking under open
circuit conditions improves the conductivity of the HTM in the device, as well as gradually
diminishing the hole injection barrier. However, under short circuit conditions (see Figure
S1b), light soaking only has an impact on the first 15 min and, with longer illumination times,
the “s-shape” of the J-V curve remains. In the following, we will suggest and discuss the
mechanisms that give rise to these observations by first addressing the changes in the HTM

conductivity and then creating a link to the interfacial barrier.



Initially, the conductivity of the HTM (without LiTFSI or air exposure) increases during light
soaking in the encapsulated PSC as shown in Figure 3b. On the basis of similar previous
observations for spiro-OMeTAD photodoping,®®? the photogenerated holes (h™) from
perovskite will promote the oxidation reaction for neutral spiro-OMeTAD and leads to the
formation of spiro-OMeTAD*. The charge neutrality is maintained due to the presence of
negative charges. In contrast with previous reports,®>2 the HTM used in our work does not
contain additional TFSI™ counter ions that are from LiTFSI and has not been exposed to air.
We propose that the counter-balancing charges are provided by the available mobile anions
from the perovskite lattice, i.e. I" or Br-, Figure 8a,b. The proposed mechanism for these

reactions is:

perovskite = e +h* (9a)
h* + spiro- OMeTAD = spiro- OMeTAD* (9b)

spiro- OMeTAD* + I~ = [spiro- OMeTAD]* I~ (9¢)

where iodide vacancies (V;*) and electrons (e”) will remain in the perovskite and 1~ in the HTM

film as seen in Figure 8b.

The presence of I” in the HTM layer after overnight light soaking was studied by X-ray
photoelectron spectroscopy (XPS) elemental depth profiles, however we could not find
significant increase of this element compared to a non-illuminated sample (Figure S6). The
differences in the atomic percentages of the iodine is within the uncertainty. In the following,
we provide more discussion to support the hypothesis of iodide diffusion in the HTM.
Assuming that the PCE improvement is directly related to the level of p-doping in HTM, we
can infer that the processes described in Eq. 9(a-c) take place slowly, over 7 h of light soaking
(see Figure 1b). This oxidation of the HTM layer by the perovskite is slower than the reported
photodoping mechanisms in air.*® %2 A possible cause is the slow ion diffusion speed in the
HTM. Reactions in Eq. 9(b) and Eq. 9(c) will start at the interface of the HTM layer, slowly
progressing towards the Au electrode. The larger radii of I” will lead to slower diffusion through
the HTM compared to O,. The limited availability of mobile 1™ or Br~ from the perovskite
lattice compared to the large availability of O from the air would also results in the slow speed
of this reaction. Moreover, we observed that when light soaking under short circuit condition,

the PCE increase stops after the first 15 min (Figure S1b). At short circuit condition, the larger



availability of holes passing through the HTM would promote the reaction in Eq. (9b), thus
the doping speed maybe expected to be higher. However, the large electric field at short circuit
is reported to drive the anions to migrate and accumulate at the ETM interface.® The reduced
availability of mobile I or Br™ at the perovskite/HTM interface is not sufficient to compensate
the formed spiro-OMeTAD" (see Eq. (9¢)), thus further oxidation through Eq. (9b) will be
restricted. Finally, in the absence of light, the perovskite ceases to photogenerate holes and
spiro-OMeTAD" slowly reverts to the neutral species, with I~ diffusing back to the perovskite

layer.

We will now discuss the origin of the hole injection barrier at the perovskite/HTM interface.
We have simulated the energy band diagrams at different conditions for devices employing the
simulation tool reported by Bertoluzzi et al..%® Simulation details can be found in Supporting
Information. Based on the voltage- as well as time- dependent Rin; (Figure 4 and Figure 6)
and PL (Figure 7b) for low content of spiro-OMeTAD?, we can infer the existence of a barrier
that impedes the extraction of holes from the perovskite. At early stages of the light soaking,
the low p-doping of the HTM will result in a large energy separation between the work function
(WF) and the highest occupied molecular orbital (HOMO) of the organic HTM. In an
illuminated device, see Figure 8c, e, the HTM WF will align with the device quasi-Fermi level
of holes (Erp).Under short circuit conditions (Figure 8c) the low HOMO level reduces the
electric field in the perovskite, diminishing the driving force for charge extraction. At Vapp,=0V,
the voltage drop causes an internal Vr close to open circuit conditions, thus resulting in high
PL and low Js.. This can be seen in Figure. 8c (#1) as the drop of Er, at the perovskite/HTM
interface. The increased Rinj When increasing Vapp (See Figure 4a) can be explained in the band
diagram as a progressive bending of the perovskite VB, see #2 in Figure 8e for Vapp = 1V.
With longer light soaking time, the increased p-doping will gradually reduce the separation
between the HTM HOMO level and its Erp, or WF. This will increase the electric field
improving charge extraction at short circuit (Figure 8d), as well as having favourable band
alignment even at larger applied voltages, Figure 8f. The UPS spectra of two samples were
measured, one that was always stored in the dark (dark) and the other was light soaked for
7 h (light), Figure S7a. The low energy cut-off reveals work functions of 4.15 and 4.20 eV
while the valence band shows the onset of the HOMO levels at 1.38 and 1.27 eV, for the
dark and light samples, respectively. The HOMO level shift suggests a p-doping of the
HTM after light soaking. Band diagrams of the two samples have been produced based on
the UPS analysis (see Figure S7b)
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Figure 8: Diagram of the perovskite/HTM interface under illumination at a) the beginning of
the light soaking time, where the HTM has low doping level and b) after long light soaking
where the HTM s highly p-doped. Perovskite has photogenerated electrons (e”) and holes (h*)
as well as mobile iodide ions (17) and iodide vacancies (V/"). Simplified representation of the
energy level diagrams of the PSC for a low p-doped c), €) and highly p-doped HTM d), f), and
at different applied voltages, Vapp =0V ¢), d) and Vapp= 1V €), ). Number #1 in c) represents
the large voltage drop at the perovskite interface and number #2 in €) shows the perovskite VB
bending representing the hole injection barrier. Er, and Erp are the quasi Fermi level of

electrons and holes, respectively.

Finally, we will discuss about the implications of the injection resistance in the impedance data
analysis. When Rinj has large values, it shows a characteristic exponential increase with voltage,
which is easy to interpret because it will be associated with extremely low device FF. However,

when Rinj is small, it is only detectable at voltages around Voc, with non-obvious influence on



the PSC performance. This has important implications considering that many reports only
analyse IS at one point around Vo, and that the usual IS analysis attributes one arc feature to
one physical process. Due to the proximity in the characteristic frequencies it is challenging to
resolve the injection and recombination resistances by conventional IS data fitting. However,
as suggested by Todinova et al., distribution of relaxation times (DRT) function modelling can
be used instead. %

Conclusion

We have adopted a series of characterisation methods including J-V, IS, Suns-Voc and PL
mapping to study the slow performance increase during light soaking in PSCs with low content
of spiro-OMeTAD"*. We found that, even in the absence of LiTFSI and air exposure, the HTM
can be photodoped under illumination increasing its conductivity. This suggests a gradual
conversion of the neutral spiro-OMeTAD molecules to oxidised spiro-OMeTAD*. We propose
a slow photodoping mechanism triggered by the transfer of photogenerated holes and limited
by the slow migration of the halide anions from the perovskite into the HTM to neutralise the
formed spiro-OMeTAD". When the HTM has low content of spiro-OMeTAD™, a Schottky
barrier exists at its interface with the perovskite impeding the charge extraction of
photogenerated holes by the HTM. During light soaking, the Schottky barrier is reduced with
increasing p-doping level in the HTM. Moreover, the inverse process takes place in the absence
of light, during which the spiro-OMeTAD" species are slowly reduced to neutral state.
Therefore, the reversible transient process in light/dark treatment observed in this work can be
simply explained by the photodoping of the HTM and the gradual removal of the hole

extraction barrier.

From the IS analysis, we have unambiguously shown that the high frequency feature of IS has
overlapping contributions from different physical processes. The Schottky barrier for hole
injection acts as a voltage-dependent series resistance occurring at similar frequency range as
the high-frequency arc of the recombination process. As a result, the recombination resistance
and geometric capacitance obtained from fitting the IS with the conventional equivalent circuit
are greatly influenced by this injection barrier. We emphasise that the overlap of these two
processes is not always as obvious as the extreme case shown in our work. Therefore, critical
analysis of the IS data and support from complementary techniques are needed to avoid

misinterpretations.
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