P-type molecular doping by charge transfer in halide perovskite
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Electronic technologies critically rely on the ability to broadly dope the active semiconductor; yet the promising class of
halide perovskite semiconductors so far does not allow for significant control over carrier type (p- or n-) and density. The

molecular doping approach offers important opportunities for generating free carriers through charge transfer. In this work,

we demonstrate effective p-doping of MAPb,sSngsls films using the molecular dopant FATCNQ as a grain boundary coating,

offering a conductivity and hole density tuning range of up to five orders of magnitude, associated with a 190 meV Fermi

level down-shift. While charge transfer between MAPb,sSngsl; and FATCNQ appears efficient, dopant ionization decreases

with increasing Pb content, highlighting the need for appropriate energy offset between host and dopant molecule. Finally,

we show that electrical p-doping impacts the perovskite optoelectronic properties, with a hole recombination lifetime

increase of over one order of magnitude, suggesting passivation of deep traps.

Introduction

Tuning the carrier density from highly n-doped to highly p-
doped enables effective interfaces,
improved transport properties and flexibility in the design of
new generations of
semiconductors emerge, targeting low-cost, large-area, flexible

semiconductor-metal

various optoelectronic devices. As
and semi-transparent applications, intensive efforts are being
pursued to achieve such targeted control over properties.1=3
Electrical doping in organic semiconductors started initially with
exposure to halogen vapors,*> later improved with the use of
dopants to provide extra carriers to the
semiconductor host through a charge transfer process.6-8

molecular

Evidence of strong doping in halide perovskites has also been
obtained early in the emergence of the halide perovskite field
for  optoelectronic applications, with semi-metallic
conductivities reached for tin-based compounds, and attributed
to the propensity of Sn2* to oxidize to Sn#+.910 Unfortunately,
precisely and effectively tuning the doping type and level in tin
and other halide perovskites has proven particularly challenging
and remains a significant bottleneck in the development of
perovskite-based technologies.

Taking advantage of the experience acquired from doping
inorganic and organic various doping
strategies have been explored and tested in halide perovskites,

semiconductors,

including intrinsic defect engineering through precursor ratio
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variations and extrinsic defect doping.? However, the extent of
achievable doping seems limited by the strong tendency of
halide perovskites to compensate charged defects.11.12
Molecular doping appears among the most promising
techniques for perovskites, with early works suggesting efficient
tuning of the carrier properties at the film surface through
charge transfer with a sequentially-deposited molecular
layer.13.14 Yet, more homogeneous perovskite doping with
molecular dopants is still in its infancy, showing only modest
conductivity improvements.’>1® Doping of a particular
perovskite host through charge transfer requires appropriate
selection of the molecular dopant. P-type doping can occur if
the lowest unoccupied molecular orbital (LUMO) of the
molecular dopant lies near or below the valence band maximum
(vBM) of the perovskite host. 2,3,5,6-
tetrafluorotetracyanoquinodimethane (FATCNQ) with a LUMO
level at approximately -5.24 eV relative to the vacuum level'? is
a widely studied electron acceptor for prospective p-doping of
organic semiconductors’20-24 and more recently halide
perovskites.1517.18 |n previous studies, FATCNQ introduced in
MAPbI; and CsPblsz nanoparticles has shown a limited p-doping
impact, potentially due to the inadequate energy level
alignment, given reported ionization energies (IE) of 5.2 eV and
5.81 eV for MAPbI; and CsPbls nanoparticles, respectively.1517
Here we demonstrate efficient interfacial p-doping in a
halide perovskite using molecular dopants directly interspersed
in the perovskite precursor solution. To achieve appropriate
band alignment for charge transfer with FATCNQ, Pb is blended
with Sn to form MAPb,.,Sn.ls, leading to a decrease in /E with
increasing Sn content (Fig. 1a).2>26 Employing x = 0.5, we show
for the first time a tuning range of up to 5 orders of magnitude
for halide perovskite conductivity using a molecular dopant. AC
Hall effect measurements provide evidence of electrical doping,
yielding hole carrier densities from ~1013 cm-3 to ~107 cm-3. P-
doping is further confirmed through measurement of a Fermi
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Fig. 1 (a) Band diagram of the MASno.sPbosls perovskite host and FATCNQ molecular p-dopant, illustrating charge transfer from the top of the perovskite valence band (Ev) to the
LUMO of the dopant. Upon efficient charge transfer, the Fermi level Er is shifted toward the valence band. The perovskite Ey is measured by UPS in this study. (b) MAPbosSnosls
conductivity for different FATCNQ molar ratio (MR) concentrations. Several samples have been measured for each dopant concentration and the box charts indicate the maximum

and minimum values (whiskers), the upper quartile and lower quartile (box) and the mean value (empty square).

level Eg shift toward the perovskite VBM, along with an increase
(WF), as using ultraviolet
photoemission spectroscopy (UPS) and Kelvin probe-based
contact potential difference (KP-CPD) measurements. The
dopant molecules are shown to localize at the perovskite grain

in  work-function observed

boundaries and throughout the film thickness using time-of-
flight secondary-ion spectroscopy (TOF-SIMS) 3D
tomography. Fourier transform infrared spectroscopy (FTIR)
measurements support FATCNQ ionization and confirm the

mass

reduced charge transfer efficiency with increased Pb content
(increase in the perovskite /E), highlighting the need for
appropriate perovskite-dopant energy level alignment for
effective doping. Finally, carrier-resolved photo-Hall (CRPH)
measurements reveal a deep trap passivation effect from
doping, with a hole (majority carrier) lifetime increasing by
more than one order of magnitude in conjunction with the
doping. These results highlight the potential of molecular
doping to effectively tune carrier density and optoelectronic
properties in perovskites and open the door to future in-depth
studies towards optimized perovskite doping.

Results and Discussion
FATCNQ introduced within the MAPbsSng sls film

In this study we introduce the molecular dopant, FATCNQ,
directly into the precursor solution, with an intent to spread the
dopant throughout the thickness of the perovskite film as
uniformly as possible. Fig. 1b displays the conductivity of the
undoped and doped perovskite films with four FATCNQ
concentrations of from 0.1% to 5% in molar ratio (MR). The film
thicknesses needed for the conductivity calculations are
extracted from SEM cross-section images (see Fig. S1). A four-
probe Hall bar method was used to prevent the influence of
contact resistance on the conductivity extraction. Undoped
MAPbo sSho sl3 exhibits a conductivity of between 10-¢ and 10->
S cm1, about two orders of magnitude lower than values
reported in the literature for mixed Pb-Sn compounds.?’
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Differences may arise due to variations in encapsulation quality,
as this barrier prevents p-doping through Sn oxidation.
Additionally, we noticed a persistent photocurrent effect, with
pristine MAPbg sSngsls requiring about one hour in the dark to
reach thermal equilibrium (Fig. S2). Accordingly, one hour
waiting time in the dark before measurement was implemented
to ensure reliable dark measurements. Previous studies of
conductivity and carrier density in mixed Sn/Pb perovskites may
have been impacted by residual photogenerated carriers
associated with the persistent photoconductivity effect.
Through FATCNQ doping, the conductivity can be tuned over
four to five orders of magnitude, with a maximum conductivity
of ~101 Scm obtained with 5% MR FATCNQ.

A significant improvement in conductivity only emerges for
samples that were spin coated without the use of antisolvent,
which exhibit large grain sizes (¥80 um for the undoped
samples) and incomplete surface coverage (Fig. 2). The
perovskite film coverage of >79.5% (Fig. S3), however, ensures
reaching the percolation threshold (see Supplementary
Information), consistent with conductivity values orders of
magnitude higher than for the bare glass substrate and epoxy
glue. At dopant concentrations of 1% MR and above, darker
areas attributed to FATCNQ can be observed and enhanced in
backscattered electron (BSE) SEM imaging mode (Fig. S4). At 5%
MR, we observe a strong impact of FATCNQ inclusions on the
perovskite morphology, suggesting that high concentrations of
molecular dopants may disrupt crystal growth during film
formation, possibly explaining the large variability in
conductivity measurements for 5% MR doped samples (Fig. 1b).

To better identify the position of FATCNQ molecules in the
perovskite film, TOF-SIMS 3D tomography was performed on
1% doped MAPbosSnosls samples (Fig. 3). In the summation
intensity 2D images, we identify the fluorine signal (Fig. 3b)
coming from FATCNQ molecules, predominantly around the
edges of the large grains (which are surrounded by uncoated
glass) and also in what we believe are the true grain boundaries,
which can be observed in the total signal image (Fig. 3a). The 3D
tomography renderings (Fig. 3c and 3d) further indicate that

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 SEM images of MAPbo.sSnosls with 0% (a; f), 0.1% (b ; g), 0.2% (c; h), 1% (d ; i) and 5% (e ; j) FATCNQ dopant, using an EverhartThornley detector with 100x magnification (a
to e) and a Trinity detector with 5000x magnification collecting mostly secondary electrons (f to j). The scale bar is 500 um for (a) to (e) and 10 um for (f) to (j).

FATCNQ is not limited to the film surface, but occupies grain
boundaries throughout the thickness of the perovskite film.
Measurements were performed on an additional 1% doped
sample (Fig. S5) showing similar fluorine distribution, and on
undoped MAPbosSnosls (Fig. S6) which exhibits uniform
(background) fluorine distribution.

As shown in Fig. S7, no conductivity increase is measured for
doped samples when chlorobenzene and toluene are used as
antisolvents during film preparation, possibly due to the
solubility of FATCNQ in these solvents, which may lead to
washing away of the dopant during the anti-solvent step.
Alternatively, smaller grains (obtained with anti-solvent) are
known to lead to a more rapid degradation of the MAPbosSngsls
samples,?’” and could therefore account for the lower
conductivity. Taking advantage of the wide grains obtained

without antisolvent, we can process devices with sufficient
stability (> 8 days when encapsulated) for targeted
characterization (see Fig. S8).

Before attempting a deeper analysis to assess electrical
doping and its impact on the perovskite optoelectronic
properties, we confirmed with X-ray diffraction that no
crystalline secondary phases are introduced in the structure
with doping and that no trend is observed in major diffraction
peak positions with doping (see Fig. S9). A slight change in
preferred orientation is observed with 5% FATCNQ, with an
increased contribution along the (110) axis. The compositions
of the undoped and doped perovskite films are determined
from energy dispersive spectroscopy (EDS), yielding a Pb/Sn
ratio of 1.1 £+ 0.1 (Fig. S10). UV-visible absorption spectroscopy
was used to extract the perovskite film bandgap, yielding a

b

Fig. 3 TOF-SIMS 2D images of 1% doped MAPbo.sSno.sls exhibiting the total signal (a) and the F signal (b). Each image is 50x50 pm and the color scale for each image shows the intensity
in counts/pixel. The yellow-green area in panel (a) corresponds to uncoated glass substrate. White and red dotted lines are drawn as guide to the eye to show examples of grain
boundaries visible in the total (a) and F (b) signals. TOF-SIMS 3D tomography rendering of the same dataset showing the signal coming from MA (MA: methylammonium), indicating
the presence of the perovskite (c) and the F signal (d). Each 3D reconstruction is 50 x 50 x film thickness um3.
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constant value of 1.26 £+ 0.01 eV from 0% to 5% MR (Fig. S11),
consistent with experimental and theoretical values reported in
the literature for MAPbg sSng sl3.25:26:28

Electrical p-doping

We determine the energy levels at the surfaces of 0% and
1% doped MAPbgsSngsls films using ultraviolet photoelectron
spectroscopy (UPS). By combining the WF deduced from the
cut-off (Fig. 4a) and the VBM position with reference to the
Fermi level E¢ (Fig. 4b), we extract the ionization energy of 5.11
eV for the pristine perovskite, defined as the energy difference
between the vacuum level (E o) and VBM. This confirms the
expected VBM upshift with Sn content and the possibility for
charge transfer, given the FATCNQ LUMO at -5.24 eV.1® Upon
addition of 1% MR FATCNQ, a 190 meV shift of Er toward the
VBM is observed while the IE remains unchanged at5.12 eV (see
schematic in Fig. 4c). A similar shift of the WF is observed using
both UPS as well as KP-CPD measurements performed in the
dark after one hour waiting time (Table S1).

To further confirm and assess p-type doping in the bulk, we
performed Hall effect measurements using a parallel dipole line
(PDL) Hall system with a single harmonic AC magnetic field and
distinguish the impact of hole density p and mobility u, on the
increase in conductivity with FATCNQ doping.2° The hole density
and mobility are averaged over three to five samples per
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condition and are displayed in Fig. 4d and Fig. S12, respectively.
An example of the Hall signal extraction is given in
Supplementary Information (Fig. S13) for an undoped sample.
Pristine MAPbosSnosls exhibits a hole density of (2 +1) X
1013 cm™3 and a hole mobility of 2.2 + 0.9 cm?V~1s~1 after
one hour waiting time in the dark. This relatively low carrier
density shows that mixed Pb-Sn perovskite can reach close to
intrinsic properties if Sn oxidation is properly prevented. The
addition of FATCNQ molecules effectively generates free holes
in the perovskite film, with a hole density of (8 +4) X
10%® cm™3 reached with 1% MR FATCNQ, while only a slight
change is observed in the mobility. A carrier density of up to
5% 107 cm™3 can be obtained with 5% MR F4TCNQ (four
order of magnitude enhancement over the undoped condition),
however with substantial sample-to-sample variability,
probably due to the strong film morphology disruption for this
doping level (Fig. 2).

Dopant ionization

Upon charge transfer from host to dopant, we expect
ionization of FATCNQ. lonized F4TCNQ generates specific
signatures detectable using optical spectroscopy, given a
sufficient concentration (>5-10%), as widely use d to assess
doping and its extent in organic semiconductors.’30-32 The
absorption features at ~1.4-1.7 eV attributed to the anion
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Fig. 4 UPS spectra of the photoemission cut-off in linear scale (a) and the VBM edge in semi-logarithmic scale (b) for undoped and 1% doped MAPbsSnosls. The binding energy is
with reference to the Fermi level. (c) Band diagram schematic of MAPbo.sSno.sls with 0% and 1% MR FATCNQ. The VBM and WF are extracted from UPS measurements. The conduction
band minimum Ec is deduced from UPS and UV-visible absorption measurements considering a bandgap of 1.26 eV. Evac and Ef correspond to the vacuum and Fermi levels,
respectively. (d) Hole density of MAPbo.sSnosls for different FATCNQ concentrations in molar ratio (MR) obtained from AC Hall effect measurements. Several samples have been

measured for each dopant concentration and the box charts indicate the maximum and minimum values (whiskers), the upper quartile and lower quartile (box) and the mean value

(empty square).
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FATCNQ interfere with the absorption of the perovskite host
with a bandgap of 1.26 eV; however, the cyanovibrational bands
of FATCNQ can be detected using FTIR spectroscopy and provide
information on the state of FATCNQ.3%32 While undoped
perovskite exhibits no visible peak in the range of interest,
neutral FATCNQ presents a characteristic peak at 2227 cm!
corresponding to the by, stretching mode (Fig. S14).31 Upon
complete ionization of the molecule to form the anion FATCNQ-
, we expect a shift toward 2194 cm1.3! |Intermediate shifts
between neutral and fully ionized positions indicate partial
ionization, revealing different degrees of charge transfer
between 0 and 100%.3%33 The 5% MR doped MAPbgsSngsls
exhibits a signal with multiple peaks that differ from the neutral
molecules (Fig. 5a), confirming the existence of a charge
transfer between the host and the dopant.

A multiple Gaussian peak fitting is performed on the FTIR
spectrum to identify the different components of the signal and
determine their relative proportions, with a good fit achieved
using seven peaks (Fig. S15). While one peak positioned at
~2209 cm! remains to be identified and could potentially be
attributed to partial charge transfer, all other peaks correspond
to known vibrational modes of FATCNQ and its derivatives. The
first sharp peak centered at 2213 cm-! is attributed to the by,
mode of isolated neutral FATCNQ,3* suggesting that neutral
molecules remain in their isolated form (as opposed to
crystalline form) in the final perovskite film. The peaks centered
at ~2193 cm correspond to the b;, mode of fully ionized
FATCNQ (FATCNQ).31.34 Signal from the dianion FATCNQZ is also
observed with broad peaks centered at ~2170 and 2125 cm™?,
attributed to the by, and by +bsg modes.3> The formation of
FATCNQ anion and dianion confirms charge transfer with the

ARTICLE

perovskite host. Additionally, the FTIR spectrum provides
evidence of the singly protonated monoanion HFATCNQ- with
two peaks at ~2189 and 2150 cm-1.3536 HFATCNQ can be
obtained upon reaction of the dianion FATCNQ?% with weak
acids such as residual water.3>37 This reaction is further verified
with successive FTIR measurements in air (Fig. S16), showing a
strong decrease of the FATCNQ? signal along with an increase
in HF4TCNQ signal. We therefore conclude that the HF4TCNQ-
component results from dianion F4ATCNQ?- degradation prior to
measurement.

To evaluate the influence of the perovskite VBM position on
doping efficiency, we performed FTIR measurements on 5%
doped MAPbg 75SNn0.25l3 and MAPbI; (Fig. 5b and 5c). A similar
processing condition has been used and the corresponding XRD
patterns and EDS analysis are provided in Fig. S17. With
increasing Pb content we observe an increase in neutral
FATCNQ along with a decrease of the ionized and protonated
FATCNQ contributions (Fig. 5d), consistent with an increase in
the perovskite /E with increasing Pb content and a less favorable
charge transfer toward the LUMO of the neutral and
monoanionic FATCNQ around -5.24 eV and -4.7 eV, respectively
(Fig. 5e).1932 These data support the hypothesis of charge
transfer and highlight the importance of relative energy level
positions between the host and the molecular dopant, pointing
to the need for a stronger oxidizing agent than FATCNQ for the
pure Pb compound MAPbI; (/E~5.4 eV)3839, We also note the
change from yellow to green color of the MAPbI; precursor
solution upon FATCNQ addition (Fig. S18), while all solutions
with Sn content remain orange (due to F4ATCNQ). As solutions of
MAI-FATCNQ exhibit the same green color (Fig. S18e), we
hypothesize that the Snl, precursor inhibits reaction between
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Fig. 5 FTIR absorption spectra of the FATCNQ cyano groups for 5% MR doped MAPb1,Snyls with Pb/Sn ratio of 50/50 (x=0.5) (a), 75/25 (x=0.25) (b) and 100/0 (x=0) (c). (d) Area under
the curve associated with FATCNQ, FATCNQ;, HF4TCNQ', FATCNQ? and an unknown component, from the Gaussian fitting of the FTIR spectra. See Fig. S15 for the extraction of peak
position and area. (e) Band diagram schematic showing the LUMO of neutral and singly ionized FATCNQ (LUMO"),*>*? the VBM and CBM of MAPbgsSnosls from UPS and absorption
measurements measured in this study, and a schematic view of the VBM evolution for MAPb.75Sno 2513 and MAPb3.252638,39,60
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FATCNQ and the precursor MAI. While this observation is
beyond the scope of this study, it shows that further work is
required to better understand the chemistry of the dopant-
containing precursor solution before deposition and its
potential impact on the final films.

Doping impact on optoelectronic properties

As electrical doping may influence semiconductor
optoelectronic properties, we performed carrier-resolved
photo-Hall (CRPH)#%41 measurements on undoped and 1%
doped MAPbgsSngsls to assess the impact of FATCNQ addition
on carrier mobility, lifetime and diffusion length. The CRPH
analysis relies on the evolution of the Hall coefficient H with
conductivity o obtained at different light intensities. Fig. S19
displays the H-o evolutions for undoped and 1% doped
MAPbo sSngsl3. The slope of the InH-Ino curve (dinH /dlno) is
extracted to calculate the mobility difference Au:

4 dind ) H (1)
ding) "

Ap = pp —pp = (2
with the general assumption on the Hall scattering factor r=1
and assuming Ap=An.*° By knowing Au, H and o at each light
intensity, it is possible to calculate the hole u, and electron u,
mobilities as demonstrated by Gunawan et al,*% and considering
both intrinsic and grain boundary effects (Fig. 6a). The hole
mobility p, remains constant with light intensity, with a value of
~2 cm2 V151 for pristine and 1% doped MAPbosSnosls. The
electron mobility u, cannot be resolved for generation rate G <
10'° cm3s™! as we obtain Au =~ p,, suggesting [, < pp.
Nevertheless, an increase of u, is observed with light intensity
and may be associated with trap filling for electrons. Low
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electron mobility and trap filling suggest that An < Ap at low
light intensity, therefore requiring modification of the CRPH
model to account for different electron (r,) and hole (tp)
lifetimes. We can show (see Supplementary Information) that
Teren < Tp < Tcrpu (1 + B), Where tereny is the carrier
recombination lifetime extracted from CRPH analysis
considering Ap=A4An, t, is the true hole recombination lifetime
when Ap = An, and f = un/u,. Therefore, in the particular
case of Ap = An, CRPH analysis allows for the extraction of a
bounded value of the hole (majority) carrier lifetime only.

The minimum and maximum values of the hole (majority
carrier) recombination lifetime 1, = Ap/G are calculated for
both undoped and doped samples (Fig. 6b), showing a 1,
decrease with increasing light intensity as expected for majority
carrier lifetime when electron traps are being filled.42 For both
undoped and doped samples, the majority carrier lifetime
decreases with generation rate following a power law with
exponent y-1 (7, x GY~1) and y values of 0.46 and 0.37 for 0%
and 1% F4TCNQ, respectively. A value y<0.5 suggests the
contribution of multiple trap levels in the semiconductor
bandgap.*?2 An increase in hole recombination lifetime 7, by one
to two orders of magnitude can be observed with 1% FATCNQ.
This observation is consistent with higher photoconductivity
with doping (see Fig. S20) and suggests passivation of deep
traps upon FATCNQ addition. The hole diffusion length Ly, can
be calculated from p, and t,,
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Fig. 6 (a) Hole p, and electron pn mobilities as a function of generation rate G extracted from CRPH measurements for 0% and 1% doped MAPbo.sSnosls. (b) Hole lifetime 1, and
diffusion length Ly, for 0% and 1% doped MAPbo.sSnosls. A linear fit at high light intensity follows a power law relationship 7,, G?~1. The grey area highlights the data points
obtained at the highest light intensity I;,q, = 30 mWcm™2 (approximaterly a third of one sun intensity).
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with g the elementary charge, and exhibits an increase of about
one order of magnitude with 1% FATCNQ. Reproducibility is
verified with CRPH measurements on one additional sample per
condition (see Fig. S21 and S22).

Conclusions

In this work, we show that effective electrical doping is
possible in halide perovskites, given an appropriately chosen
molecular dopant/perovskite host combination, carefully
selected processing conditions, and an accounting for an often-
neglected persistent photoconductivity effect. Conductivity
tuning over five orders of magnitude has been obtained in
MAPb( 5SNnosl3 using the molecular dopant FATCNQ, localized at
the perovskite grain boundaries throughout the film thickness
as observed from TOF-SIMS tomography. The attribution of
conductivity increase to doping is verified with AC Hall effect
and UPS measurements, with the charge transfer process also
being confirmed using FTIR through the detection of ionized
FATCNQ in the doped film. Moreover, we highlight the
importance of relative perovskite VBM and dopant LUMO
positions on the doping efficiency, with the pure lead MAPbI;
perovskite expected to be a less appropriate host for FATCNQ.
Finally, CRPH measurements reveal the impact of doping on the
optoelectronic properties of the perovskite host, with an
increase of the majority carrier lifetime by over one order of
magnitude, presumably due to the passivation of deep traps in
the mixed Pb/Sn perovskite.

Therefore, molecular doping can be viewed as a promising
avenue to finely tune electrical properties in halide perovskites,
though further work is required to understand and optimize
such processes for use in complete devices. Better processing
techniques must be developed to deposit continuous and
homogeneous doped perovskite films with smaller sample-to-
sample variability. To achieve this goal, our understanding of
the chemical and physical processes involved in the solution,
during crystallization and in the final film must be improved.
Additionally, we can expect to face impediments already
encountered in organic semiconductor doping, including the
formation of aggregates,*3-8 instability,3649-52 or limited doping
efficiency.>3-55 The latter issue is usually overcome with large
concentrations of dopant (few %), which however can
negatively impact the film morphology and could be particularly
detrimental for crystalline halide perovskites, as observed in the
present study for 5% doped MAPbgsSnosls. As research
progresses toward better control over the halide perovskite
electronic properties, alternative molecular dopants with
stronger oxidizing capabilities must be considered for
compounds with deeper VBM. Additionally, bulk n-type doping
should be explored to approach ambivalent properties and gain
flexibility in the design of efficient devices.

Experimental Section

Device fabrication

This journal is © The Royal Society of Chemistry 20xx

All samples were prepared through solution processing.
2,3,5,6-tetrafluorotetracyanoquinodimethane (FATCNQ, Sigma
Aldrich) was initially dissolved in N,N-dimethylformamide (DMF,
99.8%, anhydrous, Sigma-Aldrich) and dimethyl sulfoxide
(DMSO, 99.9%, anhydrous, Sigma-Aldrich) with a 8:2 volume
ratio at concentrations of 2 to 10 mg mL?! depending on the
molar ratio targeted in the perovskite film. After one hour of
stirring at room temperature, the appropriate volume of
FATCNQ solution was added to the precursors
methylammonium iodide (MAI, Dyesol), lead iodide (Pbl,,
99.99%, TCI chemicals) and tin(ll) iodide (Snl,, anhydrous beads,
99.99%, Sigma Aldrich) to achieve F4TCNQ molar
concentrations of 0.1%, 0.2%, 0.5%, 1% and 5%. DMF:DMSO
(8:2) was added to achieve a perovskite molar concentration of
1.25 mol L1 In the case of undoped MAPbosSnosls, only
DMF:DMSO was used to dissolve the precursor powders. The
solution was stirred at room temperature for one hour for all
experiments to prevent any long-term impact of the solvent and
reduce variability between experiments. The solutions are
filtered using PTFE 0.2 um filters and deposited within 30 min.
Glass substrates were sonicated in deionized water, acetone,
and isopropanol for 10 min each followed by a 10 min plasma
etch treatment. Spin-coating was used to deposit undoped and
doped MAPbosSnopsls solution (5000 rpm for 30 s) and no
antisolvent is used during the spin-coating step. The films were
annealed at 90 °C for 20 min. To achieve the large grains
required to provide sufficient stability, deposition conditions
(such as spin coating time) must be fine-tuned to allow
crystallization of the film (change from yellow to dark brown
color) on the hot plate (and not during spin-coating).

The Hall bars had six terminals with active area dimension
of width x length = 2 x 4 mm and were patterned using a mask
and a scalpel to remove the surrounding perovskite layer. Gold
electrodes (100 nm) were deposited through a shadow mask by
thermal evaporation using an Angstrom EvoVac evaporator
operating at a base pressure below 2 x 107¢ Torr. The Hall bars
were encapsulated with glass using an epoxy glue (from
Ellsworth) on the perimeter only. The entire fabrication was
done in a nitrogen-filled glovebox with oxygen and water levels
below 0.1 ppm.

Thin film characterization

X-ray diffraction (XRD) spectra were measured using a
Panalytical Empyrean powder diffractometer with Cu Ka X-ray
source and 45 kV/40 mA operating conditions. Top-view and
cross-section scanning electron microscope (SEM) images were
obtained using an Apreo S by ThermoFisher Scientific operated
at 2 kV and 25 pA. Energy dispersive X-ray spectroscopy (EDX)
was performed using an Oxford Instruments X-Max-N 150 SDD
and an acceleration voltage of 15 kV. UV-vis and FTIR
absorption spectroscopy were carried out with a Shimadzu UV-
3600 spectrometer and a Thermo Electron Nicolet 8700
spectrometer, respectively. The reflectivity of the Hall bar
sample, needed for the calculation of the generation rate, was
obtained using an Enlitech QE-R Quantum
Efficiency/Reflectivity system with integrating sphere. Current-
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voltage measurements were performed on Hall bars using a
Keithley 4200-SCS analyzer.

TOF-SIMS

An ION-TOF TOF-SIMS V spectrometer was utilized for depth
profiling and chemical imaging of the perovskite utilizing
methods covered in detail in previous reports. 56-58 Analysis was
completed utilizing a 3-lens 30kV BiMn primary ion gun. High
mass resolution depth profiles were completed with a 30KeV
Bis* primary ion beam (0.8pA pulsed beam current); a 50x50um
area was analyzed with a 128:128 primary beam raster. 3-D
tomography and high-resolution imaging was completed with a
30KeV Bis** primary ion beam (0.1pA pulsed beam current); a
50x50um area was analyzed with a 512:512 primary beam
raster. In both cases the primary ion beam dose density was
kept below 1 x 1012 ions cm~2to remain under the static-SIMS
limit. Sputter depth profiling was accomplished with 1kV
Cesium ion beam (7 nA sputter current) with araster of 150x150
microns.

Photoemission spectroscopy and Kelvin probe

Ultraviolet photoemission spectroscopy (UPS)
measurements were performed in ultrahigh vacuum (10-1°torr)
at room temperature. He | (21.22 eV) photons generated by a
discharged lamp were used to probe the work function WF and
valence band edges. Valence band spectra were recorded and
plotted on a logarithmic intensity scale due to the low density
of states near the band edge. Kelvin probe-based contact
potential difference (KP-CPD) measurements were conducted
in ultrahigh vacuum (108 torr) at room temperature in the dark.
The CPD between the stainless-steel tip (4 mm) and the sample
were recorded. The WF of the tip was calibrated before and
after each measurement on a freshly cleaved highly ordered
pyrolytic graphite (HOPG). The WF of HOPG was calibrated
using UPS. All samples were spin-coated on indium tin oxide
(ITO)/glass substrates, stored and transferred in N, atmosphere
without exposing to air.

Dark Hall and carrier-resolved Photo-Hall measurement

A parallel dipole line (PDL) Hall system was used to generate
a unidirectional and pure single harmonic AC magnetic field
monitored by a Hall sensor. The sample was mounted at the
center of the PDL system where a magnetic field amplitude of
0.57 T is reached. A detailed description of the PDL Hall system
can be found elsewhere.?? Light illumination using 638 nm (red)
laser was used as light source. The light intensity was modulated
over eight orders of magnitude using continuous neutral
density filters with a maximum light intensity of 30 mW cm2. A
wedge lens was used to deflect the light beam on the sample. A
beam splitter was used to simultaneously illuminate the sample
and a silicon photodetector to monitor the photocurrent at
various light intensities and determine the incident absorbed
photon density (G) on the sample. A Keithley 2450 Source Meter
Unit (SMU) was used to apply the current source and a Keithley
2001 Digital Multi Meter (DMM) for voltage measurement. A
Keithley 7065 Hall switch matrix card with high impedance
buffer amplifiers was used for routing the signals between the
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samples, the SMU and DMM. The current of the silicon
photodetector using a Keithley 617
electrometer. The longitudinal and transverse (Hall) resistances

was monitored
from the Hall bars were measured from the minimum to the
maximum brightness (to avoid the impact of persistent
photoconductivity effects). The analysis of the Hall signal over
time was performed using a custom-developed software
developed in Matlab.5® A Fourier spectral analysis was
performed on the Hall resistance after polynomial background
subtraction to identify the Hall signal of the same frequency
with the reference oscillating magnetic field. Finally, software
lock-in detection was performed to extract the final Hall signal
from the raw Hall resistance traces. We used a typical lock-in
time constant of 120 s. Additional information on the photo-Hall
setup and data analysis can be found elsewhere.4®
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