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ABSTRACT: Mixed tin−lead halide perovskites are emerging as promising
candidates to address the toxicity issues of lead-based perovskites and to
provide additional bandgap tunability for optoelectronic applications.
Electron-transfer doping offers a prospective pathway to modulate electronic
properties of metal-halide perovskites, while not disturbing the underlying
crystal structure. However, limited research exists comparing molecular
dopants for these systems. Our study investigates the p-type electron-transfer
doping of the mixed tin−lead halide perovskite MAPb0.5Sn0.5I3 (MA =
methylammonium) using a sequential deposition approach (perovskite film
followed by dopant incorporation) and the molecular dopants F4TCNQ and
Mo(tfd-COCF3)3. Up to 3 orders of magnitude higher carrier density and up
to 2 orders of magnitude greater conductivity are achieved relative to the
undoped samples, with F4TCNQ and Mo(tfd-COCF3)3 demonstrating
similar doping efficiencies (associated with the ratio of mobile charges added to the number of dopant molecules incorporated) of
0.031(3) % and 0.024(3) %, respectively. Differences in the doping effectiveness for a given molarity doping solution likely follow
from variations in dopant incorporation within the film during the spin coating deposition step.
KEYWORDS: lead-free perovskites, additive engineering, electron transfer doping, charge carrier properties, doping efficiency

■ INTRODUCTION
Interest in lead (Pb)-free halide perovskite semiconductors has
prompted the partial substitution of Pb with Sn to reduce Pb
toxicity. 3D metal-halide perovskites have an ABX3 structure,
where A represents a monovalent organic or inorganic cation
(e.g., CH3NH3

+, Cs+), B is a divalent metal cation (e.g., Pb2+,
Sn2+), and X is a halide anion (e.g., Br−, I−). Mixed Sn−Pb
perovskites exhibit unusual properties for metal halides,
notably narrow bandgaps (<1.3 eV),1−3 leading to successful
application in tandem solar cells as the low-gap absorber,4 as
well as in photodetectors and LEDs.5,6 Mixed Sn−Pb
perovskite solar cells have also reached power conversion
efficiencies (PCE) > 23%,7,8 comparable to Pb-based counter-
parts.9

To further enhance the performance and stability of halide
perovskites, additive engineering has been extensively explored,
which involves incorporating additional components beyond
the targeted final stoichiometry to modify or improve material
properties. For mixed Sn−Pb perovskites, additives have been
introduced to suppress Sn oxidation,10−14 control crystalliza-
tion,15−18 passivate surfaces and grain boundaries,19−22 and
tune charge-carrier lifetime and diffusion length.23,24 Electrical
doping, a subclass of additive engineering, allows for fine-
tuning of charge-carrier density (i.e., shifting the Fermi level)
and associated properties.25,26 Investigating and controlling

charge-carrier properties may also provide opportunities for
optimizing the efficiency and stability of perovskite-based
devices.27 These properties, which include carrier density,
mobility, and conductivity, directly influence prospective
device performance by impacting electron/hole transport and
photogenerated carrier recombination.28,29 While perovskites
are inherently challenging to electrically dope, given the high
densities of potentially compensating defects, various strategies
have been explored, including intrinsic or extrinsic defect
doping, and electron-transfer doping.30 In electron-transfer
doping, the dopants are positioned on the surface of the grains
or film, and not directly incorporated within the perovskite
structure. As the dopants do not directly replace lattice ions,
electron-transfer doping may reduce the tendency toward
defect introduction through intrinsic/extrinsic doping. For
instance, Euvrard et al. employed F4TCNQ within the
MAPb0.5Sn0.5I3 system through electron-transfer doping and a
simultaneous perovskite/dopant deposition process to dem-
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onstrate enhanced carrier density and conductivity.31 Noel et
al. investigated the pure-Pb-based FA0.85MA0.15Pb(I0.85Br0.15)3
(FA = formamidinium), sequentially treated with Mo(tfd-
COCF3)3 as a molecular dopant, achieving a 2-fold enhance-
ment in conductivity compared to an undoped sample and an
increased solar cell power conversion efficiency from 19.0 to
20.9%.20

Despite increasing interest in doping from the perovskite
research community, understanding the comparative effective-
ness of different p-type dopants in mixed Sn−Pb perovskites
through electron-transfer doping remains in the early stages. In
organic semiconductors, whether doping is performed
simultaneously or sequentially significantly influences film
morphology and doping efficiency.32 Here, we demonstrate p-
type charge-carrier modulation in mixed Sn−Pb perovskite
films using a sequential deposition approach�i.e., depositing
the perovskite film first followed by the dopant, to avoid the
doping process possibly impacting perovskite film quality�
and the molecular electron-transfer dopants F4TCNQ
(relatively shallower LUMO) and Mo(tfd-COCF3)3 (deeper
LUMO, i.e., stronger oxidant). Our aims are 3-fold: (1) to
prospectively enhance charge-carrier tunability and options for
doping, (2) to characterize the morphology and dopant
behavior within the thin films, and (3) to conduct a
comparative analysis of the two dopants. This study
contributes to the additive engineering field by demonstrating
how molecular dopants like F4TCNQ and Mo(tfd-COCF3)3
effectively tune charge-carrier properties, as well as by
providing insights into p-type doping strategies for mixed
Sn−Pb perovskites toward achieving higher device optoelec-
tronic performance and stability.

■ RESULTS AND DISCUSSION
Perovskite Film Fabrication And Sequential Deposi-

tion Electron-transfer Doping. Before film fabrication, the
quality of dopant starting materials was verified by checking
the UV−vis peaks against established literature values, ensuring
the integrity and consistency of the dopants33,34 (Figure S1).
The fabrication process starts with depositing the

MAPb0.5Sn0.5I3 precursor solution onto a glass substrate
through spin-coating (Figure 1a; see Experimental Section
for details). Premade perovskite films were used to reduce the
likelihood of varying film morphology with dopant incorpo-
ration. After the perovskite spin-coating process, 1 × 10−3 M
solutions of F4TCNQ or Mo(tfd-COCF3)3 in chloroform were
spin-coated onto the perovskite films. For the undoped sample,
a pristine (no dopant added) chloroform solvent was spin-
coated onto the film surface to better match the process used
for the dopant-included solutions. Given the susceptibility of
tin to oxidize (Sn2+ → Sn4+), which can substantially affect
electrical properties (especially doping levels), all fabrication
steps were carried out in a glovebox under nitrogen flow to
prevent oxidation. The final step involves creating 6-terminal
Hall bar devices from the films (Figure 1b).

Figure 1. Schematic illustration of (a) film fabrication process. This process involves the steps of spin-coating, solvent evaporation, and annealing to
prepare the perovskite film, followed by spin coating of the dopant. (b) Completed 6-terminal Hall bar device. The deposited films are precisely
shaped into a Hall bar configuration by scratching (removing unwanted film) and electrode deposition, followed by encapsulation. All fabrication
steps are carefully performed under a controlled nitrogen atmosphere to maintain material integrity.

Figure 2. Estimated energy-level alignment showing schematic
electron-transfer doping in mixed Sn−Pb perovskite with p-type
dopants,36,37 along with F4TCNQ and Mo(tfd-COCF3)3 structures.
Both the valence band maximum and conduction band minimum are
shown for the perovskite, while the LUMO is shown for the two
molecular dopants.
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Energy-level alignment�i.e., involving the HOMO of the
perovskite and the LUMO of the dopant�represents a critical
factor in the doping process. When the HOMO (or valence
band edge) of the perovskite lies higher than the dopant
LUMO, electrons may transfer from the perovskite to the
dopant, leading to p-type doping and a lowering of the Fermi
level for the perovskite film. Specifically, the HOMO of
MAPb0.5Sn0.5I3 lies at −4.95 eV,35 which can be compared to
the estimated LUMO levels for F4TCNQ and Mo(tfd-
COCF3)3 of −5.24 and −5.64 eV, respectively. LUMO values
were estimated from the electron affinities (EA) of the
dopants: for F4TCNQ determined via inverse photoemission
spectroscopy (IPES), and for Mo(tfd-COCF3)3 determined
using electrochemical comparison to a related compound for
which IPES was measured.36,37 The EA values represent the
energy released on addition of an electron to the LUMO�i.e.,
if one assumes an extension of Koopmans' theorem, EA =
−ELUMO, where ELUMO is the LUMO energy level relative to
the vacuum (Figure 2). The HOMO and LUMO levels are
typically estimated for neat films of the dopant molecules and
may differ in real-world conditions�i.e., when incorporated
within other materials and at interfaces. Neglecting these
effects, since Mo(tfd-COCF3)3 has a lower LUMO than
F4TCNQ, it might be expected that Mo(tfd-COCF3)3 could
exhibit higher doping efficiency.
Morphologies and Crystallinities of Perovskite Films.

Powder X-ray diffraction (XRD) (Figure 3) and scanning

electron microscopy (SEM) (Figure 4) were conducted for
phase identification and film morphology investigation,

respectively. Notably, sharp X-ray diffraction peaks appear at
19.98 and 40.70°, corresponding to reflections from the (110)
and (220) planes of the perovskite structure, respectively.
These observations point to a [110] preferred crystallographic
orientation, consistent with observations from the literature.38

Peak patterns are consistent across all samples, indicating that
the application of the dopant does not impact the film crystal
structure or phase purity. The SEM images show a consistent
apparent grain size (based on breaks or grooves seen in the
SEM images) of ∼10 μm across all samples. Features
attributed to aggregates are observed on the surfaces of the
F4TCNQ-doped films, the formation of which during solution
deposition might be due to the planar structure and relatively
low solubility of F4TCNQ. Such morphological features are
critical as they can influence film electronic properties�e.g.,
act as trap sites, or disrupt the continuous charge-transport
pathways, potentially leading to increased charge-carrier
recombination or scattering.39−41

Electronic Properties of Doped Perovskite Films.
Figure 5 compares the charge-carrier densities, conductivities,
and mobilities among the undoped and doped perovskite films,
through dark Hall measurement (Figures S2−S4). The film
thicknesses, critical for associated calculations, are determined
using profilometer measurements (Figure S5). To ensure
precision in our measurements and to reduce the influence of
contact resistance, the study employed a 4-point probe
approach within the 6-terminal Hall bar configuration (see
Experimental Section for more details). The undoped
MAPb0.5Sn0.5I3 films exhibit carrier densities ranging from
∼1014 to 1015 cm−3. This range is significantly lower�i.e., by
one to 3 orders of magnitude�than for films doped with 1 ×
10−3 M F4TCNQ and 1 × 10−3 M Mo(tfd-COCF3)3 (Figure
5a). Such a substantial increase in carrier density in the doped
samples indicates that relatively effective p-type doping can be
achieved by deposition of either Mo(tfd-COCF3)3 or
F4TCNQ onto the perovskite film surfaces. Although the
measurement duration in this study (∼1200 s) was not
specifically designed to capture persistent photoconductivity
(PPC), recent findings by Euvrard et al. suggest that extending
measurements to longer time scales (∼100 h) could provide
valuable insights into whether PPC influences carrier density,
conductivity, and mobility in doped perovskite films.42

While the carrier densities increase from undoped films to
Mo(tfd-COCF3)3-doped films to F4TCNQ-doped films, the
mobility values decrease (Figure 5b). Previous studies have
pointed out that inverse relationships of this type could
originate from phonon scattering, carrier−carrier scattering,
and Coulomb scattering, due to enhanced interaction among
phonons, carriers, and ionized impurities.43−45 The con-
ductivity values of the undoped MAPb0.5Sn0.5I3 films range
from 10−3 to 10−4 S·cm−1 (Figure 5c), consistent with, and in

Figure 3. X-ray diffraction (XRD) of undoped, 1 × 10−3 M F4TCNQ-
doped, and 1 × 10−3 M Mo(tfd-COCF3)3-doped MAPb0.5Sn0.5I3
films.

Figure 4. SEM images of (a) undoped, (b) 1 × 10−3 M F4TCNQ-doped, and (c) 1 × 10−3 M Mo(tfd-COCF3)3-doped MAPb0.5Sn0.5I3 films.
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some cases slightly lower than, those reported in the
literature.46 However, the doped samples demonstrate
conductivities enhanced by one and 2 orders of magnitude,
respectively, for the 1 × 10−3 M Mo(tfd-COCF3)3 and 1 ×
10−3 M F4TCNQ films. These enhancements in electrical
conductivity further confirm the efficacy of the doping process,
aligning with the increases in carrier density and the associated
modifications to the electronic structure of the perovskite
material.

Dopant Distribution in Films. The spatial dopant
distribution within the perovskite films was investigated
through time-of-flight secondary ion mass spectroscopy
(TOF-SIMS) analysis (see Experimental Section for details).
2D imaging and 3D tomography were conducted on F4TCNQ
and Mo(tfd-COCF3)3-doped samples (Figure 6). In the
summation intensity 2D images (Figure 6a,b), we identify
the fluorine (F) and molybdenum (Mo) signals coming from
F4TCNQ and Mo(tfd-COCF3)3 molecules, respectively. High-
er signal intensities are observed from the F4TCNQ-doped
sample, in part due to the higher ion probability for F (which
can substantially influence the perceived dopant density
distribution). Localized enhanced signals were detected at
the surface of the F4TCNQ-doped sample (Figure 6a),
consistent with the presence of aggregates of F4TCNQ, as
previously noted from the SEM analysis. SEM images and 2D
TOF-SIMS imaging do not reveal evidence of aggregation for
the Mo(tfd-COCF3)3 dopant within the associated films. The
3D tomography renderings provide further insights into the

depth profiles of the dopants (Figure 6c,d). For both dopants,
the 3D TOF-SIMS profiles indicate a higher dopant
concentration at the surface�not a surprising result, given
that the dopant is spin coated on top of the perovskite film.
TOF-SIMS results reflect that both F4TCNQ and Mo(tfd-
COCF3)3 contribute to the fluorine signal, with the Cs2F+ trace
highlighting dopant incorporation (Figure S6). Given the
lower overall Mo(tfd-COCF3)3 dopant incorporation, it is
more challenging to assess the associated detailed depth
distribution (Figure S7). A small background fluorine signal
was observed in the TOF-SIMS analysis of the undoped
MAPb0.5Sn0.5I3 sample (Figure S8). However, a F signal was
also present in the bare glass substrate, suggesting that the
signal may originate from the substrate rather than the
perovskite film itself. This F intensity was also several orders of
magnitude lower than that of the doped samples (i.e., compare
Figures S8 and S9). As such, this background fluorine was
considered negligible and did not impact the conclusions of
the study.
Assessment of Doping Efficiency in Perovskite Films.

Semiquantitative analysis is conducted to calculate the doping
efficiencies of Mo(tfd-COCF3)3 and F4TCNQ in perovskite
films using inductively coupled plasma mass spectroscopy
(ICP-MS) and TOF-SIMS (Tables S1 and S2). In general,
TOF-SIMS cannot be considered quantitative without employ-
ing a standard. The secondary ion yield of doped materials, in
this case F−, could be affected by the matrix (Figure S9). The
secondary ion intensities of matrix ions, including SnI2− and
PbI2−, are similar for the undoped and Mo(tfd-COCF3)3
samples, suggesting the doping level is low and does not affect
the matrix. However, the secondary ion intensity of the matrix
ions is somewhat lower for the F4TCNQ sample compared to
the undoped sample. Prospectively, this lower intensity might
arise from a higher dopant concentration , which changes the
matrix composition enough to alter the TOF-SIMS ionization
probability. However, we compare the aggregate intensity
values for the films, which have the same thickness (Figure S5),
and observe similar relative matrix signals (Table S2). From
PXRD analysis, we know that the application of the dopant
does not impact the structure of the matrix (MAPb0.5Sn0.5I3)
(Figure 3). Therefore, the altered matrix signal likely arises due
to the significant increase in the surface roughness for the
F4TCNQ sample, as evidenced by the increased sputter time
needed to reach the similar intensity of the substrate signal
(Figure S9). Furthermore, when we integrate the matrix signal
from the film region, including both the main region of the film
and the interface, we notice that the cumulative ion counts
from the F4TCNQ-doped matrix are comparable to those from
the Mo(tfd-COCF3)3-doped matrix (Table S2), for profiles of
the same thickness films (Figure S5). Thus, all the current
calculations assume that we are using the integrated value and
that different substrates did not affect F ion yield.
The evaluation of doping efficiencies for 1 × 10−3 M

F4TCNQ and Mo(tfd-COCF3)3-doped perovskite films
follows from eq 1 (see Supporting Information). The
numerator of this ratio represents the number of carriers
introduced by the doping process and is derived by calculating
the difference in the average carrier density between the
undoped and the doped samples from the Hall measurements.
ICP-MS was employed to determine the Mo concentration for
the Mo(tfd-COCF3)3-doped MAPb0.5Sn0.5I3 films (Table S1).
Given the specific dimensions of the film and the known
stoichiometry of Pb and Sn atoms, the total count of Mo atoms

Figure 5. Dark Hall measurements (including statistics over multiple
measured samples) for (a) carrier density, (b) Hall mobility, and (c)
conductivity as a function of doping type. The box plots show the
distribution of carrier densities, mobilities, and conductivities for
different doping materials, with the boxes representing the middle
50% of the data, the whiskers indicating the range within 1.5 times the
interquartile range, and any points beyond the whiskers as potential
outliers.
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was estimated as 1.56 × 1015 atoms, which translates to an
equivalent number of the corresponding dopant molecules. For
fluorine quantification, TOF-SIMS was utilized (given the
challenges of assessing F content with ICP), taking advantage
of the known ratio from the Mo(tfd-COCF3)3 sample (i.e.,
from the ICP-MS measurement), which contains 18 fluorine
atoms per dopant molecule. The F content in the Mo sample is
thereby considered as ∼2.81 × 1016 atoms. Subsequently, by
measuring the relative F signals from both dopant samples, and
with a calculated F signal ratio of 40.2, the F4TCNQ sample
was determined to contain roughly 1.13 × 1018 F atoms (Table
S2). Given that each F4TCNQ molecule contains four F
atoms, this correlates to ∼2.83 × 1017 F4TCNQ molecules
present within or on the film.

doping efficiency (%)
the number of carriers generated from doping
the number of dopant molecules incorporated

100= ×

(1)

Employing the above quantifications and eq 1, the results
indicate a doping efficiency of 0.024(3) % for Mo(tfd-
COCF3)3 and 0.031(3) % for F4TCNQ. We estimated
measurement errors of ∼5% for ICP-MS and ∼10% for
TOF-SIMS measurements, though there may be greater
uncertainty arising from the experimental procedures them-
selves (e.g., due to film surface roughness and inhomogeneity).
Given the experimental uncertainties and the limits of
measurement accuracy, the doping efficiency values are
considered to fall within the same range. The above-reported
modest efficiencies may reflect that molecular dopants in
hybrid perovskites are primarily localized at grain boundaries,
where limited interfacial charge transfer and dopant
aggregation could constrain effective carrier generation.47,48

While quantitative evaluations of molecular p-doping efficiency

in mixed Sn−Pb perovskites remain scarce, the present analysis
provides a useful methodological benchmark for future
comparison.31

Although we previously mentioned the hypothesis that
Mo(tfd-COCF3)3 might exhibit higher doping efficiency than
F4TCNQ due to its lower LUMO, the similar observed doping
efficiencies may relate to differences in how the molecules
interact with the perovskite surface (given different chemical
functional groups for the two dopants). Further, we can
surmise that the differences between F4TCNQ and Mo(tfd-
COCF3)3-doped films, prepared using the same molarity
dopant solutions, in terms of measured carrier densities,
mobilities, and conductivities, may predominantly arise due to
differences in incorporation of the two types of dopants into
the films, rather than to differences in inherent doping
efficiencies for the two dopants. Such differences in interaction
may stem from variations in molecular size, steric constraints,
and Lewis basicity of the dopant functional groups, which
could influence interfacial charge transfer and local dielectric
stabilization at the perovskite surface.49,50

The aggregation of F4TCNQ on the perovskite layer
compared to Mo(tfd-COCF3)3 after a spin-coating process
(despite the similar molarity in the deposition solution) may
arise from differences in molecular structure and substrate
interactions. As the spin-coating process advances, the solvent
evaporation rate plays a critical role, emphasizing the
significance of the residual molecular structure on the
surface�i.e., the molecular properties dictate the adsorption
dynamics. Differences in dopant incorporation can therefore
arise from dopant solubility and molecular structure. First,
F4TCNQ has a solubility of approximately 0.5 mg/mL
(corresponding to 2 × 10−3 M), much lower than for
Mo(tfd-COCF3)3, which has a solubility of ∼30 mg/mL (ca.
3 × 10−2 M).51,34 The concentration of the F4TCNQ doping
solution (1 × 10−3 M) approaching the solubility limit may

Figure 6. TOF-SIMS 2D images of (a) F signal from 1 × 10−3 M F4TCNQ-doped and (b) Mo signal from 1 × 10−3 M Mo(tfd-COCF3)3-doped
MAPb0.5Sn0.5I3 films. Each image is 50 μm × 50 μm and the color scale for each image shows the signal intensity in counts/pixel. TOF-SIMS 3D
tomography rendering, showing the signal coming from (c) the F signals, and (d) Mo signals. Each 3D reconstruction is 50 × 50 × film thickness
μm3.
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readily contribute to aggregate formation on the film surface.
Second, planar molecules like F4TCNQ with strong electron-
accepting character are more likely to closely pack on the
perovskite surface relative to bulkier molecules that extend in a
3D fashion. This behavior agrees with observations of similar
organic semiconductors as reported in Dixon et al.40 In
addition, factors such as π−π stacking and steric shielding
behavior may further promote aggregation, consistent with
prior observations of F4TCNQ clustering on organic semi-
conductor surfaces.47

Photoelectron Spectroscopy Evaluation of Core
Levels. X-ray photoelectron spectroscopy (XPS) was
employed to further explore the molecular doping process.
Full XPS survey spectra are provided in Figure S10. High-
resolution scans of Pb 4f, Sn 3d, and I 3d (Figure 7) show that
Sn remains predominantly in the +2 oxidation state (Sn2+) for
both the undoped (avg. 486.53 eV) and the Mo(tfd-COCF3)3-
doped (avg. 486.54 eV) samples, consistent with literature
values for Sn2+, whereas Sn4+ is typically observed at ∼487.4 eV
(Sn 3d5/2).

52,53 These average values represent the mean across
several experimental runs (see Figure S11 for intra- and
intersample variability and Table S3 for mean values and
standard deviations). In contrast, the F4TCNQ-doped sample
typically (in two of the three films examined; see Figure S11)
exhibits a clear splitting of the Sn 3d5/2 peak into two
components at 486.47 ± 0.13 and 487.51 ± 0.13 eV,
corresponding to a separation of ∼1.0 eV. This separation
agrees with the expected difference between Sn2+ and Sn4+
oxidation states in octahedrally coordinated tin halides (e.g.,
∼0.9 eV between SnF2 and K2SnF6

54), thus suggesting
localized oxidation of Sn2+ to Sn4+. The presence of Sn4+ in
Sn-based hybrid perovskites has typically been associated with
enhanced hole concentration (i.e., doping).55

The absence of a Sn4+ feature in all but the F4TCNQ-doped
sample indicates that the films do not, in general, experience
oxidation from the ambient environment (due to sample
handling protocols, which target avoiding air exposure). The
emergence of Sn4+ only in the F4TCNQ-doped sample
highlights a chemically specific interaction. The difference
relative to the Mo(tfd-COCF3)3-doped films may arise from
the small size and planar geometry of F4TCNQ, which allows it
to approach Sn2+ centers and act as a Lewis base. This
interaction is consistent with prior observations that
cyanocarbon radicals such as TCNE•− and TCNQ•− can
coordinate and stabilize Sn4+ species.56 Mo(tfd-COCF3)3, in
contrast, is larger, less diffusive, and a less effective Lewis base,
and thus may not induce a measurable local chemical change.
The higher concentration of F4TCNQ in the F4TCNQ-doped
film (relative to Mo(tfd-COCF3)3 in the corresponding doped
sample) may also contribute to the different expression of the
Sn4+ feature in the examined films. Pb 4f, I 3d, and Sn2+ (Sn
3d) components also remain unchanged within the measure-
ment uncertainty (standard deviation ≈ 0.1 − 0.25 eV; See
Figure Table S3). Notably, as all measured core levels are
referenced to the C 1s peak, absolute Fermi level shifts
between doped and undoped samples cannot be reliably
assessed using the XPS data. Accordingly, our conclusions are
limited to chemical-state information.

■ CONCLUSIONS
In this work, we achieve successful p-type doping in mixed-Sn/
Pb perovskite films through electron-transfer doping using a
sequent ia l deposi t ion approach. F4TCNQ-doped
MAPb0.5Sn0.5I3 films show aggregation on the surface, and
higher carrier density and conductivity compared to those
involving Mo(tfd-COCF3)3, given the same molarity of dopant
solutions. However, both F4TCNQ and Mo(tfd-COCF3)3

Figure 7. High-resolution X-ray photoelectron spectroscopy (XPS) scans of MAPb0.5Sn0.5I3 thin films: (a) Sn 3d, (b) Pb 4f, and (c) I 3d spectra
for exemplary undoped, F4TCNQ-doped, and Mo(tfd-COCF3)3-doped samples; (d) Deconvolution of peaks within the Sn 3d spectrum of
F4TCNQ-doped MAPb0.5Sn0.5I3 films.
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exhibit similar doping efficiencies, once differences in film
dopant incorporation during the sequential deposition process
(likely due to differences in dopant molecular configuration
and functionalization) are considered. The current results
highlight the importance of optimizing interfacial interactions
between dopant and the perovskite film. Future directions
include investigating different ratios of Pb and Sn in
perovskites, analyzing defect density variations as a function
of surface doping, and incorporating p-type doped perovskite
films into photovoltaic devices to study their performance and
stability. These studies will provide a deeper understanding of
dopant-induced effects and guide the development of efficient
and stable perovskite-based optoelectronic devices.

■ EXPERIMENTAL SECTION
Perovskite Film and Hall Bar Fabrication. To prepare the

perovskite precursor solutions, methylammonium iodide (MAI,
Dyesol), lead iodide (PbI2, 99.99%, TCI chemicals) and tin(II)
iodide (SnI2, anhydrous beads, 99.99%, Sigma-Aldrich) were
dissolved in N,N-dimethylformamide (DMF, 99.8%, anhydrous,
Sigma-Aldrich) and dimethyl sulfoxide (DMSO, 99.9%, anhydrous,
Sigma-Aldrich) with an 85:15 volume ratio at a concentration of 1.25
M. The perovskite precursor solutions were stirred at room
temperature for 1 h for all film preparations. Glass substrates (2 cm
× 2 cm) were sonicated in deionized water, acetone, and isopropanol
for 10 min each followed by a 10 min plasma etch treatment. The
solutions were filtered using hydrophilic PTFE 0.2 μm filters and spin-
coated (without using an antisolvent) within 30 min of solution
preparation. 53 μL of perovskite precursor solution was deposited
onto a glass substrate and spin-coated at 5000 rpm for 100 s followed
by an annealing step on a hot plate at 90 °C for 20 min.
After the perovskite layer was deposited, the doping layer was spin-

coated on top. For doping solutions, 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (F4TCNQ, >98%, TCI chemicals) and
molybdenum tris[1-(trifluoroethanoyl)-2-(trifluoromethyl)ethane-
1,2-dithiolene] (Mo(tfd-COCF3)3, synthesized as previously de-
scribed)57 were dissolved in chloroform (>99.8%, Sigma-Aldrich) at
1.0(2) × 10−3 M concentration. The solutions were stirred at 60 °C
for 1 h and cooled to ambient temperature. 100 μL of doping
solutions (1.0 × 10−3 M of F4TCNQ and Mo(tfd-COCF3)3 in
chloroform) were deposited onto each perovskite film within 30 min
of solution preparation. Spin-coating was at 2000 rpm for 45 s
followed by annealing at 100 °C for 10 min. The undoped sample was
subjected to the same annealing process after spin coating with a
chloroform solvent without dopant.
The Hall bars had six terminals with active area dimensions of

width × length = 2 mm × 4 mm and were patterned using a mask and
a razor blade to remove the surrounding film (Figure 1b). 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 × 10−6 Torr. The Hall bars were
encapsulated with glass using epoxy (from Ellsworth) on the
perimeter only. The entire fabrication process, from perovskite film
deposition to encapsulation, was conducted in a nitrogen-filled
glovebox.
X-ray Diffraction/SEM Characterizations. X-ray diffraction

(XRD) measurements were conducted using a Panalytical Empyrean
powder diffractometer with Cu Kα X-ray source and 45 kV/40 mA
operating conditions. Scanning electron microscope (SEM) imaging
was used to obtain film morphology measurements, using an Apreo S
by ThermoFisher Scientific operated at 2 kV and 25 pA.
ICP Spectroscopy. Thin films were dissolved in 2 mL of trace

metal grade hydrochloric acid and 1 mL of nitric acid, then diluted to
a 20 mL volume with 18.2 MΩ water. Analysis of digestates was
performed on an Agilent 7900 ICP-MS. Analytes were analyzed in the
He collision cell mode to reduce polyatomic interferences. Samples
and standards were diluted with a matrix of 2% HNO3/0.5% HCl (v/
v) (Fisher Scientific trace metal grade) made with 18.2 MΩ water.

Prior to sample analysis, 97Mo, 120Sn, and 206 + 207 + 208Pb
analytes were calibrated with single source Mo, Sn, and Pb (Spex
Certiprep). Isotopes 89Y, 103Rh, 115In, and 209 Bi were used as
internal standards to correct for shifts in the analyte signal intensity
during the analysis run. NIST traceable second source standards were
used to verify the calibration (High Purity Standards (CRM-TMDW-
A): Pb,Mo, and Agilent: Sn).
TOF-SIMS for 2D Imaging and 3D Tomography. 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.58 Analysis was completed utilizing a 3-lens 30 kV
BiMn primary ion gun. High mass resolution depth profiles were
completed with a 30 keV Bi3+ primary ion beam (1 pA pulsed beam
current); a 50 μm × 50 μm area was analyzed with a 128:128 primary
beam raster. 3-D Tomography and high-resolution imaging were
completed with a 30 keV Bi32+ primary ion beam (0.1 pA pulsed beam
current); a 50 μm × 50 μm area was analyzed with a 512:512 primary
beam raster. In both cases, the primary ion beam dose density was
kept below 1 × 1012 ions cm-2 to remain under the static-SIMS limit.
Sputter depth profiling was accomplished with 1 kV Cesium ion beam
(6 nA sputter current) with a raster of 150 × 150 μm.
TOF-SIMS for Fluorine Quantification. ToF-SIMS analyses

were conducted using a TOF SIMS V (ION TOF, Inc. Chestnut
Ridge, NY) instrument equipped with a Binm+ (n = 1−5, m = 1, 2)
liquid metal ion gun, Cs+ sputtering gun, and electron flood gun for
charge compensation. Both the Bi and Cs ion columns are oriented at
45° with respect to the sample surface normal. The instrument
vacuum system consists of a load lock for rapid sample loading and an
analysis chamber, separated by the gate valve. The analysis chamber
pressure is maintained below 5.0 × 10−9 mbar to avoid contamination
of the surfaces to be analyzed. For depth profiles acquired in this
study, 3 keV Cs+ with 5 nA current was used to create a 170 μm by
170 μm area, and the middle 50 μm by 50 μm area was analyzed using
0.3 pA Bi3+ primary ion beam. The negative secondary ion mass
spectra were calibrated using O−, F− PbI2−, SnI2−.
Dark Hall Measurement. A Parallel Dipole Line (PDL) Hall

system (PDL-1000 from Semilab) was employed to produce a
unidirectional, pure single harmonic AC magnetic field with a peak-to-
peak value of approximately 4 T (approximately ± 2 T from the
center). This field was monitored by a Hall sensor.59 The system is
designed for high sensitivity, capable of handling mobility values less
than 0.1 cm2/(V s), and ensures uniformity (<2%) for sample sizes up
to 10 mm × 10 mm. The traditional Hall-bar geometry was utilized,
and prior to conducting Hall measurements, current−voltage (I−V)
tests were performed to verify contact quality. Subsequently, dark Hall
measurements were carried out, with Figures S2−S4 providing
examples of undoped, F4TCNQ-doped, and Mo(tfd-COCF3)3-doped
MAPb0.5Sn0.5I3 film responses. Hall measurements were conducted
using two configurations. For both configurations, the current was
applied between terminals 2 and 5 (Figure S12), with voltage
measured between terminals 4 and 6 in the first configuration, and
between terminals 1 and 3 in the second configuration. Results from
both were normally used for analysis. However, when one
configuration produced unclear signals, likely due to contact issues,
only the results from the remaining configuration were considered. A
Fourier spectral analysis of the Hall resistance, following polynomial
background subtraction, was conducted to identify the Hall signal
frequency matching the reference oscillating magnetic field (Figures
S2−S4). The signal processing and user interface software provided
by Semilab facilitated software-controlled measurement and auto-
mated parameter extraction. Software lock-in detection with a time
constant of 30 s was performed to extract the final Hall signal from the
raw Hall resistance data (Figures S2−S4).
To calculate conductivity (σ), resistivity was measured in the 6-

terminal Hall bar device. For the measurement, the current (I) was
measured along the length of the device (i.e., between terminals 2 and
5) and the voltage (V) was measured across adjacent terminals (e.g.,
terminal 6 and 1) (Figure S12). The sheet resistance is calculated as
Rs = V/I and resistivity (ρ) is then determined using ρ = Rs·t, where t
is the sample thickness (270 nm). Conductivity is derived from
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resistivity using σ = 1/ρ. For determining doping-dependent carrier
properties, we ultimately analyzed only runs in which the control
(undoped) samples (prepared for each independent run) showed
consistent and low carrier density, for example remaining in the range
of 1014−1015 cm−3 (as determined by Hall measurements); thus, we
can exclude the possibility that the shift in carrier density (and
conductivity) with doping arises extraneously from sample exposure
to oxygen.
X-ray Photoelectron Spectroscopy (XPS). XPS analyses were

conducted using a Thermo Scientific Nexsa G2 instrument. Samples
were transferred to the XPS system using a vacuum transfer holder to
prevent exposure to air. To avoid influencing doping characteristics,
samples were analyzed as introduced without etching. XPS spectra
were collected using a monochromated, microfocused, low-power Al
K-α X-ray source. All spectral data were calibrated relative to the C−
C peak at 284.8 (±0.08) eV.
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