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The broader utilization of perovskite semiconductors in electronic devices is constrained by the inherent
challenge of doping these materials. Magic blue (tris(4-bromophenyl) ammoniumyl hexachloroantimonate) is
a cationic salt which, once introduced in a polycrystalline film of a methylammonium lead iodide
(CH3NH3zPbls or MAPI) perovskite, increases the conductivity up to 30 times and shifts the Fermi level by
about 100 meV towards the valence band. The latter is confirmed via surface potential measurements using
Kelvin probe and ultraviolet photoelectron spectroscopy. The photoluminescence quenching of the doped
samples confirms the presence of an excess of free charge carriers, while the optical bandgap remains
unchanged. The doping mechanism most likely resembles molecular charge transfer doping, with the
electron transfer from MAPI to the ammoniumyl cation occurring at grain boundaries of the polycrystalline

rsc.li/materials-c perovskite film.

1. Introduction

Metal halide perovskites (MHPs) are promising candidates for
preparing semiconductors for next generation electronic
devices, with solar cells as their prime example.'® Perovskite-
based solar cells and LEDs have attained efficiencies close to
their thermodynamic limits”® using charge selective contacts
that allow mimicking the p-i-n or n-i-p device structure by
employing contacts of different work functions and charge
selective interlayers. The devices that employ classic semi-
conductors (Si, GaAs, etc.) introduce p- and n-type dopants to
achieve charge selectivity and generate a built-in potential.
Perovskite doping would thereby allow simplifying device fabri-
cation processes and open new application possibilities, such
as field effect transistors, in which well-defined n- and p-type
zones are essential. Other advantages of this class of semicon-
ductors include facile synthesis, inexpensive precursors, high
defect tolerance® and bandgap tunability.

Perovskite doping, however, must overcome more obstacles
than those faced by classical semiconductors, notably due to
the ionic character of the perovskite crystal and the electro-
neutrality of the precursor solutions. This implies that any
heterovalent dopant is accompanied by a requisite number of
counter ions that cancels out the potential doping effect.
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In addition, heterovalent dopants are unlikely to be incorpo-
rated in the crystal structure of the perovskite. So far, to the best
of our knowledge, only one report of substitutional doping
using a heterovalent element has been reported,' using Sm**
to replace Pb>" during the crystallization step, followed by its
spontaneous oxidation to Sm>". This results in the release of
an electron to the conduction band of the material, leading to
n-type doping. This approach requires a careful selection of the
dopant, which must be metastable at the oxidation state +2 to
substitute Pb*>" and stable at +3 for n-type doping and +1 for
p-type doping. The radius of the doping ion should also be the
closest possible to the one of the substituted metal.

Among the recent reports on perovskite doping, the most
common approach is inspired by the field of organic semicon-
ductors and is based on electron transfer from the perovskite to
the dopant for p-type and from the dopant to the perovskite for
n-type" ¢ doping. Molecular charge transfer doping involves
adding a compound whose LUMO energy level is below that of
the HOMO or valence energy (Ey) of the host for p-type. This
induces electron transfer from the Ey to the LUMO level, deplet-
ing the Ey of electrons which therefore increases the hole density
and shifts the Fermi level (Eg) towards Ey. The opposite is true
for n-type doping. The dopant is typically an organic molecule
much larger than the perovskite unit cell. Thus, the dopant is
not incorporated within the perovskite crystalline domains and
is instead located at grain boundaries or at the surface of the
film. This type of doping has met with some success,">'* notably
for the p-type doping of CH3;NH;Pb, 5Sn, sI;, using tetrafluoro-
tricyanoquinine (FATCNQ).'" This dopant possesses a LUMO
level at —5.24 eV that is well-suited for mixed-metal perovskites
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possessing high Ey. Efficient charge transfer is manifested with a
conductivity increase of around 5 orders of magnitude upon
doping. However, the same approach is inefficient for
CH;3NH;PbI; as its Ey is higher, rendering electron transfer less
likely. Considering that to date only lead-based perovskites
exhibit reasonable device stability and efficiency, most doping
studies should focus on these materials.

A recently published work shows both p- and n-type molecular
dopants of the FAj75CSo.25Pb(Ip.02Bro.0s8)3, introduced by the co-
evaporation method."” However, as reported by the authors, it is
difficult to achieve doping for methylammonium-containing
perovskites, as the MAI precursor has been proven to be difficult
to evaporate reliably due to its high vapor pressure and thermal
instabilities.’”™® Therefore, identifying a transvelsal p-type
dopant, suitable for many perovskite formulations and solution-
processable, is still of significant importance.

Tris(4-bromophenyl) ammoniumyl hexachloroantimonate,
also called magic blue (MB), has recently experienced a renais-
sance as a dopant for organic semiconductors.**>* For instance,
Feaugas et al.* used it as a dopant for the PTQ10:ITIC-4F blend,
leading to an increase in conductivity and work function (WF) for
dopant concentrations >10% (molar ratio). The doped layer
serves as an efficient hole transporting layer, avoiding the use of
hygroscopic PEDOT:PSS. Lee et al>® showed that MB can be
incorporated between the organic spacers in the butylammo-
nium-methylammonium lead iodide (BA,MA,, _1Pb,I3,..1) 2D Rud-
delsen-Poppers perovskite. The study, although primarily centred
on the 2D structure, opens a gateway to broader explorations
within the domain of 3D perovskites. Herein, we report our
investigation of the use of MB to dope MAPI, a 3D perovskite.
Our findings not only shed light on the unique doping mechan-
isms in the 3D context, but also hint at potential applications and
considerations for the 3D counterparts.

2. Methods

2.1. Materials

Methylammonium iodide (CH3CN3l, >4 N) was purchased
from GreatCell Solar Materials. All the following precursors
and solvents were purchased from Merck and stored in a glove
box under an inert atmosphere: lead(u) iodide (PbI,, 99.999%,
perovskite grade), tris(4-bromophenyl)Jammoniumyl hexachloro-
antimonate ([(4-BrCsH,);N]SbCl, technical grade) and N,N-
dimethylformamide, anhydrous (98.8%).

2.2. Substrates

Glass substrates with patterned gold electrodes were used for
the conductivity measurements. Glass substrates covered with a
thin layer of ITO (10 Q sq ") were used for the surface potential
difference measurements (Kelvin probe) and ultraviolet photo-
electron spectroscopy (UPS).

2.3. Sample fabrication

The substrates were cleaned in a sonication bath first with
Hellmanex™ III solution (Sigma Aldrich) and in DI water for

17000 | J Mater. Chem. C, 2024, 12,16999-17004

View Article Online

Journal of Materials Chemistry C

15 minutes each, and then in isopropanol (4 N) for 10 min.
Subsequently, they were treated with UV-ozone for 15 minutes.
Sample fabrication was performed under a controlled nitrogen
atmosphere in a glove box. The perovskite precursor solutions
consisted of 1.5 M Pbl, and 1.5 M MAI dissolved in DMF by
stirring at 60 °C for around 20 min. The MB was dissolved in
DMF with concentrations of 50 or 200 mg mL ™" by energetic
shaking at RT right before adding the appropriate amount to
the perovskite solutions in order to obtain 0.5 mL solutions
with the MB/perovskite molar ratios of 0, 0.1%, 0.2%, 0.5%, 1%
and 5%. The solutions were filtered through a 0.45 pm PTFE
filter and spin coated on appropriate substrates at a spin rate of
3000 rpm for 30 s. After 5 s, 0.3 mL of diethyl ether was dropped
onto the spinning substrate. The samples were then annealed
on a hot plate for 10 min at 100 °C. The perovskite film
thickness was around 600 nm. A 200 mg mL ' MB solution
was used to fabricate bare MB films by spin coating at 1000 rpm
for 30 s. The films were then dried on a hot plate at 100 °C for
10 min. The resulting films were around 20 nm thick.

2.4. Characterization

Conductance was measured between two symmetric Ti/Au
electrodes (10 and 50 nm, respectively) with the distance
200 pm between them, deposited on the glass substrates using
the electron beam evaporator. The perovskite layer was then
spin coated on top of the electrodes. Conductivity was calcu-
lated from the IV curves of the 250 nm thick film spin-coated on
the glass substrate with gold electrodes thermally evaporated
on the top. The data were collected using a Keithley 4200 source
meter unit (SMU). The samples were scanned from —1 Vto 1V
at a rate of 5 mV s~ '. The WF was measured using a Kelvin
probe station from Besocke Delta Phi. Absorbance and photo-
luminescence spectra were recorded using a Shimadzu UV-3600
Plus UV-Vis-NIR spectrophotometer or a Photon Technology
International setup, model: P21LRXS-LNN-NS-17, respectively.
A Bruker Innova NanoScope instrument was used in tapping
mode to obtain AFM images of the sample’s surface. UPS was
performed with a PHOIBOS 100 hemispherical energy analyzer
equipped with a SPECS UVS 10/35 light source. Conductance
measurements were performed in a glovebox. Ultraviolet photo-
electron spectra were obtained under vacuum with the samples
transferred using a nitrogen-filled transfer box which was only
opened in the measurement chamber when sufficient vacuum
was obtained. AFM and surface potential difference measure-
ments were performed in air. Absorption and PL spectra were
obtained on encapsulated samples.

3. Results and discussion

The MB p-type doping was performed on 3D MAPI perovskite thin
films as these have been widely studied. As a first assessment of
the changes of the charge carrier density, we compared the
conductivity of the undoped polycrystalline MAPI film with those
of MB-doped films with a concentration of 0.1-5%. A conductivity
increase is observed even for the lowest concentration used (Fig. 1)

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Conductivity as a function of doping concentration.

with an average of nearly 16-fold increase (from 11.4 + 1.8 nScm ™'

to 180.3 & 42.7 nS cm™ ') and a maximum of 30-fold increase
for 1% MB (from 8 nS cm ™" for the undoped to 240 nS cm ™" for
1% MB). At doping concentrations greater than 1%, the conduc-
tivity stabilizes, indicating a probable limit for this system.

To confirm the change in the majority carrier type, the WF of
the undoped and doped MAPI, as well as that of the MB layer
alone, was determined from the secondary cut-off of the UPS.
The WF of the undoped MAPI film is 4.45 eV and increases
to 4.57 eV for the 1% doping. This trend is confirmed by the
surface potential measurements using a Kelvin probe, even
though the values are higher by 0.5 eV for the perovskite
samples and 0.2 eV for the MB film. This discrepancy stems
probably from different ambient (air for the Kelvin probe vs.
vacuum for the UPS), therefore traces of oxygen or water could
adsorb to the sample surface, increasing its WF. Additionally,
Kelvin probe is known to be sensitive to surface impurities
and MB undergoes slow oxidative dimerization in the solid to
form products that are also strong oxidants.>” Nevertheless,
both UPS and Kelvin probe confirm the increase of the WF
of the doped perovskite upon doping. The WF of the MB at
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Fig. 2 UV-vis absorption spectra and Tauc plots is shown in the inset.

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

the level of 5.7 eV is in agreement with a previous study by
Feaugas et al.>®

In order to confirm that the MB doping does not affect the
bandgap of the perovskite, the absorbance spectra of the doped
and undoped samples were compared. All the spectra are
typical for MAPI, with comparable absorbance in the measured
region. The bandgap (E;) determined from the Tauc plots is
between 1.62 and 1.63 eV. A small bandgap widening (~ 10 meV)
might be a result of the filling the shallow traps, just above the
Ey, by the excess of holes, upon doping. For 5% of MB, the E,
increases to 1.66 eV. This result shows that the conductivity
increase cannot be due to the presence of additional electronic
states within the bandgap, nor due to the bandgap narrowing
due to defects or lattice distortion.

Doping may be evidenced from the increase of the free
charge carrier density, which may be indirectly deduced from
photoluminescence (PL) measurements. The PL spectra of the
undoped and doped MAPI are shown in Fig. 4. The maximum
PL intensity falls at 765 nm for all the samples and this is in
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Fig. 3 WF determined from (a) UPS secondary cut-off and (b) surface
potential difference measurement, using a Kelvin probe.
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Fig. 4 (a) Photoluminescence as a function of the doping concentration.
(b) PL intensity as a function of the doping concentration.

agreement with the bandgap value of MAPI. The average PL
signal is almost 3 times less intense upon doping with 0.1% MB
and 7 and 6.5 times less intense for the doping concentrations
of 0.5% and 1%, respectively. Our results are consistent with
what is usually observed in doped semiconductors. Due to the
presence of free charge carriers (here free holes), the lifetime
shortening of minority carriers leads to a strong quenching of
the luminescence.”®*° For 5% MB, two weak peaks can be
observed, one at 756 nm, belonging to MAPI, and another at
793 nm, that belongs to MB (ESIt). This information, together
with the “saturation” of conductivity for 5% MB and the shift of
the absorption edge, points to a possible phase separation for
the highest doping concentrations.

Ultraviolet photoelectron spectroscopy (UPS) allows investi-
gation of the electronic properties of a semiconductor at its
bandgap edges. Fig. 5a shows the onset of the valence energies
for the doped and undoped samples. It can be seen that the
energy with respect to the Fermi level (E w.r.t. Er) decreases by
0.1 eV upon doping with MB at 0.1% and 1%. This result is
consistent with the increase of the WF found from the UPS
cutoff and surface potential difference measurements (Fig. 2).
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Fig. 5 (a) Valence band region of the UPS spectra for undoped and doped

MAPI. (b) Ef shift upon doping with MB as well as the SOMO and E¢ of a MB
thin film. The SOMO level of MB is estimated from UPS assuming that it is
the highest (partly) occupied molecular orbital. E. and E, represent the
energy of the conduction and valence band of MAPI, respectively. Filled
states are black, empty blue, and Er red.

Both HOMO and LUMO levels, together with the unaltered E,
are presented in Fig. 5b, where the shift of the Er of the
perovskite thin film upon doping with MB can be clearly
observed.

UPS analysis was also carried-out for a thin film of pure MB.
The latter evidences MB’s strong electron-accepting character
consistent with a high EA. The energy level of the singly
occupied molecular orbital (SOMO) determined from UPS (ca.
5.45 eV, see Fig. 3) is not far from the value of the EA estimated
by Zhang et al using cyclic voltammetry (5.5 eV).*' This
suggests that ionization of MB occurs from the SOMO or that
its energy level is close to that of the highest fully-occupied
molecular orbital from which ionization occurs (Fig. S3,
ESIY).*? The doping process of MAPI is therefore proposed to
occur through electron transfer from the perovskite valence
band (E, = —5.3 eV) to the partially-filled SOMO of the MB,
leading to p-type doping of the perovskite. The driving force for

This journal is © The Royal Society of Chemistry 2024
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electron transfer may be estimated to be ca. —0.3 eV from the
difference in ionization potential of MAPI and the EA of MB.
In this context, the doping mechanism exhibits similarities
to molecular charge transfer doping previously reported by
Euvrard et al.'' AFM images of the doped vs. undoped MAPI
show that doping results in a modest decrease of the grain size
(Fig. S2, ESIT). Taking into account the size of the MB molecule,
as well as the ionic character of the perovskite crystal, it is very
likely that the dopant is located at the grain boundaries. This
would limit electron transfer doping by MB to the interfacial
intergrain region. The roll-off of the conductivity observed upon
increasing the dopant level may therefore reflect the localized
nature of the doping as well as the formation of reduced MB
(an electrical insulator) in the intergrain region.

4. Conclusions

We demonstrate a simple, spin-coating route for MAPI p-type
doping, where tris(4-bromophenyl) ammoniumyl hexachloro-
antimonate, commonly known as magic blue, is blended into a
polycrystalline perovskite film. The doping mechanism resembles
the molecular charge transfer doping, where electron transfer
takes place from the perovskite valence band to the HOMO level
of the MB, rendering the perovskite p-type. The quenching of the
MAPT’s photoluminescence suggests the presence of free charges.
The UPS measurement confirmed the shift of the MAPI's Ep
towards the Ey by around 0.1 eV.

We believe that these results can shed light on how a careful
selection of the dopant can influence and optimize the perfor-
mance and properties of perovskite semiconductors, thereby
advancing the development of more efficient and stable elec-
tronic devices. This still understudied field is soon expected to
be fluorishing, considering the possibility of the development
of MHPs towards energy-effective electronics.
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