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Electrical doping of metal halide perovskites (MPHs) is a key step
towards the use of this efficient and cost-effective semiconductor
class in modern electronics. In this work, we demonstrate n-type
doping of methylammonium lead iodide (CH3;NH3Pbls) by the post-
fabrication introduction of Sm?*. The ionic radius of the latter is
similar to that of Pb?* and can replace it without altering the
perovskite crystal lattice. It is demonstrated that once incorporated,
Sm?* can act as a dopant by undergoing oxidation to Sm>*. This
results in the release of a negative charge that n-dopes the material,
resulting in an increase of conductivity of almost 3 orders of
magnitude. Unlike substitution doping with heterovalent ions, furtive
dopants do not require counterions to maintain charge neutrality
with respect to the ions they replace and are thus more likely to be
incorporated into the crystalline structure. The incorporation of the
dopant throughout the material is evidenced by XPS and ToF-SIMS,
while the XRD pattern shows no phase separation at low and medium
doping concentrations. A shift of the Fermi level towards a conduc-
tion energy of 0.52 eV confirms the doping to be n-type with a
charge carrier density, calculated using the Mott—Schottky method,
estimated to be nearly 107 cm~3 for the most conductive samples.
Variable-temperature conductivity experiments show that the
dopant is only partially ionized at room temperature due to dopant
freeze-out.

1. Introduction

The rapid development of metal halide perovskite (MHP)
photovoltaic devices owes much to pre-existing knowledge
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New concepts

Metal halide perovskites have demonstrated their ability to combine
excellent optoelectronic properties with printing processes. Nevertheless,
the control of their doping remains a challenge for both fundamental
sciences and industrial applications. Whereas several examples of p-type
doping have been reported in the literature, n-type doping is trickier and
only a few reports with no or poor doping efficiency exist. Our paper
reports a totally new approach using metastable ions to n-doped halide
perovskite semiconductors leading to an increase of 3 orders of
magnitude of the conductivity and shift of the Fermi level towards a
conduction energy of 0.52 eV. This new method using redox active ions is
unique in that it mimics the classical substitutional doping used with
great success in covalent semiconductors (Si, GaAs, etc.).

gained from both inorganic semiconductors (band structures,
photon absorption, charge transport, etc.) and organic semi-
conductors (wet processes, soft substrates, etc.). However, as
pointed out in the reviews by Brenner et al.' and Fakharuddin
et al.,” the critical role of surface properties and interface
quality in the operation of MHP-based devices and their stability
has emerged as one of the major challenges limiting the develop-
ment of these technologies. While we can consider that this is
generally true for any type of thin film device, in the case of
inorganic semiconductors (and for silicon-based devices in parti-
cular), this difficulty is partially solved by using well-controlled
doping. Indeed, doping allows combining contacting metal elec-
trodes with highly doped semiconductor layers, removing inter-
faces away from the carrier collection area. Moreover, connecting
semiconductors through highly doped interfacial layers render the
contact almost insensitive to the value of the metal WF, giving
more flexibility in selecting metals as electrodes. In the case of
MHPs, well-controlled doping would allow the design of more
complex devices based on the p—n junction concept, making the
emerging perovskite-based technology architecturally compatible
to current inorganic semiconductors.’

One may note that the term ‘“doping” is overused in the
perovskite community because it is often confused with the use
of additives impacting the crystallinity or surface passivation of
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the active layer and their effects on solar cell efficiency rather
than to the precise control of the conductivity of the semicon-
ductor. The difficulty in achieving electrical doping of MHPs is
a consequence of the ionic crystalline nature of the material.
Whereas dopants can be introduced in inorganic semiconduc-
tors during the growth process or through thermal evaporation,
doping of MHPs requires the introduction of heterovalent
ions whose charge differs from that of the pristine material’s
constituent ions. For example, p-type doping could in principle
be achieved through the introduction of Bi** as reported by
Abdelhady et al.* However, preservation of charge neutrality
entails that its incorporation be accompanied by three mono-
valent counteranions, which is highly disfavored during crystal-
lization as this is incompatible with the crystal lattice. Thus,
current doping strategies for MHPs, apart from the intentional
formation of defects to provide extra electrons or holes to the
lattice,” are concentrated on substitutional doping using
electrochemical methods® or on the use of molecular dopants.
The latter strategy was nicely demonstrated through the use of
tetrafluorotetracyanoquinodimethane (FATCNQ) to enhance
the electrical conductivity of MASn, sPb, sI; by over 4 orders
of magnitude (MA = methylammonium). In this approach, the
neutral, strongly electron-accepting molecular dopant was not
incorporated into the crystalline grains but instead located at
the grain boundaries.” Both the high electron affinity of
F4ATCNQ and the interaction of fluorinated carbon species on
the halide hybrid perovskite® allowed for efficient charge trans-
fer. n-Type doping is apparently trickier to achieve because only
a few examples have been published and none of them seem
efficient. Zhang et al® performed Hall and Mott-Schottky
measurements to demonstrate the n-type doping with Sb.
Nevertheless, the variation of the charge carrier density is less
than a factor of 2 (in the best case) that is clearly in the error bar
of this technique. Han et al.'® used CaCl, as the dopant. In their
case, they do not want to target substitution but they use a
bilayer for the doping. The authors expect electron transfer from
the conduction band of CaCl, to the conduction band of the
perovskite. However, the efficiency is poor since the electron
density in CaCl, is extremely low. Zhang et al.'' reported n-type
doping with the introduction of Agl in the perovskite. They
observed an increase of current for electron only devices in the
space charge limited current (SCLC) plot for the doped perovskite.
This increase is less than one order of magnitude. Nevertheless,
they did not determine the Fermi level variation or the charge
carrier density.

In this paper, we present a totally new method to n-dope
halide perovskites leading to an enhancement of 3 orders of
magnitude of the conductivity. We demonstrate that n-type
doping of MHPs is possible by introduction of furtive hetero-
valent atoms. The latter are metastable ions whose charge and
ionic radius are identical or very similar to one of the consti-
tuent ions of the MHP. For example, ions whose ionic radius is
similar to that of the Pb** ion (1.19 A)** but that are metastable
at the 2+ valence state could impart n-doping upon substitu-
tional doping of Pb>* followed by oxidation to the +3 state and
release of an electron. To demonstrate the validity of this
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approach, we focused on n-type doping since this is still
unreported for MHPs and, combined with previously reported
p-type doping methods, could open the way for MHP-based
semiconductor logic devices. Screening of the periodic table
reveals several candidates that fit these requirements, such as
Pd*" or Sn*" that are also stable in the Pd*" and Sn** oxidation
states. However, the ionic radii of their 2+ ions are somewhat
smaller than that of Pb>"."*'" We thus turned our attention to
samarium, as both Sm®" and Sm*" possess ionic radii that are
similar to Pb®* (1.27 A and 1.13 A, for Sm®" and Sm®", respectively').
Furthermore, Sml,, also known as Kagan’s reagent, is a stable, well-
known single-electron reductant widely used in organic synthesis."®
It is highly reducing, with a half-wave potential of —0.89 V vs. SCE
that is significantly increased upon coordination."” Trivalent lantha-
nide ions and more specifically Sm*" have already been used as
optical dopants (but not for electrical doping) in perovskite nano-
crystals and to increase the stability of fully inorganic perovskite of
solar cells."®° We selected the well-known methylammonium lead
triiodide (CH;NH,PbI; or MAPI) as a prototypical MHP material, but
show that the approach is also valid for formamidium-based MHPs
and mixed cation perovskites.

2. Methods

Materials

Lead(u) acetate trihydrate (PbAc,-3H,0, 5N) was purchased from
Sigma Aldrich. Methylammonium iodide (CH;CN;l, > 4N) was
purchased from GreatCell Solar Materials. Samarium(u) iodide
(SmI,, 4N) was purchased from Alfa Aesar. Anhydrous N,N-
dimethylformamide (DMF) and anhydrous isopropanol were
purchased from Sigma Aldrich.

Sample preparation

Three types of substrates were used according to the character-
ization technique used. For conductivity measurements, glass
substrates with patterned gold electrodes were used. For AFM
XRD, absorption and PL spectroscopy, bare glass substrates
were sufficient, while for the SEM, XPS, ToF SIMS and Kelvin
probe force microscopy, glass substrates covered with a thin
layer of ITO (10 Q sq ™) were selected.

Sample fabrication

The substrates were cleaned in a sonication bath first with
Hellmanex™ III solution (Sigma Aldrich) and in DI water for
15 minutes each and then in isopropanol (4N) for 10 min.
Subsequently, they were treated with a UV-ozone for 15 min-
utes. Sample fabrication was performed under a controlled
atmosphere in a glove box. The perovskite precursor solution
was prepared by dissolving 0.72 M PbAc,-3H,0 and 2.2 M MAI
in DMF and stirring at room temperature for 30 min. The
solution was filtered through a 0.45 pm PTFE filter and spin
coated at a spin rate of 2500 rpm for 2 min. The sample was
then dried at RT for 3 min and annealed for 25 min at 100 °C.
The perovskite film thickness was around 270 nm. Sml, was
dissolved in isopropanol and DMF (0.1% v/v) and stirred

This journal is © The Royal Society of Chemistry 2023
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overnight at RT. The solution was filtered with a 0.45 pm PTFE
filter and spin coated at a spin rate of 2500 rpm for 1 min. The
sample was placed on the hot plate at 100 °C for 10 min.

Characterization

Conductivity was calculated from the IV curves that were
collected using a Keithley 4200 source meter unit (SMU). The
samples were scanned from —1 V to 1 V at a rate of 5 mV s~ .
For the temperature dependent conductivity measurements, a
Biologic SP-200 potentiostat was used and the temperature was
controlled using an Omron E5AN cryostat. For the AFM images,
a Bruker NanoScope instrument was used in a tapping mode.
X-ray diffraction (XRD) patterns were obtained using a Bruker
D2 Phaser, absorption spectra were recorded using a Shimadzu
UV-3600 Plus UV-Vis-NIR spectrophotometer, and photolumi-
nescence spectra were recorder using a Photon Technology
International setup, model: P21LRXS-LNN-NS-17. SEM images
were made using a SEM-FEG HR (JEOL 6700F), ToF SIMS
profiles were obtained using TOF.SIMS 5 ION-TOF and argon
clusters were used for in-depth sputtering. XPS spectra were
recorded using a K-Alpha ThermoFisher Scientific spectrometer
and the in-depth profiles were obtained by etching the surface
with argon ions. The work function was measured using a
Kelvin probe station. UPS was performed using a PHOIBOS
100 hemispherical energy analyzer, equipped with the SPECS
UVS 10/35 light source. All the characterization procedures
were performed in a controlled atmosphere or on the encapsu-
lated samples.

3. Results and discussion

The process of crystallization concentrates impurities in the
mother liquor from which these may precipitate onto the crystal
surface upon its evaporation.*® Similarly, doping of micro- or
nano-crystalline thin films remains a challenge since most of the
dopant resides on the surface or at grain boundaries.*>** Aware of
these challenges, and the fact that SmI, is highly reactive towards
traces of moisture and impurities in solution, we developed a
doping method for MAPI thin films that is based on a two-step
spin coating process. First, the perovskite layer is spin coated and
annealed (thickness = 270 nm). Second, an SmlI, solution is spin
coated on top of the perovskite film and dried to evaporate the
rest of the solvent. The solvent used for Sml, is isopropanol (that
does not dissolve the perovskite) and 0.1% v/v DMF. The small
addition of DMF strongly enhances the wettability of the solution.

In order to validate the doping method, we measured the
conductivity of the doped and undoped materials as a function
of the dopant concentration in solution. Conductivity measure-
ments were performed using bottom gold electrodes in the two
probe configuration on the lateral geometry in order to avoid any
artifacts due to possible pinholes in the vertical geometry (Fig.
S1, ESIT). The effect on the conductivity of the perovskite layer
from the Sml, treatment is shown in Fig. 1(a) and evidences an
increase in the conductivity of the MHP that depends on the
concentration of the dopant in solution. An increase of about 3

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Conductivity as a function of doping with (a) SmlI2 and (b) Smi3.
0 mg mL~* describes the sample treated with the doping solvent only. For
higher doping concentrations, see Fig. S2 (ESIT).

orders of magnitude is observed at an SmlI, concentration of
10 mg mL ™" (from 10 ® S ecm ™" to almost 10> S cm™ ). Control
experiments using a neat solvent (0 mg mL_l) or a bare Sml,
layer show that neither alone is responsible for the increase in
conductivity. In fact, the conductivity of an SmlI, layer is even
lower than that of the undoped perovskite layer, therefore
excluding residual SmI, on the top of the perovskite layer as
the reason for such an enhancement. We therefore attribute to
the increase of conductivity to the combination of SmI, and
MAPI by the chemical reduction of the latter. To confirm this, we
investigated the impact of SmI; treatment on the conductivity,
using the same molar concentration and experimental condition
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as with SmlI, (Fig. 1(b)). One can clearly see that only SmI, leads
to a significant enhancement of the perovskite layer’s conduc-
tivity. The concept of doping described above is expected to work
not only for MAPI, but for other perovskites as well. Indeed,
formamidinium lead iodide (FAPbI;) and a mixed cation
MA 07FA¢ 93Pbl;, doped with Sml,, using the same procedure
as for MAPI, demonstrated an increased conductivity by up to
2 and 2.5 orders of magnitude, respectively (see the ESIt for
details, Fig. S3).

Doping of a semiconductor results in an increase in the
charge carrier density that in turn generates an increase in the
material’s conductivity. However, the observation of the latter
phenomenon is not a sufficient proof of doping, as conductivity is
the product of charge carrier density and mobility. In order to
obtain more details on the origin of the conductivity enhancement,
we characterized the doping type (n or p) and carried out analyses
of (i) the samarium distribution on the surface or in the bulk of the
layer; (ii) the proportion of Sm** and Sm®" in the perovskite layer;
(iif) and the impact of SmI, on the perovskite crystal structure.

The two-step method used for the doping consists of depos-
iting SmI, on top of the active layer. To investigate whether the
dopant remained on the surface or was distributed throughout
the material, we used time of flight secondary ion mass
spectroscopy (ToF-SIMS) with ion sputtering on the surface to
track the elemental composition of the thin film throughout
the layer. The results obtained show that the signal corres-
ponding to Sm is detected throughout the active layer up to the
appearance of the In signal corresponding to the ITO substrate
(Fig. S4, ESIf). From this, we conclude that the dopant is
incorporated throughout the perovskite layer during the second
annealing step.

Oxidation of Sm>" to Sm*' is expected to release a free
electron into the conduction band. We therefore used XPS
(Fig. S5 and S6, ESIT) to determine the oxidation state of Sm
inside the perovskite layer since each Sm valence state has a
specific signature.>*** In Fig. 2, the Sm 3ds, region of the
spectrum of the Sml, layer spin coated on the ITO substrate is
shown, together with the spectra of the Sm-doped perovskite
with 2, 5 and 10 mg mL~" doping solution concentrations. The
spectra of the perovskite layers were collected at a depth of ca.
200 nm in order to avoid the contribution of the surface layer
that may be altered due to the doping method. Moreover, the
oxygen signal is negligible whereas at the surface one can
clearly see some contamination with oxygen (Fig. S7, ESI{) even
though a transfer box was used to transport the samples from
the nitrogen filled glovebox ([O,] < 1 ppm and [H,O] < 1 ppm)
to the XPS vacuum chamber. This surface contamination
explains why the XPS analysis of the SmlI, reference layer
(20 nm) shows the presence of both Sm** and Sm®". In the
doped MHP samples, the Sm*'/Sm®" ratio decreases to almost
zero in agreement with the hypothesis that each Sm*" doping
ion undergoes oxidation and releases an electron once located
in the perovskite layer. One can also observe a small shift of the
binding energy of the Sm*>" peak between the Sml, layer and the
doped perovskite layers. The environment of Sm*" and Sm*" is
different between the native SmI, and the doped perovskite
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View Article Online

Materials Horizons

a
Sm 3ds,
10 mg/mL
= |5 mg/mL
=1
o
o sm3f
Smi, Sm2+
1095 1090 1085 1080 1075 1070 1065 1060
Epin (€V)
b 1.0
—— undoped
2 mg/mL
0.8 — 5 mg/mL
—— 10 mg/mL
S 06
g
S
: 0.4
0.2
27.7 278 27.9 28.0
20 (°)
Fig. 2 (a) XPS spectra of a thin film of Sml, and perovskite thin films with

different doping concentrations. The spectra are separated on the Y-axis
for clarity. (b) Normalized X-ray diffraction (200) peaks of undoped and
doped MAPI films.

samples. In other words, this observation is consistent with a
substitutional position of Pb** by Sm>". The main peak in the
XRD pattern is also slightly shifted for the doped samples
towards lower diffraction angles (see Fig. 2(b)), indicating the
expansion of the perovskite crystal lattice. This fine variation is
not an artefact since the error due to the experimental setup
has been corrected using the PbI, peak as the reference
(Fig. S9b, ESIt). Considering that the ionic radius of Sm”* is
bigger than that of Pb>" (1.27 A > 1.19 A), it is expected that
samarium ions are in the oxidation state 2+ at the time of
crystallization. Thus, both XPS and shifts in the diffraction pattern
are compatible with the hypothesis of ionic substitution.
Characterization of the 10 mg mL ™" doped MHP surface using
AFM and SEM (Fig. 3(e) and (f)) shows significantly different
topologies than those of the undoped sample (Fig. 3(a) and (b)).
While on the surface of the undoped perovskite grains with a size
in the range of 100-500 nm are clearly seen, the doped layer is
covered with the oval-like shared grains of a much smaller size
(between 50 and 100 nm). The small grains on the surface of the
doped sample are assigned to the presence of residual SmlI, or

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Surface AFM (a), (c), and (e) and SEM (b), (d), and (f) images of
undoped MAPI films (a) and (b), MAPI treated with the dopant solvent (c)
and (d) and MAPI doped with 10 mg mL™* Sml,. For higher doping
concentrations, see Fig. S8 (ESI+).

SmO,. As expected, the sample treated with only solvent (Fig. 3(c)
and (d)) did not show any alteration in morphology to the
untreated sample.

To determine the impact of doping treatment on the crystal
structure of the MAPI layer, X-ray diffraction (XRD) analyses
were carried out (Fig. 4). The XRD spectra of the undoped
sample and those doped with SmI, concentrations of 2-
10 mg mL " exhibit a diffraction pattern that is characteristic
of tetragonal MAPIL>® with diffraction peaks at 13.6°, 27.8°
31.3°% 42.6° and 58.3° that correspond to the (110), (220), (213),
(330) and (440) Miller planes, respectively. Small peaks corres-
ponding to PbI, at 12.1° and 25.0° are also present, which is not
uncommon in MAPI thin films.>” The identical positions of the
principal diffraction peaks indicate that the crystal structure of
the perovskite remains unchanged upon doping. A decrease in
the peak intensity with the increasing dopant concertation
suggests, however, that the incorporation of the dopant renders
the polycrystalline layers more defective.

Doping of a perovskite semiconductor would not be expected
to alter the material’s bandgap. To verify this, Fig. 5 shows the
electronic absorption spectra of MHP layers with various doping
concentrations. The absorption edge at 765 nm, typical for MAP]I,
is unaltered for all the doping concentrations. The bandgap
energy (1.61 eV), extrapolated from the Tauc plots, is therefore
the same for the doped and undoped MAPI samples. This
excludes that the increase of the conductivity observed upon
doping can be due to a reduction of the injection barrier and/or
to additional energy bands within the bandgap.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 XRD spectra of the undoped MAPI film and MAPI doped with
concentrations of 2-20 mg mL™%. For higher doping concentrations, see
Fig. S9 (ESI).
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Fig. 5 UV-visible absorption spectra of the undoped and doped perovs-
kite thin films. The inset presents the Tauc plots for these samples. For
higher doping concentrations, see Fig. S10 (ESIt).

According to the propensity of Sm** to undergo oxidation,
we expect that the resulting material will be n-doped. To
confirm the majority charge carrier type, ultraviolet photoelec-
tron spectroscopy (UPS) experiments were carried out to
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measure the variation of the WF versus the dopant concen-
tration. The results of the surface potential difference measure-
ments using a Kelvin probe (KP) (Fig. S11, ESIt) showed that for
all the concentrations for which an increase in the conductivity
is observed (2-10 mg mL "), the WF saturates at the same level.
Therefore, lower concentrations were chosen for the UPS experi-
ments. In Fig. 6, the secondary electron cut-off region, corres-
ponding to the WF of the material is presented for undoped

0.0‘ v ! T T T T ‘.':: T
36/ 38 40 42 44 4.6
Ein (eV)
b — undoped
] —0.01 mg/mL
— 0.1 mg/mL
— — 0.5 mg/mL
= E — 2 mg/mL
& 10 mg/mL
—
-
4 o g o
E w.rt E: (eV)
Evac — o _ i03eV
C
Ec
E >
F @]_3
Ey gt
0.0 0.2 04 5 10
C (mg/mL)

Fig. 6 Secondary electron cut-off region (a) and valence band onset (b)
of the undoped MAPI film and MAPI doped with 0.01-10 mg mL™* Sml,,
measured with UPS and concluded energy levels for the corresponding
doping concentrations (c).
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MAPI and MAPI samples treated with solutions containing 0.01-
10 mg mL ™" Sml,. A decrease of the WF from 4.51 eV for the
undoped MAPI to 3.98 €V is observed for dopant concentrations
as low as 0.01 mg mL . Instead, for dopant concentrations
between 0.1 and 10 mg mL ™", the WF differs only by 0.11 eV. WF
defines the position of E with respect to the vacuum level (E,,.),
which is different for every material and can change due to the
presence of surface dipoles. In order to define the position of Ex
in the bandgap, the valence band region of the UPS spectra was
also analyzed. Due to the low density of states in the valence
band in perovskites, the valence region analysis requires sub-
tracting the satellites coming from the non-monochromatic
radiation of the He lamp**?° (Fig. S12 and S13, ESIt). Fig. 6(b)
shows the valence band onset energy with respect to Er for
different dopant concentrations. The intersection of the average
background level with the extrapolation of the linear part of the
valence band onset allows the determination of the ionization
energy with respect to the Fermi level (E w.r.t. Eg) (for more
details, see Fig. S14, ESIf). For the undoped MAPI samples,
the absolute value of this difference is around 0.83 eV, placing
Eg in the middle of the bandgap.? The position of Er increases
along with the dopant concentration, reaching ~ 0.3 eV below E¢
at dopant concentrations of >0.2 mg mL~". This clearly demon-
strates the n-type character of the doped samples. For the doped
samples, E,,. changed by around -0.3 eV, which can be inter-
preted as the energy of the surface dipoles (E,) resulting probably
from the altered surface composition due to the doping method.
The energy of the surface dipole for the undoped MAPI was
therefore assumed to be close to zero. The energy levels are
schematically presented in Fig. 6(c) for different doping concen-
trations and the values of E w.r.t. Ex, WF and E,, are tabulated in
Table 1.

Estimation of the ionized dopant concentration was per-
formed using the Mott-Schottky method.*" The voltage dependent
capacitance measurement (C(V)) consists of measuring the small
impedance signal of the device under tests as a function of an
applied voltage V and a frequency f. In order to measure the
capacitance accurately, the leakage current should be minimized.
To this end, a capacitor structure was fabricated using a thin layer
of insulating poly(methylmethacrylate) (PMMA) between the MAPI
and the gold electrode. This particular structure includes a blocking
contact at the MAPI/PMMA/gold interface and an ohmic contact at
the MAPI/SnO, side of the sandwich structure (Fig. S15, ESIt).
Despite these precautions, the leakage current was not completely
negligible over the full applied voltage range; consequently, the
capacitance data exploited in this work were limited to the voltage
range where G « Cw, where G is the conductance and w = 2muf.
In this case, it was verified that the measured capacitance in a

Table 1 Energy values for different doping concentrations, determined
from the UPS measurement and E5 = 1.61 eV

C (mg mL™Y) 0 0.01 0.1 0.5 2 10

Ewrt Ep(eV) —0.83 —1.06 —124 —1.32 —-133 —1.35
WF (eV) 451 398 379 370  3.80  3.68
E, (eV) 0 -03  —031 —032 —021 —0.31
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parallel or a series mode was the same. It is also well known that
the analysis of C(V) measurements on perovskite semiconductors is
affected by the motion of mobile ions.**>* To prevent the con-
tribution of mobile ions to the small capacitance signal and the
increase of Cw, the frequency was set to 100 kHz (see Fig. S16,
ESIT). Ionic motion may also have an impact on the device
electrostatics when sweeping the voltage, leading to the hysteresis
phenomenon.®® To minimize hysteresis, the voltage sweep rate was
set at 120 mvV s~ .

The Mott-Schottky analysis starts with plotting 1/C* versus
the applied voltage. In the depletion regime, the 1/C” curve
should be linear with a slope equal to 2/(geNg), where q is the
elementary charge, ¢ is the MAPI dielectric permittivity and Ny
is the average ionized dopant concentration. As pointed out by
Kirchartz et al.*® and supported by Fig. S17 (ESIY), this method
requires that the depletion length remains lower than the layer
thickness (270 nm). Because the depletion length increases
when the doping level decreases, the ionized dopant concen-
tration has to be higher than 1.1 x 10'® cm™® to be able to
detect a variation of the capacitance with an applied bias close
to 0 V. Experimental 1/C” curves versus voltage are shown in
Fig. 7. For lower doping concentrations, the C(V) curve tends to
saturate at a constant value when a high reverse bias is applied.
This saturation occurs when the depletion layer extends beyond
the layer thickness. We therefore note that the charge carrier
concentration for our undoped sample is lower than the limit
of detection of the Mott-Schottky method.***® Even though
one can notice a slight excess of Pbl, revealed by XRD (Fig. 4)
that could be responsible for unintentional doping, UPS con-
firms that the Fermi level is almost in the middle of the
bandgap (Fig. 6). We may then assume that our reference is
undoped and use the typical intrinsic charge carrier density
for intrinsic MAPI that is in the range of 10'" cm>.>* For doped
samples, a clear linear trend was obtained in all cases allowing
the extraction of the ionized dopant concentration, ranging
from 2 x 10'® em ™ for 2 mg mL™" to 9.8 x 10'® em ™ for

—e— undoped
2 mg/mL

o5 mg/mL

o 10 mg/mL

- : : : .
-0.5 0.0 0.5 1.0
V (V)

Fig. 7 Mott-Schottky plots with extracted ionized dopant densities for
different doping concentrations. Note that the concentration of the
undoped sample is below the limit of detection.

-1.0
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10 mg mL . This value is quite low compared to XPS analyses
where we measured samarium concentrations in the range of
Ngq ~ 10*° cm ™.

In order to elucidate the discrepancy between the ionized
dopant concentration extracted by Mott-Schottky and samarium
concentrations determined by XPS, conductivity measurements
as function of temperature were carried out. We limited our
investigation to the sample that exhibits the highest conductivity
(10 mg mL ") and the undoped sample as the reference. The
measurement of the conductivity as a function of temperature
was performed by cooling the sample from 373 K to 188 K
(Fig. 8). The activation energy E, is determined from the slope of
the Arrhenius plot. Above 250 K, E, is the same for both doped
and undoped samples (E,; = 500 meV) even though the con-
ductivity increases upon doping. For the doped sample below
250 K, a different slope can be distinguished, characterized by a
lower activation energy E,, = 350 meV. These results can be
interpreted as the competition between two mechanisms
impacting the temperature dependence of the conductivity.
The first mechanism with E,; = 500 meV is the same in both
doped and undoped samples and probably corresponds to the
thermal activation of carrier transport through grain boundaries.
The second mechanism at T < 250 K and E,, = 350 meV is
observed only for the doped samples. This second mechanism
can be observed only at low temperatures. For T < 250 K, the
thermal activation of mechanism 1 is not efficient and charge
transport through grain boundaries probably occurs by tunnel-
ing (that is almost not thermally activated). Therefore, the
second mechanism becomes the main limiting charge carrier
transport. The temperature dependence of the doping ionization
is consistent with the occurrence of dopant freezing, which in
this case is observed even at room temperature. Such dopant
freeze-out may explain the discrepancy between Mott-Schottky
and XPS measurements, as the prior is sensitive only the ionized
dopant concentration and the latter to the overall dopant
concentration. There are other examples of dopant freeze out
at room temperature in crystalline semiconductors, such as Mg

-10 Q%
), & e undoped
124 A7 & o 10 mg/mL
Qq .5‘0
8 0
)
-14 4 % oy
LG
T q‘*\i“s %oy
§-16- \%oo LS § .
e“s oL g 2\350
181 % e ’be[,
RN
9 [~
-20- ¢
e
3.0 3.5 4.0 45 5.0

1000/T (1000/K)

Fig. 8 Temperature dependent conductivity of the undoped MAPI film
and MAPI doped with 10 mg mL™* Smls.
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Fig. 9 Impact of the dopant energy level E4 on the ionized dopant

concentration extracted from the simulated 1/C? plot versus the real
dopant concentration. Eg4 is varying from 50 meV to 350 meV to highlight
the effect of the dopant energy level E4 on the charge carrier density. Eq4 =
350 meV has been determined with conductivity versus temperature
measurements.

dopants in p-type GaN where the ionization energy is about
190 meV,*® or In dopants in p-type silicon, where the ionization
energy is about 160 meV.’® Moreover, the value of E, is
consistent with E. — Er = 0.3 €V determined by UPS.

To confirm that the dopant freeze-out can explain both the low
charge carrier density measured using the Mott-Schottky method
and the occurrence of two distinguishable transport mechanisms
observed in the temperature dependent conductivity measure-
ments, charge transport simulations were carried out. Mott-
Schottky plots of the sample exhibiting the highest conductivity
(10 mg mL™") were simulated for different donor energies, using
the experimental data for E,, = 350 meV. The simulations were
carried out using a small signal drift diffusion solver’* and ionic
transport parameters (concentration and mobility) reported
elsewhere**™** (Table S2, ESIt). Tonized dopant density values
(Ng) extracted from the simulated plots are plotted against the
doping concentration N4 determined using XPS measurements
(Fig. 9). As E, decreases, the values of the ionized dopant density
approach the values of the dopant concentration (until both
values are the same for E, = 0 eV, shown by the dashed line).
Probing the value of Ng ~ 10°° cm ™, one finds that the corres-
ponding value of Nj for E, = 350 meV is indeed ~10"” cm 3, which
is in agreement with the findings of the Mott-Schottky analysis.
This confirms that the dopant freeze-out can indeed be the reason
of the low level of the ionized dopant at room temperature.
Moreover, simulations performed on the capacitor structure
were used to convert the ionized impurities N extracted from the
Mott Schottky analysis into a physical dopant concentration Ny
(see Fig. S17 and Table S1 in the ESIY).

4. Conclusions

We demonstrate that n-type doping can be achieved by the incor-
poration of Sm>" into MHPs, followed by its oxidation to Sm®*,
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The release of an electron during oxidation is the direct reason
for the n-type of majority charge carriers. A shift of Er by
0.52 eV towards E; was deduced from the UPS measurement
for 10 mg/ mL ™" dopant concentration. The ionized dopant
density, measured using the Mott-Schottky method, showed
this to be at a level of 10" cm™> for the 10 mg mL ™" dopant
concentration, which is around 3 orders of magnitude lower
than the dopant concentration value measured by depth-
resolved XPS. This discrepancy is shown to be probably due to
dopant freeze-out at RT due to a relatively high donor level E,.

The increase of charge carrier density is the reason for
the increase in conductivity by ca. 3 orders of magnitude
upon using Sm** ions as the dopant, in contrast to the use of
Sm*" that showed no change in conductivity. In spite of the
modification of the surface morphology resulting from the
doping process, the MHP crystal structure was preserved as
shown by XRD. The proposed approach for perovskite doping
appears promising and easy to be implemented in devices such
as solar cells, LEDs, transistors, etc. While the main bottleneck
of the presented example seems to be high dopant activation
energy, it is believed that the ionization rate of the dopant can
be enhanced by optimizing the perovskite formulation and/or
the choice of the metastable divalent ions.
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