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HIGHLIGHTS

® Scanning Kelvin Probe Microscopy is used to test the open circuit voltage of films.
® Conductive atomic force microscopy is used to study the short-circuit of films.
® Electrostatic force microscopy is used to distinguish the surface charge change of films.

ARTICLE INFO ABSTRACT

Doping in organic-inorganic perovskite semiconductors is an effective method to tailor their optoelectronic
properties. In this work, manganese-doped perovskite films with different Mn/Pb ratios ranging from 0% to 2%
SKPM were systematically studied. The device performance of 0.2% Mn-doped devices was improved compared to that
C-AFM of a device without Mn. However, a further increase of the doping concentration induced a decrease in per-
EFM formance. Several characteristics (especially different scanning probe microscopy characteristics) reveal that an
increased dopant concentration results in reduced crystallinity and a change in the film morphology and causes a
deterioration in photovoltaic performance for higher dopant concentrations. In the best-performing samples
(0.2%), a shift in the valence band level and band gap are found which are responsible for the increased open
circuit voltage, while increased grain boundaries and lower surface charge density are responsible for a small
reduction in the short circuit current. Thus, multifunctional scanning probe microscopy approaches, combined
with different film characterization techniques, offer us effective tools to investigate the impact of doping in the
perovskite materials and the corresponding device performance.

Keywords:
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1. Introduction

Doping is a powerful technique to modulate carrier concentrations
in semiconductors in microelectronics, and it is extensively used in the
inorganic solar cell industry. MAPbI; perovskite with the formula ABX3
is one of the most promising materials among the emerging photo-
voltaics [1]. Referring to this idea, there have been several attempts at
doping in perovskite materials with versatile ions to replace each site of
ABX; [2-6]. For example, by the incorporation of trivalent cations
(Bi**, Au®** and In®**), the band gap and conductivity of MAPbBrs;
single crystals can be tuned over 0.3 eV and four orders of magnitude,
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respectively [7]. These properties of the perovskite materials can also
be varied by doping with Sb®* ions [8]. Another trivalent cation AI®*
improved the power conversion efficiency (PCE) of MAPbDI; solar cells
to 19.1% by reducing the microstrain and passivating the grain
boundaries [9]. The impact of monovalent cation dopants, such as Li*,
Na®,K*, Cu*, Ag™, on the performance of perovskite solar cells (PSCs)
was also explored [10-14]. The influence of divalent metal ions on the
performance of PSCs, especially transition metal ions with ion radii
similar to lead, were also studied. It was found that Co?>* doping [15]
and Hg?" doping [16] can enhance the performance of cells. Although
these reports above examined the doping effect of various elements on
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PSCs via performance variation and some indirect evidence and
achieved high conversion efficiency (PSCs), further information is
needed to understand the impact of doping in perovskite materials on
the characteristics of PSCs and the relationship between device per-
formance, film properties and dopant introduction.

Atomic force microscopy (AFM) is a useful tool for the compre-
hensive study of film properties. One of the AFM scanning modes,
namely scanning Kelvin probe microscopy (SKPM), has become a rou-
tine tool for the characterization and optimization of nanophase-sepa-
rated organic and hybrid photovoltaic blends [17]. It also was also
widely used to measure the work function distribution across the sur-
face of a sample [18-22]. SKPM also has been successfully applied to
estimate the charge transfer in the perovskite/hole/electron trans-
porting materials (HTM/ETM) interface [23-25]. In addition, electro-
static force microscopy (EFM) can offer direct information of relative
charge concentration, and imaging [26,27]. EFM has been successfully
applied to quantitatively estimate carrier density in P3HT and penta-
cene nanostructures [28,29], CdSe@ZnS quantum dots [30], silicon
nanorods [31], and so on.

In this work, divalent ions Mn>* were employed as dopants in
MAPDI; perovskite to modulate the film morphology and device per-
formance. Experimental results found that a small amount of Mn?>*
ionic doping in MAPbI; improved the device performance via enhan-
cing the open circuit voltage and fill factor, while slightly decreasing
the short circuit current density. EFM along with conductive atomic
force microscopy (C-AFM) and SKPM were employed to investigate the
doping effect of Mn?" on the structure of MAPbI; films by modulating
doping concentration via the Mn/Pb ratio of precursors in solution.

2. Experimental
2.1. Materials

CH3NH3l was purchased from Luminescence Technology Corp
(Taipei, Taiwan). PCg;BM (99.5%) was sourced from Derthon
Optoelectronic Materials Science Technology Co LTD (Shenzhen,
China). Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)
(Clevios PVP AI 4083, PEDOT:PSS) was obtained from Heraeus Group
(Hanau, Germany). Unless specially specified, other chemical agents
were purchased from Sigma Aldrich (Shanghai, China) or Alfa Aesar
(Shanghai, China).

2.1.1. Intrinsic and Mn doped MAPbI; films

CH3NHsI and Pbl,, (at a molar ratio of 1:1) at a concentration of 1 M
in a mixture of DMF and DMSO (2:1 v/v) at 70°C was used as the
perovskite precursor solution and filtered by a 0.22pm
Polytetrafluoroethylene (PTFE) syringe filter. Different concentrations
of MnCl, solutions were freshly prepared in DMF. This is achieved by
preparing and comparing different concentrations of manganese
chloride solutions. The same volume of MnCl, solution was added to
the filtered precursor solution to maintain a constant precursor solution
concentration in a series of doping experiments. A certain amount of
PbI, in the solution was replaced with an equimolar amount of MnCl, to
form a mixed film. All procedures described above were carried out in a
nitrogen glove box.

2.2. Materials characterization

X-ray diffractometer (XRD) patterns were measured with a multi-
function powder X-ray diffractometer (Rigaku Smartlab 9 KW, Tokyo,
Japan). Absorption spectra were recorded by a UV/Vis/NIR spectro-
meter (LAMBDA 950, PerkinElmer Waltham, Massachusetts, USA) in
the wavelength range of 550-800 nm. Room temperature photo-
luminescence (PL) and time-resolved PL spectra were recorded by
fluorescence  spectrophotometer (FS5, Edinburgh Instruments
Livingston, UK).
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A 405 nm pulsed laser was selected as excitation source for the time
resolved PL measurement. A Coherent Sapphire SF 532nm 150 CW
laser was used for excitation. The surface work functions of perovskite
films with different Mn concentrations were collected by ultraviolet
photoelectron spectroscopy (UPS) (AXIS Ultra DLD, KRATOS Analytical
Manchester, UK). The perovskite films on indium tin oxide (ITO)/Poly
(3,4-ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT:PSS)
substrates were characterized by a MIRA3 TESCAN (Carl ZeissAG, Jena,
Germany) transmission electron microscope. The cross-section scanning
electron microscopy (SEM) was performed by a commercial focused-ion
beam (FEI Helios Nanolab 600i, Chicago, Illinois, USA) operating at
30kV and subsequently imaged with the electron beam of the same
instrument using an accelerating voltage of 5kV. Electrochemical im-
pedance spectroscopy (EIS) was measured using an electrochemical
workstation (Zennium, Zahner, Jena, Germany) with an amplitude of
5mV under dark conditions. The resulting impedance spectra were
fitted using the ZView software (Scribner Associates Inc., Southern
Pines, NC, USA).

2.3. Device fabrication

Patterned ITO substrates were cleaned by sonicating in deionized
water, acetone and ethanol, each for 20 min, followed by blow-drying
with nitrogen and oxygen plasma treatment for 15 min. PEDOT:PSS was
filtered with a 0.22 um PTFE syringe filter immediately prior to use.
Then, PEDOT:PSS was spin-coated on the cleaned and dried ITO sub-
strates at 5000 rpm for 30 s, followed by thermal annealing at 140 °C for
15min in air. The mixed-metal perovskite solutions were spin-coated
on the PEDOT:PSS at 3500 rpm for 35 s with dripping of chlorobenzene
(250 pL) as the anti-solvent during the last 15 s of the spinning process,
and the substrate was then annealed on a hot plate at 100 °C for 10 min.
Next, a layer of PC¢;BM (20 mg/mL in chlorobenzene) was spin-coated
on top, followed by annealing at 100 °C for 30 min. ZrAcac (1 mg/mL in
methanol) was then drop-casted on the top of PCgBM films at
5000 rpm for 30s. Finally, silver electrodes (100 nm) were thermally
evaporated through a shadow mask. The device area was ~10 mm? as
defined by the shadow mask.

2.4. Device measurements

The current-voltage (J—V) curves were recorded using a Keithley
(Solon, Ohio, USA) 2400 sourceMeter. Illumination was provided by a
Newport Sol3A solar simulator with an AM1.5G spectrum and light
intensity of 100 mW/cm?, which was determined by a calibrated crys-
talline Si-cell. The external quantum efficiency (EQE) spectra were re-
corded with by an Enli Technology (Kaohsiung City, Taiwan) EQE
measurement system (QE-R), and the light intensity at each wavelength
was calibrated with a standard single-crystal Si photovoltaic cell.
Patterning of perovskite films for EFM measurements was performed
using a commercial laser light scattering device (Wuhan Dr laser
technology corp, LTD, Wuhan, China) with a 532 nm laser.

2.5. EFM/SKPM and related measurements

All AFM-based experiments were performed in ambient condition
using an MFP-3D-BIO AFM (Asylum Research, Goleta, CA, USA), and
Ti/Ir coated silicon tips (ASYELELC-01-R2) with a spring constant of k
~1.4-5.8 N/m, and resonance frequencies of ~58-97 KHz were used
in SKPM imaging. Ti/Ir coated silicon tips (AC240TM-R3) with a spring
constant of k ~0.3-4.8 N/m and a resonance frequency at ~45-95 KHz
were used in conductive atomic force microscopy (C-AFM) imaging.
The whole AFM system as integrated with an optical microscope (IX71,
Olympus, Shinjuku, Tokyo, Japan), so the sample could be easily illu-
minated through a 40 X objective in the measurements. The light in-
tensity, as measured by a laser power meter LP1, was approximately
0.01 Wem ™2 (equivalent to 0.1 suns, but not the AM1.5G spectrum).
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EFM measurements were carried out in a two-pass manner. The first
pass was used to determine the topography of the surface, and was done
in exactly the same way as a standard AC mode scan line in AFM. The
second pass was done by retracing the topography at a constant dis-
tance of 25 nm in the z direction. The whole AFM system was integrated
with an optical microscope (IX71, Olympus, Tokyo, Japan), so the
sample could be easily illuminated in the measurements. For EFM, only
a constant DC voltage was applied, and the phase shift of the tip was
used to measure the electrostatic force between the tip and the sample.
As the tip is raised up at a fixed distance from the sample, the major
part of the force on the cantilever is due to the long-range tip-sample
interactions; e.g., electrostatic force [32,33]. In EFM, the tip and the
sample interaction can be treated as a parallel plate capacitor, then the
electrostatic force is proportional to the square of the applied voltage.
Assuming the voltage between the sample and the probe, and the
equivalent capacitance C, the total energy of the system can be inter-
preted as U = —1/2CAV?2.

Conductive AFM is here defined as any current through the sample
and the tip of atomic force microscopy. This measures variables in
Ohm's equation V = IZ, where V is the voltage applied to the sample, I
is the current passing through the sample and the tip, and Z is the
equivalent resistance of the entire circuit. The setpoint in the contact
mode measurements is 0.5 *+ 0.02V.

Different from C-AFM, the scan technique relies on an AC bias ap-
plied to the tip to produce an electric force on the cantilever that is
proportional to the potential difference between the tip and the sample
in SKPM mode.

All the experiments were measured in a similar ambient environ-
ment and room temperature.

3. Results and discussion

Fig. 1a shows the device configuration of our planar-inverted PSCs
[34]. On the ITO glass substrate, PEDOT:PSS was adopted as a hole
transport material while a bilayer of PCBM and ZrAcac was used as the
electron transport layer. A 380-nm thick perovskite (intrinsic or doped)
film was sandwiched between the two layers (Fig. 1b). Fig. 1c shows a
typical contrast between the intrinsic and the Mn?* doped PSC device
with the best performance. All devices had negligible hysteresis and a
high fill factor, which proves the device quality. In order to figure out
the influence of Mn doping in MAPDbI; film on the device performance, a
series of Mn dopant concentrations was prepared, which was de-
termined by the Mn/Pb atomic ratio in precursor solution.

Fig. 2a shows the J-V curves of optimal devices with different Mn
doping rates ranging from 0% to 2%. PSCs without Mn doping (0%)
exhibit an open-circuit voltage (Voc) of 0.890V, a short-circuit current
density (Jsc) of 21.13 mA/ em?, a fill factor (FF) of 67.42%, and a power
conversion efficiency (PCE, n) of 12.67%. When the Mn/Pb ratio in-
creases to 0.2%, the device PCE increases significantly to 14.72%, due
to the increase in V¢ and FF, while Jg¢ is decreased (Voc = 0.91V,
Jse = 20.51 mA/cm?, FF = 78.63%, and 1 = 14.72%). As the Mn/Pb
ratio rises further to 0.6% and 1%, Voc keep increasing, whereas Jsc
drops significantly and FF also decreases. When the Mn/Pb ratio
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reaches 2%, the Vo decreases significantly along with the Jsc declining
to 7.851 mA/cm? and FF decreasing to 35.52%. The hysteresis also
becomes significant for 2% doping. With the increase of the doping
amount, the short circuit current tends to decrease, while the open
circuit voltage first increases and then decreases. The hysteresis effect
of the device is very small when there is no doping or low-concentration
doping. With the increase of doping concentration, obvious hysteresis
will occur. The calculated photocurrent intensities from the spectrum
integration in Fig. 2b confirm the deteriorating behavior of the short
circuit current density as the doping concentration increases. The in-
tegrated values are slightly lower than the corresponding ones in Fig. 2a
due to an underestimated spectral mismatch issue [35]. The statistics
(average values and standard deviations) of device performances for
different Mn concentrations are summarized in Fig. 2c and d.

To explore the mechanisms behind the observed performance
changes with increasing doping concentrations, the structure and
properties of undoped and doped perovskite films were investigated.
Fig. 3a shows the obtained XRD patterns. Regarding the film coated
onto the PEDOT:PSS/ITO for all samples, the obtained patterns are
consistent with the previous reports for the tetragonal conformation of
MAPDI; (space group 14/mcm, Z = 4), with peaks at 14.03° and 28.40°
which are indexed to the (110) and (022) planes, respectively [36,37].
No obvious shift occurred at the main peak at 14.03°, which indicates
that the doping concentration within 2% in Mn/Pb does not result in a
significant change in the lattice constant. However, the intensity of XRD
patterns declines significantly with the increasing Mn/Pb ratio. Fur-
thermore, no Mn was found in the samples by both energy dispersive
spectrometry (EDS) and X-ray photoelectronic spectroscopy (XPS)
spectra, which indicates that the dopant concentration is below the
detection limit of these techniques.

Fig. 3b shows the UV-Vis absorption and photoluminescence (PL) of
the samples for different Mn/Pb doping concentrations. A small blue
shift of the absorption edge, as well as a small blue shift of the PL peak,
is observed with increasing dopant concentration. That is the blue shift
in the PL peak emission peak is for the MAPDI3 films with the Mn/Pb
ratio ranging from 0% to 2% suggests a higher defect density. From the
absorption data and the UPS spectra (Fig. 3c), a schematic diagram of
the energy band levels shown in Fig. 3d can be obtained. It can be
observed that the valence band (VB) of the perovskite films rises and
the bandgap slightly increases with increasing Mn concentration. This
results in the reduction of mismatch between the VB of the perovskite
and the PEDOT:PSS layer and the enhancement of the hole transport.
This in turn results in the enhancement of V¢ observed (Fig. 2a,c) [13].
Through TR-PL, the PL lifetime decreases from 491.7 ns for the pristine
perovskite to 89.0 ns for the doped film with a 2% Mn/Pb ratio, shown
in Fig. 3e and f. Comparing the two different regions of the TRPL
process: the initial fast zone (due to trap-assisted non-radiative decay)
and the slow zone (due to radiative recombination of free charge car-
riers). It can be found that the trap density of Mn doped perovskite films
is higher. compared with the original perovskite film. The reduced
carrier lifetime indicates increased recombination, which results in a
Jsc decrease. The likely cause of reduced lifetime is reduced crystal-
linity (in agreement with the observed reduction in the intensity of XRD

Fig. 1. (a) Device configuration and (b) cross-

section scanning electron microscopy (SEM)
image of planar PSCs in this work. (¢) Typical
J-V curves of devices based on intrinsic and
doped perovskite materials. In the doped per-
ovskite film, the Mn/Pb molar ratio in precursor
solution is 0.2% (reverse scan (RS) and forward
scan (FS)).
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photoluminescence (TR-PL) spectra of the five kinds of perovskite films coated on glass substrate under excitation by a 405 nm laser; (f) statistics of the fluorescence

lifetime of those films.

patterns), which results in increased grain boundaries and defects, and
consequently reduced mobility and increased non-radiative re-
combination centers [38-44]. In comparison to the pristine sample, the
doping of 0.2% films featured small grains with a long lifetime. There
are similarities between this and what has been reported in the relevant
literature [45]. In addition, the grain boundaries may also affect the
charge recombination [46].

Although the variations of Voc and Jsc with the increasing doping
concentration are well explained by the above characterizations, the
effect on the fill factor of devices is still not fully clear. Therefore, the
surface morphology evolution in the series of perovskite films was also

133

investigated (Fig. 4). Fig. 4a shows a typical surface morphology of
MAPDI; film spin-coated on the surface of PEDOT/ITO substrates. For
0.2% doping, the grain size reduced and the grain boundaries multi-
plied while the overall morphology (grain shape) did not exhibit a
significant change (Fig. 4b). However, with a further increase in the
doping concentration to 0.6%, the surface roughness increased and
pinholes could be observed (Fig. 4c). When the doping concentration
increased further, the crystallinity degraded and the elongated grain
shape becomes more pronounced; additionally, the grain crystallinity
degrades sharply (Fig. 4d and e). The similar changes in morphology
were reported recently for the increasing alloying concentration
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Fig. 4. Typical SEM image of the surface morphology of perovskite films coated on the surface of PEDOT:PSS/ITO substrates for Mn/Pb ratios of 0% (a), 0.2% (b),

0.6% (c), 1% (d), 2% (e). The scale bar is 1 um.

(5-25%) of manganese in MAPbI; film [47]. Simultaneously, to exclude
the possibility that the major contribution of the structure evolution is
from chloride ions, a reference film with PbCl, instead of MnCl, was
prepared. Its surface image shows no elongated grain morphology,
except for an emerging of Pbl, nanocrystals (Figure S1).

In our work, the intrinsic film (Fig. 5a) with the largest perovskite
grain size shows the lowest Vo, while the 0.2%—Mn doped film
(Fig. 5d) with the smallest grain size shows the highest Voc. It was
previously reported that the V¢ could increase with decreased grain
size [25]. To investigate this phenomenon, we applied SKPM (in the
dark and under illumination), C-AFM, and EFM techniques to follow the
evolution of the surface potential, surface current and surface charge of
the perovskite films with different Mn/Pb ratios (0%, 0.2%). The ob-
tained SKPM images are shown in Fig. 5. The perovskite surface is di-
rectly accessible by the scanning probe while the ITO layer is grounded.
Open-circuit conditions are applied similar to those used in a previous
report [25,48]. SKPM measurement confirmed the presence of a pho-
tovoltaic effect for the perovskite film, and the average potential dif-
ferences (AV) between the dark and illuminated condition are related to
the photoresponse of the perovskite film. The surface potentials of in-
trinsic and Mn-doped (0.2%) perovskite films are —124.6 mV (Fig. 5b)
and —79.1mV (Fig. 5e) in the dark, respectively. Under light

42.48 nm

20.00

0.00

illumination, the surface potentials are —231.8mV (Fig. 5c¢) and
—212.2mV (Fig. 5f), respectively. This difference indicates that the
work function of the perovskite film increases upon the light illumi-
nation [49]. In addition, it indicates that the work function of per-
ovskite films is increased after doping with Mn. The increasing work
function demonstrates that electrons from perovskite film could be
extracted more easily [50]. The average differences in surface potential
(AV) between the samples under illumination and in the dark were
calculated. The results show AV of 107.2 and 133.1 mV for intrinsic and
Mn-doped (0.2%) samples, respectively. The higher surface potential
difference of the Mn doped perovskite film could be a factor enhancing
the Voc. To further characterize intrinsic and 0.2% Mn-doped samples,
C-AFM measurements were performed in the dark to determine the
electronic properties of those perovskite films. Figure S2a,b shows the
current mapping of the two samples, which clearly shows that when the
doping concentration increases, the bulk conductivity decreases. Al-
though the resolution is not high enough to distinguish the grain-de-
pendent resolution of conductivity mapping of doped perovskite films,
the average bulk conductivity indicates the trend of doping effect, de-
clining from 67.4 + 2.5pA to 65.1 = 1.5pA. This is different from
expectation that doping would increase the concentration of the ma-
jority carriers and hence enhance the conductivity [51-53]. This is due
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Fig. 5. Topographic morphology image (a), dark-scanning Kelvin probe microscopy (SKPM) image (b) and light-SKPM image (c) of Mn/Pb ratio of 0%/PEDOT/ITO
glass; Topographic morphology image (d), dark-SKPM image (e) and light-SKPM image (f) of Mn/Pb ratio of 0.2%/PEDOT/ITO glass. The scanning scales are

5pum X 5um and the scale bar is 1 pm.
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to the fact that conductivity is proportional to both carrier concentra-
tion and mobility, and the worsening of the crystallinity (Figs. 3a and 4)
would result in decreased mobility. In addition, the effects of the do-
pant on the carrier concentration are not fully clear due to having the
same valence of Mn?* and Pb?*, combined with the complex processes
of charge transport in perovskites, including the low activation energy
of defects and mobile ions of MA and idodine [54-58]; it is therefore
not easy to determine whether electrons or holes are the majority
carriers [3,10,59-61].

Therefore, EFM was used to reveal directly the relationship between
doping and carrier concentration in our perovskite films. According to
the sample configuration requirement in EFM tests, semiconductor
materials must be isolated islands on/in the insulator substrate, which
can simplify the source of induced charges [26,28-30]. To prepare the
samples for EFM test, a 532 nm laser was used to scribe the perovskite
film into patterned separated islands (Fig. 6a). Fig. 6b shows the typical
surface morphology of the 0.2% Mn/Pb-doped perovskite film de-
posited directly on bare glass, where the grain size is larger than that on
PEDOT/ITO substrates. The good quality of the two kinds of films tested
simplifies the analysis of that relationship, excluding the influence of
various defects and sources.

Fig. 6d and e shows the mapping of the phase shift of the pristine
perovskite film at bias voltages of 9V, 6V, 3V, 0V, —3V, —6V, and
—9V with the light off and on, respectively. When £+ 9V, £ 6V,
and * 3V bias voltages are applied, the phase shift mapping has a
contrast with that of no bias voltage, and Vg, is brighter at negative
bias voltages. For the 0.2% Mn/Pb-doped perovskite film (Fig. 6g and
h), the phase shift of +9 V in Vgzy, is lower than that of —9 V when the
light is off, while the opposite occurs when the light is on. Moreover,
the phase shift of the doped perovskite film is obviously smaller than
that of the pristine one under the high bias voltage. With the re-
lationship between the phase shift A¢ and the bias voltage (Vgrmy), the
function in an approximate capacity model can be fitted by Equation (1)
as follows [62], where A¢ is the phase shift of the resonant peak

(degree):
A¢ = Ko + Ky Vipy + Ko Vipy (@)
The constants K; and K, can be defined as follows [28,31]:
K = Qf g ; K= _2[3505}1];
2k | (e2) 2k z* 2

where Q is the quality factor, k is the spring constant of the cantilever, z
is the tip-surface distance, q is the surface charge, ¢ is dielectric con-
stant, and ¢, vacuum dielectric constant. K; is proportional to g, the
quantity of charge induced by Vgpy, [311.

Based on the above model, the relationship between the phase shift
and Vgpy of the pristine and doped perovskite films is fitted and shown

in Fig. 6i and j. For the pristine perovskite film in the dark,
K = —0.09°/V and K, = 0.22°/V2 When the light is turned off,
K; = —0.14°/V and K5 = 0.25°/V? are obtained. For the 0.2% Mn/Pb-

doped perovskite film, the values of K; = —0.07°/V, K, = 0.16 °/V?
and K; = —0.02°/V, K5 = 0.03°/V? are obtained when the light is on
and off, respectively (Table 1). Because the same cantilever and tip are
used for both samples, the surface charges obtained are also propor-
tional to the surface charge density of the sample. From the obtained
data, we can conclude that surface charge density is positive in the
perovskite film in the dark, and it is also positive with the light on. In
addition, the surface charge density increases under illumination, as

Table 1
Fitting results obtained by fitting A®—Vggy, curves of perovskite film with
Equation (1).

K K, Ky/K>
0% off —0.09 0.22 0.49
0% on -0.14 0.25 0.56
0.2% off —0.02 0.16 0.67
0.2% on -0.07 0.03 0.43
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Fig. 7. (a) Nyquist plots obtained from the electrochemical impedance spectroscopy (EIS) measurement of perovskite solar cells with Mn/Pb ratio of 0%, 0.2%

without illumination; (b) equivalent circuit employed to fit the EIS data.

expected due to the photogeneration of charge carriers. Finally, whe-
ther the light is off or on, the surface charge density of the pristine films
is larger than that of the doped perovskite films, in agreement with the
measured short circuit current density.

For a deeper insight into the influence of doped/undoped PSC
performance, electrochemical impedance spectroscopy (EIS) measure-
ments were carried out to be investigated. Fig. 7 shows the Nyquist
plots obtained for the systematically analyzed cells [61]. The results
correspond to the doped and undoped solar cells, both under dark
conditions. The impedance spectra are dominated by a large semicircle.
From the impedance spectra, we can extract the series resistance (Rs)
and the charge recombination resistance (Rrec) in the devices. After the
fitting of the EIS data with equivalent circuit shown in Fig. 7, Rs of
2.12Q and Rrec of 1542 Q can be obtained for undoped devices. The
slightly reduced Rs of 1.83Q and increased Rrec of 2312 Q for Mn?*
doped devices indicate the small dose of doping of Mn®* is able to
reduce the series resistance and suppress the charge recombination. As
a result, the device performances can be improved after Mn®* doping,
which is well consistent with our experimental results. At last, the
stability of assembled perovskite solar cells for Mn/Pb ratios of 0% and
0.2% are displayed in Figure S3. The obtained results show that the
degradation rate of the Mn?*-doped PSC device is relatively larger than
the undoped PSC after 24h of illumination. That is, the stability of
perovskite solar cells will be reduced by the introduction of Mn?™ in
continuous illumination. The deterioration of the device lifetime by Mn
doping in perovskite could be attributed to at least two factors. One is
that more grain boundaries were yielded from the doping, which is
shown in Fig. 4. More grain boundaries lead to the higher possibility of
infiltration of hydromolecules and the degradation of perovskite ma-
terials. The other is that doping derived defects in either the interior or
the grain boundaries of perovskite grains, which might accelerate the
device degradation.

4. Conclusions

In summary, we have systematically investigated the Mn®* doping
effect of MAPbI; perovskite on the film morphology, device perfor-
mance as well as the photoelectronic properties with various techni-
ques. We have demonstrated that the device performance could be
improved for a low Mn?* dopant concentration in MAPbI; perovskite
via enhancing the Vo and FF, while the Jsc always continued to de-
crease. Multi-functional AFM techniques, such as SKPM, EFM and C-
AFM, were used to correlate the photo-generated current and surface
potential variation before and after manganese doping in the perovskite
film. This paper demonstrates the usefulness of scanning probe tech-
niques for investigating the doping effect in organic-inorganic per-
ovskite films.
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