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Interfacial carrier transfer kinetics is critical to the efciency and stability of perovskite solar cells. Herein, we measure the
regeneration rate constant, absorption cross-section, reduction rate constant, and conductivity of hole transport layered pe-
rovskites using scanning electrochemical microscopy (SECM). Te SECM feedback revealed that the regeneration rate constant,
absorption cross-section, and reduction rate constant of the nickel oxide (NiO) layer perovskite layer are higher than those of the
poly (3,4-ethyenedioxythiophene)-poly (styrenesulfonate) layered perovskite. Also, at a specifc fux density (Jhv), the value of the
regeneration rate constant (kef) in both blue and red illuminations for the NiO/CH3NH3PbI3 flm is signifcantly higher than in
both PEDOT: PSS/CH3NH3PbI3 and FTO/CH3NH3PbI3 flms. Te diference in kef between layered and nonlayered perovskite
conforms to the impact of the hole conducting layer on the charge transfer kinetics. According to the fndings, SECM is a powerful
approach for screening an appropriate hole transport layer for stable perovskite solar cells.

1. Introduction

Recent high-performanceorganic-inorganic perovskite solar
cells have sparked a lot of interest in the photovoltaic feld
[1, 2]. Tey have been regarded as the most promising
candidates for being at the forefront of next-generationthin-
flm solar cells because of their distinct advantages, such as
their excellent photovoltaic properties, simple fabrication
process, and low cost [2, 3]. Te quality of perovskite flms
plays a key role in fabricating stable and efcient PSCs [4].
Te fast growth in efciency of perovskite solar cells [3, 4]
and the limitations of PSCs for outdoor applications have
driven the scientifc community to do much more research
on the absorption characteristics, interface layer, and
optoelectrical properties of the perovskite material [5, 6]. In
this regard, organometallic perovskite is an excellent light
harvester due to unique material features such as a broad
absorption spectrum range with a high extinction

coefcient, bipolar difusion, and a long carrier difusion
length. When light strikes the CH3NH3PbI3 active layer, the
excitation of carrier electron results in the formation of
electron-hole pairs with a small exciton binding energy
[7–12]. Recent research reports on hole transporting ma-
terials (HTMs) have revealed their signifcant efects on the
processes of hole extraction, transportation, and blocking
recombination processes [13]. In perovskite solar cells, the
hole transporting layer (HTL) plays signifcant roles such as
avoiding unwanted electron transfer, extracting the holes in
the active layer, splitting the perovskite layer from the anode,
minimizing degradation, improving the device’s stability,
and enhancing the open-circuit voltage (Voc) [2, 13–16].
Among diferent hole transporting materials, inorganic NiO
is stable, of low cost, earth abundant, nontoxic, has high
optical transmittance, sufcient conductivity, and excellent
charge extraction ability [17–23]; and PEDOT: PSS ofers
promising organic candidates for perovskite solar cells due
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to their high optical transmittance, low cost, outstanding
stability, high mechanical fexibility, adjustable conductivity
(10−2 to 103 S/cm), suppression interfacial recombination,
and accelerate hole transfer [2, 24, 25]. Tey have been
attributed to back contact as an electron blocking layer, with
higher conduction band energy in CH3NH3PbI3 versus
vacuum [24, 25]. According to a recent report, photo-
induced absorption spectra and photoluminescence mea-
surements have shown that NiO can enhance the stability
[26–28], and PEDOT: PSS can act as a good hole transport
layer but afect the stability due to moisture absorption
[29, 30]. For high performance, stability, and low-cost PSCs,
it is crucial to investigate the charge transfer reactions of
NiO/CH3NH3PbI3 and PEDOT: PSS/MAPbI3 layers after
photo-excitation and the conductivity of CH3NH3PbI3 de-
posited on both NiO and PEDOT: PSS hole transporting
layers. SECM has arisen as an innovative approach for
a variety of study disciplines, including biology [31], cor-
rosion [32], energy [33, 34], electron transfer processes [33],
and interfacial kinetics [35–43].

In this paper, we present SECM feedback mode studies
on the efect of hole conducting layers (NiO and PEDOT:
PSS) on the regeneration kinetics of the hole conductor/
CH3NH3PbI3 interface. With illumination, kinetic pa-
rameters such as the regeneration rate constant (kef), re-
duction rate (kred), and absorption cross-section (ϕhv) were
investigated. Furthermore, the Hall efect measurement
model was used to characterize the conductivity
measurements.

2. Experimental Methods

2.1. Chemicals. Terpineol, ethyl cellulose, polycarbonate
solvent, and NiO nanoparticles were purchased from
Aldrich. Organic redox T_, PEDOT: PSS (Figure 1(a)), and
CH3NH3PbI3 were synthesized using the methods described
in the literature [38–41]. Figure 1(a) shows the chemical
structure of PDOT: PSS, Figure 1(b) shows the energy level
diagrams of perovskite solar cells, Figure 1(c) shows the
chemical structure of persivate, and Figures 1(d) and 1(e)
show the SECM top view of PEDOT: PSS/CH3NH3PbI3 and
NiO/CH3NH3PbI3, with mean particle diameters of about
200 nm for NiO nanoparticles, respectively.

2.2. Film Preparation. In this study, NiO nanoparticles (with
a particle size of �20 nm) were ball milled in ethanol with
a few drops of acetic acid. To obtain a fne dispersion, the
aforementioned colloidal solution, ethyl cellulose (Aldrich),
and terpinol were sonicated and mixed alternatively. A paste
was made by evaporating ethanol from the mixture on
a rotary evaporator. FTO glass Nippon sheets (15Ω square−1)
were dip coated with nickel acetate ethanol solution (0.05M)
and then dried at 80°C. Te photocathode flms were screen-
printed with NiO paste and dried for 5min at 125°C.Te NiO
electrodes were sintered at 450°C for 30min with a ramping
time of 30min from room temperature to 450°C and then
posttreated at 550°C for 15min with a ramping time of 10min
from 450°C to 550°C [42–45].

2.3. SECMMeasurements. SECM experiments were carried
out on the CHI 920C electrochemical workstation (CH
Instruments, Shanghai). A Pt wire counter electrode and an
Ag/Ag+ reference electrode were held in a handmade Tefon
cell (with a volume of 2mL). Te sensitized electrodes FTO/
CH3NH3PbI3, FTO/NiO/CH3NH3PbI3, and FTO/PEDOT:
PSS/CH3NH3PbI3 were positioned at the bottom and short-
circuited to the electrolyte by a Pt wire [46, 47]. Te LEDs
were placed close to the cell from the back and focused on
flm electrodes by an objective lens with a photo-illuminated
spot area of 0.0785 cm2. A 25 μm diameter Pt wire (Good
Fellow, Cambridge, UK) was sealed into a 5 cm long glass
capillary prepared with a vertical pull-pin instrument (PC-
10, Japan). Te ultramicroelectrode (UME) was polished by
a grinding instrument (EG-400, Japan) and micropolishing
cloth with 1.0, 0.3, and 0.05mm of alumina powder. Te
ultramicro electrode (UME) was then conically sharpened to
an RG of 10, where RG is the ratio of the glass sheath and Pt
disc diameters. All experiments were carried out at room
temperature. Te approach curves are given in the form of
normalized UME current IT vs normalized distance (L), the
position zmax at which the UME makes mechanical contact
with the sensitized sample, and the distance (do) of the active
electrode area to the sample at zmax. L is obtained from the
vertical position z, which increases with approach toward the
sample. As a result, the possible distance between the
substrate and the tip is 200 μm± 10 and has a potential of
ET� 0.7V [44, 46–48].

2.4. Hall Efect Measurement. Te Ecopia Hall Efect mea-
surement model number HMS-5500 was used to measure
conductivity. A glass substrate was cleaned for 15min each
using detergent, deionized water, acetone, and IPA. Te
cleaned substrate was air dried and cured for 40min using
a UV ozone cleaner. Te CH3NH3PbI3 solution was spin
coated at 3000 rpm for 50 seconds on the NiO/CH3NH3PbI3
paste and PEDOT: PSS/CH3NH3PbI3 coated glass substrate
on top of the cleaned glass substrate. A conductivity mea-
surement was performed in the dark for both samples. Te
sample that was initially stored under illumination was
placed in the dark measurement chamber 10min before the
measurement [49–51].

3. Results and Discussion

Previous studies [42, 51] described the SECM feedback
mode’s principle for investigating heterogeneous responses
under illumination. Te UME current (IT) varies with dis-
tance (L) and T− regeneration rate at the sample. Under blue
illumination, the photo-electrochemical efects at the Pt
UME probe approach curves were recorded for the FTO/
CH3NH3PbI3, NiO/CH3NH3PbI3, and PEDOT: PSS/
CH3NH3PbI3 flms (as shown in Figure 2(a)). Furthermore,
we used Van Der Pauw four-point probes in all of the re-
liability tests [50, 52]. Figure 2(b) shows the temperature-
dependent conductivity, which decreases with time and
temperature. Because the temperature-dependent conduc-
tivity curves showed a change in slope from 7 S (W−1 cm−1)
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Figure 1: (a) Chemical structure of PEDOT: PSS. (b) Energy level diagrams of FTO, CH3NH3PbI3, NiO, and PEDOT: PSS. (c) Crystal
structure of perovskite. (d) SECM top view of PEDOT: PSS/CH3NH3PbI3 and (e) SECM top view of NiO/CH3NH3PbI3.
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to 4 S (W−1 cm−1) with the crossponding temperature rising
from 280K to 340K at all times from 10min to 3 h as
presented; moreover, at low temperatures, the thermal
conductivity obeys the power law of σ ∼ T− λ that the
temperature-dependent conductivity is subjugated by
acoustic phonon scattering [53]. Te PODET : PSS/
CH3NH3PbI3 indicated a fast reduction in conductivity
across the entire temperature range in the frst half hour, but
in the dark, there is a continuing reduction in conductivity,
especially at high temperatures. Figure 2(c) depicts the
conductivity of NiO/CH3NH3PbI3 as a function of tem-
perature, while Figure 2(d) shows the conductivity of
PEDOT : PSS/CH3NH3PbI3 as a function of temperature. As
a result, the conductivity and activation energy of PEDOT
: PSS/CH3NH3PbI3 were much higher than those of NiO/
CH3NH3PbI3. Tis could be due to the high amount of free
electrons in the PEDOT : PSS/CH3NH3PbI3 flm, as well as
the highly conductive PEDOT chains acting as a hole
transport path [54, 55]. Moreover, this could be because of
PEDOT : PSS, which has a dominant conductivity over the
conductivity of NiO [53, 56], whereas NiO has a low con-
ductivity [52, 54, 57]. Furthermore, the conductivity of NiO
and PEDOT : PSS was reported to be 74 S/cm and 3026 S/cm,
respectively [56]. Tis shows the conductivity of PEDOT:
PSS is more than ten times higher than the conductivity of
NiO [56].

Te Arrhenius model, represented by equation (1), was
commonly employed for conductivity as a function of
temperature [49]:

σ � σoe
− Ea/kT

, (1)

where σ is the conductivity of the flm at temperature T (K),
σo is the preexponential factor and represents the limiting
conductivity at infnite temperature, Ea (eV) is the acti-
vation energy that results from the variation of the con-
ducting level, Fermi energy, and Boltzmann’s constant
(k � 8.616×10−5 eVK−1). Furthermore, the activation energy
that governs conductivity in the ionic conduction process is
about 1 eV [48]. Te activation energy Ea was calculated by
the natural logarithm of the Arrhenius equation and the
slope of the plots indicating the variation of activation with
temperature in equation (2):

ln σ � ln σoe
− Ea/kT

. (2)

Te activation energies of NiO/CH3NH3PbI3 and PDOT:
PSS/CH3NH3PbI3 were calculated to be 20.26meV and
235.2meV, respectively. Furthermore, the conductivity of
NiO/CH3NH3PbI3 and PDOT: PSS/CH3NH3PbI3 was re-
ported to be 74 S/cm and 870 S/cm, respectively.

Te photons excite the charge carriers CH3NH3PbI3, and
the electrons and hole difusion in the conduction band and
in the valence band can be drifted by the potential diference.
Te holes transfer from the hole conductor to CH3NH3PbI3,
resulting in electron injection into the layers from
CH3NH3PbI3. Tere is an indicator reaction between
CH3NH3PbI3 as light absorbers and the redox species, which
emerged on the UME. A previous study elucidated photo-
electrochemical reactions on sensitized NiO electrodes
under illumination at the NiO electrode/electrolyte in-
terface. Te electrochemical reactivity of the substrate de-
termines the electrochemical reaction of tip current [58, 59].
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Figure 2: (a) Normalized SECM feedback approach curves in 1mM [T−] for the approach of a Pt disc electrode, rT�12.5mm, toward FTO/
CH3NH3PbI3, FTO/NiO/CH3NH3PbI3, and FTO/PEDOT:PSS/CH3NH3PbI3 under illumination by a blue LED at a fux density of 13.9mol
cm−2s−1. (b) Conductivity as a function of temperature at diferent times. (c) Conductivity of NiO/CH3NH3PbI3 as a function of tem-
perature. (d) Conductivity of PEDOT: PSS/CH3NH3PbI3 as a function of temperature on one sun illumination.
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Te excited holes in NiO/CH3NH3PbI3 and PEDOT: PSS/
CH3NH3PbI3 generate electron-hole pairs at the perovskite.

Te SECM feedback mode on redox mediator reaction
can be expressed with equation (3):

R − ne
− ⟶ O. (3)

When illuminated, perovskite absorbs light and forms
electron-hole pairs, which can promote the production of
exciton.Te injection of electrons into electron-transporting
materials (ETM) and the injection of holes into hole
transporting materials (HTM) are multicharge separation

reactions. Tis excitation of CH3NH3PbI3 leads to electron-
hole pairs (equation (4)) which results in hole injection (as
shown in Figure 3) into the valence band (VB) of NiO and
PEDOT: PSS (equations (5) and (7) as shown in Figure 3).
Tis represents the charge transport kinetics at the interface
of a hole conductor and a perovskite-electrolyte-UME
[54, 60]. Te charge separation reaction is based on the
kinetic competition of exaction, which results in photo-
luminescence (equations (8) and (9)), as well as back charge
transfer at the HTM surface (Figure 3) (equation (9))
[52, 61]:

CH3NH3PbI3 + hv⟶ CH3NH3PbI3 h+
+ e−

( , (4)

CH3NH3PbI3 e−
+ h+

( ⟶ hvNiO h+
(  + e

−
( )CH3NH3PbI3, (5)

CH3NH3PbI3 e−
+ h+

( ⟶ hvPEDOT: PSS h+
(  + e

−
( )CH3NH3PbI3, (6)

e−
+ h+

( CH3NH3PbI3⟶ hv′, (7)

e
−

+ h
+

( CH3NH3PbI3⟶∇, (8)

e
−

( )CH3NH3PbI3 + h
+

( HTM⟶∇. (9)

In order to investigate the efect of the hole conducting
layer on the regeneration kinetics, we used SECM under
illumination with a blue LED with varying light intensity.
Figure 4(a) shows the normalized approach curves of UME
to FTO/NiO/CH3NH3PbI3 under blue illumination (curves
#1–7). Te normalized approach curves of UME towards
FTO/NiO/CH3NH3PbI3 are documented. Tere is no dif-
fusion reaction in the dark as demonstrated by curve #0,
implying that layered perovskites act as an insulator. For
FTO/NiO/CH3NH3PbI3 flm, Kef increased from 5.94×10−3

to 16.9×10−3 cms−1 as the photon fux density increased
from 2.02×10−9 to 22.4×10−9molcm−2s−1. In addition, the
kef of the FTO/PEDOT: PSS/CH3NH3PbI3 flm increased
from 3.99×10−3 to 13.4×10−3 cms−1. Te kef increased from
1.28×10−3 to 4.12×10−3 cms−1 as the photon fux density
increased from 2.02×10−9 to 22.4×10−9molcm−2s−1 for
FTO/CH3NH3PbI3 (Table 1).

Te increase in kef with rising fux intensity indicates
that the regeneration process can only be driven by the
absorber’s light absorption. As a result, the FTO/NiO/
CH3NH3PbI3 flm has a higher kef than the FTO/PEDOT:
PSS/CH3NH3PbI3 flm and the FTO/CH3NH3PbI3 flm.Tis
could be due to the fact that the NiO thickness allowed for
greater perovskite loading than the PEDOT: PSS sample and
bar FTO.Te loading concentration of CH3NH3PbI3 onNiO
sample (ΓD, NiO) was signifcantly higher than ΓD, PDOT:
PSS and ΓD, FTO), with an estimated value of (ΓD, NiO�

1.304 ×102)× (ΓD, PDOT: PSS), and (ΓD, NiO� 2.54 ×104)× (ΓD,
FTO) [46, 62]. Furthermore, the absorption cross-
section(ϕhv) of FTO/NiO/CH3NH3PbI3 is 6.87×106mol−1
cm2 under blue light, while the absorption cross-section of

FTO/PEDOT: PSS/CH3NH3PbI3 is 4.15×105mol−1 cm2

under blue illumination. Similarly, with red illumination, the
absorption cross-section of FTO/NiO/CH3NH3PbI3 was
signifcantly higher than Φhv of FTO/PEDOT:PSS/
CH3NH3PbI3, and Φhv, FTO/CH3NH3PbI3. Tis pro-
nounced variation in absorption cross-section confrms the
infuence of absorber concentration on regeneration ki-
netics. Figure 4(b) shows the UME approach curves to
PEDOT: PSS/CH3NH3PbI3 under red illumination (curves
#1–7). Te UME current increased signifcantly when the
back side of the hole conductor’s layered CH3NH3PbI3 flm
was illuminated. With red illumination, the photon fux
density Jhv increases from 2.01× 10−9 to 14.7×10−9

molcm−2s−1. Te kef of NiO/CH3NH3PbI3 increases from
1.83×10−3 to 5.42×10−3 cms−1 in the organic electrolyte of
T−, while the kef of PEDOT: PSS/CH3NH3PbI3 increases
from 0.82×10−3 to 2.43×10−3 cms−1 (Table 2).

Figure 5 shows the relationship between Jhv and kef for
FTO/NiO/CH3NH3PbI3, FTO/PEDOT: PSS/CH3NH3PbI3,
and FTO/CH3NH3PbI3 flms (a) under blue illumination
with a maximum wavelength of 494 nm and (b) red illu-
mination with a maximum wavelength of 647 nm in
1mMT−electrolyte. It is noted that under blue illumination,
the kef of NiO/CH3NH3PbI3 is slightly higher than the kef of
PEDOT: PSS/CH3NH3PbI3, but under red illumination, the
kef of NiO/CH3NH3PbI3 is two times higher than the kef of
PEDOT: PSS/CH3NH3PbI3 [36, 50]. Tis implies that the
signifcant impact layer on the registration kinetics rate was
represented by loading concentration of CH3NH3PbI3 on
the flm. Terefore, Γ? of the FTO/NiO/
CH3NH3PbI3(6.3 × 10− 6molcm2) is signifcantly higher
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than ΓD of the FTO/PEDOT: PSS/CH3NH3PbI3
(4.83 × 10− 8molcm2) and FTO/CH3NH3PbI3(2.48×

10− 10molcm2) [46, 62]. Tese results agree with the light
absorbance of both NiO/CH3NH3PbI3 flm and PEDOT:
PSS/CH3NH3PbI3 flm, revealing the maximum photon
absorption in the range of 350 nm to 800 nm in the visible
region. Te red illumination (with the highest wavelength of
647 nm) correlates with the strong spectral absorption range
of both samples. Tus, the reduction rate constant kred for
the regeneration of the CH3NH3PbI3 by the reduced elec-
trolyte after hole injection into the hole transport layers is
obtained by ftting the experimental kef values as a function
of Jhv according to equation (4) [42, 51]:

kred �
2keffJhvΦhv

3ΓDJhvΦhv − 6keff T
−

[ ]
, (10)

where [T−] is the concentration of the reduced electrolyte, Γ?
is the sample thickness per concentration of the absorber on
the flm, Jhv is the incident photon fux, and Φhv is the
excitation cross-section.

Terefore, the kinetic reduction rate constant kred and
absorption cross-sectionΦhv of NiO/CH3NH3PbI3 and FTO/
CH3NH3PbI3 flms were evaluated to be kred � 9.98×106mol
cm3s1, Φhv � 6.87×106mol−1 cm2 in blue illumination, and
Φhv � 4.89×106mol−1 cm2 in red illumination (Table 3). Te
regeneration rate constants of PEDOT: PSS/CH3NH3PbI3
were evaluated as kred � 3.15×106mol cm3s−1, Φhv

� 4.56×106mol−1 cm2 in blue LED illumination, and Φhv

� 2.45×106mol−1 cm2 in red illumination. Te kred of the
NiO/CH3NH3PbI3 flm is higher than both PODT: PSS/
CH3NH3PbI3 and FTO/CH3NH3PbI3 in blue illumination.
Te excitation cross-section of the NiO/CH3NH3PbI3 flm
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Figure 3: Schematic diagram of electron transfer processes in an HTM (perovskite) ETM cell. (1) Electron injection, (2) hole injection, (3),
(4) exciton annihilation, (5), (6) back electron transfer, and (7) recombination.
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6 Journal of Nanotechnology



was signifcantly bigger than that of PEDOT: PSS/
CH3NH3PbI3 in both red and blue illumination (Table 3). As
a result, at a specifc fux density Jhv, the value of kef in both
blue and red illuminations for the NiO/CH3NH3PbI3 flm is
signifcantly higher than in both PEDOT: PSS/CH3NH3PbI3
and FTO/CH3NH3PbI3 flm. Tis clear diference in kef of
layered and nonlayered perovskite conforms to the impact of
the hole conducting layer on the charge transfer kinetics.

Te SECM measurement for approach curves in the
feedback mode is a steady-state measurement for va-
lence band energy (EVB) perovskite, photoexcited pe-
rovskite at the HOMO, and photo-induced hole
injection h+. Te absorption cross-sectionϕhv from the
efective rate constant at low light intensities and the
hole injection process were obtained by equation (5)
[46, 63]:

Table 1: Normalized rate constant kef (cms−1) for NiO/CH3NH3PbI3 and PODT: PSS/CH3NH3PbI3 in blue illumination.

Jhv/10
−9 (mol cm−2s−1) Curve # κ k ef/10−3 (cms−1) k ef/Jhv/10

6 (mol/cm2)

(a) NiO/CH3NH3PbI3
22.4 7 0.0156 16.9 0.75
19.8 6 0.0152 16.5 0.83
13.9 5 0.0139 15.1 1.08
11.8 4 0.0132 14.3 1.21
6.82 3 0.0107 11.6 1.71
4.12 2 0.0101 11.1 2.69
2.02 1 0.0055 5.94 2.94

(b) PODT : PSS/CH3NH3PbI3
22.4 7 0.0124 13.4 0.59
19.8 6 0.0119 12.9 0.65
13.9 5 0.0108 11.6 0.83
11.8 4 0.0101 10.7 0.91
6.82 3 0.0078 8.44 1.24
4.12 2 0.0071 7.96 1.93
2.02 1 0.0036 3.97 1.97

(c) FTO/CH3NH3PbI3
22.4 7 0.0233 4.12 0.183
19.8 6 0.0225 3.99 0.201
13.9 5 0.0203 3.59 0.258
11.8 4 0.0192 3.39 0.287
6.82 3 0.0151 2.66 0.391
4.12 2 0.0142 2.51 0.609
2.02 1 0.0723 1.28 0.634

Table 2: Normalized rate constant kef (cms−1) for NiO/MAPbI3 and PODT: PSS/CH3NH3PbI3 in red illumination.

Jhv/10
−9 (mol cm−2s−1) Curve # κ k ef/10−3 (cms−1)

(a) NiO/CH3NH3PbI3
14.7 7 0.051 5.42
13.1 6 0.048 5.21
12.1 5 0.046 5.06
9.44 4 0.042 4.58
6.82 3 0.036 3.94
4.21 2 0.027 2.99
2.01 1 0.016 1.83

(b) PODT : PSS/CH3NH3PbI3
14.7 7 0.024 2.43
13.1 6 0.022 2.33
12.1 5 0.021 2.27
9.44 4 0.019 2.06
6.82 3 0.016 1.76
4.21 2 0.012 1.34
2.01 1 0.007 0.82
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ϕhv �
khv,eff

Jhv

. (11)

Figure 6(a) shows the plot of ϕhv vs Jhv of NiO/
CH3NH3PbI3 (right ordinates) under blue illumination that
for increasing Jhv from 2.02×10−9 to 22.4×10−9

molcm−2s−1, its corresponding absorption cross-sectionϕhv

decreased from 2.94×10−6 to 0.75×10−6 mol cm−2 for NiO/
CH3NH3PbI3 (Table 1). Figure 6(b) shows the plot of ϕhv vs
Jhv in red illumination PODT: PSS/CH3NH3PbI3 (right
ordinates). As Jhv increased from 2.02×10−9 to 14.7×10−9

mol cm−2s−1, its corresponding absorption cross-sectionϕhv

deceased from 2.01× 10−6 to 0.5 9 × 106 mol cm−2 (Table 2).
Tis implies that photon fux density and absorption cross-
section are inversely related. Upon light illumination, hole-
electron pairs are generated in CH3NH3PbI3 followed by
hole transfer to NiO or PODT: PSS.Te free energy (ΔE) for
hole transfer can be calculated by equation (2)) for hole
conductors. Furthermore, under illumination, the quasi-
Fermi energies of holes in the solar cell are related to the
band gap, Eg [64]. At the HTM-layered interface, the quasi-

Fermi energy of holes at the interface increases. Hence, there
is balance between the driving energy for hole extraction,
ΔE, and the open-circuit voltage (voc).

Energy level alignment between the photoactive hole
conducting layer and its adjacent interface is one of the
criteria in designing an efcient solar cell device. According
to the energy band diagram shown in Figure 7, the HOMO
levels of PEDOT: PSS (−5.0 eV) and of NiO (−5.2 eV) are
very close to those of CH3NH3PbI3, which makes it suitable
for SECM analysis [51]. When a photon activates
CH3NH3PbI3, it generates free electrons and holes [51].
Under illumination, the excitation of the CH3NH3PbI3 layer
results in the creation of electron-hole pairs with small
exciton-binding energy [7]. Te ambipolar carrier transport
properties as well as the elongated carrier lifetime of
CH3NH3PbI3 allow the direct transport of hole charge
carriers to the charge collective contacts. Te CH3NH3PbI3/
HTM junction shows a restoration layer because of the
hole transfer from the electron-accepting contact to the
CH3NH3PbI3 layer. On illumination, the CH3NH3PbI3
perovskite should absorb the light, and as a result, holes
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Figure 5: Plots of kef vs Jhv for NiO/ CH3NH3PbI3 and PODT: PSS/ CH3NH3PbI3 flms: (a) under blue illumination as listed in Table 1 and
(b) under red illumination as listed in Table 2.

Table 3: Fitting results of regeneration and cross-section in diferent LEDs.

Substrates LED k red/106mol cm3 s−1 Φhv/mol−1 cm2

NiO/CH3NH3PbI3
Blue 9.98 6.87×106

Red 4.89×106

PODT: PSS/CH3NH3PbI3
Blue 3.15 4.15×105

Red 2.45×105

FTO/CH3NH3PbI3 Blue 2.85 3.25×105

Red 3.17×105
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are transferred from the CH3NH3PbI3 perovskite to the
HTM and electrons are transported to the electrolyte as
shown in Figure 7 [8, 9]. In this work, we investigate the
efect of layers on the kinetics of charge regeneration at the
illuminated HTM/CH3NH3PbI3/electrolyte interface
with SCEM.

Te energetic driving force for hole transfer can be
approximated by equation (12):

ΔE � EHOMO − EVB, (12)

where EHOMO of HTMs is relative to the CH3NH3PbI va-
lence band energy, EVB (−5.4 eV) [58]. Te resulting ener-
getic driving for hole transfer across the interface of PEDOT:
PSS/CH3NH3PbI3 and NiO/CH3NH3PbI3 estimated as
ΔENiO � −0.2eV and ΔEPEDOT: PSS � −0.4eV. Tis implies
that the valance band energy of the CH3NH3PbI3 excited
state lies below the NiO and PEDOT: PSS layers (ΔE< 0).
Furthermore, the hole regeneration at the interface must be
allowed, imposing that the valance band energy of the HTM
can be more negative than that of CH3NH3PbI3 [41, 65].
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Figure 6: Plot of Jhv vs ϕhv of (a) NiO/CH3NH3PbI3 under blue illumination and (b) PODT: PSS/CH3NH3PbI3 under blue illumination.
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 . Conclusion

To summarize, we investigated the efect of the HTM layer
on hole transfer kinetics at the HTM/CH3NH3PbI3 interface
using Ecopia Hall Efect measurement and the SECM
feedback approach. Te SECM study’s fndings include
variations in the efective rate constant kef, the reduction
rate constant kred, and the absorption cross-section (hv) for
FTO/NiO/CH3NH3PbI3, FTO/PEDOT: PSS/CH3NH3PbI3,
and FTO/CH3NH3PbI3. To determine absorption rates, the
conductivity of HTM-layered NiO/CH3NH3PbI3 and
PEDOT: PSS/CH3NH3PbI3 was also investigated. Te ap-
proach curves attributable to the kinetics of hole re-
generation at the interface are afected by incident light
wavelength, photon fux density, and layer optical proper-
ties. Te dominant conductivity of PEDOT: PSS/
CH3NH3PbI3 was found to be signifcantly higher than that
of NiO/CH3NH3PbI3. Furthermore, the energetic driving
force for hole transfer was found to be ΔENiO/P � −0.2eV

and ΔEPEDOT: PSS/P � −0.4eV. Tis demonstrates that the
HOMO level of PEDOT: PSS is very close to that of
CH3NH3PbI3, making it an excellent layer for fast hole
regeneration interfaces. Tis allows for simple testing of
highly efcient photon absorbers with a wide range of ab-
sorption. Tus, SECM is a novel method for screening an
appropriate hole transport layer for stable perovskite
solar cells.
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