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In-plane oriented CH;NH;PbI; nanowire suppression
of the interface electron transfer to PCBM*

Tao Wang(E#), Zhao-Hui Yu(T#A#), Hao Huang(3# %),
Wei-Guang Kong(fL11i)), Wei Dang(3%/%)", and Xiao-Hui Zhao(GEXHE#F)*

Hebei Key Laboratory of Optic-Electronic Information Materials, College of Physics Science and Technology,
Hebei University, Baoding 071002, China

(Received 1 January 2021; revised manuscript received 22 March 2021; accepted manuscript online 6 April 2021)

One-dimensional nanowire is an important candidate for lead-halide perovskite-based photonic detectors and solar
cells. Its surface population, diameter, and growth direction, efc., are critical for device performance. In this research,
we carried out a detailed study on electron transfer process at the interface of nanowire CH; NH3Pbl3(N-MAPbI3 )/Phenyl
C61 butyric acid methyl-ester synonym (PCBM), as well as the interface of compact CH3NH3PbI3(C-MAPbI3)/PCBM by
transient absorption spectroscopy. By comparing the carrier recombination dynamics of N-MAPbI3, N-MAPblI;/PCBM,
C-MAPbI3, and C-MAPDbI3/PCBM from picosecond (ps) to hundred nanosecond (ns) time scale, it is demonstrated that
electron transfer at N-MAPbI3/PCBM interface is less efficient than that at C-MAPbI3/PCBM interface. In addition, elec-
tron transfer efficiency at C-MAPbI3/PCBM interface was found to be excitation density-dependent, and it reduces with
photo-generation carrier concentration increasing in a range from 1.0 x 10'® cm=3-4.0 x 10'8 cm™3. Hot electron transfer,
which leads to acceleration of electron transfer between the interfaces, was also visualized as carrier concentration increases

from 1.0 x 10" cm—3-2.2 x 1018 cm 3.

Keywords: lead-halide perovskite, nanowire, interface electron transfer, transient absorption spectroscopy

PACS: 68.35.bj, 68.55.ag, 72.20.Jv

1. Introduction

Perovskite solar cells (PSCs) belong to a new genera-
tion of solar cells, whose champion power conversion effi-
ciency (PCE) has reached to 25.2%.!!! The perovskite film has
also shown excellent performance in the field of photoelectri-
cal detector, light-emitting diode, and x-ray detector.!>%! In
these applications, improving the interface charge separation
efficiency is of great importance.”#! So far, various strate-
gies such as hot casting, solvent annealing, mixed solvents
technique, anti-solvent dripping, and the interface engineer-
ing have been developed for optimizing the perovskite film

9-121 Compared to compact perovskite film (C-

morphology.!
PVK), nanowire perovskite film (N-PVK) exhibits significant
advantages, such as superior anti-reflection, significant light
trapping, and enhanced carrier transport, which are all ben-
eficial for applications in opto-electronics.!'>!*1 N-MAPbI;
films were first employed by Forro et al. in the field of light-
emitting transistors.!'>] The first N-MAPbI3-based solar cell
shows a more efficient interface transfer efficiency than that
of typical C-PVK film and provides a 14.17% PCE.!'®! Later
on, N-PVK was more used in photodetector for its better ori-

¢ [17-20

ented carrier transpor | Only a few of investigations of

N-PVK-based solar cells have been performed. One report by

DOI: 10.1088/1674-1056/abf4fa

Kilwon Cho et al. claimed that the fine control of the morphol-
ogy of N-MAPbI; (diameter, surface coverage, distribution at
surface or bulk) is required for optimum N-MAPbI3-based so-
lar cells.[>'l Another research pointed out that the N-MAPbI;3
film has a lower interface charge transfer efficiency than that
of nanocube and nanowire hybrid film.!"*! The above two ref-
erences stressed that more gaps and holes in N-PVK lead to
loose contact between N-PVK and the charge transport mate-
rials, which results in lower PCE. However, to the best of our
knowledge, there are few relevant dynamic experiments for
such a judgement. In consideration of widely use of N-PVK
in solar cells and photodetectors, its interface charge transfer
dynamics deserves a more detailed investigation.

In this paper, interface electron transfer dynamics from C-
MAPDI; film, as well as in-plane oriented N-MAPDI3 film to
PCBM were studied by using femtosecond transient absorp-
tion spectroscopy. The target carrier recombination dynamics
were extracted from probe wavelength where the induced re-
fractive change can hardly affect the transmitted light inten-
sity. An efficient interface charge transfer phenomenon be-
tween C-MAPDI; film and PCBM was demonstrated in ours
experimental results. While efficient interface electron trans-
fer was absent from N-MAPDbI3;/PCBM interface, no matter
of carrier generation density or observation time scales from
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some picosecond to tens nanosecond. Hot electron transfer
at C-MAPbDI3;/PCBM interface was detected in excitation den-
sity varying experiment. The hot electron transfer accelerates
the decay of carrier concentration of C-MAPbI3 in first 10 ps—
20 ps.

2. Experimental section
2.1. Materials

Methylammonium iodide (MAI, purity > 99.99%) and
lead (IT) iodide (Pbl,, purity > 99.99%) were bought from
Xi’an Polymer Light Technology Corp. Isopropanol (IPA, pu-
rity > 99.8%), toluene(AR), N,N-Dimethylformamide (DMF,
purity > 99.8%, Sigma), 1-Methyl-2-pyrrolidone (NMP, pu-
rity > 99.5%, Sigma) Chlorobenzene (CB, purity > 99.99%,
Kermel) are all kept in a N»-filled glovebox before use. The
indium tin oxide (ITO) glasses were bought from South China
Xiang Science & Technology Company Limited.

The ITO glass substrates were first cleaned with deter-
gent, then were successively washed with deionized water, iso-
propanol, deionized water, acetone, and isopropanol in an ul-
trasonication bath at 30 °C for 20 min, and finally were dried
with nitrogen flow. After treated with oxygen plasma (30 min),
the substrates were transferred to a Nj-filled glovebox for fur-
ther use.

2.2. Compact MAPDI;3 film

The 1-ml MAPbI3 precursor solution was prepared by
dissolving 580-mg Pbl, and 200-mg MAI in the mixed sol-
vent of 600-uL DMF and 400-uLL NMP, and then was stirred
overnight at 30 °C. 35 pLL of MAPbI3 solution was spin-coated
on the substrate at 1000 rpm for 8 s and 4000 rpm for 12 s.
At the 4th second before the end 75 uL of toluene solution
was dipped to achieve a smooth surface. And the as-prepared
MAPbDI; film was kept alone for 30 min, then it was annealed
at 90 °C for 9 min. The average thickness of C-MAPbI;3 is
about 400 nm.

2.3. Nanowire MAPDbI3 film

The 1-ml Pbl, solution was prepared by dissolving 462-
mg Pbl, in 1-mL DMF, and then it was stirred over night at
30 °C for use. The 1-ml MALI solution was prepared by dis-
solving 10-mg MAI in mixed solution of 1000-uL isopropanol
and 50-uL DMEF, and also it was stirred overnight at 30 °C for
use. The 30 uL of Pbl, solution of 70 °C was spin-coated
on the prepared substrate at 3000 rpm for 5 s and 6000 rpm
for 5 s. After kept alone for 10 min the as-prepared Pbl, film
was annealed at 70 °C for 3 min, then it was cooled down to
room temperature. The 70 pL of MAI solution was loaded on
the Pbl, and kept alone for 4 s, then it was spun at 1500 rpm
for 20 s and kept alone 15 min till the color of as-prepared
film completely turned to dark-brown from light-brown, then

annealed at 100 °C for 5 min. The average thickness of N-
MAPbDI; is about 300 nm.

2.4. PCBM treatment film

PCBM solution was prepared by dissolving 20 mg of
PCBM in 1 mL of chlorobenzene. When the perovskite film
was cooled down from annealing for 5 min, the as-prepared
PCBM solutions were dripped onto the perovskite layer, then
the film was spun at a speed of 1500 rpm for 30 s.

2.5. Characterizations

The ultraviolet-visible (UV-vis) absorption spectra were
recorded by UV-2600 (Shimazu). Scanning electron micro-
scope (SEM) images were obtained by Zeiss Sigma at a
3.0-kV accelerating voltage. The surface morphology was
measured by atomic force microscopy (AFM, Multimode 8§,
Bruker). The thickness of the film was measured by a step
profiler (Dektak-XT Bruker). The x-ray diffraction (XRD)
patterns were measured by a D/max 2400 x-ray diffractome-
ter with Cu Ka radiation (A = 1.54050 A). The photolumi-
nescence (PL) measurement uses a CW laser (532 nm) as
excitation source and the emission from perovskite film was
recorded by a liquid nitrogen cooled CCD detector array at-
tached to an Acton SP 2500 spectrometer. Time-resolved pho-
toluminescence (TRPL) was recorded by a frequency-domain
fluorometry with excitation wavelength at 405 nm.

2.6. Transient absorption spectrum measurement

Femtosecond transient absorption spectra measurements
were conducted using a femtosecond laser (Spirtfire ACE
100F 800 nm, full width at half maximum (FWHM) pulse
width 100 fs, 1-kHz repetition rate) and an ultrafast spectro-
scopic system (Harpia). The output of fundamental laser was
split into pump (95%) and probe (5%) beams. The pump
beam was directed through an optical parametric amplification
system (TOPAS Prime-F) to generate 550-nm pump beam,
while the probe beam was passed through an optical delay
rail and focused onto a Ti:sapphire crystal to generate a white
light continuum. The angle between polarization directions of
pump beam and probe beam was set up as magic angle 54.7°
and the optical delay stage provided a probe time window of
8 ns.

3. Results and discussion

The surface morphologies of both types of MAPbI; film
are shown in Fig. 1. As shown in Fig. 1(a), the surface of
N-MAPbDI; is uniformly covered by nanowires. Its extended
view in the inset shows that most of N-MAPbI; nanowires are
in-plane-oriented and amount of gaps and holes exists between
them. The C-MAPDbI; is in poly-crystal form, which looks like
MAPDI; riprap (Fig. 1(b)). The diameter of grain crystal is in
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the order of hundreds of nanometers. According to AFM mea-
surement, the roughness Ry of C-MAPbI; is 3.76 nm, much
smaller than Ry 57.2 nm of N-MAPbI3.

Fig. 1. SEM images of N-MAPbI; (a) and C-MAPbI3 (b), the inset in
panel (a) shows an extend view of N-MAPbI3.

The XRD patterns of C-MAPbI3 and N-MAPbI; are
shown in Fig. 2. The patterns of both C-MAPbI3 and N-
MAPDI; contain diffraction plane (110) and (220) peaks at
14.2° and 28.7°, which indicate preferential tetragonal struc-
ture. Other noticeable differences in N-MAPbI3 with respect
to C-MAPDbI; includes a weaker (220) peak and stronger (112),
(211), (202), and (310) peaks, indicating different morpholo-
gies between them. It is should be noted that the XRD peak
at 12.6° in N-MAPDbI; originates from residual Pbl,, because
the amount of MAI was limited in preparation of N-MAPbI3
by two-step method. The residual Pbl, mainly locates near
the substrate and does not affect interface charge transfer from
N-MAPbI; to PCBM.

] (a) — C-MAPbDI;
£ E - ITO
El J # Pbl,
F{% :__JLL A A
I — N-MAPbDI;
g = +ITO
= 5 # Pbl,
5 8

10 15 20 25 30 35 40 45 50
20()

Fig. 2. XRD patterns of C-MAPbI3 (a) and N-MAPbI;3 (b).

Steady absorption spectra of C-MAPbI3, N-MAPbI3, and
their counterparts covered by PCBM are shown in Fig. 3. Both

exciton absorptions of C-MAPbI3 and N-MAPbI;3 films locate
at about 750 nm.??! A remarkable absorbance from 750 nm
to 800 nm in N-MAPDI; film was attributed to surface scatter-
ing, not sub-bandgap absorption.[?*! This attribution is in con-
sistent with similar PL spectra of C-MAPbI; and N-MAPbI;
(Fig. 3). The PCBM coating does not affect steady PL of C-
MAPDI; film, but leads a little blue shift of PL of N-MAPbI;
(Fig. S1). It is consistent with the reported passivation effect
of PCBM on trap states in MAPbIj3. [>4]

é;ﬁ 1.0 :§ IRAQPBI;/PCBM A 1.0
3 Py =
2 0.8f —113 MAPbIg/PCBM { 10.8 o
o - N-MAPbI; H -
2 0.67 Q!:ED— 10.6 %
] 3
'iN) 0.4-_ “ 40.4 E
= o
g o2f 102 =
5
z L . . __—1°
500 600 700 800
Wavelength (nm)
Fig. 3. Steady absorption spectra of C-MAPbI3 (black solid line),

C-MAPbI3/PCBM (red solid line), N-MAPbI3 (blue solid line), N-
MAPbDI3/PCBM (green solid line), and steady PL of C-MAPDbI; (black dash
line), N-MAPbIj3 (blue dash line).

To observe charge recombination in MAPbI3 and electron
transfer to PCBM at its interface, transient absorption spec-
troscopy is a powerful tool. Typical transient absorption spec-
tra at some time delays for C-MAPbI; and N-MAPbI; are pre-
sented in Figs. 4(a) and 4(c). Both transient absorption spectra
of C-MAPbI; and N-MAPbI3 show similar features, with a
ground state bleach (GSB) signal centered at 760 nm and a
broad photo-induced absorption (PIA) signal around 600 nm.
Within the first 1 ps, isosbestic point of their transient ab-
sorption spectra appears blue shifts first, then red shifts suc-
cessively due to hot carrier cooling.!*>! Transient absorption
spectra of C-MAPbI3/PCBM and N-MAPbI:/PCBM have also
been presented in Fig. S2. They have similar spectral features
with their counterparts without PCBM covering in our moni-
toring wavelength range.

‘We compared kinetics of absorbance change (AmOD) for
C-MAPDI; film, N-MAPbI; film, and their counterparts with
PCBM covering. Monitoring wavelengths were selected at
601 nm (PIA) and 761 nm (GSB). PCBM has a small ab-
sorbance at 550 nm (Fig. S3), and its transient absorption sig-
nals at 601 nm and 761 nm are much smaller with respect to
that of MAPbI3 (Fig. S4). Therefore, the absorbance changes
(AmOD) of four types films at 601 nm and 761 nm are only
related to the charge carrier concentration in MAPbI3. The ki-
netic traces of C-MAPbI; and N-MAPbI; were compared in
Fig. S5 in the Supplementary materials. N-MAPbI; film dis-
plays more faster decay in kinetics traces at the 601 nm (PIA)
and 760 nm (GSB), indicating a shorter carrier lifetime than
that of C-MAPDI3 film. The comparison of kinetic traces of
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C-MAPbI; and C-MAPbI3/PCBM are presented in Fig. 4(b).
Obviously, C-MAPbI3/PCBM kinetics traces at 601 nm (PIA)
and 760 nm (GSB) show much faster decays. This is the evi-
dence of interface electron transfer from C-MAPbI3 to PCBM,
which reduces the carrier lifetime of MAPbI3. But the faster
decay of absorbance change (AmOD) of C-MAPbI;/PCBM
is only sustained for about 20 ps according to Fig. 4(b) and
Fig. S6. It means electron transfer rate decreases with time.

The mechanism of this fast electron transfer process would be
explained later.

In contrast to C-MAPDI3, the kinetics of absorbance
change (AmOD) of N-MAPbI;/PCBM was nearly overlaid
with that of N-MAPbI; film at first 20-ps time scale (Fig. 4(d))
and nanosecond scale(Fig. S7). It seems that electron transfer
at N-MAPbI3;/PCBM interface is less efficient than that of C-
MAPbDI;/PCBM.

—100

—200

50

1.2

—— C-MAPbI; (601 nm
—— C-MAPbI3/PCBM
—— C-MAPbDI; (761 nm
—— C-MAPbI3/PCBM

Rat%
1

0.4
601 nm)

—_

761 nm)

AmOD

—50
N-MAPbDI;

—100

—150

(c)

1.2
(d)

1

S

I
Normalized AOD

—— N-MAPbI; (601 nm)
—— N-MAPbI3/PCBM (601 nm)
—— N-MAPbDI; (761 nm) 40
—— N-MAPbI3/PCBM (761 nm)

600 700 800
Wavelength (nm)

900 O 10 20

Time delay (ps)

Fig. 4. Panels (a) and (c) are differential transmission spectra (mOD) for C-MAPbI; and N-MAPbI; films after excitation at 550 nm (1 kHz, 100 fs,
155 wl/em? ): black (0 ps), red (0.3 ps), blue (0.6 ps), magenta (1.24 ps), olive (919.95 ps), and navy (4049.95 ps). Panels (b) and (d) are normalized
photo-induced absorption kinetics (601 nm) and negative bleaching kinetics (761 nm) of C-MAPbI3 and N-MAPbI; films.

We also checked the electron transfer process at C-
MAPDI;/PCBM interface and N-MAPbI3/PCBM interface at
hundreds of nanoseconds time scales by use of TRPL tech-
nique, as shown in Fig. 5. All TRPL decay curves were fit-
ted by multiple exponential decay function. Detailed fitting
parameters are shown in Table S1. The PL lifetime of the C-
MAPDI; film is 128.5 ns, and it decreases to 20.68 ns as being
covered by PCBM. By contrast, the PL lifetime of N-MAPbI;
is 10.62 ns that is very close to the PL lifetime (9.26 ns) for
N-MAPbI3/PCBM. TRPL measurements also confirm a less
efficient electron transfer at N-MAPbI3;/PCBM interface than
that of C-MAPbI3/PCBM interface. At MAPbI3/PCBM inter-
face, carrier transfer process is coexisted and competes with
carrier recombination in MAPbI3;. We attribute more efficient
electron transfers at C-MAPbI3/PCBM interface to close con-
tact between C-MAPDbI3; and PCBM and longer carrier lifetime
in C-MAPbI3 (Fig. S5 and Fig. 5). While N-MAPbI3 shows
loose contact with PCBM and shorter carrier lifetime, both of
which are disadvantages for the interface electron transfer. In
addition, MAPbI3 nano-wire inherits a better diffusion coeffi-
cient than that of MAPbI; film.!?®! Thus carriers in in-plane-
oriented N-MAPbI; diffuse along radial direction more faster
than that of C-MAPbDI3, lowering the carrier concentration at
the interface. We suppose it as another disadvantage for N-

MAPDI; nanowire investigated in this research.

1k

—— C-MAPbI;
—— C-MAPbI3/PCBM
—— N-MAPbI;

Normalized TRPL

0 100 200 300 400 500
Time delay (ns)

Fig. 5. TRPL decay curves of C-MAPbI3 (black line and square), C-
MAPDI3/PCBM (blue line and triangle), N-MAPbI; (purple line and di-
amond), and N-MAPbI3/PCBM (green line and triangle) and their fitting
(red line).

The interface charge transfer between MAPbI; and elec-
tron transfer material or hole transfer material undergoes a
competition with charge trapping and recombination within
MAPDI;. It has been reported that interface charge transfer ef-
ficiency is highly dependent on the excitation density.[>728] In
lighting this, here we also checked the effect of carrier concen-
tration on the charge transfer between C-MAPbI3 and PCBM.
Kinetics at 601 nm (PIA) was chosen for such analyzation for
its shorter rising phase in time than that of 761 nm (GSB)
(Fig. S5) and less interference with transient reflectivity than
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that of 761nm (GSB) (Fig. S8).

All kinetics at 601 nm (PIA) of C-MAPbI; and C-
MAPDI;/PCBM under three different excitation densities were
fitted with the convolution of Gaussian function and three ex-
ponential decays function, as shown Figs. 6(a)-6(c). Fitting
parameters of three time components are shown in Table 1 and
their standard errors are supplied in Table S1. Three features
can be observed from fitting results in Table 2. Firstly, the
addition of PCBM induces a reduction in all time constants
when a low excitation density of 70 pJ/cm? is used. Secondly,
at medium excitation density of 155 pJ/cm?, the addition of
PCBM only induces a reduction in the fastest time compo-
nent (10 ps—20 ps). Thirdly, the addition of PCBM does not
change the time constants obviously as the excitation density is
as high as 284 pJ/cm?. According to reduction of average car-
rier lifetime of C-MAPbI;3 in Table 1, higher electron transfer

1.2} (a)
] 70 pJ/cm?

0.8

0.4

- - C-MAPbI,
----C-MAPbI;/PCBM
Or  — fitted

1 10 100
Time delay (ps)

Normalzied intensity (arb. units)

1000

1.2 ()

284 pJ/cm?

Normalzied intensity (arb. units)

0.4
- - C-MAPbDI3
---- C-MAPbI;/PCBM
or )
—fitted
1 10 100 1000

Time delay (ps)

efficiency to PCBM occurs with low and medium excitation
density.

In our transient absorption measurement (see Figs. 6(a)—
6(c)), the photo-generate carrier density is estimated as 1.0 x
10" cm™3, 2.2 x 10" cm™3, and 4.0 x 10'® cm ™3, respec-
tively (using reflectivity R = 0.17, absorbance coefficient o =
10° cm™!, pump beam focus diameter 300 pum). It has been
reported that Auger recombination becomes dominant at very
high carrier density (> 2 x 10'® em™3-5 x 10'8 cm~3),[29:30]
which is consistent with our experimental results in Fig. S9,
The electron transfer from C-MAPbI; to PCBM we measured
competes with Auger recombination and bi-molecule recom-
bination. Higher carrier density accelerates carrier high or-
der recombination within the MAPbI3, leading the decrease of

electron transfer efficiency.

1.2f (b)
155 pJ/cm?

0.8

0.4

- - C-MAPbI;
---- C-MAPbI;/PCBM

Normalzied intensity (arb. units)

Of — fitted
1 10 100 1000
Time delay (ps)
710
B —=— C-MAPbI; (d)
g Of —— C-MAPbI;/PCBM
3
g —1of
4
= —20¢ 284 pJ/cm?
[al}
Gy
o _30}
2 :
3_40_ . 155 Eu]/crn2 . T
wn

0 1 2 3 4

Carrier concentration (10'® cm~3)

Fig. 6. Comparisons of photo-induced absorption kinetics (601 nm) for C-MAPbI; and C-MAPbI3/PCBM under three excitation densities and their
fittings [(a)—(c)], and dependence of slopes of kinetics (601 nm) for C-MAPbI; and C-MAPbI3/PCBM in the first 10 ps—20 ps.

Table 1. Time components for C-MAPbI; and C-MAPbI3;/PCBM following multiple exponential decay fitting. Note that the carrier density
affects the rising phase of kinetics of PIA at 601 nm, so different full width and half magnitudes (FWHM) of Gaussian function were used.

Excitation
. ) 71 (ps) Ay 7 (ps) Az 73 (ps) Az Tava (PS) FWHM (ps)
density (uJ/cm*)
C-MAPbDI;
70 67.3 0.205 638.4 0.363 6607.7 0.393 2957.7 0.25
155 19.0 0.306 319.2 0.416 5193.9 0.277 1578.9 0.3
284 11.6 0.538 309.0 0.309 6320.0 0.198 1294.8 0.5
C-MAPbI;/PCBM
70 44.2 0.259 405.4 0.392 4594.1 0.313 1668.0 0.25
155 11.8 0.428 293.6 0.363 49304 0.238 1248.85 0.3
284 11.2 0.574 342.0 0.291 5904.5 0.188 1154.0 0.5
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The electron transfer time can be estimated as the differ-
ence of the reciprocal of carrier density decay lifetime with
and without PCBM covering,3!! as shown in the formula

1 1 1
- - (1)

b
Tove/PCBM  Tpev

Ttransfer

where Tpey is the decay lifetime of the carrier in C-
MAPDI3, Tpye/pcem 1s the decay lifetime of the carrier in C-
MAPDI3/PCBM, Tyanser 18 the electron transfer lifetime. Un-
der the excitation density of 70 uJ/cmZ, carrier concentration
decay in C-MAPbI; was fitted well by use of three components
with decay lifetime of 67.3 ps (44.2 ps), 683.4 ps (405.4 ps),
and 6607.7 ps (4594.1 ps), respectively. These decay life-
times indicate decay rates of carrier concentration at differ-
ent time delays after photo excitation, and were determined
by the residual carrier concentration in C-MAPbI3. According
to these decay lifetimes and formula (1), the electron transfer
lifetimes between C-MAPbI3; and PCBM interface were esti-
mated as 128.8 ps, 997.0 ps, and 1.5 x 10* ps, which respec-
tively corresponds to the three stages of carrier recombination
process. Obviously, the electron transfer lifetime between C-
MAPDI; and PCBM increases with carrier concentration de-
crease. As the carrier concentration decreases to the level that
used in our TRPL measurement, the electron transfer time in-
creases to 24.6 x 10* ps.

Finally we focus on the faster electron transfer be-
tween C-MAPbI3/PCBM interface under excitation density of
155 uJ/cm2 (see Figs. 4(b) and 6), where carrier concentration
decay lifetime of C-MAPbI3 reduces from 19.0 ps to 11.8 ps
(see Table 1) with covering by PCBM. Correspondingly, car-
rier concentration decay lifetime of C-MAPbI3 under excita-
tion density of 70 uJ/cm? reduces from 67.3 ps to 44.2 ps (see
Table 1). By use of formula (1), the electron transfer life-
time Tiansfer DEtWeen C-MAPDI3 and PCBM in the first tens
picosecond time scale is 31.8 ps under excitation density of
155 w/ecm?. It is only the one fourth of electron transfer life-
time under excitation density of 70 wJ/cm?, 128.8 ps. The
contrast between electron transfer lifetime under two excita-
tion densities demonstrates that much faster electron transfer
rate occurs as higher excitation density (155 wJ/cm?), though
the total electron transfer efficiency is higher in lower excita-
tion density condition (70 pJ/cm?).

We have confirmed that higher carrier concentration
can enhance interface electron transfer rate between C-
MAPDI3;/PCBM. Yet this mechanism cannot be fully ex-
plained the faster electron transfer process under excitation
density of 155 p,chmz, because no sensible electron trans-
fer process can be observed in hundreds picosecond time
scale and hundred nanosecond time scale under this exci-
tation density (see Table 1, 7, 73 for C-MAPbI; and C-
MAPDI3/PCBM). If the faster electron transfer process actu-

ally induced by higher carrier concentration, the sensible elec-
tron transfer process should also occur at C-MAPbI;/PCBM
interface in hundreds picosecond time scale and hundred
nanosecond time scale. In addition, in the disordered MAPbI;
film the carrier mobility increases with excitation density due
to trap state filling.[3>33] But carrier densities in C-MAPbI3
under 70 wJ/cm? and 155 pJ/cm? are both larger than trapped
state population (~ 10'* cm™3-10!7 ¢cm—3),13+331 and differ-
ence between carrier mobilities under both excitation density
should not be enough to lead the faster electron transfer pro-
cess in condition of excitation density 155 uJ/cm?. We cal-
culated slopes of kinetics (PIA) at 601 nm for C-MAPbI3; and
C-MAPbI3/PCBM in the first 10 ps—20 ps time scale (Fig. S9),
as shown in Fig. 6(d). Here we use the slope of kinetics to
qualitatively character the decay rate of carrier concentration
in C-MAPbI;. We found that difference of slopes of kinet-
ics enlarges with carrier concentration increasing in range of
4 % 107 cm™3 to 2.2 x 10'® cm™3, indicating acceleration of
electron transfer with carrier concentration increase. What is
more, rising phases of kinetics (PIA) at 601 nm also extend
at higher carrier concentration (Fig. S9), which implies in-

36.37] Hot carrier was viewed

crease of carrier cooling time.!
as beneficial to charge transfer to electron or hole transfer
process.[*34% In our measurement, energy of pump photons
is about 0.65 eV above the band gap of MAPbI;. Therefore,
we cautiously proposed that faster electron transfer from C-
MAPbDI; to PCBM observed as carrier concentration in a range
from 1.6 x 10'® cm™3 t0 2.8 x 10'® cm ™ originates from hot

electron transfer between the interfaces.

4. Conclusion

We have studied the electron transfer processes at the in-
terface of C-MAPbI3/PCBM and N-MAPbI;/PCBM by use
of femtosecond transient absorption spectroscopy and TRPL
technique. An efficient electron transfer was observed at
the C-MAPbI3/PCBM interface. While at N-MAPbI;/PCBM
interface, no efficient electron transfer process can be de-
tected from some picosecond time scale to hundred ns time
scale. We prone to view the shorter carrier lifetime in N-
MAPDI;, loose contact between N-MAPbI; and PCBM at
interface and excellent carrier transport in the plane direc-
tion as the leading causes for less efficient electron transfer
at N-MAPbI3/PCBM interface. We also investigated the in-
fluence of carrier concentration on interface electron trans-
fer between C-MAPbI3/PCBM. The interface electron trans-
fer efficient drops with carrier concentration increase from
1.0 x 10" cm™ to 4.0 x 10'® cm™> due to acceleration of
carrier high order recombination within the C-MAPbI3. Hot
electron transfer was revealed by excitation density varying
transient absorption spectrum measurement. Application of
N-MAPbI; in solar cell or photoelectrical detector deserves
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a fine interface morphology control, including a close con-

tact between N-MAPDI3 and charge transport layer, vertical

growth of N-MAPDbI; to the interface, decrease defect concen-

tration to extend carrier lifetime, and explore use of hot carrier

transfer at the interface.
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