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ABSTRACT: Photocarrier generation in a material, transportation to Perovskite
the material surface, and collection at the electrode interface are of
paramount importance in any optoelectronic and photovoltaic device. | Wl [} -
In the last collection process, ideal performance comprises ultrafast
charge collection to enhance current conversion efliciency and

broadband collection to enhance energy conversion efficiency. Here,
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for the first time, we demonstrate ultrafast broadband charge collection vo 0fs \ 50fs
achieved simultaneously at the clean graphene/organic—inorganic hy hy
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halide perovskite interface. The clean interface is realized by directly
growing perovskite on graphene surface without polymer contami-
nation. The tunable two-color pump—probe spectroscopy, time-
resolved photoluminescence spectroscopy, and time-dependent density CH,NH,Pbl; Graphene
functional theory all reveal that the clean-interfacial graphene collects
band-edge photocarriers of perovskite in an ultrashort time of ~100 fs, with a current collection efficiency close to 99%. In
addition, graphene can extract deep-band hot carriers of perovskite within only ~50 fs, several orders faster than hot carrier
relaxation and cooling in perovskite itself, due to the unique Dirac linear band structure of graphene, indicating a potential high
energy conversion efficiency exceeding the Shockley—Queisser limit. Adding other graphene superiority of good transparency,
high carrier mobility, and extreme flexibility, clean-interfacial graphene provides an ideal charge collection layer and electrode
candidate for future optoelectronic and photovoltaic applications in two dimensions.

CH;NH.Pbl; Graphene

B INTRODUCTION

In all optoelectronic and photovoltaic devices, three essential
processes are involved to accomplish photocurrent generation
or photoenergy harvesting: light absorption in a material to
generate photocarriers, photocarrier transportation to the
material surface, and charge collection to the electrode. The

family of materials have a tunable bandgap from visible to near-
infrared with high absorption coefficient (over 10* cm™" above
bandgap) to ensure high photocarrier generation efficiency,’
strong dielectric screening with negligible exciton binding
energy (<25 meV at room temperature) to facilitate electron
hole separation,”* and long carrier diffusion length (up to sub

engineering and optimization of these three processes lie at the
center of improving the photoelectric device performance. The
emergent absorber materials of organic—inorganic halide
perovskites (e.g, CH;NH;Pbl;) shed bright light on
optimizing the first two key photoelectric processes, as this

-4 ACS Publications  © 2018 American Chemical Society

millimeter) to render the effective carrier transportation to the
material surface.*”®
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The searching for new materials and controlling the interface
for effective charge collection remain as the bottleneck
challenges to further improve the photoelectric conversion
efficiency in these emergent absorber materials. In principle, an
ideal charge collection comprises two features: (i) ultrafast
charge collection to enhance current conversion efficiency and
(i) broadband collection including hot carriers to enhance
energy conversion efficiency. Although the physical picture is
quite clear,””"* conventional collection layers, such as TiO,,
Spiro-OMeTAD, or PCBM, do not fully satisfy the above two
requirements,*~'* possibly due to nonideal material proper-
ties, poor band alignment, and low interfacial coupling quality.
Therefore, searching for effective carrier collection materials
with proper properties and fabricating high-quality interfaces
are essential to further improve the performance of photo-
electric devices.

The rise of two-dimensional (2D) materials provides new
opportunities for efficient charge collection, due to the highly
tunable and distinct physical properties compared to their bulk
counterparts.'””*’ Examples include fully exposed electronic
states at surface facilitating strong interfacial electronic
hybridization and coupling,”'~** and superflat surface without
dangling bond enabling clean interface and high-quality van
der Waals epitaxial growth.24_26 Graphene, the representative
2D material, features high carrier mobility, extreme flexibility,
good optical transparency, and chemical inertness and thus
performs as the best electrode in two dimensions.”” > Most
importantly, graphene has Dirac linear electronic bands with
broadband photoresponse from 0 to ~6 eV,”' a unique
property potentially enabling hot carrier collection under
broadband excitation energies. Indeed, graphene electrode has
demonstrated superior photoelectric performance, ranging
from energy-efficient electronic switches,”> THz photores-
ponse rate in vertical heterostructures,””** and high perform-
ance hybrid photodetector’>™*® to largely enhanced efficiency
in solar cells.””** However, comprehensive and quantitative
understanding of the photoelectric performance of graphene as
a charge collection material at femtosecond time scale with
accurate interfacial control is still rare and at its very early
stage.

In this article, we demonstrate the first ultrafast broadband
charge collection from clean graphene/CH;NH;Pbl; (Gr/
MAPbL,) interface, which is realized by a polymer-free transfer
of chemical vapor deposition (CVD) grown graphene film and
the direct growth of MAPbI; on clean graphene surface. Our
ultrafast optical spectroscopy and time-dependent density
functional theory (TDDFT) all reveal that the clean-interfacial
graphene will collect band-edge photocarriers of MAPDI; in an
ultrashort time of ~100 fs with a current collection efliciency
close to 99%. In addition, graphene can extract deep-band hot
carriers of MAPbI; within only ~50 fs (orders of magnitude
faster than hot carrier relaxation and cooling in MAPbI, itself),
indicating potential high energy conversion efficiency exceed-
ing Shockley—Queisser limit. These above superior photo-
carrier collection properties are attributed to the clean Gr/
MAPDI; interface and graphene’s unique Dirac linear band
structure. Our work provides a concrete proof of concept that
clean-interfacial graphene is an effective planner charge
collection material for high performance optoelectronic and
photovoltaic applications with potential high current and
energy conversion efficiency in two dimensions.

B RESULTS

Gr/MAPDbI; Heterostructure with Clean Interface.
Clean interface between graphene and MAPDI; was realized
by combining our polymer-free graphene transfer technique
with the direct MAPbI; growth method.*"* Graphene film
was grown by CVD on the surface of catalytic Cu foil.
Suspended graphene on a transmission electron microscopy
(TEM) grid was prepared using the nonpolymer-assisted clean
transfer method (Figure la). This procedure perfectly avoids
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Figure 1. Fabrication, structure, and properties of Gr/MAPbI;
heterostructure with clean interface. (a) Fabrication scheme of
clean-interfacial Gr/MAPDI; heterostructure, including the steps of
adhering graphene to a holey substrate, etching Cu substrate to
uncover the clean graphene surface, and one-step solution growing
MAPDI, single crystals on the clean graphene surface. (b) TEM image
of the suspended Gr/MAPDI;. (c,d) Representative aberration-
corrected TEM images of graphene (c) and MAPbI, (d), displaying
the perfect lattice structure without contamination and defects. Insets
correspond to the fast Fourier transform of the HRTEM images. (e)
Raman spectra of graphene before and after MAPbI; growth. (f)
Photoluminescence spectra of MAPbI; with and without graphene
beneath.

polymer contamination during transfer and exposes the clean
graphene surface that is originally adhered to and protected by
Cu. Then, contacting perovskite single crystals were directly
synthesized on the clean graphene surface using a one-step
solution process with a thickness of 5—100 nm. As shown in
the TEM image (Figure 1b), MAPbI, crystal with regular
rectangular shape and uniform thickness (~10 nm) resides on
the suspended graphene surface. Meanwhile, there were no
noticeable contaminants observed around the graphene/
MAPbDI, area.*” The aberration-corrected atomic-resolved
TEM images and corresponding fast Fourier transform
(FFT) images of graphene (Figure 1c) and MAPbI; (Figure
1d) further prove their high crystallinity. In addition, no
detectable D peaks (disorder related peak) were observed in
Raman spectra of graphene before and after perovskite growth,
indicating the high quality of the graphene film (Figure le). By
carefully reviewing the quantitative shifts of G and 2D peaks of
graphene before and after MAPbI; growth, we can deduce that
the growth of MAPDI; induces within ~0.1% tensile strain to
graphene lattice and also slightly dopes graphene due to
graphene-MAPbI; coupling.*’ This coupling effect can be also
observed in the photoluminescence (PL) spectra of pristine
MAPDI; and Gr/MAPDI;, where MAPDI;’s PL intensity was
quenched by nearly two orders of magnitude in the hybrid
structure (Figure 1f).

Ultrafast Band-Edge Charge Collection Dynamics at
Clean Gr/MAPDI; Interface. To capture the ultrafast charge
collection dynamics at band edge, we applied ultrafast tunable
two-color pump—probe spectroscopic measurement to the Gr/
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MAPbI; structure. We pump MAPDI; band edge by 820 nm
pulse (width of ~100 fs, fluence of 1.3 yJ/cm?*) and probe the
possible charge collection signal by a shorter wavelength at
620—720 nm (Figure 2a). This longer-wavelength pump and
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Figure 2. Ultrafast band-edge charge collection at clean Gr/MAPbI;
interface. (a) Scheme of band alignment and the band-edge charge
collection of graphene from MAPbI,. (b) Two-dimensional plots of
transient absorption signal of clean-interfacial Gr/MAPDI; at different
probe wavelength with pump wavelength of 820 nm. (c) Evolution of
transient absorption signal with probe wavelength at 680 nm. The
selected trace undergoes biexponential decay with lifetime of 0.3 and
2.1 ps, representative dynamics from graphene. (d) By deconvolution
of the rising-up transient absorption signal based on laser cross-
correlation function (dash line), the charge collection time for clean-
interfacial Gr/MAPbI; is determined to be ~100 fs, but ~530 fs for
polymer-contaminated one. (e) Time-resolved photoluminescence of
pristine MAPbI;, MAPbI; grown on polymer-contaminated graphene,
and clean graphene measured, with lifetime of 79.0, 1.8, and 1.0 ns,
respectively.

shorter-wavelength probe technique can largely avoid the
signal detection of individual MAPDbI; and graphene
themselves but selectively detect the signal from the charge
collection at the interface (Figure S1).*** The probe
wavelength-dependent transient absorption signal at different
pump—probe delay time is shown in the 2D mapping (Figure
2b). The horizontal cut of the 2D mapping gives out the
wavelength dependence and a peak around 680 nm, which
reflects the band offset of ~0.6 eV between valence band edge
of MAPbI; and charge neutral point of graphene (Figure S2).
The vertical cut of the 2D mapping (Figure 2c) reveals the

charge collection dynamics at interface (rising-up part) and
following carrier relaxation in graphene (decaying-down part).
Zoom-in rising-up curve (Figure 2d) reveals obviously that
charge collection at clean-interfacial Gr/MAPDI; is within
ultrashort time scale of ~100 fs. In sharp contrast, at the dirty-
interfacial Gr/MAPbI; (containing considerable polymer
contaminations during the polymer-assisted transfer process
of graphene), the charge collection time (~530 fs) is five times
longer.

Ultrafast charge collection will greatly facilitate the high
current conversion efficiency. Under the ~100 fs ultrafast
charge transfer process, the collection efficiency will be very
close to 100% at the interface, while in reality photocarriers
have the chance to be trapped by defect states in the body or at
the surface*® and cannot diffuse to the interface immediately.
To quantitative estimate the actual charge collection efficiency
in our heterostructures, we carried out time-resolved photo-
luminescence spectroscopy (TRPL) to obtain the photocarrier
recombination lifetime in pristine MAPbI; and Gr/MAPbI;
with clean and dirty interfaces (Figure 2e). Pristine MAPbI,
has lifetime 7, of ~79.0 ns, while in clean-interfacial structure
the lifetime 7, reduced significantly to ~1.0 ns. By using the

relation (11 =1- Tl/,Q),H charge collection efficiency # in the

clean-interfacial structures can be estimated as high as 98.7%,
closing to the ideal limit. In contrast, the MAPbI; grown on
polymer-contaminated graphene gives out lifetime 7," of ~1.8
ns, 80% longer than the clean-interfacial one. We note here,
even in the dirty-interfacial Gr/MAPDI; structure, the
estimated charge collection efficiency is still not low
(97.7%), due to the superior intrinsic ultralong carrier lifetime
in pristine MAPbI;. However, in general, for absorber materials
with a picosecond time scale carrier lifetime, the collection
efficiency difference between clean and dirty interfaces will be
significant.

Ultrafast Deep-Band Hot Carrier Collection at Clean
Gr/MAPDI; Interface. A great concern in charge collection is
whether the hot carrier in deep band can be harvested or not,
which is the key to enhance the energy conversion efficiency.
The relative cooling dynamic lifetime in MAPDI; itself and the
interfacial charge collection process in deep band determine
the hot carrier collection efficiency. According to our TRPL
result (Figure S3), the hot carrier relaxation and cooling will
take ~50 ps at room temperature, accompanied by strong
electron-defect, electron—electron, and electron—phonon
scattering. In conventional charge collection materials, such
as TiO,, Spiro-OMeTAD, PCBM, etc., the collection lifetime is
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Figure 3. Ultrafast deep-band hot carrier collection at clean Gr/MAPbI, interface. (a) Scheme of band alignment and the deep-band charge
collection of graphene from MAPbI; under optical excitation of larger photon energy. (b) Evolution of transient absorption signal of pristine
MAPDI;, pristine graphene, and clean-interfacial Gr/MAPDI;. The signal of Gr/MAPDI, features both pristine MAPbI; and graphene, except the
graphene signal part is strongly enhanced while MAPbI, part is depressed, revealing the hot carrier transfer from MAPbI, to graphene. (c)
Comparison of the rising-up curve of Gr/MAPbI; and pristine graphene. The same trend reveals the hot carrier collection is ultrafast below our

setup resolution (~50 fs).
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in the order of few tens of picoseconds; therefore, these
materials cannot collect deep-band hot carriers efliciently.

To verify if clean-interfacial graphene can be a good hot
carrier collector, we carried out shorter-wavelength pump and
longer-wavelength probe spectroscopy to investigate the
interfacial charge collection at deep band of Gr/MAPbI;
(Figure 3a). We generate the deep-band photoelectrons in
MAPDI, by 400 nm pump pulse laser (width of ~70 fs, fluence
of 4.1 uJ/cm?) and probe the hot carriers that transferred to
graphene by a selective wavelength of 690 nm. This probe
wavelength is purposely chosen as 75 nm longer than the
MAPDI; bandgap wavelength, which can largely decrease the
strong bleaching signal in MAPDI; itself.

Time-resolved transient absorption signals of Gr/MAPbDI;,
pristine graphene, and MAPbI; were shown in Figure 3b. For
pristine graphene or MAPDI;, the dynamic curve is consistent
with previous results and understanding.'**” In graphene,
transient absorption signal will quickly rise up within ~1 ps
and then decay to zero in the next few picoseconds, while in
MAPDI;, a negative transient absorption signal shows up at
~2.5 ps (hot carrier relaxation,7,.,,) and then relaxes to zero in
the next nanosecond time scale.

In Gr/MAPDbI;, the decaying-down behavior is a combina-
tion of pristine graphene and MAPbI;, where transient
absorption signal first decays in several picoseconds, evolves
from positive to negative, and then relaxes in nanoseconds,
while the rising-up curve reflects the charge transfer character-
istics. Two features unambiguously reveal the hot carrier
collection of graphene from MAPbI;. First, the amplitude of
rising-up signal is six times larger than the pristine graphene
(Figure 3b), which is induced by the charge collected from
MAPbI;; second, the speed of the rising-up curve is the same
as in the pristine graphene (Figure 3c), which indicates that
charge collection time scale is already less than our experiment
resolution (zcy) of ~50 fs. We estimate the hot carrier
collection efficiency from the charge collection lifetime and hot

carrier relaxation time (17 =1- TCT/,W) as 98% at the

interface, which means a very high efficiency.
Time-Dependent Density Function Calculations of
Interfacial Charge Collection Dynamics. We choose a
large supercell for MAPbI; (168 atoms) and graphene (120
atoms) to start the TDDFT calculation®®™>° and monitored
the charge distribution in graphene and MAPbI; at different
time after photoexcitation (see details in Note S1). It is clear
that the photocarriers can almost fully transfer to graphene
within 400 fs (Figure 4a). To track the photoexcitation-
induced electron dynamics more quantitatively, we performed
nonadiabatic molecular dynamics and monitored the inte-
grated electron population on the graphene orbitals at different
time after photoexcitation. For band-edge excitation in
MAPbL,, the charge collection time is fitted as ~90 fs (Figure
4b), and for deep-band excitation (~3.0 eV) in MAPbI,, the
charge collection time is ~30 fs (Figure 4c). These simulation
results are well consistent with our experimental observation
that clean-interfacial graphene can collect both cooling carriers
and hot carriers in an ultrafast way with a very broad spectrum
from the band edge of 1.5 eV to deep band of 3.0 eV (Figure
4d). The clean interface is critical to realize the ultrafast charge
collection in Gr/MAPDI; because it is essential to ensure
strong interfacial coupling. In the dirty interface, where the
interfacial distance can be increased by few angstroms, the
charge collection time elongates to a much longer time scale
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Figure 4. Time-dependent density function calculations of interfacial
charge collection dynamics of Gr/MAPbL;. (a) Electron population
distributions at t = 0 fs (upper panel) and t = 400 fs (lower panel),
after the initial band-edge photoexcitation of Gr/MAPbI; hetero-
structure. (b) Evolution of integrated electron population on the
graphene orbitals under different time after band-edge photo-
excitation. The charge collection time is fitted to ~90 fs. (c) For a
deep-band excitation with photoenergy of 3.0 eV, the hot carrier
collection is also ultrafast, with fitted charge collection time of ~30 fs.
(d) From calculation and experiment, the charge collection of
MAPDI; by clean graphene electrode is ultrafast within a very wide
spectral range, indicating the potential high energy conversion
efficiency.

since the interlayer coupling evolves obviously with interlayer
distance.”

B DISCUSSION

The superior photocarrier collection performance of graphene
is the consequence of its unique properties. First, it has
saturated 7 bonds at the surface and can facilitate the
superclean interface with the 2D absorber materials; second,
it has Dirac linear band structure that can ensure broadband
charge collection including deep-band hot carriers as well. In
addition, graphene can act as charge collection material and
conducting electrode at the same time, which can avoid the
further charge and energy consumption during the trans-
portation between them. Considering graphene’s other
superiority of good transparency, high carrier mobility, and
extreme flexibility, clean-interfacial graphene is very compet-
itive as efficient charge collection material in two dimensions.
Recently, 2D perovskite system develops rapidly and performs
pleasing physical properties, such as photo/ chemical stabil-
ity,’">> tunable optoelectronic properties,”> peculiar edge
states,46 and so on. In most of these studies, gold is used as
the electrode (our control experiment shows that the charge
collection efficiency in the gold electrode system is far below
graphene). The combination of graphene electrode engineer-
ing with 2D perovskite material engineering will likely lead to
significant efficiency improvement of photoelectric conversion
soon.

14955 DOI: 10.1021/jacs.8b09353
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In the future, to apply clean-interfacial graphene into real
optoelectronic and photovoltaic applications, the challenge still
remains as graphene can collect both electrons and holes, and
they may combine in graphene itself before being extracted to
the external circuit. This challenge in principle can be
conquered by band filling control through external electric/
magnetic field, >3 adhering exotic layers on the other
graphene side.’®”” The massive production of single-crystal
graphene and clean-surface graphene transfer technique is
readily available now,”®>” and the high performance
optoelectronic and photovoltaic devices based on clean-
interfacial graphene are awaiting.

B METHODS

Sample Preparation and TEM Characterization. Large single-
crystal graphene was grown on Cu foil (Alfa-Aesar, No. 46365) by
chemical vapor deposition method. Polymer-free transfer technique is
applied to fabricate suspended graphene with clean surface.*” For
MAPDI; synthesis, CH;NH;I and Pbl, were dissolved in isopropanol
at a 3:1 molar ratio with solution concentration of ~40%. Then, the
graphene grid was floated on the surface of perovskite solution with
the clean graphene face contacting the solution instead of rinsing it in
the solution. Aberration-corrected-TEM experiments were performed
in a JEOL ARM 3000 under 80 kV with low electron dose to
minimize the beam damage. The diffraction patterns were obtained by
a FEI TECNAI F20 operated at 200 kV.

Transient Absorption Spectrum. Femtosecond pulses (~100 fs,
80 MHz) at 820 nm are generated by a Ti:sapphire oscillator
(Spectra-Physics Mai Tai laser). The diameters of focused pump and
probe pulse are about 2 and 1 um, respectively. This laser was used in
the band-edge charge collection measurement. In the deep-band
charge collection measurement, the laser source was replaced by a
lower repetition rate pulse laser (Coherent laser, 250 kHz, ~70 fs), as
the lifetime of MAPDI; is much longer than the time interval of Mai
Tai laser pulses. The TA signal, AR/R = (Ryith pump — Ruithout pump)/
R ithout pumpr Was recorded by a PMT and lock-in amplifier with
reflective geometry. The experimental scheme is shown in our
previous work.*® In all experiments, the pump fluence is quite low to
avoid involving nonlinear processes (Figure S4).

Time-Resolved Photoluminescence. Two pulse laser sources
were alternatively used in TRPL measurement, i.e., 410 nm with 80
MHz repetition rate and 400 nm with 250 kHz repetition rate. After
photoexcitation and collection, the PL signal of target wavelength was
selected by a 460 long-pass filter and a spectrometer (resolution of +2
nm). Then, we used single-photon avalanche photodiode detector
(PicoQuant Company, TDA 200) combining with a time-correlated
single photon counting module (TimeHarp 260 PICO Single) to
obtain the time-resolved TRPL signal.
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