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Johan Hofkens, Mischa Bonn, and Hai I. Wang*

Synergically combining their respective ultrahigh charge mobility and strong
light absorption, graphene (Gr)/semiconductor heterostructures are
promising building blocks for efficient optoelectronics, particularly
photodetectors. Charge transfer (CT) across the heterostructure interface
crucially determines device efficiency and functionality. Here, it is reported
that hole-transfer processes dominate the ultrafast CT across strongly coupled
double-perovskite Cs,AgBiBr,/graphene (DP/Gr) heterostructures following
optical excitation. While holes are the primary charges flowing across
interfaces, their transfer direction, as well as efficiency, show a remarkable
dependence on the excitation wavelength. For excitation with photon energies
below the bandgap of DPs, the photoexcited hot holes in Gr can compete with
the thermalization process and inject into in-gap defect states in DPs. In
contrast, above-bandgap excitation of DP reverses the hole-transfer direction,
leading to hole transfer from the valence band of DPs to Gr. Experimental
evidence that increasing the excitation photon energy enhances CT efficiency
for both below- and above-bandgap photoexcitation regimes is further
provided, unveiling the positive role of excess energy in enhancing interfacial
CT. The possibility of switching the hole-transfer direction and thus the
interfacial photogating field by tuning the excitation wavelength, provides a
novel way to control the interfacial charge flow across a DP/Gr heterojunction.

(>10° cm? V7! s71)12 and the strong
optical absorption of semiconductors.!
In particular, efficient conversion of light
to electrical signals in photodetectors,
has been experimentally demonstrated
in Gr-based heterostructures with var-
ious types of semiconductors as light
absorbers, including colloidal quantum
dots,* nanographenes,’) 2D transition
metal dichalcogenides (TMDs),[®! and bulk
crystalline materials.”) Fundamentally, the
device performance critically relies on both
the charge transfer (CT) and recombination
processes (i.e., back-CT) across the hybrid
interfaces. While the former determines
the population of charge carriers across the
interfaces (i.e. the CT efficiency), the latter
impacts the duration of the interfacial elec-
trical field induced by the charge separation
that gates or modulates the conductivity
of Gr: the longer the charge separation,
the higher the photoconductive gain for
the light detection (so-called “photogating”
mechanism).l*!

From this perspective, understanding
and eventually achieving complete control
of interfacial charge carrier dynamics, for

1. Introduction

Graphene (Gr)/semiconductor heterostructures have emerged
as promising building blocks for optoelectronics due to
the unique combination of ultrahigh charge mobility in Gr

example, the charge separation pathways and efficiency, the di-
rection of the interfacial gating field, as well as the lifetime
of charge separation, are of fundamental significance for im-
proving the photodetection capabilities of Gr-based heterostruc-
tures. Combining terahertz (THz) and transient absorption (TA)
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Figure 1. Schematic illustration of the optically controlled hole-transfer dynamics in a DP/Gr heterostructure in both real (top) and momentum (bot-
tom) spaces. a) Upon excitation with photon energies below the bandgap of DP, the photoexcited hot holes in Gr are transferred to the DP. b) For
photoexcitation with photon energies above the bandgap of DP, hole transfer from the DP to Gr dominates the transfer process. The rectangles in the

lower panel represent the filled defect states in Cs,AgBiBrg.

spectroscopies, Fu et al. investigated the ultrafast CT processes
across Gr/WS, heterostructures by varying the laser excitation
photon energies.®] They showed that both the CT pathways and
efficiency can be controlled by photoexcitations: when only Gr is
excited, initial “nascent” hot carriers can effectively transfer en-
ergy to charge carriers at the Fermi surface via carrier—carrier
scattering. This results in the generation of hot carriers follow-
ing a Fermi-Dirac distribution with high electronic temperature
(e.g., over 1000 K). Following this “thermalization” (or carrier
heating) process, energetic hot electrons can be emitted over the
interfacial energy barrier and injected into the conduction band
of WS,, the so-called photo-thermionic emission. On the other
hand, direct excitation of the WS, layer results in the transfer of
“cold” electrons from the valence band of Gr to the photogen-
erated hole states in the valence band of WS,, which is equiv-
alent to a hole-transfer process from WS, to Gr. Such an inter-
facial CT mechanism has also been reported by photocurrent
measurements® and TA spectroscopy.['”) While the excitation
condition can modulate the CT pathways and efficiency, the direc-
tion of photoinduced CT is fixed. In the case of Gr/WS,, Gr loses
electrons to WS, across the entire excitation wavelength range.
The realization of switching the CT direction by external stimuli
can provide a novel degree of freedom to tune the direction of the
local gating field for light detection applications.

In the last decade, the world has witnessed the rapid rise of low-
temperature solution-processed lead halide perovskites (LHPs)
as one of the most cost-effective optical absorbers for photo-
voltaics with the record light-to-electricity power conversion ef-
ficiency of more than 25% for single-junction solar cells.[!112]
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Gr/LHP heterostructures have also been explored and shown su-
perior photodetection performance with an ultra-broadband pho-
toresponse and ultrahigh photoresponsivity.l'*!*] However, the
lead toxicity and chemical instability of LHPs have largely im-
peded their practical applications and commercialization. By al-
ternatively substituting two bivalent lead cations Pb** with one
mono- ([B']*) and one trivalent ([B"]**) metal cation, the so-called
double perovskite (DP) with the chemical formula A,B’'B”X, has
been successfully synthesized with extraordinary chemical sta-
bility and optoelectronic properties. Among them, one of the
most promising DPs is the all-inorganic Cs,AgBiBr, featuring
strong optical absorption (from the UV-vis to the X-ray spectral
range),[1>"V! long carrier lifetime,[*¥-2% and large carrier diffusion
length.2!] Characterization of interfacial electronic coupling and
CT dynamics in DP/Gr heterostructures is crucial to provide fun-
damentals for realizing high-performance optoelectronics (e.g.,
broadband photodetectors from the infrared to the UV range)
and for exploring new functionalities, for example, new device
schemes for X-ray detection.

In this work, we investigate the interlayer electronic cou-
pling and photoinduced CT processes in a DP/Gr heterostructure
combining Raman spectroscopy, Kelvin probe force microscopy
(KPFM), and ultrafast time-resolved THz spectroscopy. We report
that the hole transfer across the interface dominates the CT pro-
cesses following photoexcitation, and its direction critically relies
on the excitation photon energy. As illustrated schematically in
Figure 1, when the photon energy is below the bandgap of the
DP (i.e., only the Gr layer is excited), the photoexcited hot holes
in Gr are transferred to the DP. On the other hand, when the
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Figure 2. Characterization of the DP/Gr interlayer electronic coupling by Raman spectroscopy and KPFM. a) Raman spectra of pure Gr (top) and the
DP/Gr heterostructure (bottom). The solid black lines represent the Lorentz peak fits. b,c) Spatial mapping of the G-band (b) and 2D-band (c) within
an area of 1 mm x 1 mm for pure Gr and DP/Gr. The dashed lines represent the average values for each data set. d,e) Surface potential images of DP
on a fused silica substrate (DP/FS) (d) and DP on Gr (DP/Gr) (e). f) Distribution of the surface potential of DP/FS and DP/Gr.

heterostructure is excited by photons with an energy higher than
the bandgap of the DP, the hole-transfer direction is reversed,
taking place from the valence band of the DP to Gr. The transi-
tion in the hole-transfer direction results in the flipping of the
photogating electric field, as well as in a change of the interlayer
charge carrier recombination pathway and thus time. Further-
more, by increasing the energy of the photoinjected holes (by
increasing the excitation photon energy), the hole-transfer effi-
ciency is enhanced in both below- and above-bandgap photoex-
citation regimes. The unique directional switching of hole trans-
fer and its efficiency modulation by varying the optical excitation
provides a novel knob to control the interfacial charge flows in a
Gr-based heterostructure for novel optoelectronic device design.

2. Results and Discussion

2.1. Strong DP/Gr Interlayer Coupling Revealed by Raman
Spectroscopy and KPFM

Strong interlayer electronic coupling is required to achieve highly
efficient CT across the hybrid interface following optical excita-
tion. We first characterize the electronic coupling of the DP/Gr
heterostructure at their static charge equilibrium (i.e., without
photoexcitation) by combining Raman spectroscopy and KPFM.
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While the Fermi energy Ej of Gr can be readily monitored by Ra-
man spectroscopy, the surface potential and thus the work func-
tion of the DP can be tracked by KPFM.

As shown in Figure 2a, two characteristic Raman modes cen-
tered at around 1580 and 2650 cm ! in bare Gr are assigned to the
G-band and 2D-band.?223] The absence of layer-breathing modes
at around 1500 and 1740 cm™ is indicative of monolayer Gr.[*?]
In addition, there is no defect-activated D-band (%1350 cm™?) ob-
served in the Gr layer before and after the DP deposition,??! in-
dicating that the high-quality Gr monolayer was preserved fol-
lowing a mild UV-ozone treatment (with an O, injection rate of
0.2 L min~!) and DP deposition (see the sample preparation in
the Experimental Section). In line with this claim, we find that
the graphene’s photoconductivity dynamics and thus its electri-
cal properties remain almost the same following mild UV-ozone
treatments (see the result in the Supporting Information). Upon
the deposition of DP onto Gr, both the G-band and 2D-band of
Gr are blue-shifted relative to pure Gr, which is statistically con-
firmed in Figure 2b,c by scanning an area of 1 mm x 1 mm. G-
band and 2D-band positions are reported to be sensitive to the car-
rier density and charge species (i.e., electron or hole) in Gr.[2223]
While the blue-shifted G-band implies an increase in the total
charge carrier density, the blue shift of the 2D-band indicates
a hole population increase in Gr.[*)! Given the initial p-doping
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Figure 3. Photoinduced charge transfer in DP/Gr heterostructures. a) Schematic of OPTP measurements. b) The OPTP dynamics for pure graphene
(Gr, gray line) and double perovskite (DP, yellow line), pumped with a 400 nm (photon energy of 3.10 V) laser pulse at a fixed fluence of 60.9 uj cm~2 at
room temperature. c) Fluence-dependent OPTP dynamics for the DP/Gr heterostructure upon 800 nm (photon energy of 1.55 eV) photoexcitation. The
fluence increases from 24.5 to 233 uj cm~2. d) Fluence-dependent OPTP dynamics for the DP/Gr upon 3.10 eV photoexcitation. The fluence increases

from 9.8 to 147 pJ cm~2.

nature of chemical vapor deposited (CVD-grown) Gr transferred
onto fused silica (FS) substrates,’®?* the Raman results indicate
that the Fermi level E; of Gr shifts downwards, further away from
the Dirac point, by losing electrons to the DP. Employing the em-
pirical relation between the G-band positions and the Fermi en-
ergy Ep:(?l o — 1580 cm™ =42 cm~'eV! - | Eg|, we estimate that
the Ej shifts substantially over 330 meV from —50 to —380 meV
below the Dirac point. According to the relation between Ej and
charge density N: |E;| = hog(z|N|)/? (# is the reduced Planck
constant, vy is the Fermi velocity),l®! the hole density increases
from 1.24 x 10! t0 8.59 x 10'? cm~2. The electron flow from Gr to
the DP (which results in strong hole doping in Gr) inferred from
Raman spectroscopy is further corroborated by KPFM measure-
ments. Figure 2d—f shows the mapping and distribution of the
surface potential of DP deposited on either fused silica (DP/ES)
or graphene (DP/Gr). As we can see, in both cases the values ob-
tained for the area covered by the perovskite film is lower than in
the case of the bare substrate. The topography of the sample was
registered simultaneously to the mapping of the surface poten-
tial (Figure S1, Supporting Information), showing a thickness of
around 100-200 nm for both films. In Figure 2f we can observe
the distribution of the surface potential of the DP in DP/Gr and
DP/FS samples. Clearly, the surface potential for the DP/Gr sam-
ple is shifted to lower values when compared to the DP/FS sam-
ple. Based on this result, we conclude that the surface potential
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and thus the work function of DP on Gr is reduced in comparison
to the DP on insulating silica substrates, that is, the Fermilevel in
DP increases following an interfacial charge equilibrium. Given
the large amount of charge flow across the DP/Gr interface, the
combined Raman and KPFM studies indicate a strong interfacial
electronic coupling.

2.2. Optical Switching of Hole Transfer across DP/Gr Interfaces

To unveil the photoinduced CT dynamics in DP/Gr heterostruc-
tures, we employ contact-free, optical pump-THz probe (OPTP)
spectroscopy as depicted in Figure 3a with sub-picosecond (ps)
time resolution.®# In the OPTP measurement, we photogener-
ate charge carriers in materials by above-bandgap-energy (E,) ex-
citations. Subsequently, a single-cycle THz pulse probes the pho-
toconductivity (Ac) of the sample; the photogenerated free carri-
ers absorb THz field E, which leads to attenuation of the field by
an amount of AE. The relative change of the electric field —AE/E
is proportional to Ao (= o, — 09), 0 and o, are the con-
ductivity without and with photoexcitation).[? The delay time be-
tween the pump and probe pulses t; is controlled by an optical de-
lay line. OPTP spectroscopy for tracking the CT processes across
Gr-based heterostructures relies on Gr’s extremely high charge
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carrier mobility. This leads to a substantial change in conductiv-
ity upon electron gain or loss (AN) in Gr following CT.[58.26]

We first characterize the photoconductivity response from the
individual layers under the same pump photon energy of 3.10 eV
(exceeding the indirect bandgap energy of DP with E, ~ 2.17 eV)
and the same pump fluence of 60.9 uJ cm=2. As shown in
Figure 3b, photoexcitation of Gr results in a transient reduction
in conductivity, that is, negative photoconductivity. Such obser-
vation has been well documented previously for doped Gr, and
the reduced conductivity is assigned to the mobility decrease of
charge carriers??8) due to the generation of thermalized hot car-
riers. Hot carriers have been reported to be electrostatically less
screened than cold ones, resulting in much enhanced scattering
effects to, for example, the charged impurities in the substrate.[*]
After hot-carrier cooling within several ps,**! the electronic sys-
tem returns to the initial equilibrium condition. The hot-carrier
cooling time does not depend on the pump photon energy (see
Figure S3, Supporting Information, for comparing photoconduc-
tivity of bare Gr following photoexcitation at 1.55 and 3.10 eV
photons). On the other hand, photoexcitation into the DP results
in the generation of free carriers and thus positive photoconduc-
tivity. In line with our results, the long-lived carrier lifetime of
more than 1 ps in Cs,AgBiBr, has been previously reported.l"”]
Note here that, owing to the much higher charge carrier mobility,
the absolute value of photoconductivity in bare Gr is almost an or-
der of magnitude larger than that for the bare DP for the same
pump fluence, despite the much lower absorption of Gr.[#2°] For
the same reason, the Gr’s conductivity change following optical
excitation and interfacial CT is expected to dominate the photore-
sponse of the system and can be used as a sensitive probe to track
the CT processes across the DP/Gr interface.

To unveil the CT pathways and mechanisms, we conduct
pump photon energy- and fluence-dependent OPTP measure-
ments to the strongly coupled DP/Gr hybrids. In Figure 3c,d, we
present the fluence-dependent OPTP dynamics upon 1.55 and
3.10 eV photoexcitation as two exemplary photon energies. These
two excitation wavelengths are judiciously chosen to represent
and compare the dynamics upon excitation below and above the
E, of the DP. In both cases, the photoresponse of Gr dominates at
the early time, that is, the short-lived negative photoconductivity
in the first few ps. On the other hand, the sign of the long-lived
photoconductivity (10 ps and beyond after photoexcitation) is af-
fected by CT and critically depends on the pump-photon energy:
for below-Eg excitation in Figure 3c, that is, when only Gr is ex-
cited, we observe a negative photoconductivity with a decay time
of over 100 ps, substantially longer than the sub-10 ps hot-carrier
cooling time in bare Gr. Considering the initial strong p-doping
of Gr in contact with DP, the long-lived negative photoconductiv-
ity indicates a hole loss (or, equivalently, electron gain) in the Gr
layer: that is, a hole-transfer process from Gr to DP. In stark con-
trast, above-E, excitation leads to a long-lived positive photocon-
ductivity of which the intensity increases with increasing excita-
tion fluence, as shown in Figure 3d. Due to the increased lifetime
and much higher intensity compared to the signal of bare DP (see
Figure S4, Supporting Information, for the direct comparison of
OPTP dynamics at the same fluence for DP, Gr, and DP/Gr), we
confirm the long-lived positive photoconductivity stems mainly
from the CT-induced conductivity changes in Gr. Furthermore,
the positive photoconductivity implies a hole gain process in Gr,
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i.e., photogenerated hole transfer from the valence band of the
DP to the valence band of Gr. Therefore, the results presented
in Figure 3c,d unveil a remarkable transition in the hole-transfer
direction, from a Gr-to-DP hole transfer for below-E, excitation
to a DP-to-Gr hole transfer for above-E, excitation. Furthermore,
we confirm that the direction and efficiency of CT in DP/Gr do
not depend on the excitation direction (from Gr or DP side; see
Figure S6, Supporting Information).

To further corroborate the switching in the hole-transfer di-
rection by exciting the heterostructure across the E, of the DP
and shed light on the states involved in the CT mechanism, we
conducted wavelength- and fluence-dependent photoconductiv-
ity for seven different excitation wavelengths covering a wide
range from 1.20 to 3.65 eV (see Figure S7, Supporting Informa-
tion). Figure 4a shows the OPTP dynamics for a given absorbed
photon density for all excitation wavelengths. We summarize the
fluence-dependent CT-induced photoconductivities in Figure 4b.
For the long-lived negative photoconductivity (below-E, photoex-
citation), we take the values at a pump—probe delay time of 50 ps
to ensure zero contribution from the intrinsic hot-carrier dynam-
ics from Gr (which should have decayed within 10 ps). For the
long-lived positive photoconductivity (above-E, photoexcitation),
we extract the value at 800 ps. We further define the efficiency
by the slope in the fluence-dependent photoconductivity plot as
shown in Figure 4b, and summarize the result in Figure 4c. For
above-E, excitation, due to the sublinear dependence between the
photoconductivity and fluence, we approximate the efficiency by
a linear fit to the first three data points (including (0, 0)) in the
low fluence regime. The sublinear dependence at increased flu-
ence may be attributed to enhanced charge recombination in DPs
due to, for example, Auger recombination. While such estimation
apparently overestimates the CT efficiency in the high-fluence
range, our conclusion of hole-transfer direction flip does not de-
pend on the fluence range included for the CT efficiency estima-
tion.

As we can see in Figure 4, there is a clear sudden transition
in the long-lived photoconductivity from negative to positive by
increasing the energy of pump photons. This sharp transition
occurs precisely at the bandgap of DPs. These data directly sup-
port our claim of hole-transfer direction switching as the pho-
ton energy is tuned across the bandgap of the DP. To the best of
our knowledge, this observation represents the first realization of
controlling the CT direction in heterostructures by external stim-
uli, for example, excitation by photons of different energies in
this study. More importantly, the switching of the hole-transfer
direction implies a flipping of the photogating field at interfaces,
which could profoundly impact the photodetection mechanism
in DP/Gr.

Next, we discuss the states involved and corresponding CT
times in the two hole-transfer regimes. First, for above-E, exci-
tation, as holes are mainly photogenerated in the valence band of
the DP, itis obvious that the hole transfer takes place from the va-
lence band of DP to the valence band of Gr. For the CT time, the
hot-carrier response in Gr masks the signal from fast injection
channels, which makes it challenging to infer the CT rate and
weight in the early time scale. We notice a “slow” injection chan-
nel with an injection time of ~100 ps (e.g., for 2.43 and 3.10 eV;
see Supporting Information for discussion). This injection chan-
nel may originate from the convoluted diffusion and injection
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Figure 4. Photon energy- and fluence-dependent charge transfer in DP/Gr heterostructure. a) OPTP dynamics normalized to the absorbed photon density
at different pump photon energies. The left and right panels show the dynamics in different time delay windows. The data in the right panel are multiplied
by a factor ~19 for better visualization. b) OPTP signal as a function of the absorbed photon density for different pump photon energies. For photon
energies below the bandgap of DP, the data points are extracted at a pump—probe delay time of 50 ps; for photon energies above the bandgap of DP,
the data are taken at 800 ps after photoexcitation. The dashed lines are guides to the eye. c) The relative CT efficiencies (proportional to —(AE/E)/N,s)
as a function of pump photon energy. The vertical dashed line indicates the bandgap of DP.

dynamics for charge carriers generated in the DP far from the
interface.”'l Second, for below-E, excitations, there is no clear
indication of the nature of the accepting states in the DP (the va-
lence band or defect states), and whether thermalized (e.g., via
photo-thermionic emission®!) or non-thermalized hot Gr holes
are involved in the transfer. First, we can rule out the injection
of thermalized hot holes from Gr to DP as the main CT mech-
anism. In that case, the energetic thermalized hot carriers (fol-
lowing the Fermi-Dirac distribution) with energies beyond the
Schottky barrier can be emitted from Gr to DP. A superlinear de-
pendence between the CT efficiency and excitation fluence is ex-
pected for such a “photo-thermionic emission” picture!®®! which
is in contrast to the observed linear dependence in Figure 4b. As
such, we conclude that in the below-E, excitation regime, trans-
fer of non-thermalized hot holes dominates the CT process. For
this scenario, CT can take place only when the excess energy of
“nascent” hot holes in Gr exceeds the interfacial Schottky energy
barrier. By considering the rate competition between the thermal-
ization (within 100 fs) and the CT, the CT time needs to be in the
sub-ps time scale to ensure sufficiently high CT efficiency (>8%
in this case; see discussion in following section). Based on the
energetics of the DP and Gr, the Schottky barrier for hole injec-
tion from Gr to DP is estimated to be 1.0 eV (see discussion in
the Supporting Information). This indicates that no hot-hole in-
jection is expected for pump photon energies below 2.8 eV, which
contradicts our observation. As such, in-gap defect states with
much lower injection barriers are expected to play a critical role
as the hole acceptors for below-E, excitation. To confirm the hole
transfer from Gr to the defect states in the DP, we conducted
TA spectroscopy on the heterostructure upon 1.55 eV photoex-
citation. As shown in Figure S10, we observe no photo-induced
change across the whole spectrum, so that charge carrier popula-
tion in the electronic bands can be ruled out. Together with our
THz study, these results provide direct evidence of the key role
of defects in hosting the injected holes. Such a defect-assisted
mechanism is in line with a previous report revealing the intrin-
sic p-type conductivity likely arising from the Ag vacancy-induced
shallow defect states; other types of in-gap empty states can popu-
late as well, including Bi vacancy and Agg; antisites.[*?! Following
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static interfacial CT, the filled defects and other initial shallow
defects (filled defect states close to the valence band, if any) can
serve as hole acceptors for the CT.

We further note that the switched hole injection direction by
exciting the heterostructure across the E, also leads to different
charge recombination pathways and thus lifetimes. A clear re-
combination time increase from ~100 ps for below-E, excitation
to over 1 ns for above-E, excitation is observed. In both excitation
and hole-transfer regimes, the recombination time is found to
be pump energy and fluence independent. This observation is in
clear contrast to the CT dynamics at Gr/TMDs interfaces. There,
although the CT efficiency and pathways are modulated by the
excitation energy, the final charge separation state, and thus the
recombination lifetime, is observed to be identical throughout
the whole excitation range.[®]

2.3. The Energetics of Hot Holes Impact on the Hole-Transfer
Efficiency

After establishing the optical switching of the hole-transfer pro-
cesses at DP/Gr interfaces, we investigate the effect of pump
photon energy (i.e. the energetics of the hot carriers) by tuning
the excitation wavelength in dictating the hole-transfer efficiency.
Based on Figure 4b,c, it is clear that the hole-transfer efficiency is
much enhanced as the photon energy increases for both below-
and above-E, photoexcitation. These results provide strong evi-
dence of a hot-carrier-involved CT process. For below-E, excita-
tion, by increasing the pump photon energy from 1.20 to 2.07 eV,
the hole- transfer efficiency is boosted by almost an order of mag-
nitude. The enhanced hot-hole-transfer efficiency with increas-
ing hot-hole energetics can be qualitatively understood as a com-
bined consequence of the enhanced hot-hole-transfer rate (due to
the enhanced driving force and the coupling strength for CT),3!
and the reduced hot-carrier relaxation rate from the initial en-
ergetics to below the CT energy barrier.****! For above-E, exci-
tation, that is, when the holes are mainly generated in the DP,
besides the favorable rate competition for ho-hole injection (e.g.,
enhanced driving force and the coupling strength for CT!*), the
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recently reported much enhanced hot-hole-transport properties
(e.g., enhanced mobility!?)) could favor the hot-carrier diffusion
toward the interface for charge separation at DP/Gr interfaces.
Finally, to quantitatively assess the CT efficiencies for both
below- and above-bandgap photoexcitation, we conduct time-
domain THz spectroscopy at the time scales where the charge
separation reaches a quasi-equilibrium state following CT (see
details in the Supporting Information). Based on this measure-
ment, we extract the frequency-resolved photoconductivity, which
is dominated by the Gr’s free carrier response. Using the Drude
model to describe the data, we extract the carrier density change
AN in Gr with and without photoexcitation (or CT). The abso-
lute CT efficiency, defined as the ratio of the transferred carrier
density (AN = N, — Ny) to the absorbed photon density N,,,:
= AN/N,,, is therefore obtained. For 3.10 eV excitation, we es-
timate an ~1.4% hole-transfer efficiency from DP to Gr. Note that
the estimated CT efficiency here represents the lower boundary
as we assumed 100% photon-to-charge carrier generation quan-
tum yield. This leads to an underestimation of CT efficiency. We
further provided an estimation of the upper-limit CT efficiency
to be 50% by assuming the transfer of free carriers dominates
the interfacial CT (see more discussion in the Supporting Infor-
mation). Based on the first-order approximation, that is, the CT
quantum efficiency is proportional to the relative CT efficiency
shown in Figure 4c, we estimate the highest CT efficiency for
below-bandgap excitation at ~2 eV to be around 8.4%.

3. Conclusion

Full optical control of the hole-transfer direction and recombina-
tion processes has been achieved in strongly coupled DP/Gr het-
erostructures by simply tuning the excitation photon energy. We
unveiled the vital role of in-gap unfilled defect states and pump
photon energy in tuning the interfacial hole-transfer processes.
We find that the photoinjected “nascent” hot holes in Gr can be
injected into in-gap defects of DP for below-E, excitation while
hole transfer from the valence band of the DP to the valence band
of Gr occurs for above-E, excitation. We provide experimental ev-
idence that increasing the excitation photon energy leads to en-
hancement in interfacial hole-transfer efficiency for both below-
and above-bandgap excitation regimes, demonstrating the crit-
ical role of excess hot-hole energy in enhancing interfacial CT.
Our results not only unveil fundamental photophysics govern-
ing interfacial CT, but also provide a new method for controlling
CT across DP/Gr heterostructures in optoelectronic applications
(e.g., broadband photodetectors covering the THz up to the X-ray
spectral range). In addition, the intriguing optical switching of
hole transfer endows DP/Gr heterostructures with a new degree
of freedom for, for example, manipulating the local gating field
for new functionalities such as an optically induced memory ef-
fect in Gr.

4. Experimental Section

Sample Preparation: The DP/Gr heterostructure was prepared by first
wet-transferring a CVD monolayer Gr onto FS, and then the Gr surface
was treated by UV-ozone for 30 min. Finally, the DP solution was spin-
coated on Gr to construct the DP/Gr heterostructures. A 0.5 solution of
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millimeter-sized Cs,AgBiBr single crystals!?%2°] in dimethyl sulfoxide was
spin-coated on top of the Gr layer on the FS substrate resulting in a uni-
form coverage with a thickness of ~200 nm.

Optical Pump—THz Probe Spectroscopy: The OPTP setup was driven by
a commercial, regenerative amplified, mode-locked Ti:sapphire femtosec-
ond laser with a central wavelength of 800 nm, a pulse duration of 50 fs,
and a repetition rate of 1 kHz. In the OPTP measurement, the sample
was first pumped with different photon wavelengths generated via either a
BBO crystal or a commercial optical parametric amplifier (OPA) from Light
Conversion. After a pump—probe delay time tp, the THz pulse propagated
collinearly with the pump pulse and transmitted through the sample. The
single-cycle THz pulse was generated from an 800 nm pulse by optical rec-
tification in a 1 mm-thick ZnTe crystal. The transmitted THz electric field
waveform E(t) was detected coherently in a second ZnTe crystal by another
800 nm sampling pulse via the electro—optic effect. The photoconductiv-
ity dynamics Ao (tp) of the sample was thus obtained by reading out the
pump-induced relative change of THz peak electric field —AE/E as a func-
tion of tp: Ao ®—AE/Ey. —AE/E, is proportional to Ac (= Cpump — 00)-

THz Time-Domain Spectroscopy: THz time-domain spectroscopy was
conducted to obtain the frequency-resolved photoconductivity spectra.
Instead of only recording the change of THz peak electric field af-
ter the photoexcitation, one can map the entire THz waveform with
(Epump (£)) and without (E, (£)) optical excitation (and thus their difference
AE(t) = Epump (t) — Eo(t)) at a fixed pump-sampling delay time by moving
the optical delay lines for the pump beam and sampling beam simultane-
ously. By Fourier transformation of Ey(t) and AE(t), the complex photo-
conductivity spectra o (w) were achieved following:

o (w) =

n+n, [_AE(m)] )

Zy-l Ey (@)

where n, and n, are the refractive indices in front of and behind the sam-
ple. Z, is the free space impedance. Il is the thin film thickness (%200 nm
for all films in this study).

Transient Absorption Spectroscopy: A Yb-KGW oscillator (Light Conver-
sion, Pharos SP) was used to produce 180 fs photon pulses with a wave-
length of 1028 nm and at a repetition rate of 5 kHz. The pump beam was
obtained by sending the fundamental beam through an OPA equipped
with a second harmonic 12 module (Light Conversion, Orpheus), perform-
ing non-linear frequency mixing and producing an output beam whose
wavelength could be tuned in the 310-1330 nm window. A small fraction
of the fundamental beam power was used to produce a broadband probe
spectrum (480-1600 nm), by supercontinuum generation in a sapphire
crystal. The pump beam was transmitted through a mechanical chopper
operating at 2.5 kHz. Pump and probe beam overlapped at the sample
position with a small angle (~8°), and with a relative time delay controlled
by an automated delay stage. After transmission through the sample, the
pump beam was dumped while the probe was collected at a detector
(Ultrafast Systems, Helios). The differential absorbance was obtained via
AA =log(l,n/log), | was the probe light incident on the detector with ei-
ther pump on or pump off. TA data were corrected for probe-chirp via a
polynomial correction to the coherent artifact.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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