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A Cu3BHT-Graphene van der Waals Heterostructure with
Strong Interlayer Coupling for Highly Efficient Photoinduced
Charge Separation

Zhiyong Wang, Shuai Fu, Wenjie Zhang, Baokun Liang, Tsai-Jung Liu, Mike Hambsch,
Jonas F. Pöhls, Yufeng Wu, Jianjun Zhang, Tianshu Lan, Xiaodong Li, Haoyuan Qi,
Miroslav Polozij, Stefan C. B. Mannsfeld, Ute Kaiser, Mischa Bonn, R. Thomas Weitz,
Thomas Heine, Stuart S. P. Parkin,* Hai I. Wang,* Renhao Dong,* and Xinliang Feng*

Two-dimensional van der Waals heterostructures (2D vdWhs) are of
significant interest due to their intriguing physical properties critically defined
by the constituent monolayers and their interlayer coupling. Synthetic access
to 2D vdWhs based on chemically tunable monolayer organic 2D materials
remains challenging. Herein, the fabrication of a novel organic–inorganic
bilayer vdWh by combining 𝝅-conjugated 2D coordination polymer (2DCP,
i.e., Cu3BHT, BHT = benzenehexathiol) with graphene is reported. Monolayer
Cu3BHT with detectable μm2-scale uniformity and atomic flatness is
synthesized using on-water surface chemistry. A combination of diffraction
and imaging techniques enables the determination of the crystal structure of
monolayer Cu3BHT with atomic precision. Leveraging the strong interlayer
coupling, Cu3BHT-graphene vdWh exhibits highly efficient photoinduced
interlayer charge separation with a net electron transfer efficiency of up to
34% from Cu3BHT to graphene, superior to those of reported bilayer 2D
vdWhs and molecular-graphene vdWhs. This study unveils the potential for
developing novel 2DCP-based vdWhs with intriguing physical properties.
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1. Introduction

Two-dimensional van der Waals het-
erostructures (2D vdWhs) constitute a new
class of artificial materials constructed
by vertically stacking atomically thin 2D
crystals, including graphene, transition
metal dichalcogenides (TMDs), and hexag-
onal boron nitride (h-BN), which are held
together by vdW interactions.[1] The lack
of direct chemical bonding in vdWhs af-
fords complete freedom in selecting 2D
materials, unrestricted by constraints of
crystal symmetry, structure, and lattice
matching.[2] Thanks to their atomically
thin nature, the properties of vdWhs can be
tailored by not only individual constituents
but also interlayer coupling, giving rise to
new quantum states and phenomena.[3]

These unique characteristics have estab-
lished vdWhs as a versatile platform for a
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wide spectrum of applications, including tunneling transistors,[4]

photodetectors,[5] and light-emitting devices,[6] with unprece-
dented functionalities. While vdWhs hold great promise for de-
veloping new materials and device concepts, the thus-far reported
2D vdWhs are mainly based on the assembly of monolayer inor-
ganic 2D crystals. Exploring novel 2D vdWhs based on mono-
layer organic 2D materials, characterized by customizable struc-
tures and properties,[7] is of significance but remains rarely ex-
plored. This is primarily because of the difficulty in synthesizing
organic 2D materials by controlling reactions at the monolayer
scale while maintaining large-area uniformity and atomic flat-
ness. Moreover, the limited availability of techniques presents
significant challenges in characterizing atomically thin organic
2D layers, due to their high electron beam and X-ray sensitivity.[8]

In this study, we report the first example of novel organic-
inorganic bilayer vdWh based on 𝜋-d conjugated 2D coordina-
tion polymer (2DCP, i.e., Cu3BHT (BHT = benzenehexathiol),
also known as 2D conjugated metal-organic framework (2D c-
MOF)). Monolayer Cu3BHT with strong 𝜋-d conjugation and pla-
nar structure in the 2D plane is first synthesized on the water sur-
face, presenting as a polycrystalline film exhibiting considerable
uniformity and atomic flatness. The crystal structure is resolved
by using in situ grazing-incidence wide-angle X-ray diffraction
(GIXD) and high-resolution transmission electron microscopy
(HRTEM) imaging, elucidating the Kagome lattice with atomic
precision (resolution, ≈1.2 Å). We show that vertically stacking
monolayer Cu3BHT and graphene through a wet transfer tech-
nique enables the creation of cm2-scale Cu3BHT-graphene vd-
Whs with intimate and uniform contacts. Raman and terahertz
time-domain spectroscopy (THz-TDS) studies, combined with
electrical measurements and theoretical modeling, demonstrate
significant hole transfer from monolayer Cu3BHT to graphene
(hence downshift of the Fermi level (EF) in graphene) upon con-
tact due to strong interlayer electronic coupling. Furthermore,
time-resolved THz spectroscopy (TRTS) reveals highly efficient
photoinduced net electron gain in graphene (up to 34%), supe-
rior to those of graphene-based bilayer inorganic/organic vdWhs
(up to 10%).[9] These findings unveil the possibilities for explor-
ing novel 2D c-MOF-based vdWhs with manipulable orbital dis-
tribution, interfacial band alignment, and interlayer coupling.

2. Results

Monolayer Cu3BHT was synthesized for the first time us-
ing the on-water surface chemistry, as schematically illustrated
in Figure 1a,b. The synthetic procedure involved three steps:
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in Step 1, 50 μL of BHT solution (0.3 mg mL−1) in chloro-
form/dimethylformamide (2:1, v/v) was spread on the water sur-
face, followed by compressing the surface with a pair of Delrin
barriers. To evaluate the pre-organization behavior of BHT on
the water surface, the surface pressure-mean molecular area (𝜋-
A) isotherm was recorded. As shown in Figure S1, Supporting
Information, the 𝜋-A isotherm shows a sharp increase in surface
pressure upon compression when A reaches ≈9.5 Å,2 indicating
that the BHT molecules undergo phase transitions from the gas
phase into the crystalline phase. Consistency between the mea-
sured A values and the theoretical area of BHT (≈10 Å2) mani-
fests the formation of close-packed BHT molecules lying flat on
the water surface. In Step 2, 5 mL Cu(NO3)2 aqueous solution
(1 mg mL−1) was injected into the water subphase to initiate the
2D coordination polymerization between Cu2+ and BHT ligands
by forming Cu─S bonds on the water surface. After leveraging
the polymerization for 5 h (Step 3), the Cu3BHT film with a large
lateral size of ≈50 cm2 was obtained on the water surface and
then transferred horizontally onto different substrates for vari-
ous characterizations.

As shown in Figure 1c and Figure S2, Supporting Informa-
tion, the as-synthetic Cu3BHT film displays a detectable μm2-
scale uniformity with a monolayer thickness of ≈0.8 nm and a
root mean square (RMS) roughness of 0.1 nm over an area of 10
× 10 μm2. We attribute the realization of atomically flat films to
the inherently planar structure of Cu3BHT within the 2D con-
jugated plane, which guarantees strong interlayer coupling with
graphene upon the assembly of vdWhs. Surface-enhanced Ra-
man spectra of monolayer Cu3BHT show the disappearance of
the -SH peak at 2512 cm−1, indicating efficient coordination be-
tween Cu and SH groups (Figure S3, Supporting Information).
UV/vis absorption spectra of Cu3BHT with different layer num-
bers reveal a linear relationship between the absorbance value at
270 nm and the number of layers, following the Beer–Lambert
law (Figure S4, Supporting Information). The Tauc plot indicates
a direct bandgap of ≈0.38 eV for monolayer Cu3BHT (Figure S5,
Supporting Information). This observation aligns with the re-
sults obtained by ultraviolet photoelectron spectroscopy (UPS),
where the work function and valence band maximum of mono-
layer Cu3BHT are calculated to be −4.38 and −4.63 eV versus
vacuum, respectively (Figure S6, Supporting Information). Fur-
thermore, we conducted variable-temperature conductivity mea-
surements, which illustrate an increase in electrical conductivity
from 100 to 300 K (Figure S7, Supporting Information), support-
ing the semiconducting nature of monolayer Cu3BHT.

To confirm the crystallinity of the obtained monolayer
Cu3BHT, we conducted grazing-incidence X-ray diffraction
(GIXD) measurements on the water surface. As shown in
Figure 1d, the GIXD pattern shows unambiguously three in-
plane Bragg diffraction peaks at Qxy = 0.87, 1.48, and 1.75 Å−1,
corresponding to the 100, 110, and 200 Bragg reflections of a
hexagonal lattice (d-spacing, 0.72 nm). The optimized structure
model of monolayer Cu3BHT, obtained by density functional
theory (DFT) calculations, supports well with the experimen-
tal observations. Unlike the high electron beam sensitivity of
hydrogen-rich monolayer 2D polymers and 2DCPs,[7a,b,10] the ab-
sence of hydrogen in the Cu3BHT framework offers high stability
under electron radiation and thus the opportunity for further
investigation of its crystal structure by aberration-corrected
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Figure 1. Synthesis and structural characterization of monolayer Cu3BHT. a) Synthetic scheme of monolayer Cu3BHT using the Langmuir–Blodgett
method. b) Schematic structure of Cu3BHT. Cu, C, and S atoms are shown in blue, grey, and yellow, respectively. c) AFM image and height profile of
monolayer Cu3BHT. d) GIXD pattern and in-plane (near Qz = 0, Q represents the scattering vector) projection of the monolayer Cu3BHT measured on
the water surface. e) TEM image of monolayer Cu3BHT. Inset: SAED pattern from the marked (yellow circle) region. f) AC-HRTEM image of Cu3BHT
denoised using Wiener filtering. Inset: corresponding FFT pattern. g) Left: the enlarged image of the highlighted area shown in (f). Right: simulated
AC-HRTEM image of Cu3BHT (thickness, monolayer; defocus, 6 nm).

high-resolution transmission electron microscopy (AC-
HRTEM). As presented in Figure 1e, the sharp arcs in the
selected area electron diffraction (SAED) pattern reveal the
polycrystalline nature of Cu3BHT. The nearest reflections at 1.37
nm−1 correspond to a real d-spacing of 0.73 nm, confirming the
GIXD results. Notably, atomic resolution imaging of Cu3BHT
was achieved with a Cc/Cs-corrected SALVE instrument at 80 kV.
As shown in Figure 1f, the AC-HRTEM image presents a highly
ordered hexagonal unit cell with a lattice spacing of 0.73 nm,
in agreement with the (100) plane of Cu3BHT. The fast Fourier
transform (FFT) image displays Bragg reflection spots to high

spatial frequency, which is characteristic of good crystallinity
and reveals an ordered lattice structure in the detectable area
(tens of nm). In the enlarged AC-HRTEM image (Figure 1g),
the structure of Cu3BHT is visible at the atomic level (reso-
lution, ≈1.2 Å), which agrees qualitatively with the simulated
one (Figure 1g, inset) and the previously reported multilayer
samples.[11]

We then fabricated the novel 2D vdWh by combining mono-
layer Cu3BHT with large-area chemical vapor deposited (CVD)
graphene using a wet transfer technique (Figure 2a, see Ex-
perimental Section). The resulting vdWh was then washed and
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Figure 2. Morphological and interlayer coupling characterization of Cu3BHT-graphene vdWh. a) Schematic of the preparation of Cu3BHT-graphene
vdWh by a wet transfer technique. b) AFM image and height profile of monolayer Cu3BHT (blue line) and graphene (yellow line) in the vdWh. c) TEM
image, and corresponding SAED pattern of Cu3BHT-graphene vdWh with indexed diffraction spots. d) Raman spectra of graphene before and after
deposition of monolayer Cu3BHT. In the vdWh, the well-preserved symmetry of the G- and 2D-modes indicates that graphene maintains its structural
integrity after contact with Cu3BHT. e) Frequency-resolved complex sheet conductivity 𝜎s(w) of bare graphene (red) and Cu3BHT-graphene vdWh (blue) in
units of quantum conductance G0 = 2e2/h. The solid and dashed lines correspond to the Drude fits of the real and imaginary parts of 𝜎s(w), respectively.
f) Band structures of graphene and graphene-Cu3BHT vdWh with 3° twist angle and their corresponding densities of states (DOS). Red dots in the
Cu3BHT-graphene vdWh band structure indicate bands originating predominantly from the graphene layer. g) The CDD of Cu3BHT-graphene vdWh.
The charge density isosurfaces value is set to 0.0003 e Bohr−3 with yellow and blue showing an increase and decrease of electron density, respectively.

annealed at 300 °C under an H2-Ar atmosphere to remove
poly(methyl methacrylate) (PMMA) and trapped interfacial con-
taminants, and to enhance the interaction between Cu3BHT
and graphene. Figure 2b and Figure S8, Supporting Informa-
tion, show the morphology of Cu3BHT-graphene vdWh, from
which the monolayer nature of both Cu3BHT and graphene lay-
ers was confirmed. We further characterized the structures of
Cu3BHT-graphene vdWh using SAED and TEM (Figure 2c, left).
Importantly, the SAED pattern from the overlapping Cu3BHT-
graphene region shows two sets of diffraction spots (Figure 2c,
right and Figure S9, Supporting Information), with the inner and
outer sets corresponding to Cu3BHT and graphene, respectively.
Note that no clear Moiré superlattice structure was observed us-

ing AC-HRTEM imaging, mainly due to the polycrystalline na-
ture of Cu3BHT.[12]

We conducted Raman and THz measurements to study the
unique electronic properties of this novel Cu3BHT-graphene 2D
vdWh. Raman spectra of graphene, taken before and after depo-
sition of monolayer Cu3BHT, were averaged from Raman map-
ping images (Figure S10, Supporting Information) and are pre-
sented in Figure 2d. Pristine graphene exhibits G- and 2D-modes
at 1582 and ≈2675 cm−1, respectively, indicative of high-quality
monolayer graphene with negligible strain and doping effects.[13]

The deposition of monolayer Cu3BHT resulted in a blue-shift
(≈6 cm−1) of both G- (≈1588 cm−1) and 2D (2681 cm−1)-modes,
indicating an increased hole concentration in graphene.[13a] By
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deconvoluting the contributions of strain and doping using the
correlation between G-mode and 2D-mode,[13b] we find that
monolayer Cu3BHT coverage on graphene introduces negligible
strain but substantial hole density modulation, whereby the EF
in graphene shifts downward by ≈0.29 eV in the vdWh (equiva-
lent to a hole concentration of ≈5 × 1012 cm−2) (see Experimental
Section).

To gain deeper insight into the ground-state charge transfer
(CT) effect upon vdWh formation, we employ TRTS (see Exper-
imental section) to investigate the frequency-resolved complex
sheet conductivity 𝜎(𝜔) of graphene with and without monolayer
Cu3BHT interactions. Figure S11, Supporting Information, com-
pares THz waveforms transmitted through different sample re-
gions. Monolayer Cu3BHT was found to exhibit almost no THz
absorption compared to the blank substrate, revealing its negli-
gible intrinsic conductivity due to its semiconducting and poly-
crystalline nature (and, therefore, low carrier density). In con-
trast, both bare graphene and Cu3BHT-graphene vdWh exhibit
attenuated transmitted THz fields. Given the negligible intrinsic
conductivity of monolayer Cu3BHT, the observed THz absorption
(and thus conductivity) in bare graphene and Cu3BHT-graphene
vdWh can be attributed to the presence of conductive charge car-
riers in the graphene layer. As shown in Figure 2e, 𝜎(𝜔) of bare
graphene and Cu3BHT-graphene vdWh can be well described by
the Drude model (Equation (1))[14]

𝜎 (𝜔) = D

𝜋

(
1
𝜏
− i𝜔

) (1)

where 𝜔 is the angular frequency, D is the Drude weight related
to the carrier density N and EF, and 𝜏 is the charge scattering
time. The fits infer 𝜏 and EF to be 31 ± 2 fs and ≈0.23 eV for bare
graphene, and 29 ± 1 fs and ≈0.43 eV for monolayer Cu3BHT-
covered graphene. These findings indicate a downshift of EF in
graphene by ≈0.20 eV upon vdWh formation, corroborating the
Raman results.

To further explore the electrical characteristics evolution upon
vdWh formation, we calculated their band structures (Figure 2f
and Figure S12, Supporting Information) and electrostatic po-
tentials (Figure S13, Supporting Information) using DFT. The
calculated EF of the vdWh is positioned at 0.315 eV below the
graphene Dirac cone, signifying a prominent hole accumula-
tion in graphene. Figure S13a, Supporting Information, shows
that the incorporation of monolayer Cu3BHT elevates the work
function (WF) of graphene from 4.530 to 4.856 eV (vs vac-
uum level, see Supporting Information). Furthermore, we tested
three different twist angles, all of which yielded consistent qual-
itative results, suggesting that the observed effect is indepen-
dent of interlayer twist and, consequently, the domain position
within the polycrystalline material (Figures S12 and S13, Sup-
porting Information). The charge density difference (CDD) iso-
surfaces highlight a strong interlayer coupling between mono-
layer Cu3BHT and graphene (Figure 2g), leading to electron accu-
mulation in Cu3BHT and hole accumulation in graphene. These
results align with our Raman and TRTS observations and iden-
tify that the strong interlayer coupling contributes to significant
hole transfer from monolayer Cu3BHT to graphene upon con-
tact. The interfacial charge equilibrium establishes a built-in elec-

tric field directed from graphene toward Cu3BHT. We anticipate
that the strong interlayer coupling originates from the following
two factors: 1) intimate contact enabled by their atomically flat
surfaces;[2,15] 2) dense wavefunction overlap at the interface con-
tributed by highly delocalized electronic orbitals in Cu3BHT[16]

and massless Dirac Fermions in graphene.[17]

We further fabricated gated Hall bar devices to investigate the
electronic properties of Cu3BHT-graphene vdWh under external
electric and magnetic fields (Figure 3a). As shown in Figure 3b,
the conductance-gate voltage curve of graphene exhibits a distinct
minimum at a gate voltage of ≈78 V, which corresponds to the
Dirac point. The positive sign of VD (i.e., p-doping of graphene)
can be mainly attributed to the contact effect caused by oxygen
dangling bonds in the SiO2 substrate.[18] Furthermore, it has
been reported that the adsorption of water/oxygen molecules or
PMMA residues could also contribute to the p-doping effect.[19]

In contrast, the Cu3BHT-graphene vdWh displays a broader val-
ley in the curve, positioned around a gate voltage of ≈117 V.
This significant shift in the Dirac point suggests the transfer of
holes from Cu3BHT to the graphene layer,[20] requiring a higher
gate voltage to raise the EF to the Dirac point. Figure 3c shows
the gate voltage-dependent Hall coefficients, which exhibit rever-
sals of signs at the Dirac points due to the change from hole
accumulation to electron accumulation. In pristine graphene,
either holes or electrons dominate the Hall signals, leading to
a sharp reversal. However, in Cu3BHT-graphene vdWh, both
holes and electrons contribute to the Hall signal, with their re-
spective contributions varying as a function of gate voltage, re-
sulting in a gradual reversal. We further investigate the mag-
netic field dependence of normalized longitudinal resistance
Rxx/Rxx_min, as presented in Figure 3d and Figure S14, Supporting
Information. These curves are interpolated by data points mea-
sured at the neighborhoods of their Dirac points. Close to zero
field, a small peak is observed, which could be related to weak
localization.[21] The remaining curves exhibit positive magneto-
resistance, consistent with the Drude model. The full mapping
of gate voltage-dependent magneto-resistance of graphene and
Cu3BHT-graphene vdWh is depicted in Figure 3e. In graphene,
a 130% positive magneto-resistance is observed around the Dirac
point, which diminishes significantly as the system moves away
from the Dirac point, aligning with previous reports.[22] How-
ever, in Cu3BHT-graphene vdWh, the magneto-resistance re-
mains largely unchanged over a wide range of gate voltages.

To elucidate the light-induced interfacial charge carrier separa-
tion and recombination in Cu3BHT-graphene vdWhs, we mea-
sured photoconductivity (Δ𝜎) dynamics using TRTS.[23] Figure
4a,b shows that following photoexcitation by a 1.55 eV ultrashort
pulsed laser, bare graphene experiences a reduction in conduc-
tivity. This so-called “negative Δ𝜎” has been widely reported in
metallic systems including doped graphene,[24] due to the en-
hanced momentum scattering experienced by photogenerated
hot carriers. The electronic system relaxes back to equilibrium
on the sub-10 ps time scale following hot carrier cooling in bare
graphene. Conversely, in monolayer Cu3BHT the same photoex-
citation evokes no discernible Δ𝜎. This is because the intrinsic
charge carrier mobility of Cu3BHT is much lower than that of
graphene. Notably, the vdWh manifests negative Δ𝜎 dynamics
featuring a rapid decay process within the first few ps, followed
by a much slower decay spanning tens of ps. The rapid decay
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Figure 3. Electrical study of CT in Cu3BHT-graphene vdWh. a) Schematic illustration of the gated Hall bar device. Inset: Optical image of the gated Hall
bar device. Scale bar, 50 μm. b) Gate-voltage-dependent longitudinal conductance of pristine graphene and Cu3BHT-graphene vdWh at 2 K, respectively.
As the gate voltage increases, the EF in graphene passes through the Dirac point, leading to a transition in the type of graphene from hole accumula-
tion to electron accumulation. The conductance in graphene initially decreases as the EF approaches the Dirac point, followed by an increase when EF
departs from the Dirac point. c) Gate-voltage-dependent Hall resistance of pristine graphene and Cu3BHT-graphene vdWh under 5 T magnetic field,
respectively. d) Normalized longitudinal resistances Rxx/Rxx_min of graphene and Cu3BHT-graphene vdWh versus field, with applied gate voltage 78 and
117 V, respectively. A broadened valley manifests that the incorporation of Cu3BHT indeed impacts the band structure of graphene. e) Mapping of pris-
tine graphene and Cu3BHT-graphene vdWh’s normalized longitudinal resistances Rxx/Rxx_min, measured with varied magnetic fields and different gate
voltages.

process can be attributed to hot carrier relaxation in graphene,
while the subsequent relatively slow decay process can be ra-
tionalized by interlayer charge recombination following ultra-
fast photoinduced CT.[25,26,27] Specifically, upon photoexcitation,
charge carriers are initially injected into both layers. Subse-
quently, ultrafast photoinduced CT occurs at the interface be-
tween monolayer Cu3BHT and graphene, modulating the carrier
density (and thus Δ𝜎) in the graphene layer. As the graphene
layer in the vdWh is initially p-doped, the negative sign of
the CT-induced Δ𝜎 in tens of ps provides direct evidence for
the photon-induced electron flow from monolayer Cu3BHT to
graphene (Figure 4c). This is followed by interlayer recombina-
tion involving electrons residing in graphene and holes resid-
ing in monolayer Cu3BHT. A single exponential fit to the rela-
tively slow decay process yields an interlayer recombination life-
time of ≈56 ps. The reason for the observed photoinduced net
electron (rather than hole) transfer from Cu3BHT to graphene
and the relatively long-lived holes remaining in Cu3BHT can be
tentatively attributed to the static built-in electric field directed
from graphene toward Cu3BHT.[28] This facilitates the transfer
of photogenerated electrons from Cu3BHT to graphene while
hindering the transfer of photogenerated holes from Cu3BHT to
graphene.

To quantitatively characterize the photoinduced interlayer
charge separation process, we measured the CT-induced
frequency-resolved complex photoconductivity Δ𝜎(𝜔). The mea-
surements were performed at a pump-probe delay of ≈50 ps to
eliminate the influence of hot carriers in graphene, allowing the
determination of CT-induced changes in the charge transport
properties (i.e., carrier density and charge scattering time) from
Δ𝜎(𝜔). As shown in Figure 4d, Δ𝜎(𝜔) obtained at different pump
fluences can be well described by the conductivity difference be-
tween two quasi-equilibrium states in graphene (i.e., before and
after CT, Equation (2))

Δ𝜎 (𝜔) = 𝜎′ (𝜔) − 𝜎 (𝜔) = D′

𝜋

1(
1
𝜏′
− i𝜔

) − D
𝜋

1(
1
𝜏
− i𝜔

) (2)

where D and 𝜏 are the initial Drude weight and charge scat-
tering time before CT (obtained from the Drude fit shown in
Figure 2e), and D′ and 𝜏′ are the Drude weight and carrier scat-
tering time after CT (at a pump-probe delay of ≈50 ps). The
fitting reveals that the change in carrier density dominates the
CT-induced Δ𝜎(𝜔) while the carrier scattering time remains al-
most constant. As shown in Figure 4e, the linear relationship
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Figure 4. Efficient photoinduced CT at the Cu3BHT-graphene interface. a) Schematic of TRTS. b) THz Δ𝜎 dynamics of bare graphene, Cu3BHT, and
Cu3BHT-graphene vdWh following photoexcitation (1.55 eV, 28 μJ cm−2). The measurements were performed in a dry N2-purged environment. c)
Schematic of band alignment of Cu3BHT-graphene vdWh and photoinduced electron transfer process from Cu3BHT to graphene. d) Frequency-resolved
complex photoconductivity Δ𝜎(𝜔) for Cu3BHT-graphene vdWh at a pump-probe delay of ≈50 ps following photoexcitation (the incident pump fluences
are 2.3 (top) and 32.6 μJ cm−2 (bottom), respectively). The solid and dashed lines are the fits to the real and imaginary components of Δ𝜎(𝜔), following
the differential Drude model describing the conductivity difference between two quasi-equilibrium states. e) Quantification of photoinduced electron
transfer efficiency in Cu3BHT-graphene vdWh. f) Comparison of photoinduced net CT efficiencies characterized by THz spectroscopy. Note that we
restricted the comparison to the same technique to eliminate differences arising from different evaluation protocols. Photoinduced net CT efficiencies
for WS2-graphene vdWhs (WS2-g) are obtained under a1.55 eV and b3.10 eV excitations;[29] photoinduced net CT efficiencies for double perovskite-
graphene vdWhs (DP-g) are obtained under c3.10 eV and d2 eV excitations;[25] photoinduced net CT efficiencies for C60H22-graphene vdWhs (C60-g)
and C96H24-graphene vdWhs (C96-g) are obtained under 3.10 eV excitation.[9,26]

between the CT-induced carrier density changes in graphene
(NCT) and the absorbed photon density in Cu3BHT (Nabs) in-
dicates that the photon-induced net electron transfer efficiency
(𝜂), that is, the difference between the photon-induced electron
transfer efficiency and the hole transfer efficiency from Cu3BHT
to graphene, is ≈15% over the used pump fluence range. Note
that the estimated 𝜂 represents the lower limit of electron trans-
fer efficiency, partly because partial back recombination occurs
within 50 ps. By extrapolating the Δ𝜎 or 𝜂 to the photoconductiv-
ity at 10 ps (where the photoresponse of bare graphene is approx-
imately null), we estimate 𝜂 up to 34%. Furthermore, the photon-
to-charge conversion ratio is over-assumed to be 100% (resulting
in underestimation of 𝜂). Nevertheless, the estimated 𝜂 is sub-
stantially higher than that of reported inorganic vdWhs such as
C60-graphene, nanographene-graphene, and WS2-graphene vd-
Whs characterized by the same method (typically less than 10%)
(Figure 4f).[9,29,26] Note that the broadband absorption of Cu3BHT,
effective net electron transfer from Cu3BHT to graphene, and
relatively long interlayer charge separation time facilitate con-
ductance modulation through the photogating effect,[30] making
Cu3BHT-graphene vdWHs promising candidates for designing
broadband photodetectors with ultrahigh photoconductive gain
and responsivity.[26,28]

3. Conclusion

In conclusion, we have fabricated a new type of 2D vdWh con-
sisting of 𝜋-d conjugated Cu3BHT and graphene, characterized
by intimate interfacial contact. Monolayer Cu3BHT with a planar
structure was synthesized on the water surface, forming a poly-
crystalline and large-area film with an atomically flat surface.
Using imaging and diffraction techniques, the atomic structure
of monolayer Cu3BHT was determined in real space with a
resolution of ≈1.2 Å. Optical and electrical studies, as well as
theoretical calculations, unveil the strong interlayer coupling
between Cu3BHT and graphene, leading to highly efficient
photoinduced interlayer charge separation with a net electron
transfer efficiency of ≈34% from Cu3BHT to graphene, which
sets a new record and far exceeds those reported for bilayer 2D
vdWhs and molecular-graphene vdWhs. Our findings lay the
foundation for the creation of novel vdWhs with modulated band
alignment and interlayer orbital coupling by integrating mono-
layer 2DCPs or 2D c-MOFs (e.g., FeTHT, THT = 2,3,6,7,10,11-
triphenylenehexathiol) with inorganic 2D crystals (e.g.,
graphene, TMDs, and h-BN), and will propel the exploitation
of intriguing physical phenomena and specific optoelectronic
devices.

Adv. Mater. 2024, 36, 2311454 2311454 (7 of 9) © 2024 The Authors. Advanced Materials published by Wiley-VCH GmbH
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4. Experimental Section
Synthesis of Monolayer Cu3BHT: The monolayer Cu3BHT was synthe-

sized on the water surface of a Langmuir–Blodgett through (KSV NIMA),
which was equipped with a platinum Wilhelmy plate, a Taflon dipper, and a
pair of Delrin barriers. During the synthesis, 50 μL of BHT solution (0.3 mg
mL−1) in chloroform/dimethylformamide (2:1, v/v) was spread on the wa-
ter surface with a microsyringe. The solvent was allowed to evaporate for
30 min and then the compression was carried out by the barriers at a rate
of 2 mm min−1 until the surface pressure reached 10 mN m−1. Then, 5 mL
Cu(NO3)2 aqueous solution (1 mg mL−1) was injected into the water sub-
phase to initiate the coordination polymerization. After 5 h, the synthetic
monolayer Cu3BHT film was deposited onto the substrates by the hori-
zontal dipping method. The samples were immersed in Milli-Q water for
5 min, rinsed with flowing ethanol and acetone, and then dried at 80 °C.

Fabrication of Cu3BHT-Graphene vdWh: The monolayer Cu3BHT films
on the water surface were first transferred onto the substrate (e.g., SiO2
(300 nm)/Si, quartz). The transfer of CVD graphene purchased from
Graphenea started from an etching of backside graphene via O2 plasma
and the removal of copper foil with the ammonium persulfate (APS) cop-
per etchant.[31] Then, the PMMA (thickness, 60 nm)-coated graphene
film was transferred to a Milli-Q water surface to wash off the remaining
etchant, followed by deposition of it onto the target monolayer Cu3BHT-
coated substrate. Finally, the PMMA was removed with acetone and an-
nealed at 300 °C under an H2-Ar atmosphere, resulting in Cu3BHT-
graphene vdWhs.

Raman Spectroscopy: Raman spectra and mappings were collected us-
ing a 532 nm laser excitation with a beam size of ≈1 μm (Witec alpha300
R confocal Raman imaging microscopes, Germany). The strain and dop-
ing effects in graphene after exposure to Cu3BHT were deconvoluted from
the G-band and 2D-band frequency correlation according to the previous
report.[13b]

Computational Details: All structures were optimized using FHI-
aims[32] with PBE[33] functional and tight tier 1 basis,[32a] and Tkatchenko–
Scheffler dispersion correction.[34] Γ-centered k-grids of 12 × 12 × 1, 24
× 24 × 1, and 24 × 12 × 1 for Cu3BHT-graphene (3°), Cu3BHT-graphene
(12°), and Cu3BHT-graphene (29°), respectively, were used for both opti-
mization and electronic properties calculations. A correction to compen-
sate for a potential surface dipole was used for electronic properties cal-
culations, as implemented in FHI-aims.

Time-Resolved Terahertz Spectroscopy: A regenerative amplified and
mode-locked titanium-sapphire system was employed to deliver ultrashort
laser pulses with a central wavelength of 1.55 eV, a pulse duration of ≈50
fs, and a repetition rate of 1 kHz. The produced laser pulses were then split
to enable optical excitation, THz generation (via optical rectification), and
THz detection (via free-space electro-optic sampling). The optical injec-
tion of charge carriers in the Cu3BHT-graphene vdWh was triggered by
the fundamental 1. 55 eV ultrashort pulsed laser. The resulting Δ𝜎 was
then interrogated by a freely propagating single-cycle THz pulse (≈1 ps
duration) and recorded as a function of time: Δ𝜎 was linearly proportional
to the pump-induced attenuation in the THz electric field (− ΔE/E).[23]

The measurements were performed in a dry N2-purged environment to
minimize THz absorption of water vapor. The frequency-resolved sheet
conductivity was obtained by measuring time-dependent THz waveforms
transmitted through the target and reference regions, performing an FFT,
and applying the thin-film approximation (Equation (3))[35]

𝜎 (𝜔) = n + 1
Z0

(
E0 (𝜔)

E (𝜔)
− 1

)
(3)

where E0(𝜔) is the frequency-dependent THz field through the reference
region, E(𝜔) is the frequency-dependent THz field through the target re-
gion, Z0 = 377 Ω is the impedance of free space, and n is the refractive
index of the substrate in the THz range (here n = 1.95 was used for the
fused silica substrate). As discussed in the main text, the obtained 𝜎(𝜔)
can be described by the Drude model. The carrier density (N) and the ab-

solute value of the Fermi level (|EF|) in graphene can be calculated from
the obtained Drude weight by Equations (4) and (5), respectively

D =
vFe2

ℏ

√
𝜋N (4)

||EF
|| = ℏvF(𝜋|N|)1∕2 (5)

Frequency-dependent sheet photoconductivity (𝜔) can be obtained by
processing Equation (3) in the small differential limit, as shown in Equa-
tion (6)

Δ𝜎 (𝜔) = −n + 1
Z0

(
Epump (𝜔) − E (𝜔)

E (𝜔)

)
(6)

where Epump(𝜔) and E(𝜔) are frequency-dependent THz electrical fields
transmitted through the sample with and without photoexcitation, respec-
tively.
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