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ABSTRACT: Understanding the charge interaction between Unchanged
molecules and two-dimensional (2D) materials is essential for
the design of functional devices. Here, we report the bifacial
Raman enhancement of molecules on monolayer graphene
and hexagonal boron nitride (h-BN). Taking advantage of the
atomically thick layered structure, we show that both surfaces
of 2D materials can interact with molecules and simulta-
neously enhance their Raman scattering. Different enhance-

. chargeL

Weaker ®
ment features were observed for monolayer graphene and h- - 70 - transfer L4
BN. The intensity decrease of particular Raman modes of Unchanged
copper phthalocyanine (CuPc) on both surfaces of h-BN h-BN graphene

suggests that z-dipoles exist and are partially canceled out

between the two interfaces, while the twice Raman intensities of the characteristic Raman modes of CuPc on both surfaces of
graphene compared to that on one surface evidenced the charge transfer process. These results provide an approach to modify
2D materials by bifacial adsorption of molecules, and the findings can inspire the design of functional 2D material-based devices.
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aman enhancement effect on two-dimensional (2D) charge interactions occur between molecules and the material
layered materials has been extensively investigated." The at the two interfaces, which may interfere with each other
mechanism of enhancement is attributed to a pure chemical depending on the property of the material and the form of
effect due to the lack of surface plasmons in the visible light charge interactions. The understanding of such interactions
region, and the Raman enhancement effect has been observed would also be helpful for the design and optimization of
on a number of 2D layered materials, including graphene,” molecules/2D materials heterostructures.
hexagonal boron nitride (h-BN), molybdenum disulfide In this regard, we show the bifacial Raman enhancement of
(MoS,),” gallium selenide (GaSe),* heterostructure of molecules by monolayer graphene and h-BN. Copper
tungsten disulfide (WS,) and graphene,’ and anisotropic phthalocyanine (CuPc) was used as probe molecules. Utilizing
black phosphorus (BP) and rhenium disulfide (ReS,).® The the molecular fingerprint recognition and the enhanced Raman
chemical enhancement requires the physical contact between scattering intensities, different roles of dielectric h-BN and
molecules and material, so that charge interactions can occur at semimetallic graphene were clearly observed. It was found that
the interface that modulates the effective polarizability of the for h-BN, adding a second monolayer of molecules on the
molecules and leads to the amplification of the Raman other side results in an increase of Raman intensity that is less
signals.”” Interestingly, monolayer 2D materials have two than that of the single-layer molecules, and certain Raman
surfaces that can both provide channels for effective charge modes are preferentially suppressed. This was attributed to the
interactions with molecules. The two-faced layered feature has formation of z-dipoles between h-BN and CuPc, which
been used for asymmetric functionalization and synthetic of interfere each other at both interfaces. However, for graphene,
Janus monolayers of graphene and transition metal dichalco-
genides (TMDs), which are of great potential for diverse Received: November 3, 2018
optoelectronic and sensing applications.””'* For molecules Revised:  January 8, 2019
adsorbed on the two surfaces of a monolayer 2D material, the Published: January 24, 2019
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Figure 1. (a) Schematic procedure of sample preparation. (b) Schematics of molecules on one surface and both surfaces of a monolayer 2D

material.
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Figure 2. Raman spectra of CuPc molecules under monolayer #-BN (a) and graphene (b). The insets are the corresponding AFM images. The
enhancement factors for different vibrational modes in monolayer h-BN/CuPc/SiO,/Si (c) and monolayer graphene/CuPc/SiO,/Si (d).

the increase of Raman intensity was almost equal to that of
molecules on one surface owing to the charge transfer between
CuPc and graphene. These results were further confirmed by
optical absorption measurements and theoretical calculations.
The layer number dependence of the Raman enhancement was
also studied, and the different thickness dependence of Raman
intensities agreed well with the proposed model.

Results and Discussion. The preparation of samples was
schematically shown in Figure 1. CuPc molecules were first
deposited on a 300 nm SiO,/Si substrate through vacuum
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thermal evaporation, and the thickness of the deposited
molecules was around 3 A, corresponding to no more than
monolayer coverage.” Monolayer graphene or h-BN was then
transferred on the top of molecules by mechanical exfoliation.
Raman scattering measurements of the single-layer CuPc
molecules were performed, and the Raman enhancement of
molecules by graphene and h-BN was clearly seen in Figure 2.
Next, the same amount of CuPc molecules was deposited on
the top of monolayer graphene or h-BN for further
measurements of bifacial Raman enhancement.
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Figure 3. Raman spectra of double-layer CuPc molecules and single-layer CuPc molecules contacted with monolayer h-BN (a) and graphene (b).
The extracted Raman intensity ratios of double-layer versus single-layer CuPc molecules on monolayer #-BN (c) and graphene (d).
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Figure 4. Top view (a) and side view (b) of CuPc molecule adsorbed on h-BN. (c) Calculated Raman spectra of CuPc molecules in the gas phase
(black line) and on BN (red line) with normalized intensities. Comparison of the absorption spectra of CuPc molecules on a blank quartz substrate
(d), CuPc molecules on one side of the monolayer BN flake (e), and CuPc molecules on both sides of the monolayer BN flake (f).

All of the Raman spectra were collected using a 632.8 nm
excitation laser, which is in resonance with CuPc molecules. As
shown in Figure 2ab, the Raman intensities of CuPc
underneath monolayer h-BN and graphene were both
enhanced compared with those on the blank SiO,/Si substrate.
The enhancement factors (EFs) could reach 31 and 27,
respectively. It can be seen that the Raman enhancement

characteristics of CuPc molecules are different on h-BN and
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graphene. For h-BN, the Raman modes at 1144, 1341, and
1531 cm™ were preferentially enhanced compared to other
modes, such as the peaks at 682, 749, 1109, 1306, and 1452
cm™ (Figure 2c). As shown in Table S1 (see Supporting
Information), the modes at 1144, 1341, and 1531 cm™! were
related to the displacement of N atoms, particularly the N
atoms bonding to the Cu atom at the center, consistent with
references.' ¢ Although the Raman mode at 1306 cm™! is also
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Figure S. Schematic picture of the bifacial Raman enhancement on monolayer #-BN (a) and graphene (b). The enhancement factors for Raman
modes at 1453 and 1530 cm ™' with the increase of thickness of #-BN (c) and graphene (e). The Raman intensity ratios of a double layer versus

single layer for vibration modes of 1453 and 1530 cm™

of CuPc molecules with the increase of thickness of h-BN (d) and graphene (f).

related to the displacement of N atoms, it belongs to the
asymmetric stretching and does not lead to significant change
of the total polarization of CuPc as well as the interaction
between CuPc and h-BN, and thus the peak does not show
remarkable enhancement. Hence, it can be concluded that the
vibrational modes with a large polarization change exhibit a
more effective Raman enhancement. While for that on
graphene, the enhancement factors of different Raman
modes of CuPc increased pseudo linearly with Raman
frequency (Figure 2d), owing to the better alignment of
energy band for the modes with higher frequencies.'”'® The
pump—probe measurements also suggested that the charge
transfer occurs in the interface of CuPc/graphene (Figure S1).
CuPc molecules can interact with 4-BN via a dipole—dipole
interaction.” The charge transfer between molecules and h-BN
is unlikely because h-BN is an insulator with a large band gap
of ~5.9 eV, and the energy band structure does not match that
of molecules. If there are molecules on both surfaces of h-BN,
the dipoles will be enhanced or canceled out. The amount of
molecules was confirmed to be the same on both surfaces by
Raman scattering intensities and XPS measurements (Figures
S2 and S3), thus the bifacial Raman enhancement (double-
layer, DL) of CuPc molecules was normalized by the
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enhancement of single-layer (SL) molecules for a better
comparison. As shown in Figure 3a,c, the enhancement
averaged by all of the Raman modes of DL CuPc molecules
was estimated to be ~1.5 compared to that of SL ones on h-
BN. More interestingly, the Raman modes that were
preferentially enhanced for SL CuPc molecules (Figure 2c)
showed a significantly lower enhancement for DL molecules
(reduced by ~35%, see Figure 3c). While for graphene, the
intensity ratios of DL/SL CuPc molecules were ~2.0 for all of
the Raman modes (Figure 3b,d). For monolayer graphene, due
to the high conductivity and free carrier density, the charge
transfer between molecules and graphene is expected to be the
same at both interfaces. These results suggest that h-BN and
graphene play different roles in the bifacial Raman enhance-
ment.

DFT calculations showed that the total energy for CuPc/h-
BN was the lowest when the Cu atom in CuPc was placed on
the top of an N atom, and the major axis of CuPc was along
the zigzag and armchair directions (rotation angle 30°, Figure
4ab and Table S2). As N atoms in h-BN have lone pair
electrons, dipoles are formed along the z-direction between N
atoms and Cu atoms, and the dipole moment was calculated to
be 1.2 X 107> Debye. Under this adsorption configuration, the
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calculated enhanced Raman spectrum of CuPc exhibits a good
agreement with experimental results, where preferentially
enhanced Raman modes that are relevant to the N atoms
bondin% to Cu in CuPc molecules have a larger polarizability
change, 29 35 indicated in Figure 4c. However, with a second
monolayer molecules adsorbed with the same configuration on
the other side of h-BN, the z-dipole was reduced and the
dipole moment was weakened to be 2.1 X 107> Debye. This
can be attributed to the competitive formation of N — Cu
dipole on the top of h-BN and Cu « N dipoles on the other
side. The detailed estimation of surface coverage of CuPc
molecules is given in the Supporting Information.

Optical absorption of CuPc molecules on a fused quartz
substrate, CuPc/h-BN/quartz and CuPc/h-BN/CuPc/quartz
samples was also measured and shown in Figure 4d—f. For
phthalocyanine derivatives, the Q-band is ascribed to 7 — #*
excitation between bonding and antibonding molecular orbitals
and can be well distinguished in the visible region.”"** The
two peaks observed in Figure 4d—f were attributed to the
aggregated states (at about 620 nm, named Ql) and
monometric states (at about 697 nm, named Q2),
respectively.”> CuPc molecules on a fused silica substrate
showed characteristic Q1 and Q2 bands at about 619.8 and
697.8 nm, while the bands blue shifted to 611.2 and 687.1 nm
if the molecules are on h-BN, which is due to the dipole
formation between Cu and N in h-BN.”>** The change of
relative intensities probably originated from the better coupling
of the molecules in monometric states to h-BN than those in
aggregated states. After the second deposition of CuPc
molecules on the top surface of h-BN, the Q1 and Q2 bands
shifted to 620.5 and 693.7 nm (Figure 4f), which were close to
that on a quartz substrate, indicating the much weakened
dipolar interactions between CuPc and h-BN, in consistence
with the competitive formation of N — Cu dipole on the top
of h-BN and Cu < N dipoles on the other surface. An N atom
in h-BN shares its lone pair electrons to form two dipoles.
Thus, the effective charges are reduced and the dipoles are
weakened (Figure Sa), leading to less than twice of the overall
enhancement (I /I ~ 1.5, see Figure 3c), and the Raman
modes related to the displacement of N atoms bonding to Cu
in CuPc (1140, 1340, 1530 cm™) are further weakened. On
the contrary, the optical absorption of the CuPc molecule on
both surfaces of graphene showed only a slight change
compared to that of molecules on one surface, as shown in
Figure S4, which evidenced that the charge transfer between
molecules and graphene was not affected by the deposition of
CuPc on the other surface (Figure Sb), leading to twice the
overall enhancement of 2L CuPc molecules.

The thickness-dependent enhancement factors (EFs) of
CuPc molecules underneath h-BN and graphene were shown
in Figure Sc,e. As the thickness of the materials increased, the
EF of molecules underneath graphene decreased monotoni-
cally because of the increased absorption of the incident
photons and scattering photons by graphene (Figure Se), while
the EF in the h-BN system had a maximum at around 4 layers
and then fell off slowly (Figure Sc). This can be ascribed to the
competition between optical effect of the increased thickness
of h-BN and the additional Raman enhancement from the
accessional h-BN layers. For molecules on both surfaces of h-
BN, the relative enhancement (Ip;/Ig) increased with the
thickness of h-BN (Figure 5Sd), confirming that, by increasing
the number of layers of h-BN, the z-dipoles are less affected by
the molecules on the other side. However, the screening effect
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of graphene still holds for increased layer numbers, so the
relative enhancement (Ip; /I ) only increased slightly (Figure
5f), probably owing to the loss of incident and scattered
photons of the molecules underneath graphene.

Conclusions. In summary, a bifacial Raman enhancement
on monolayer graphene and h-BN was studied. For copper
phthalocyanine (CuPc) molecules on monolayer h-BN, z-
dipoles formed between Cu and N in h-BN are responsible for
the preferential enhancement of the Raman modes with a
larger polarization, and the intensity reduction of these Raman
modes for CuPc on both sides is ascribed to the partial
cancellation of z-dipoles at the two surfaces of h-BN. The
Raman intensities of molecules on both surfaces of graphene
are twice that of molecules on one side due to the charge
transfer and adequate free electrons in graphene. This model
was further confirmed by optical absorption spectroscopy and
DFT calculations. The layer number dependence of Raman
intensities on graphene and h-BN agreed well with the
proposed model. This work provides the avenue to further
study the charge interaction between molecules and 2D
layered materials through enhanced Raman scattering spec-
troscopy and may inspire a rational design of potential 2D
material-based functional molecular devices.

Experimental Section. Preparation of the Samples.
Graphene and h-BN were prepared by mechanical exfoliation
onto a clean 300 nm SiO,/Si substrate. The sample was
characterized by optical microscopy (OM), atom force
microscopy (AFM), and Raman spectroscopy. CuPc molecules
were deposited on the substrate by a standard thermal
evaporator. The base pressure for deposition was about 1 X
107% Torr. The evaporation current was about 66 A. The
thickness of the CuPc molecules was monitored using a fused
silica crystal monitor, and the typical thickness was around 3 A.

Raman Measurements. Raman measurements were carried
out using a Horiba—Jobin Yvon system with a 632.8 nm He—
Ne laser line. The laser power was around 1 mW on the
sample, and the size of the laser beam on the sample was
around 1 um?® focused by a 100X objective. The typical
exposure time was 5 s. All spectra were averaged with three
measurements on different spots of the samples. The Raman
peaks were fitted by a Lorenzian—Gaussian function using the
LabSpec software to obtain the Raman shifts, intensity, and full
width at the half-maximum intensity.

Optical Absorption Measurements. The optical absorption
of the CuPc molecules on fused silica was measured on a Witec
RSA300+ optical microscope. The substrate was illuminated
by a KL 1500 halogen lamp (Zeiss) in transmission mode, with
a 100X objective lens to focus the incident light and 60X
objective lens to collect the signal. The absorbance (A) was
calculated as A = In(Iy/I), where I is the light intensity
transmitted through the detection spot, and I, is the light
intensity transmitted through the blank fused silica substrate.

XPS Characterization. The XPS measurement was carried
out using Axis Supra/Ultra with an Al Ka X-ray source (Aiv =
1486.7 V). The energy calibrations were made against the C
1s peak to eliminate the charging of the sample during analysis.

Temporally Resolved Pump—Probe Measurements. A
pump pulse with a 390 nm wavelength and 200 fs temporal
width was focused on the sample to a spot size of about 2 ym.
The probe pulse with 650 nm and 200 fs pulse duration was
focused by the same lens, and its reflection was collected and
detected by a photodetector, the output of which was amplified
by a lock-in amplifier. The pump and probe pulses were both
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linearly polarized along perpendicular directions. A mechanical
chopper modulates the pump beam at ~1.3 kHz for lock-in
detection. Reflection and scattering of the pump beam were
prevented from reaching the photodetector by using long pass
filters. In this configuration, the lock-in amplifier measures the
change in the reflection of the probe pulse from the sample
induced by the pump (ie, AR). Such a quantity was then
normalized to provide a differential reflection, i.e.,, AR/R, = (R
— Ry)/Ry, where R and Ry are the reflection of the probe pulse
from the sample with and without the presence of the pump
pulse, respectively. All measurements were carried out under
ambient conditions and at room temperature.

Calculation Methods. The geometries of the CuPc
molecules on h-BN systems are optimized using the periodic
boundary condition (PBC) model implemented in the Vienna
ab initio simulation package (VASP).” The 30 A X 30 A h-BN
slab layers are constructed to represent the substrate. Basically,
the designed supercell has enough surface area to accom-
modate the CuPc molecules. For the k-point sampling, only
the I" point is adopted. The final forces on CuPc atoms are less
than 0.02 eV A™'. Projector augmented wave pseudopotentials
are employed to represent the interaction between the core
ions and the valence electrons. On the other hand, the vdW
correction is evaluated using vdW-D3 method.”® Based on the
optimized geometries, the Raman spectrum is simulated using
our previously developed %uasi-analytical method with
dispersion correction (QAD).””*® To be specific, a dynamical
matrix of the system is generated by displacing each atom of
CuPc along each Cartesian direction by 0.01 A. Further
diagonalization of the truncated dynamical matrix produces
vibrational frequencies and corresponding phonon eigenvec-
tors lik. Then according to the chain rule, the Raman tensor
can be written as

where m is the mass of the atom, ¢ is the external electric field,
a and f represent Cartesian directions, and F is the force
vector and can be calculated analytically. The second derivative
of F can be effectively computed using the second-order finite-
difference method (the central-difference formula). With the
calculated Raman tensors, differential Raman cross sections
can be calculated using the standard expression””

71,'2

(d_g) ==, - ) }21 X |aﬁg5|2+
Q). ¢ 817chy, 1 — exp(—hc/kgT)

where the wavelength of the incident light and the temperature
are set to be 632.8 nm and 300 K, respectively. All calculated
Raman cross sections are convoluted with a Lorentzian
function with a full width at half-maximum of § cm™! for
comparison with experimental spectra. For assigning the
vibrational modes of Raman peaks in the CuPc molecule,
Gaussian 03 package®® based on the PBE functional and 6-31G
basis sets are also used in the Raman calculation.
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