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A B S T R A C T   

Since discovering two-dimensional materials, there has been a great interest in exploring, understanding, and 
taking advantage of their unique properties. Si/SiO2 is one of the most used substrates for the deposition and 
characterization of 2D materials due to its availability and optical contrast. This work goes beyond the con
ventional substrate and introduces highly-ordered pyrolytic graphite (HOPG) as universal support for investi
gating two-dimensional materials due to several unique properties such as chemical and temperature stability, 
intrinsic high flatness, reusability, electrical conductivity, ease of use, availability, and enhanced adhesion of 
two-dimensional materials. We demonstrate this by analyzing several 2D materials with advanced atomic force 
microscopy methods, Raman and photoluminescence spectroscopy with hyperspectral imaging, and scanning 
electron microscopy with elementary analysis imaging. The strong adhesion to HOPG allowed the instant 
deposition of different two-dimensional materials GaSe, MoS2, Zn2In2S5, talc, and h-BN. This feat is hard to 
accomplish on the conventional SiO2 substrate without polymer-assisted transfer. Moreover, this strong inter
action can strain 2D materials deposited on HOPG, giving localized changes in reactivity, optical, and electronic 
properties. This effect is explored for selective Ag deposition on strained regions of 2D materials to activate 
photocatalytic reactions.   

1. Introduction 

Two-dimensional (2D) nanomaterials keep on attracting great in
terest thanks to their remarkable electrical, optical, mechanical, and 
chemical properties, exploitable in diverse applications [1]. Their 
studies shot up thanks to analytical methods that allowed us to inves
tigate the intrinsic properties of 2D materials [2]. Most studies have used 
insulating materials such as h-BN and Si/SiO2 as default substrates. 
Thanks to its flatness, chemical stability, optical properties, and rela
tively low cost, Si/SiO2 is beneficial for several analytical methods [3,4]. 
However, the surface of the commonly used Si/SiO2 substrates involves 
many configurations due to its amorphous nature with possible both O- 
polar and Si-polar defects. The surfaces with uncontrolled or unwanted 
defects strongly affect the electronic properties of 2D materials. To avoid 
this, SiO2 is H-passivated to minimize the effects on the electronic 
properties of the 2D materials deposited on top, [5] or passivated via 
self-assembled hydrophobic monolayers, as hexamethyldisilazane [6]. 

Its electrically insulating nature makes the 2D electron gas decouple 
from the surroundings, allowing to study of the intrinsic properties of 2D 
materials. On the other hand, this makes conventional insulating sub
strates inconvenient for nanoscale electrical characterization methods 
such as Kelvin probe force microscopy (KPFM), conductive atomic force 
microscopy (C-AFM), and scanning electron microscopy (SEM). 

Gold is also a choice; however, gold has to be evaporated on flat 
substrates such as glass, mica, or silicon, where adhesion layers such as 
Ti, Cr, or Pt have to be used, limiting reusability. Moreover, gold sur
faces must be annealed to obtain crystalline flat planes, which are also 
limited to a smaller lateral size of 100 nm [7]. Compared to Au and Si/ 
SiO2 substrates, a freshly cleaved highly-oriented pyrolytic graphite 
(HOPG) surface obtained by mechanical exfoliation is the flattest, 
cleanest and easiest support for 2D materials one could get. Further
more, HOPG has an excellent electrical conductivity that allows study
ing the electrical properties of conductors, semiconductors, and 
insulators at the nanometer scale. Due to the van der Waals force, we 
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expect that 2D materials will strongly couple to HOPG, forming vdW 
heterostructures that allow us to investigate such systems’ novel prop
erties [8]. This expectation of heterostructures’ formation is justified by 
density functional theory (DFT) calculations in previous studies for 
various 2D materials combined with graphene [9,10]. 

Previous works showed HOPG as a substrate for synthesizing and 
studying nanostructures [11,12]. Those studies were motivated by 
HOPG chemical and temperature stability critical to synthesis processes. 
For example, HOPG benefits as a substrate were shown by the electro
deposition of various chalcogenides, especially on graphite steps, [13] 
or by investigating structural and local electronic properties of WS2/ 
WSe2 heterostructures [14]. 

Thus, there seems to be an untapped potential in HOPG that could 
allow the systematic study of physical, chemical, electrical, and struc
tural properties using the same van der Waals support typical for 2D 
material heterostructures. We investigated this possibility by atomic 
force microscopy (AFM)-based methods, including scanning capacitance 
microscopy (SCM), KPFM, and IV-curves at the nanoscale. HOPG as a 

substrate allowed us to obtain optical and structural properties of 
different 2D layers by photoluminescence (PL) and Raman micro
spectroscopy. Without spectral overlap between 2D materials and the 
substrate, these analyses were possible since, except for the shear mode 
of multilayer graphene, HOPG does not have any Raman modes in the 
frequency range of most 2D materials (10–600 cm− 1). In addition, the 
excellent thermal conductivity of HOPG helps with heat dissipation, 
preventing burning or modifying heat-sensitive materials. The surface 
morphology and elemental content were investigated by SEM and en
ergy dispersive X-ray (EDX) spectroscopy without resorting to deposi
tion of a conductive coating that would be otherwise required with 
insulating substrates. Our results are not limited to a single 2D material, 
but we demonstrate its universality by investigating different layered 
systems mechanically exfoliated from bulk crystals. Our results show not 
only the nanoscale analysis of a widely-studied 2D material like MoS2 or 
its well-known cousin GaSe, but we also report for the first time a new 
2D material never investigated before in its 2D nanosheet van der Waals 
form, Zn2In2S5 (ZIS). Surprisingly, we found that the strong interaction 

Fig. 1. a) Deposition of 2D materials on HOPG, b) Optical image of GaSe layers with different thicknesses on HOPG. c) Optical interference schematics showing the 
optical paths in the system of 2D materials on HOPG. d) A plot of refractive index dispersion dependence on wavelength and GaSe thickness according to the 
interference maxima wavelength for zero order. e) Optical image of the region of interest with a 100x objective shown in brown color scheme for improved contrast. 
f) AFM topography of GaSe. g) Cross-section profile showing thicknesses corresponding to bilayer and monolayer GaSe. 
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between the 2D materials and HOPG leads to complete imprinting of the 
substrate’s structural defects on the 2D layer deposited on top. Conse
quently, the 2D material properties could be tuned by pre-patterning or 
pre-straining/wrinkling the HOPG substrate [15]. Finally, we illustrate 
this application with the modification of GaSe on HOPG, showing the 
change in optical, electronic, and catalytic properties due to the strong 
surface/2D material interaction as a proposal to straintronics. 

2. Results and discussion 

2.1. Contaminant-free direct deposition of 2D materials and layer 
thickness determination by optical contrast 

Polydimethylsiloxane (PDMS) is often used to transfer 2D layers to 
different substrates with the so-called dry transfer method or PDMS 
stamp method [16]. Despite its convenience that allows transfer to 
arbitrary substrates, this method is prone to sample contamination by 
PDMS residues affecting the characterization results [17]. Therefore, we 
wondered if HOPG could help develop a transfer method for 2D mate
rials that is PDMS residue-free, inexpensive, fast, and easy to implement. 
We investigated the 2D material deposition directly on HOPG with the 
hypothesis that a strong interaction between the two materials makes 
the instant deposition of 2D layers possible. We verified this hypothesis 
by touching the HOPG surface with different layered crystals (see Video 
S1 in the Supporting Information and Fig. 1a). In a matter of seconds, we 
obtained a large number of thin layers deposited over an extended area 
without adhesive tape or other transfer residual contamination (see 
Fig. 1b and 1e). The many different colors are due to light interference 
in the layers with different thicknesses, as schematically presented in 
Fig. 1c. This feature allows us to estimate the flake thickness from an 
optical microscopy image alone. The interference maximum is given by 
mλ = 2d

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
n2 − sin2i

√
− λ

2, where d – flake thickness, n – refractive index, i– 
angle of incidence, and m – order of interference maximum. Considering 
that m = 0 and i = 22◦ (half of beam convergence angle), the 2D layer 
thickness can be defined as d = λ

4
̅̅̅̅̅̅̅̅̅̅̅̅̅
n2 − sin2 i

√ . The dispersion equation for 
GaSe was defined by Kato et al. and expressed as 
n2 = 10.6409+ 0.3788

λ2 − 0.1232+
7090.7

λ2 − 2216.3 [18]. Fig. 1d shows the dependence on 
the wavelength that defines the flake color as a function of layer 
thickness. We notice that the objective has a set of angles. It leads to a 
small error (±0.4 nm) in the thickness calculation. 

For ultrathin sub-10 nm layers, the interference condition set by 
equation (1) obviously cannot be achieved for visible light; instead, we 
observe these layers in grayish color. Realizing this point allows us to 
quickly inspect and select those ultrathin layers for which remarkable 
properties are often observed. 

This visual observation can be explained by optical contrast. For 
instance, Li et al. used the optical contrast to identify 1L — 15L ultrathin 
2D layers made of graphene, MoS2, WSe2, and TaS2 on 90 and 300 nm 
Si/SiO2 [19]. Complex reflectivity defines the effect of substrate, with 
low substrate reflectivity generally giving a high contrast [20]. This is 
why 2D layers and graphene are so hard to see on highly reflective 
surfaces like Au or Ni [21]. The optical contrast of 2D materials on a 
substrate depends on the number of layers, numerical aperture of the 
objective, wavelength, and optical properties of the layer and the sub
strate [22]. Contrary to HOPG, the optical contrast of 2D materials on 
Si/SiO2 has been studied extensively [22,23]. Thanks to the low sub
strate reflectivity, graphene is readily visible on Si/SiO2 with an optimal 
thickness of 90 or 280 nm enhanced with green filters or without filters 
under white light illumination [24]. For MoS2 monolayers, the optimal 
thickness of SiO2 is 55 or 220 nm [4]. Interestingly, the optical contrast 
of 2D materials on HOPG has not been investigated so far. We expected 
that because of its low reflectance of 0.26804 at 587.6 nm, which is 
approximately equal to that of Si/SiO2 [25]. This is an exciting and 
valuable result since we can still visualize ultrathin layers despite the 
lack of optical interference in HOPG. 

Fig. 1e shows a visual image of GaSe flakes on HOPG with the dark 
brown color observed under a 100x microscope objective with a halogen 
lamp and objective NA = 0.7. AFM imaging results of the gray region in 
Fig. 1f show that these are ultrathin GaSe layers with thickness down to 
2.2 nm and 1.2 nm (see Fig. 1e), which correspond to bilayer and 
monolayer GaSe, respectively [26]. In addition, MoS2 monolayer was 
also visually observed on HOPG, as discussed later on. Herein, we 
perform a layer thickness vs optical contrast evaluation that shows the 
possibility for fast characterization of the 2D material thickness using 
HOPG as a substrate. The optical contrast (OC) is defined OC =

1 −
R2dm+Sub

Rsub
, where R2dm+Sub and Rsub are the reflection intensity from 2D 

material on the substrate and bare substrate, respectively. The OC for 
monolayer and bilayer GaSe was calculated as 3 ± 1 % and 8.0 ± 1 %, 
respectively. 

Optical and AFM topography images were also obtained for h-BN and 
talc, showing the HOPG universality for 2D materials deposition and 
optical observation from multilayer to ultrathin (see Figure S1 in Sup
porting Information). Thus, HOPG as a substrate allows the quick 
identification of ultrathin 2D layers that appear grayish under a con
ventional optical microscope. 

2.2. Electronic characterization of two-dimensional layers on HOPG 
substrates with KPFM and SCM 

Since Nonnenmacher et al. first introduced Kelvin probe force mi
croscopy (KPFM) in 1991, [27] KPFM has become more and more 
popular in the electronic characterization of semiconductor, metal, 
organic, and 2D material devices [28,29]. In KPFM, as shown in Fig. 2a 
and 2b, the sample is grounded, and a direct (DC) potential is applied at 
the tip to nullify the first harmonic electrostatic force Fω =
dC
dz (VDC − VCPD)VACsin(ωt), where VDC and VCPD are direct potential and 
contact potential difference (CPD) between the tip and sample, 
respectively. 

Therefore, KPFM allows evaluating the work function of materials 
since under these conditions VCPD =

Φtip − Φsample
e , where Φtip and Φsample are 

the work functions of tip and sample, respectively, and e is the electronic 
charge [30]. When the two materials are not connected, their vacuum 
levels are aligned, but their Fermi levels differ. When electrically con
necting both materials, the Fermi levels align by charge flow between 
the two materials (see Fig. 2b). After both materials become charged, an 
electrostatic force arises between the tip and the sample. In KPFM, this 
force is nullified by applying an external DC voltage that matches the 
contact potential difference. GaSe is one of the 2D group-III metal 
monochalcogenides and has been used in nonlinear optical applications 
[31]. The electronic properties of 2D materials strongly depend on the 
number of layers. For instance, bulk GaSe has a bandgap of 2.1 eV, while 
monolayer GaSe is predicted to have a bandgap of 3.5 eV [32]. There
fore, knowing the work function of GaSe flakes for different layer 
thicknesses is essential so that appropriate metals can be chosen to tune 
the band alignment and design devices with desired properties. The AFM 
topographies of monolayer, trilayer, and bulk GaSe, along with their 
height profiles, are presented in Fig. 2c. The thickness of the GaSe 
monolayer is (1.2 ± 0.2) nm, in excellent agreement with values re
ported in the literature [26,33]. The corresponding KPFM surface po
tential map is shown in Fig. 2d. HOPG domains in the CPD image are 
related to water and hydrocarbon adsorption on twisted graphene in 
HOPG [34]. Interestingly, the CPD of bulk GaSe with a thickness of 42.5 
nm is (29.8 ± 0.5) mV. The CPD of GaSe decreases when decreasing 
layer thickness from (− 36.5 ± 0.4) mV to (− 51 ± 0.5) mV for trilayer 
and monolayer GaSe, respectively. A PtIr-coated AFM tip (Fermi level 
4.83 eV) was used to measure the sample’s CPD, which allowed us to 
deduce that the GaSe work function increases from 4.8 eV for the bulk 
(42.5 ± 0.3 nm layer) to 4.88 ± 0.01 eV for trilayer and monolayer. 
These values are significantly different from Chong and coauthors’ 
work, [35] who reported that the GaSe work function increases from 
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4.35 eV to 4.51 eV when the thickness decreases from 15 to 4 layers and 
then increases to 4.7 eV but for a higher number of layers up to 38. 
However, in that work, the authors measured samples on a Si/SiO2 
substrate without an external electrical contact that leads to sample 
charging. In such a case, the CPD becomes more sensitive to surface 
dipoles and charging effects than the work function. 

Controlling the electronic properties of semiconductors and their 
doping level made possible the technological revolution brought by 
microelectronics [36]. Further progress is being made by shrinking 

device dimensions and exploring the potential of 2D materials in 
nanoelectronics [37]. In this context, we used scanning capacitance 
microscopy (SCM) to study the charge carrier distribution in a GaSe 
flake. This was possible thanks to the excellent electrical conductivity of 
HOPG that provides an opportunity to perform electrical measurements 
of 2D semiconductors and distinguish them on a well-defined flat 
background showing only typical terraces of HOPG. Fig. 2a shows a 
simple scheme of the SCM working principle. The sample’s topography 
is recorded in the first pass. Then, in SCM, the tip is lifted by 10 nm in a 

Fig. 2. a) General schematic of KPFM 
and SCM modes measurement setup. b) 
KPFM energy diagram. c) AFM topog
raphy image of GaSe on HOPG (inset - 
height profile). d) CPD image of GaSe on 
HOPG (inset - CPD profile). e) SCM im
aging GaSe layers at different applied DC 
voltages; the scale bar is 2 µm. f) AFM 
topography image of Zn2In2Z5 on HOPG 
(inset - height profile). The blue-dashed 
line shows the ZIS/HOPG interface. g) 
CPD image of ZIS. White arrows show 
contamination, inset - CPD profile. (For 
interpretation of the references to color in 
this figure legend, the reader is referred 
to the web version of this article.)   
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second scan pass while the tip-sample electrostatic force is recorded at 
the second harmonic under a potential bias F2ω = − 1

4
dC
dzV

2
ACsin(2ωt). In 

this experiment, it is easy to see the difference in capacitance between 
the 2D sample and the substrate (see Fig. 2e). The SCM amplitude signal 
is related to the local conductivity of the sample, and thus, to the charge 
carrier mobility and charge carrier density [38]. Regions with bright and 
dark contrast correspond to high and low conductivity, respectively. The 
metal-like conductivity of HOPG allows it to be used as a reference to 
identify n- or p-type regions in the 2D material placed on top. This is the 
first time that n- or p-type identification has been conducted on a HOPG 
substrate since mainly Si/SiO2 was employed before for this purpose 
which can be inaccurate due to surface charging [39,40]. The SCM re
sults at different biases in Fig. 2e show that the local conductivity of 
GaSe decreases as the applied DC voltage to the tip changes from − 4 V 
to 4 V. While the negative bias voltage induces the accumulation of holes 
on the surface, the positive bias voltage produces an accumulation of 
electrons, leading to a low dielectric response. This behavior arises from 
the p-type conductivity of GaSe [35]. Interestingly, at VDC = − 4 V, the 
local conductivity of monolayer and trilayer GaSe is even higher than 
the local conductivity of HOPG. We attribute this result to the higher 
hole concentration of p-type GaSe/HOPG than HOPG due to hole doping 
induced on graphene by GaSe [41]. 

At − 4 V bias, the local conductivity of GaSe decreases as its thickness 
decreases due to quantum confinement [42]. We can see that the con
ductivity of monolayer GaSe is considerably higher than trilayer GaSe at 
VDC = − 4 V. However, when VDC = 4 V, we do not see differences in 
charge concentration and mobility of monolayer and trilayer GaSe 
because of charge carriers’ depletion. In addition, the charge carrier 
density and mobility of a few-layered GaSe is still higher than in bulk 
GaSe at a bias voltage of 4 V. This result is somewhat unexpected 
considering that monolayer and few-layer GaSe readily oxidize in air a 
short time after exfoliation[33,43] so that we expect to see oxidized 
GaSe with decreased conductivity. High conductivity could occur if 
oxygen incorporation increases charge carrier density, like in indium tin 
oxide [44]. Another possibility is that previous reports on the oxidation 
of GaSe in air are based mainly on Raman spectroscopy. Despite the low 
laser power used in those reports to avoid oxidation, the laser exposure 
of GaSe could still induce photooxidation [33,43]. Since our ultrathin 
GaSe layers were not exposed to laser light during or before our KPFM 
experiments, we suspect their stability is higher than previously re
ported. Besides, a bottom graphene layer on SiO2 significantly reduces 
the degradation of GaTe layers deposited on top due to the hydrophobic 
nature of graphene [45]. We are now closely looking into this question 
and plan to report our findings in a separate work. 

The changes in electronic properties due to substrate-induced defects 
by HOPG on GaSe were also investigated by KPFM and SCM. The optical 
microscopy image and a sketch of the structure are shown in 
Figures S2a and S2b. The AFM topography of GaSe on HOPG defects is 
shown in Figure S2c. The GaSe layer thickness is 6.9 ± 0.2 nm, and the 
height difference on the step of HOPG is 216.7 ± 0.3 nm (see the profile 
in Figures S2d and S2e). Despite the large step defect size, the thin GaSe 
flake follows the HOPG topography perfectly. KPFM, SCM, and phase 
images are presented in Figures S2f, S2g, and S2h. The CPD contrast 
shows that the charge concentration in GaSe is higher in the regions over 
the HOPG step defect than on the flat HOPG. Moreover, these steps also 
change the mechanical properties of GaSe as we see the difference of 
GaSe on the defects and flat HOPG in the phase image in Figure S2h. 

Zn2In2S5 is a novel 2D material with applications such as photo
catalysis in nanoparticle form [46]. However, ZIS has not been investi
gated in the large-scale highly crystalline 2D-layered form, like 
graphene or MoS2 mechanically exfoliated from bulk crystals. Never
theless, there is an interesting report by Zhang et al. [47] who obtained 
ZIS nanolayers with sub-micrometer lateral dimensions and showed 
excellent photocatalytic performance against other zinc sulfide indium 
phases (ZnmIn2Sm+3, m = 1–3). 

Beyond the sample topography information provided by conven
tional AFM, with its 3D mapping capabilities at the nanoscale, we chose 
KPFM analysis as a complementary method to map the electronic 
properties of ZIS on HOPG. The topography image in Fig. 2f shows de
fects and edges of HOPG that are visible through the 14 nm thick 
Zn2In2S5 layer placed on top. The strong van der Waals force between 
Zn2In2S5 and HOPG deforms Zn2In2S5 and makes it follow the HOPG 
topography. This remarkable observation is highly significant since 
straintronic applications could be developed by first patterning HOPG 
and then depositing the 2D nanomaterial to mimic the pre-patterned 
substrate developing predefined strained regions [48]. This way of in
direct patterning a 2D material was never attempted before with HOPG 
and may offer a high-quality crystalline lattice engineering due to the 
non-invasive approach for introducing strain. 

Motivated by the strong adhesion force between 2D material and 
HOPG, we tested the robustness of this interaction by using force 
lithography that is remarkably demanding on the 2D material/substrate 
adhesion. During scratching, a sharp needle effectively removed part of 
Zn2In2S5 and created cracks on the surface visible in the topography 
image Fig. 2f. Making such a mechanically-induced scratch is chal
lenging when using Si/SiO2 wafers as supports since the 2D material just 
gets dragged over the substrate or folded over the edge due to the strong 
indenter-sample shear force and weaker 2D/SiO2 adhesion [49]. Fig. 2g 
shows the sample’s CPD image (with a CPD value of (− 207 ± 2) mV for 
HOPG), where a similar contrast is observed all over Zn2In2S5 except for 
the regions at the edges and mechanically induced defects. The work 
function of HOPG is calculated at (4.633 ± 0.002) eV. Due to airborne 
contamination when measuring in the air, this value is 20 meV higher 
than in previous reports [34,50]. From the value of Zn2In2S5

′s CPD of 
(620 ± 3) mV, we can evaluate the work function of Zn2In2S5, at (5.460 
± 0.003) eV. Around the edge on the right side (see the arrow in Fig. 2f), 
the regions with lower CPD are more prominent than around the defects 
and cracks. The areas with low CPD coincide with the ZIS layer edge at 
the HOPG interface. The contrast in these regions is due to debris and 
contaminants observed in the topographic image (Fig. 2f). Being able to 
spatially control the reactivity, surface potential, and surface affinity of 
2D materials by lithography is of significant value for nanoelectronics. 
The KPFM results show that defects propagating from the scratch and 
defects induced by the substrate have lower CPD than non-defective 
terraces. Thus, it seems promising to use defects on the HOPG sub
strate to tune the properties of the 2D material on top as a sort of indirect 
lithography. 

2.3. Photoluminescence and Raman imaging of MoS2 

The chemical purity and stability of HOPG in contact with multi
layered and two-dimensional materials enable conducting micro-Raman 
spectroscopy, photoluminescence spectroscopy, and other optical and 
structural analyses of 2D materials without background signals. This is 
important because no other Raman modes or emission peaks will arise in 
HOPG since it remains stable during the spectroscopic analysis. 
Background-free spectroscopy is possible since there is no spectral 
overlap between the high-frequency G and 2D modes of HOPG substrate 
with the low-frequency modes of most 2D materials in the spectral 
range < 600 cm− 1. Photoluminescence (PL) and Raman spectroscopies 
are widely used to detect monolayers of 2D materials and other effects 
such as doping, strain, temperature, and compositional changes [51,52]. 
Much attention has been given to the optical properties of MoS2 that we 
use as a layered model system here. MoS2 was exfoliated and transferred 
to HOPG by the PDMS transfer method, demonstrating the compatibility 
of HOPG with this widespread transfer method. The sample consists of a 
monolayer, few-layer, and bulk MoS2. The sample’s topography and 
phase images are shown in Fig. 3a and 3b. We can distinguish MoS2, 
HOPG, and PDMS residues on HOPG. The phase contrast from PDMS- 
transfer residues is higher than that of HOPG and MoS2, related to the 
higher tip-sample adhesion force for the transfer residues. It is precisely 
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this kind of sample contamination that our rubbing method on HOPG 
entirely avoids using PDMS or adhesive tape (see Fig. 1 and Fig. 2). In 
addition to leaving residues, PDMS transfer produces micro-and nano- 
bubbles on MoS2 [53,54]. These bubbles can be easily noticed in 
topography and phase images (see Fig. 3a and 3b). Despite the residues 
on HOPG, the 0.7 nm monolayer thickness was determined by the cross- 
sectional analysis presented in Fig. 3c [55,56]. The uncertainties were 
determined from the linear fits in the cross-sections; we can see that the 
uncertainties in height profile when using PDMS are more significant 
than the height value deduced when using our method. From the optical 
image in Fig. 3d, we again see how easy it is to identify 2D monolayers 
on HOPG despite the absence of optical interference contrary to Si/SiO2. 

Fig. 3e and 3f show the photoluminescence map and spectra at 
different sample points: A - monolayer MoS2, B - bilayer MoS2, C - tri
layer MoS2, D - HOPG. Monolayer MoS2 shows the strongest PL signal 
due to the indirect to direct bandgap transition. The PL signal decreases 
with the increase in the number of MoS2 layers following the literature 
[55–57]. The PL spectra of few-layer MoS2 on SiO2 substrates exhibit 
two prominent peaks around 627 and 670 nm [55]. In our system, the 
second peak is located at 663 nm for the monolayer and shows redshift 
as the number of layers increases (Fig. 3f). This behavior can be related 
to the strong van der Waals interaction between MoS2 and HOPG. 

Although the first prominent PL peak of MoS2 coincides with the 2D 
Raman peak of HOPG at the laser wavelength we used, this overlap 
could be avoided by changing the laser wavelength. 

The Raman map and spectra of a few-layer MoS2 are shown in Fig. 3g 
and 3 h, respectively, perfectly matching previous reports with the E1

2g 
and A1g phonons around 380 and 400 cm− 1, and a prominent peak at 
approximately 450 cm− 1 [56]. For monolayer MoS2, the E1

2g mode at 
382.6 cm− 1 has a blue shift compared to monolayer MoS2 measured on 
SiO2; we attribute this shift to the strong interaction with the substrate. 
The peak intensity and position show a monotonous change with the 
number of MoS2 layers. The intensity of all peaks increases when 
increasing the MoS2 thickness; the E1

2g Raman mode is blue-shifted while 
the A1g mode shows the expected redshift. Besides the peak shift dif
ferences between MoS2 on HOPG and SiO2, these results demonstrate 
the versatility of HOPG as a substrate for optical spectroscopic analysis 
of 2D materials. This clean spectroscopic background was critical to 
acquiring the Raman spectra of talc (10 nm thick) on HOPG in addition 
to the heat-dissipating, inert, and high adhesion HOPG nature [58]. 

Fig. 3. PL and Raman maps of MoS2 on HOPG. a) AFM topography and b) phase images. c) Single-layer height profile of the regions visible in d) the optical mi
croscopy image. The red lines are linear fits for the substrate and MoS2 monolayer profile with the fitting errors. e) PL map with regions of interest labeled: A- 
monolayer MoS2, B-bilayer MoS2, C-trilayer MoS2, and D-HOPG. f) PL spectra from different regions of interest. g) Raman intensity map. h) Raman spectra from 
different regions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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2.4. Stretching out 2Ds: Straintronics - a multistep defect on HOPG 
activates the chemical reactivity of a GaSe layer 

In recent years, the design of 2D materials has been flourishing 
thanks to advances in the fundamental understanding of these nano
materials at the atomic scale. The catalytic activity of materials depends 
on the number of active sites on the surface [59]. The active sites are 
defined by their electronic properties on the surface, which can be 

increased by structural modifications such as surface microstructure. 
One emerging strategy for structural modification is strain engineering, 
which allows controlling interfacial charge transfer, surface reactivity, 
and electronic and photonic performance [60]. Strain can be induced 
purposely or accidentally like nanolayers over HOPG graphite steps. 
Stress causes changes in the 2D system, such as increased interatomic 
distances that make atomic bonding surfaces softer. Moreover, elec
tronic properties also change. For instance, as recently summarized by 

Fig. 4. a) Experimental scheme representing the process of AgNO3 solution deposition, Ag nanoparticles formation, and functionalization with 4-NBT, b) Optical 
image of GaSe on HOPG after modification by AgNO3, c) AFM and d) SEM images of the region of interest. The inset in c shows the Raman spectra with a down-shift 
of the A’1 peak for the strained region. (e-g) EDX spectra represent non-strained region e), strained region f), and strained region with Ag nanoparticles. h) Elemental 
map obtained by EDX. i) Raman spectra of the sample after modification by AgNO3. k) Raman spectra of the sample at different locations after exposure to 4-NBT for 
3 h. 
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Wu et al., charge carriers’ concentration, band gap, and phonon modes 
all get affected by strain [61]. We show in this section that the strong 
interaction between the 2D material and the HOPG substrate can be 
exploited to enhance the catalytic activity of GaSe radically. A sketch of 
the experiment is shown in Fig. 4a. 

Fig. 4b shows the optical microscopy image of a GaSe flake on a step 
defect of HOPG, showing color changes from blue to light yellow. We 
anticipated that these translocated defects go beyond modifying the 
optical properties of the GaSe layer, but its catalytic properties should 
also be affected. To test this hypothesis, we dropped 10 μL of AgNO3 10-4 

M on the sample shown in Fig. 4b and let it react for 3 mins. Afterward, 
AgNO3 was removed and the sample was washed several times with 
distilled water to remove AgNO3 leftovers. 

Fig. 4c and 4d show AFM and scanning electron microscopy images 
of the region of interest after reaction with AgNO3. We see the formation 
of nanoparticles that selectively accumulate on the strained region and 
at the GaSe edge. Elemental analysis was carried out by energy disper
sive X-ray analysis (EDX) (Fig. 4e, f, g, and h). These results show that 
GaSe catalytic activity was largely enhanced in the substrate-induced 
strained regions since EDX detected no Ag on the non-strained GaSe 
layers. It is worth noting that the distribution of Ag is not homogeneous. 
On the strained areas near the edge, the concentration of Ag is 4.4 %, 
while it is only 0.4 % far from the edge. This 10-fold increase in Ag 
deposition for the flake edges and the absence of Ag on non-strained 
regions show an emerging application in 2D materials engineering due 
to mechanical deformation, that is, straintronics [62]. Beyond providing 
a versatile substrate for electronic, morphological, and spectroscopic 
nanoscale characterization of 2D materials, the strong interaction makes 
it possible to investigate the strain in 3D structures by patterning HOPG. 

The selective reaction of AgNO3 with laser-irradiated GaSe enhances 
the photocatalytic properties, which are limited in unmodified GaSe 
[43]. After calculating dissociation and solvation energies during the 
cation exchange reaction, reported by Rivest et al. [63], we postulate 
that the reaction between AgNO3 and GaSe is driven by cation exchange 
in the following way:  

2Ag++ GaSe → Ag2Se + Ga2+ (2)                                                          

GaSe → Ga + Se dissociation energy: 207.44 kJ/mol; [64]. 
Ag+→ Ag desolvation energy: 350 kJ/mol; [65]. 
2Ag + Se → Ag2Se association energy: − 210 kJ/mol; [65]. 
Ga → Ga2+ solvation energy: − 1678.97 kJ/mol, calculated as in the 

report by Marcus [66]. 
The total Gibbs energy for equation (2) is: 207.44 + 350–210 −

1678.97 = − 1331.53 kJ/mol. The negative value implies that the re
action is spontaneous at room temperature and thermodynamically 
favorable [67]. The Raman spectra of GaSe at different locations are 
shown in Fig. 4i. Crystalline GaSe has three main vibrational modes at 
132, 212, and 307 cm− 1, shown in location 1. The Raman spectrum at 
location 2 shows three characteristic peaks, with one small peak rising at 
230 cm− 1, corresponding to the Se-Se vibration mode in Ag2Se [68]. In 
contrast to spot 2, the Raman spectrum at spot 1 shows a significant rise 
of peaks at 230 and 250 cm− 1, corresponding to the Se-Se vibration 
mode in Ag2Se[68] and the E’(LO) mode activated by defects, respec
tively [51]. This also confirms the formation of Ag2Se nanoparticles on 
GaSe strained regions. The possibility to drive chemical reactions using 
the most abundant energy source at our disposal is of fundamental 
importance. Therefore, we further investigated the photocatalytic ac
tivity of newly formed Ag-GaSe nanostructures using 4-nitrobenzene
thiol (4-NBT) as a model molecular system for photocatalysis [69]. 

The conversion of 4-NBT to 4-aminobenzenethiol (4-ABT) and p,p′- 
dimercaptoazobenzene (DMAB) under laser irradiation has been studied 
intensively [70,71]. Raman spectroscopy is ideal for this investigation 
since we can simultaneously induce the chemical reaction and monitor 
the photocatalytic conversion thanks to the distinct vibrational modes 
between the reactant and products. 4-NBT has several prominent peaks 

at 1077, 1110, and 1340 cm− 1, contributing to in-plane C–H bending 
modes, and NO2 mode, while the peak at 1575 cm− 1 arises from the 
C–C stretching mode [72]. 

Our Raman spectroscopy results in Fig. 4k show that none of the 4- 
NBT, 4-ABT, or DMAB species were detected on flat non-strained GaSe 
(like point 3). This further confirms that no Ag was on the flat GaSe 
surface, but the substrate-induced strain made the GaSe wrinkles cata
lytically active as evidenced by the Raman spectra at points 1 and 2. The 
spectra in those regions match that of DMAB. We should also consider 
the intrinsic activity of steps in HOPG that have coordinatively unsat
urated sites with a higher density of states. Even though these edges are 
underneath GaSe, their characteristics could enhance photocatalytic 
activity. Therefore, a control experiment was performed on bare HOPG, 
with no GaSe, to rule out contributions from HOPG steps reactivity. Our 
analysis shows that there was no detectable photocatalytic activity from 
HOPG steps confirming that the enhanced activity in this system is due 
to strained GaSe decorated with Ag NPs. Indeed, we discovered a new 
venue for a clean and versatile way to engineer defects on 2D materials 
by either exploiting graphite steps and natural defects or pre-patterning 
a HOPG substrate. After depositing the 2D material on a patterned 
HOPG the defects translocate to the 2D. These results show that the 
strong interaction between the 2D material and pre-existing defects in 
HOPG can be exploited in straintronics, giving rise to localized changes 
in reactivity, optical, and electronic properties. 

In this work, we chose the mechanical transfer method because of its 
low cost, simplicity, speed, and versatility in investigating the intrinsic 
properties of 2D material. Moreover, transferring 2D materials onto 
substrate allows investigating any 2D materials regardless of their 
growth method, especially those not synthesized yet, such as naturally- 
occurring layered minerals. Also, we can transfer arbitrary 2D flakes 
onto steps of HOPG for strain engineering, which is demonstrated in this 
work and cannot be realized by directly growing them on a HOPG 
substrate. Nevertheless, the unique chemical and temperature stability 
of HOPG could also open the door for the direct growth of 2D materials 
with compatible methods such as electrochemistry and other chemical 
and physical growth techniques. This is indeed a perspective that we aim 
to explore next. 

In summary, this work has several novelty points that were possible 
thanks to using HOPG as the substrate for 2D investigation. For example, 
it is the first time that: 1) the new 2D material zinc indium sulfide is 
investigated in its large-area layered single-crystal form; 2) the same 
substrate is used for all the nanoscale characterization methods we 
showed without any additional sample preparation steps, and the 
deposition from the bulk taking literally just a few seconds; 3) substrate- 
induced strain engineering is reported for the two-dimensional semi
conductor GaSe activating its photocatalytic properties; 4) achieved 
visualization of single-layers without the optical interference of the 
conventional SiO2/Si substrate; 5) evidence that 2D materials can 
become transparent to structural defects of the substrate underneath. 

3. Conclusion 

We comprehensively investigated the optical and electronic prop
erties of several two-dimensional materials, including GaSe, MoS2, 
Zn2In2S5, talc, and h-BN (see Supporting information), using HOPG as a 
substrate. We demonstrated HOPG advantages for investigating 2D 
materials with various state-of-the-art nanoscale methods. The optical 
contrast of layered structures on HOPG with thickness ranging from 
single to few layers and its visibility on the graphite surface was eluci
dated. We performed a layer thickness vs. optical contrast evaluation for 
fast estimation of the thickness of 2D material on the HOPG substrate via 
optical contrast dependence with the layer number. Using KPFM and 
DFM, for the first time, we investigated electronic properties such as the 
work function and majority carrier type of a widely known 2D semi
conductor GaSe and the novel two-dimensional material Zn2In2S5. For 
the latter, we also demonstrated the influence of handmade and 
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transferred defects on its work function, offering mechanical patterning 
and energy levels engineering possibilities. In addition, PL and Raman 
spectroscopy for MoS2 was conducted to discuss intensity (PL) and peak 
position shifting (Raman) dependent on the number of layers showing 
no significant effects when using HOPG compared to the conventional 
Si/SiO2. This could be done thanks to HOPG’s Raman spectrum, which 
does not overlap with low-frequency Raman bands of 2D materials 
(usually lower than 600 cm− 1). The van der Waals nature of HOPG gave 
rise to a strong 2D material interaction that goes beyond the realm of van 
der Waals forces into the chemical range, opening new routes for 2D 
material engineering. Finally, the strong interaction and the multistep 
nature of the HOPG surface were exploited for strain engineering on 
GaSe for localization of photocatalytic properties enhancement by se
lective catalytic growth of Ag nanostructures from AgNO3 on strained 
regions. The multifunctionality added by Ag nanostructures was further 
exploited in the photocatalytic 4-NBT conversion. We anticipate that 
these eye-opening demonstrations will motivate the active research 
community working on 2D materials to discover and manipulate new 
phenomena using an old but still unexplored substrate material as a 
platform. 

4. Materials and methods 

Natural solid crystals of MoS2 were used for the preparation of flakes. 
GaSe crystal was grown by the Bridgman method. Zn2In2S5 single crystal 
was synthesized by a chemical transport method. Synthetic hBN single 
crystals were acquired from HQ Graphene. Natural talc (steatite) single 
crystals were used to obtain thin talc layers. The mechanical exfoliation 
method was used to transfer all the flakes to the HOPG surface (except 
talc and h-BN). Talc and h-BN were transferred via the PDMS stamping 
method (Figure. S1 in Supporting Information). Exfoliated nanolayers 
first have been observed by the optical microscope. Optical contrast 
between flakes and HOPG and the absence of light interference are the 
indicators of nanoscale flakes. Then, samples were scanned by the 
NTEGRA NT-MDT AFM system in contact topography mode to verify 
their thickness and measured by conductive modes SCM and KPFM. In 
SCM and KPFM, samples were scanned in intermittent contact mode 
(tapping-mode), and conductive NSG01/Pt cantilevers with force con
stant of 1.45–15.1 N/m. All AFM cantilevers were purchased from NT- 
MDT. Raman measurements on MoS2 were acquired using the Horiba - 
LabRam Evolution setup. AFM topography images, including talc and h- 
BN, were obtained using an AIST-NT scanning probe microscope. Silver 
deposition: 10 μL of 1 mM AgNO3 was dropped on the GaSe flake on 
HOPG. After 3 mins, AgNO3 was sucked out, and the sample was washed 
to remove residual AgNO3. Photocatalysis experiment: 4-NBT 10-3 M 
was prepared by mixing 7.75 mg in 25 mL distilled water and 25 mL 
ethanol. The sample was immersed in solution 4-NBT for 3 h; after that, 
the sample was washed with distilled water and measured in the Raman 
mode in the NTEGRA NT-MDT AFM system. 

CRediT authorship contribution statement 

Tuan-Hoang Tran: Conceptualization, Data curation, Formal anal
ysis, Investigation, Methodology, Visualization, Writing – original draft. 
Raul D. Rodriguez: Supervision, Validation, Conceptualization, Data 
curation, Formal analysis, Methodology, Funding acquisition, Visuali
zation. Dmitry Cheshev: Conceptualization, Data curation, Formal 
analysis, Investigation, Methodology, Visualization, Writing – original 
draft. Nelson E. Villa: Data curation, Formal analysis, Investigation, 
Methodology, Writing – original draft. Muhammad Awais Aslam: Data 
curation, Formal analysis, Investigation. Jelena Pešić: Data curation, 
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