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 ABSTRACT 

By the use of non-contact atomic force microscopy (NC-AFM) and Kelvin probe 

force microscopy (KPFM), we measure the local surface potential of mechanically

exfoliated graphene on the prototypical insulating hydrophilic substrate of 

CaF2(111). Hydration layers confined between the graphene and the CaF2 substrate,

resulting from the graphene’s preparation under ambient conditions on the

hydrophilic substrate surface, are found to electronically modify the graphene

as the material’s electron density transfers from graphene to the hydration layer.

Density functional theory (DFT) calculations predict that the first 2 to 3 water

layers adjacent to the graphene hole-dope the graphene by several percent of a 

unit charge per unit cell. 

 
 

1 Introduction 

The demonstration of the two-dimensional electronic 

properties of mechanically exfoliated graphene [1] 

has increased interest in investigating the unique 

properties of both graphene and other 2D materials. 

In comparison to other preparation methods, the 

mechanical exfoliation of graphene on a substrate 

results in flakes of high quality [1, 2]. The ambient 

conditions during this method of preparation, however, 

affect the electronic properties of 2D materials [3] in 

uncontrolled manners. This results from the capture 

of thin water layers from moisture present in the 

atmosphere [4–12]. Confined water layers have been 
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described as modifying the electronic properties of 

the graphene, as they are thought to effectively shield 

the interfacial charge on electrically insulating 

substrates [10]. A negative surface charge has been 

reported for “electroneutral” mica substrates; this 

was understood to be caused by the confined water 

layer, which has been suggested to have the potential 

to dope the graphene. The mechanism of electronic 

modification by confined water between the substrate 

and exfoliated graphene, however, is not yet well- 

understood [10, 13]. 

Here, we study the electronic properties of mech-

anically exfoliated graphene containing confined 

hydration layers (HLs) that result from the preparation 

of graphene under ambient conditions on a prototypical 

insulating hydrophilic substrate of CaF2(111). Using 

non-contact atomic force microscopy (NC-AFM) and 

Kelvin probe force microscopy (KPFM), we investigate 

changes in the surface potential induced by the partial 

removal of HLs upon heating. To investigate the origin 

of the electronic modification of graphene by HLs  

of different thicknesses, we compare experimentally 

obtained topography and KPFM measurements to a 

quantitative model calculated by density functional 

theory (DFT). Our observations demonstrate the role of 

charge transfer between the HLs and graphene in the 

modification of the graphene’s electronic properties. 

2 Experimental 

Graphene was mechanically exfoliated [1] under 

ambient conditions from a highly ordered pyrolytic 

graphite (HOPG) crystal onto a CaF2(111) substrate, 

which had been cleaved under similar conditions a 

short time before [12]. The resulting graphene flakes 

were inspected by optical microscopy before their 

insertion into an ultra-high vacuum chamber (UHV). 

To indicate the graphene flakes’ thickness in general, 

we characterized the thickness of the graphene flakes 

beyond the available optical spot size by Raman 

microscopy, using the G and 2D bands [14, 15]. Prior 

to the NC-AFM measurements, the sample was heated 

under UHV conditions with a base pressure below 

1 × 10−10 mbar to 400 K to partially remove the thicker 

HLs by dehydration [12]. NC-AFM measurements were 

performed with a well- characterized system [16–18] in 

which KPFM [19, 20] measurements were performed 

simultaneously by applying an AC voltage of 1 Vpp 

amplitude and a frequency of 1.2 kHz, in addition to 

the DC bias regulated to minimize electrostatic forces. 

In KPFM measurements, the measured potential is 

relative to the reference potential, which is defined here 

as the tip potential. By recording the NC-AFM and 

KPFM images simultaneously, we obtained correct 

height information and identified different graphene 

sheet thicknesses [12] in a controlled UHV environment 

beyond the spatial resolution attainable by (micro-) 

Raman spectroscopy, without the risk of heating or even 

boiling the confined HLs by laser irradiation [21]. 

The simulation calculations were performed using 

DFT [22, 23] within the generalized gradient appro-

ximation (GGA) of the Perdew-Burke-Ernzerhof [24] 

parametrization with periodic boundary conditions 

using the Vienna Ab-initio Simulation Package [25–27]. 

The projector augmented-wave (PAW) method was 

used, along with a plane-wave basis set with an energy 

cutoff at 425 eV. To calculate atomic and electronic 

structures, the Brillouin zone was sampled according 

to the Monkhorst-Pack [28] scheme with 4 × 4 k-points 

in periodical directions, combining the graphene 3 × 3 

and CaF2(111) 2 × 2 super-cells with lattice constants 

of agraphene = 2.46 Å and aCaF2(111) = 3.86 Å. To avoid 

spurious interactions between neighboring structures 

in the tetragonal super-cell, a vacuum layer of 17 Å 

was included in all non-periodic directions. The water 

density was set to 8.43 water molecules per nm2, which 

is slightly below the density of liquid water but in 

agreement with literature values [29, 30]. Structural 

relaxation was performed until the forces acting   

on each atom were less than 0.05 eV/Å. Molecular 

dynamics (MD) simulations were performed at 300 K 

using the Nosè-Hoover thermostat [31, 32] over 10 ps 

with time steps of 1 fs. For analysis of the atomic 

geometry and electronic properties, statistics were taken 

from 10 snapshots randomly chosen after equilibrium 

was established for all situations investigated, which 

are described below. 

3 Results 

To visualize the changes in the electronic properties of 

graphene, we imaged the graphene flakes’ topography 

by NC-AFM and the corresponding surface potential 

by KPFM, as shown in Fig. 1. A triple layer of F−-Ca2+-F−  
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Figure 1 (color on-line) Topography (a) and local surface potential 
(b) image of few-layer graphene flakes. Substrate steps are marked 
by (white) dashed lines in both (a) and (b). Graphene flakes A and 
B, located near each other, show strong differences in their local 
surface potentials; the inset shows a fit of normal distributions to 
the local surface potential values found in the area enclosed by the 
dashed rectangle. 

substrate steps can be identified in both the topographic 

and KPFM images [33]. The contrast observed between 

the few-layer graphene flakes labeled A and B in 

Fig. 1(b), which are of similar heights, cannot be ascribed 

to differences in their thicknesses (approximately five 

layers), as KFPM images can only distinguish one,   

two, and three layers of graphene with reasonable 

contrast [12]. Notably, the contrast distinguishing the 

thinnest graphene sheets from each other is equivalent 

to ~110 mV [12, 35], while the surface potential of flake 

B is 550 mV lower than that of flake A. 

To investigate the mechanism responsible for this 

strong contrast, we investigated the topography of 

flakes A and B in detail, as shown in Fig. 2(a). Mild 

annealing of the graphene and its confined water layers 

at 400 K results in a decay of HLs [12] and changes in 

the height levels for the flakes shown in Fig. 2(a). By 

plotting the height distributions of the corresponding 

dashed rectangles (Figs. 2(b)–2(c)) in Fig. 2(d), we can 

determine the heights of the individual HLs. Graphene 

flake A confines a full second HL and part of a third 

HL; flake B confines the majority of a first HL, with 

areal coverage of 80% ± 2%, with some second HL 

patches as seen in the top right corner of Fig. 2(a). To 

understand the dependence of the surface potential 

on the number of HLs confined between the graphene 

and substrate, we performed MD simulations of the 

system at room temperature (300 K) in which the 

number of confined HLs was varied from zero to five. 

Results of the simulation, shown in Figs. 2(d) and 3,  

 

Figure 2 (color on-line) NC-AFM image (a) of two few-layer 
graphene flakes, corresponding to flakes labeled A and B in Fig. 1. 
From the height histograms of the Kuwahara-filtered [34] areas 
marked in the corresponding red (b) and blue (c), the height levels 
of the first three HLs (d) are identified. Experimental data is fitted 
by normal distributions and color-coded corresponding to images 
(b) and (c). Height levels marked in gray are obtained from DFT 
calculations. 

reveal the heights of the HLs as determined from the 

distance between graphene and substrate, in agreement 

with our experimental observations as evident from 

Fig. 2(d). We can obtain the simulated difference in 

charge density between the electronic density of the 

calculated structure as a whole, as depicted in Fig. 3, 

and the summation of the electronic density of free- 

standing graphene and freestanding slabs of CaF2(111) 

with that of HLs present on top. This comparison 

allows us to directly see the redistribution of charge 

originating from the interaction between the HLs and 

the graphene. As clearly seen in Fig. 3, in the first 2–3 

HLs right below the graphene layer, water molecules 

orient to create a net dipole, which draws the 

graphene’s electrons slightly towards the adjacent HL. 

Apart from a minor charge redistribution on the upper 

fluorite layer, the strongly ionic CaF2 substrate makes 

no significant contribution to graphene’s electronic 

properties. Therefore, we conclude that the confined 

water layers do not only shield the interfacial charge at 
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the substrate [10], but also contribute to the graphene’s 

electronic rearrangement, while the substrate remains 

“electroneutral”. The electronic contribution of the 

confined HLs to the graphene above is determined 

by a Bader analysis [36] of the charge distribution, 

with results summarized in Fig. 4. In this figure, the 

reduction in free charge carrier density per unit cell 

(uc) is graphed for increasing numbers of HLs. When 

no HLs are present, we define the free charge carrier 

density of graphene as zero. From this analysis, we 

find a decrease in electron density, and a corresponding 

increase in hole density, for graphene as the number 

of HLs increases. As the free charge carrier density 

within graphene decreases under the influence of  

the highly electronegative oxygen atoms in the water 

molecules, which attract electron density, the confined 

HLs effectively create hole-doped graphene. This 

conclusion is in agreement with the observation of 

increasing surface potential, as indicated by brighter 

contrast, for decreasing graphene thickness, as repre-

sented in Fig. 1(d) of Ref. [12]. Since we can determine 

from Fig. 3 that only the 2 to 3 HLs adjacent to the 

graphene contribute to its electronic rearrangement, 

we expect asymptotic behavior for electron transfer as 

a function of the number of confined HLs, which is well 

in accordance with the DFT results shown in Fig. 4. 

 

Figure 4 The decaying free charge carrier density of graphene for increasing numbers of confined HLs, representing the increase of holes
for greater numbers of confined HLs. The gray line serves as a guide-to-the-eye for the asymptotic behavior of charge carrier density in 
response to thick confined HLs. The calculated surface potential difference and corresponding contrast in KPFM imaging is shown at the
right. 

 

Figure 3 (color on-line) MD snapshots of the atomic positions for n HLs confined by graphene and the CaF2(111) substrate underneath
(side view), with the electronic influx and outflux marked in blue and yellow, respectively. The calculated electronic redistribution reveals
the net dipole formation of the first three HLs below the graphene. Carbon (violet), oxygen (red), hydrogen (cyan), calcium (gray), and 
fluorine (green) atoms are marked. 
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4 Discussion 

Because of the strong delocalization of electrons in 

graphene, the homogeneous contrast in our KPFM 

measurements reflects the decrease in electron density 

for increased numbers of confined HLs, which 

represents the more positive charge of hole-doped 

graphene. The contrast of 550 mV between graphene 

flakes A and B in Fig. 1 quantitatively demonstrates the 

lower electron density of flake A compared to flake B. 

This decrease in electron density arises from the 

thicker confined HLs present, measured at appro-

ximately 2.5 ML of flake A from the topographic image 

in Fig. 2(a). The less decreased electron density for flake 

B, meanwhile, as revealed by the more negative surface 

potential observed by KPFM, arises from the smaller 

average thickness and the partial absence (20%) of HLs. 

To quantitatively compare the doping observed in 

our experiments to the calculated free charge carrier 

density plotted in Fig. 4, we used a simple capacitor 

model [37]. This choice was based on the approximation 

of graphene’s density of states (DOS) as linear within 

the vicinity of the conical points [38], since the interaction 

between HLs and graphene is weak; details of the 

graphene’s band structure near the K-point for few 

layer graphene (FLG) [39] do not affect the Fermi level 

shifts discussed here. Notably, in our experimental 

setup, the potential difference between the tip and 

the backside electrode of the insulating substrate   

was measured; for the system under investigation, 

this measurement is effectively dominated by the 

potential difference across the substrate and HL. The 

determined surface potential difference corresponds 

to a Fermi level shift [38] in the graphene flake, pro-

portional to the density of free charge carriers at the 

Fermi-level (nF) as: 


 

   
 

2

F
F

F

/π
E

n  

where δEF is the Fermi level shift and the Fermi 

velocity ћνF is equal to 6.726 eVÅ [40, 41]. Assuming 

the Fermi level shift of 550 mV, as determined between 

flakes A and B in Fig. 1(b), we can determine an increase 

in free charge carrier density of 2.1 × 10−3 carriers per 

Å2. Applying the uc area of graphene (5.24 Å2), this 

translates to 0.011 holes/uc. This is similar to the value  

expected by extrapolating the free charge carrier density 

and corresponding surface potential difference as 

calculated in the graph shown in Fig. 4, from which 

we estimated the average HL coverage as 0.8 ML and 

2.5 ML in the analysis discussed above. For an accurate 

estimate of the free charge carrier density, one should 

take the average coverage of the entire flake into 

account, as well as the screening of the electrical field 

for larger numbers of graphene layers [42]. Our simple 

model predicts that the surface potential between    

a system without confined HLs in comparison to a 

system with one HL present is one order of magnitude 

larger than the decrease in surface potential for 

incrementing the number of confined HLs present, 

which agrees with experimental observations of 

confined water layers on mica [10]. The different HL 

heights present under the same flake do not correlate 

to the KPFM image data, although the resolution in 

KPFM is demonstrated to be several tens of mV by 

our ability to discriminate the CaF2(111) substrate 

ledges in KPFM [33] in Fig. 1(b). This uniform doping 

over the entire flake, however, can be easily understood 

as arising from the free delocalized electrons present 

in graphene. In contrast to graphene on mica [10, 13], 

we observe no local doping, where the edges of the 

water-free domains [12] might serve as demarcations 

for variations in doping levels. This might result from 

the materials’ different behavior upon cleavage, 

which leaves more charge on the surface of mica than 

it does on CaF2(111). 

5 Summary 

We elucidated the processes of the hole-doping of 

graphene by confined HLs by imaging the topography 

of HLs by NC-AFM and correlating this with surface 

potential data obtained by KPFM. The HLs confined 

upon mechanical exfoliation not only influence the 

mechanical properties of graphene [12], but also con-

tribute to the hole-doping of graphene. By comparing 

the experimentally determined surface topography 

with MD-DFT calculations, we identified different 

HLs and described their electronic contribution to the 

graphene. The 2 to 3 HLs adjacent to the graphene 

were found to cause the hole-doping of graphene by 

forming a net dipole which draws the graphene’s 
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electrons slightly towards the HLs. HLs beyond this 

thickness or depth only marginally contribute to hole 

doping. Although this investigation was performed 

specifically on a CaF2(111) substrate, its findings  

can be generalized, as the hydrophilic substrate does 

not affect the electronic rearrangement. This doping 

mechanism could be induced in a controlled manner 

by creating specific hydrophobic/hydrophilic substrate 

architectures, among other methods, which would 

tailor graphene’s electronic properties for use in future 

applications such as humidity sensors. 
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