
Rev. Sci. Instrum. 90, 103702 (2019); https://doi.org/10.1063/1.5098483 90, 103702

© 2019 Author(s).

Height determination of single-layer
graphene on mica at controlled humidity
using atomic force microscopy
Cite as: Rev. Sci. Instrum. 90, 103702 (2019); https://doi.org/10.1063/1.5098483
Submitted: 02 April 2019 . Accepted: 06 September 2019 . Published Online: 07 October 2019

Hyunsoo Lee, and Jeong Young Park 

ARTICLES YOU MAY BE INTERESTED IN

A compact electron beam driver based on the annular parallel-plate pulse forming lines
Review of Scientific Instruments 90, 103301 (2019); https://doi.org/10.1063/1.5098398

A testing system for studying the effect of strain on thermal conductivity of thin films
based on 3-  technique
Review of Scientific Instruments 90, 104902 (2019); https://doi.org/10.1063/1.5095824

Optically transparent broadband and polarization insensitive microwave metamaterial
absorber
Journal of Applied Physics 126, 135107 (2019); https://doi.org/10.1063/1.5120579

https://images.scitation.org/redirect.spark?MID=176720&plid=993843&setID=375687&channelID=0&CID=320540&banID=519745437&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=bcd3af91cc835972df73e8b1afd03551863232eb&location=
https://doi.org/10.1063/1.5098483
https://doi.org/10.1063/1.5098483
https://aip.scitation.org/author/Lee%2C+Hyunsoo
https://aip.scitation.org/author/Park%2C+Jeong+Young
http://orcid.org/0000-0002-8132-3076
https://doi.org/10.1063/1.5098483
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5098483
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.5098483&domain=aip.scitation.org&date_stamp=2019-10-07
https://aip.scitation.org/doi/10.1063/1.5098398
https://doi.org/10.1063/1.5098398
https://aip.scitation.org/doi/10.1063/1.5095824
https://aip.scitation.org/doi/10.1063/1.5095824
https://doi.org/10.1063/1.5095824
https://aip.scitation.org/doi/10.1063/1.5120579
https://aip.scitation.org/doi/10.1063/1.5120579
https://doi.org/10.1063/1.5120579


Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

Height determination of single-layer graphene
on mica at controlled humidity using atomic
force microscopy

Cite as: Rev. Sci. Instrum. 90, 103702 (2019); doi: 10.1063/1.5098483
Submitted: 2 April 2019 • Accepted: 6 September 2019 •
Published Online: 7 October 2019

Hyunsoo Lee1 and Jeong Young Park1,2,a)

AFFILIATIONS
1Graduate School of EEWS and Department of Chemistry, Korea Advanced Institute of Science and Technology (KAIST),
Daejeon 34141, South Korea

2Center for Nanomaterials and Chemical Reactions, Institute for Basic Science (IBS), Daejeon 34141, South Korea

a)Author to whom correspondence should be addressed: jeongypark@kaist.ac.kr

ABSTRACT
Identifying the thickness of the first graphene layer on a substrate is important in graphene-based nanoelectromechanical systems because of
the dependence of graphene layers on physical and chemical properties. Identifying the thickness of the first layer is important for determining
the number of graphene layers. Herein, we report that the height of single-layer graphene on mica is influenced by the relative humidity in
the observation environment and by the scanning modes of in situ atomic force microscopy (AFM). We found that the graphene height is
quite dependent on the scan direction of the AFM probe when in the contact mode, while this hysteresis is absent in tapping and noncontact
modes. In addition, at low humidity (<10%), the height of the graphene on mica corresponds to the van der Waals distance (∼0.34 nm) of
graphite layers, while an increased height (0.67 nm) is observed at higher humidity (≥20%). We associate the variation of the graphene height
in the contact mode with different levels of tilting of the cantilever that are clearly dependent on the scanning direction. These results suggest
a standard for determining graphene thickness in humid air that is a critical factor for graphene-based electronic devices.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5098483., s

INTRODUCTION

Graphene, a two-dimensional (2D) atomic flat single-layer
with sp2-hybridized carbon in a honeycomb lattice, is a promis-
ing material for applications in nano- and microelectromechanical
technologies.1,2 Single-layer graphene (SLG) has excellent electri-
cal conducting properties with massless Dirac fermion behavior.
Bilayer graphene is also emerging as an outstanding electrical mate-
rial with massive chiral quasiparticles because of the possibility
for tuning its electrical properties.3,4 Few-layer graphite has also
attracted interest for use in semiconducting systems because of the
coexistence and switchable properties of electron and hole carri-
ers.5 Therefore, the thickness dependence of graphene6,7 and other
two-dimensional atomic layers8,9 is a critical issue in the field of
nanoelectronics.10–12

For this thickness dependency, determining the thickness of the
first graphene layer is quite important because it is an indispensable

factor in determining the number of layers stacked on the substrate.
Several different methods were used in previous reports to probe
the number of graphene layers after exfoliation from bulk graphite
on the substrate. Ni et al. reported that the stacked graphene layers
on silica are differentiated using the optical contrast spectrum and
are imaged using a reflection of normal broad white light. This is a
facile and nondestructive technique, but only 285 nm SiO2 should
be used as the substrate and it is only applicable for graphene with
less than 10 layers.13 Raman spectroscopy is one method for deter-
mining the number of graphene layers that uses the 2D band in the
spectrum, which is broadened and shifted as the number of stacked
graphene layers increases. This is a rapid technique that is sensitive
to structural defects and that cannot distinguish between a few layers
of graphene on the substrate.14–16 Thus, it is difficult for these tech-
niques to accurately measure single-layer graphene on a substrate;
however, the atomic force microscopy (AFM) technique for mea-
suring the thickness of a layer is suitable for distinguishing between
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the thickness of a single graphene layer and the number of stacked
graphene layers on a substrate.

AFM is widely used to understand the morphological and
physical information for 2D materials on substrates such as
graphene,17–21 graphene oxide,22,23 hexagonal boron nitride (h-
BN),24,25 and transition metal dichalcogenide monolayers.26–28 In
the past 10 years, effort has gone into using AFM to obtain an
accurate thickness of the graphene layers on a substrate because of
the large thickness variation of graphene (0.4–1.7 nm). For exam-
ple, Nemes-Incze et al. suggested that tapping mode AFM with
optimized mapping reduces variation of the measured height of
graphene on an oxide substrate more than contact mode AFM,
which is affected by the tip–surface interaction.29 Moreover, Shearer
et al. performed height measurements of graphene on a substrate
using the PeakForce tapping mode with a particular AFM tip based
on a carbon nanotube; they argued that the normal force of the tip
is a crucial factor.30 However, an understanding of the thickness
variation of stacked graphene on a substrate when using AFM was
lacking.

Herein, we used AFM in contact, noncontact, and tapping
modes at various relative humidities (RHs) to investigate the height
of the first single layer of graphene. We found that the graphene
height measured in the AFM contact mode exhibits a dependence
on the scanning direction; however, this dependence of graphene
height on the scanning direction is absent in noncontact and tap-
ping modes. We also found that the measured height is close to the
interlayer distance, i.e., ∼0.34 nm, in graphite stacks at low humid-
ity, i.e., below 10%, while an increase in height appears in the contact
mode AFM measurements at intermediate humidities above 20%;
this increased height remained at high humidity conditions. In both
the noncontact and tapping modes, the height of the graphene is
close to the interlayer distance, i.e., ∼0.34 nm, of a graphite stack,
within the measurement error.

EXPERIMENT

Single-layer graphene on a freshly cleaved muscovite mica sur-
face (Ted Pella, Inc.) was prepared using mechanical exfoliation with
scotch tape from Kish bulk graphite (Grade 300, Graphene Super-
market) at laboratory conditions (22–24 ○C, 25%–40%).31 The sam-
ples with the highest potential to have the thinnest graphene layer
were sorted from the mess of graphite flakes on mica using an optical
microscope.

Environmental AFM (5500, Agilent) with a cylindrical glass
cell that was shielded from outside air for RH control was used to
investigate the thickness of the graphene on mica. Purified deionized
water (DI water) and a dry N2 gas purge were used to increase and
decrease the RH in the glass cell, respectively. The controlled RH and
temperature were closely monitored using a digital thermohygrom-
eter with an operation range of RH 1%–99% ± 3% (TFA, Germany).
A Si tip (PPP-LFMR, Nanosensor) with a force constant of ∼0.2 N/m
and resonance frequency of ∼23 kHz was used for contact mode
scanning, and another Si tip (PPP-NCH-50, Nanosensor) with a
force constant of ∼42 N/m and resonance frequency of ∼330 kHz
was used for the noncontact mode. Tapping mode AFM (Multi-
Mode, Bruker) was performed with a Si tip (PPP-NCH, Nanosensor)
with a peak-force measurement.

RESULTS AND DISCUSSION

The schematic diagram in Fig. 1(a) shows the measurement
of thickness after exfoliation of the first graphene layer on mica
using in situ AFM with a Si tip in a glass cell for RH control.
The topography, which was taken in air (at RH of 47% and tem-
perature of 23 ○C) using contact mode AFM, shows single-layer
graphene (SLG) and water intercalation between the graphene and
mica, as shown in Fig. 1(b). In the process of graphene sample

FIG. 1. (a) Scheme of the in situ AFM measurement of
graphene on a mica sample in a RH-controlled glass cell.
(b) Topography (2 μm × 4 μm) of the water-intercalated
single-layer graphene on mica after mechanical cleavage
was measured in the contact mode at a RH of ∼47% and
an applied force of 9.6 nN. (c) Line profile of height along
the solid yellow line in (b). (d) Raman spectra of single-layer
graphene on mica (three major peaks: G, 2D, and mica OH
mode).
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preparation, water molecules can easily adsorb on the hydrophilic
mica surface in humid air and they exist naturally at the
graphene/mica interface.25,26,32 The measured height for single-layer
graphene on mica is 0.69 ± 0.03 nm, as shown in Fig. 1(c). Here,
the height of single-layer graphene on mica is larger than the van
der Waals distance (∼0.34 nm) of graphite layers, which is asso-
ciated with the tip–surface interaction and imaging and sample
surface conditions, which will be discussed later.30 Similar trends
were observed in different sets of experiments with single-layer
graphene on a mica substrate.33,34 We confirmed the thickness
of the graphene using Raman measurements. Figure 1(d) shows
the Raman spectra (1200–4000 cm−1) of single-layer graphene
stacked on a mica substrate. The ratio of I2D/IG is about 2, and
the 2D peak is sharper and has higher intensity, which means
that single-layer graphene is stacked on the mica substrate. The
D peak at ∼1350 is absent from the Raman spectra, which indi-
cates that this is pristine single-layer graphene without structural
defects.

A comparison of the heights from the AFM results on SLG
and SLG+1W, i.e., first icelike intercalated water layer under single-
layer graphene, on mica using contact, noncontact, and tapping
scan modes at RH of ∼26% is shown in Fig. 2. AFM measure-
ments produce two different signals according to the scan direction
of the AFM probe: trace (left-to-right) and retrace (right-to-left).
Quite interestingly, the graphene height on mica measured in the
contact mode shows a clear dependence on the scanning direc-
tion; this behavior is not observed in noncontact or tapping modes.
As shown in the height profile [Fig. 2(d)], the height of graphene
measured from trace scanning (0.71 ± 0.02 nm) is quite different
from that from retrace scanning (0.56 ± 0.02 nm). However, both
noncontact and tapping modes show equivalent SLG heights (0.33
± 0.03 nm) on mica for both directions, as shown in the height pro-
files [Fig. 2(e) for the noncontact mode and Fig. 2(f) for the tapping
mode]. In addition, the intercalated water layer (SLG+1W) with a
height of 0.39 ± 0.02 nm is observed in the tapping mode, as shown
in Fig. 2(f). The height of the first intercalated water layer corre-
sponds to the first icelike puckered water layer, which is half of

the lattice constant (∼0.37 nm) of the unit cell of an ordinary ice
structure.35

To understand the variation of graphene height in the contact
mode in terms of the hydrophilicity effect, we investigated the height
change in SLG on mica while changing RH, as shown in Fig. 3. The
topography images of SLG on mica are obtained at a low RH of
about 8.3% [trace and retrace are shown in Figs. 3(a) and 3(b), and
height line profiles are shown in Fig. 3(c)]. Both topography images
show identical shapes for the intercalated water layer (i.e., SLG+1W)
between the SLG and mica, which means that the structure does
not change between the images. From the line profiles in Fig. 3(c),
we know that the SLG height measured at low RH and in the trace
direction shows a similar value (0.38 ± 0.02 nm) with the inter-
layer distance in graphite stacks, while an increased height up to 0.54
± 0.02 nm is revealed at low RH and in the retrace direction. More-
over, the SLG height on mica was investigated as a function of
RH, separated by the two scan directions (i.e., trace and retrace),
as shown in Fig. 3(d). We can clearly confirm that the SLG height
increased from 0.38 ± 0.02 nm (at low RH) to 0.67 ± 0.03 nm
(at intermediate and high RH) in the trace direction. The height
obtained in the retrace direction is slightly higher across the whole
RH range than that in the trace direction, i.e., from 0.54 ± 0.02 nm
to 0.86 ± 0.03 nm. Here, we associate the tilting of the cantilever
for the trace and retrace directions with the effective normal load
on the probe, which are considered the main reason for the varia-
tion in SLG height on mica for the RH regimes. It is possible that
the capillary effect leads to higher adhesion; therefore, higher fric-
tion between the tip and the surface as the RH increases from low to
intermediate levels is seen on the hydrophilic mica surface. The scan
direction-dependent height is caused by the discrepancy between
the tip–surface interaction and the high lateral forces in play during
contact mode AFM.

Table I shows a statistical summary of the measured heights
of SLG on mica at RH 8.6% ± 0.3%, 17.2 ± 1.1, and 28.2 ± 0.8
using contact, noncontact, and tapping AFM modes, respectively,
in two different scan directions. We investigated the graphene layers
with intercalated water on mica samples. We can clearly confirm a

FIG. 2. Topography images of single-
layer graphene with water layer interca-
lation on mica at an intermediate RH of
∼26% using (a) contact (1.6 × 4.2 μm2),
(b) noncontact (1.6 × 4.8 μm2), and (c)
tapping (1.1 × 3.0 μm2) modes of AFM
at the same position. [(d)–(f)] Line pro-
files of the height along the solid red lines
in (a)–(c), respectively.

Rev. Sci. Instrum. 90, 103702 (2019); doi: 10.1063/1.5098483 90, 103702-3

Published under license by AIP Publishing

https://scitation.org/journal/rsi


Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

FIG. 3. Topography images (1.5 × 2.3 μm2) of single-layer
graphene with water layer intercalation on mica at low RH
of ∼8.3% in the (a) trace and (b) retrace directions at an
applied force of 9.6 nN in the contact mode. (c) Line profiles
of the height along the red and black solid lines in (a) and
(b). (d) Plot of the height variation of single-layer graphene
on mica as a function of relative humidity, separated by the
scan direction, i.e., trace and retrace.

discrepancy in the SLG height between the AFM modes. We note
that the higher height value is not always observed for a particu-
lar contact scan direction. The height depends on the status of the
sample and conditions for the contact AFM measurements. Fig-
ure 4 explains the discrepancy between the SLG height on mica in
noncontact and contact AFM modes at RH conditions. The ini-
tial state of the tip originating from the specific AFM instrument
is not perfectly vertically aligned with the sample plane because it
depends on sample mounting or the sample holder design. In the

noncontact mode, the measured height signal (black dashed line) is
similar to the theoretical value of ∼0.34 nm in both the trace and
retrace directions. However, the difference in the distortion of the
cantilever is caused by friction between the tip and the surface; the
higher indentation is induced by a higher capillary force between
the tip and the surface on a hydrophilic mica substrate than that
on hydrophobic graphene in the contact mode. Thus, the measured
height signal is not identical to the black dashed lines between the
trace and retrace directions. As a result, the height difference, Δz,

TABLE I. Summary of the AFM measured heights at different RHs using contact, noncontact, and tapping modes along two
different scan directions, i.e., trace and retrace. Four different graphene on mica samples [labeled (a)–(d)] were investigated.
For each sample, we used different cantilevers (with the same spring constant) to carry out the contact mode measurement.

8.6% ± 0.3% 17.2% ± 1.1% 28.2% ± 0.8%

Trace Retrace Trace Retrace Trace Retrace
Humidity (nm) (nm) (nm) (nm) (nm) (nm)

Contact (±0.04 nm) 0.8a 0.5 0.7b 0.5 0.8b 0.4
0.6a 0.4 0.9a 0.7 1.0a 0.4

0.4c 1.0
0.4d 1.2
0.6d 1.0

Noncontact (±0.04 nm) 0.4a 0.4 0.3b 0.3 0.3b 0.3
0.3a 0.3 0.3a 0.3

Tapping (±0.05 nm) 0.4a 0.4 0.4b 0.4
0.3a 0.3

aSample #2.
bSample #1.
cSample #3.
dSample #4.
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FIG. 4. Scheme of the (left) noncontact and (right) contact
mode AFM measurements of graphene on mica at RH con-
ditions. The black horizontal guidelines show the center of
the cantilever as an indication of height. The blue guide-
lines show the initial slope of the cantilever, showing the
initial tilting angle (ϕ). The yellow guidelines show the tilted
slopes from the blue lines along the scan directions. In con-
tact mode scanning, additional tilting (Δ) occurs because of
the frictional response, which is dependent on the scanning
direction. Therefore, the tilting angles in the scan mode are
ϕ + Δ and ϕ − Δ for tracing and retracing, respectively. The
change in the tilting angle results in a change in the effective
applied load and a different height value (Δz).

is only generated in the contact mode even though the sample con-
figuration and conditions were same for the SLG on mica in both
modes.

CONCLUSION

In conclusion, we showed the effects of RH on the AFM obser-
vations to determine the height of SLG on a hydrophilic mica sub-
strate. An expanded height of the SLG is revealed in contact mode
AFM with increasing RH, which is attributed to the adhesion and
effective load between the tip and the surface. The discrepancy
between the heights measured in different scan directions is caused
by the tip–surface lateral interaction in the contact mode. How-
ever, neither noncontact nor tapping AFM modes are influenced
by the humidity within the intermediate RH regime; any depen-
dence on the scan direction for the noncontact or tapping modes
is also negligible. These results suggest a useful way to determine the
height of graphene or two-dimensional atomic layers that are used
for graphene-based electronic devices.
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