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ABSTRACT

We report an improved recipe for synthesizing high quality graphene through chemical vapor deposition (CVD),
scanning electron microscopy (SEM) characterization of CVD graphene, and optimized SEM imaging conditions
for efficient visualization of surface features in CVD graphene. We have developed an optimized graphene growth
recipe by characterizing the quality of as-grown graphene using Raman spectroscopy and SEM. We have exam-
ined graphene samples both on copper (Cu) and silicon dioxide (SiO,) substrate using SEM. We have found that
features on the samples are highly sensitive to both SEM imaging conditions and the type of detector used. With
low acceleration voltage (1 keV), immersion lenses, and through the lens detector, we have clearly observed fine
features including wrinkles, folding lines, defects, and different layer numbers of graphene, many of which are
not visible in un-optimized SEM images. Further, we demonstrate mechanical bulging of suspended CVD
graphene membranes covering microtrenches by using electron beam to activate the trapped gas underneath.
Our findings and techniques can lead to improved characterization, understanding, and manipulation of

graphene and other two-dimensional materials.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Graphene, a two-dimensional (2D) hexagonal carbon crystalline
sheet, has attracted extensive attention since its discovery [1]. To date,
chemical vapor deposition (CVD) [2,3] holds promise in producing
large scale high-quality graphene for industrial applications [3]. Many
attempts of growing large area single layer graphene (SLG) have been
made. Besides SLG, polycrystalline graphene also has excellent mechan-
ical properties comparable to that of SLG [4]. Moreover, wafer-scale con-
tinuous polycrystalline graphene films can be easily grown, showing
that polycrystalline graphene has great potential for future applications
such as nano- and micro-electromechanical systems (NEMS and MEMS)
[5]. For characterizing quality, number of layers, defects, and atomic
structures of graphene, many techniques such as atomic force microsco-
py (AFM) [2], transmission electron microscopy (TEM) [6] and Raman
spectroscopy [7] have been employed. Among the many characteriza-
tion methods, scanning electron microscopy (SEM) is a non-contact,
mostly non-destructive, and comparatively more convenient and effi-
cient tool for fast imaging, making it highly attractive for characterizing
micro- and nano-scale features of graphene including wrinkles, folding
lines, and grain shapes, especially for CVD grown graphene. However,
due to its atomically thin structure, graphene is transparent to high
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acceleration voltage SEM and it has been challenging to make SEM as
a powerful tool for imaging graphene, especially at the device level,
for engineered graphene structures and devices. Generally, attaining de-
tailed structural features in imaging graphene devices has been more
difficult than in devices made of more conventional materials or struc-
tures (e.g., nanowires, top-down lithographically defined NEMS de-
vices) [8,9].

In this work, we have examined a set of varied CVD growth experi-
ments to synthesize high quality and continuous graphene on copper
(Cu) foils. The resulting films are carefully measured and compared to
identify optimal growth parameters. Then, together with Raman spec-
troscopy, SEM imaging has been conducted on both suspended and
non-suspended CVD graphene. We provide insight into the best set of
imaging parameters for characterizing graphene features using SEM
by comparing SEM images with different operating conditions, namely,
electron energy and type of detectors, for different graphene structural
features.

2. Graphene growth on Cu

We performed graphene synthesis with a home-built chemical
vapor deposition system (Fig. 1). Using this system, a variety of CVD
growth recipes have been explored to yield uniform and continuous
large area graphene films. The resulted samples have been character-
ized using Raman and SEM observations, to establish optimized CVD
growth parameters.
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Fig. 1. The home-built CVD synthesis system used for the graphene growth. (a) A detailed illustration of the graphene CVD system design. Major components of the system are identified by

numbers. (b) A photograph of the graphene CVD system with components labeled.

2.1. Graphene growth processes

We synthesized graphene on 25 pm-thick Alfa Aesar 99.8% Cu foils
[2]. The CVD growth chamber was comprised of a 1-inch diameter
quartz tube in a horizontal split-tube furnace. Computer programmed
gas flows were obtained by using the mass flow controllers (Alicat Sci-
entific) and the vacuum pressure level was monitored via a capacitive
manometer gauge (Fig. 1a). Before synthesis, Cu foils were cut into
~1 cm x ~1 c¢cm squares and chemically cleaned using acetic acid
at 35 °C for 15 min, which removed copper oxide on Cu foil surfaces
[10]. Then, two pieces of cleaned Cu substrates were introduced to the
center position of the quartz tube. A vacuum pump was used to achieve
~5 mTorr base pressure in the tube.

Upon completing the preparation steps, the growth process consists
of three major steps: pre-annealing, graphene synthesis, and cooling
down (Fig. 2). For the pre-annealing part, a 6 sccm hydrogen (H;) gas
flow was introduced, as the growth tube was heated to 1000 °C. Once
the set temperature had been reached, pre-annealing of the Cu sub-
strates was conducted for 60 min, which stabilized the temperature of
substrates, further cleaned Cu surfaces [11,12], and generated larger
Cu grains by merging small ones. Next, graphene synthesis began by
introducing methane (CH,4) gas to the tube as the carbon source. To de-
termine the optimal CH,4 concentration, we conducted variable CH4 flow
rates (10 sccm, 30 sccm, and 50 sccm), along with constant H; flow rate
(6 sccm), different chamber pressures (1 to 10 Torr) and growth dura-
tions (4 to 16 min). Detailed recipes are summarized in Table 1. After
the growth step had been finished, the furnace was cooled down.
Once temperature reached 200 °C, CH4 and H, flow was stopped and ni-
trogen (N;) was introduced into the quartz tube. The Cu foils were then
unloaded near room temperature, with synthesized graphene on them.

Pre-annealing }Growth“ Cooling
| ——“— «*--11-10Torr
1000 °C| -=-==- - ‘

o | gl 2
3 \ £Z 7
= S o 7]
g il g
) | H, =6 scem © o -9
=9 T2
=] ! !
& 1 gkt

| O

T i S 200 mTorr

i o

I I

30 min . 90 min  94-106 min
Time

Fig. 2. A standard graphene CVD synthesis recipe (recipes #1-8 in Table 1), illustrated with
temperature, duration and gas pressure used for each step. Red lines and blue lines show
temperature and gas pressure in the tube during the growth, respectively.

2.2. Characterization of graphene for optimizing growth parameters

Using SEM and Raman spectroscopy, we examined multiple samples
of graphene grown by different recipes. Raman spectra were recorded
by a customized micro Raman setup. A 532 nm green laser was focused
by a 100x optical microscope with a typical spot size on the sample of
1 um. Before signal acquisition, the monochrometer of the Raman sys-
tem was calibrated by measuring an undoped silicon TO peak
(520 cm™ ') for zero backlash. By comparing the images and Raman
spectra, an optimized recipe of CVD synthesized graphene was
obtained.

Fig. 3 shows examples of measured Raman spectra and SEM images
of CVD graphene with different growth conditions. We found pro-
nounced graphene G and 2D peaks from the Raman results. Regardless
of graphene growth recipes, in majority of Raman results, full width at
half maximum (FWHM) of the 2D peak are narrower than 32 cm™!
(Table 2), and the D peak (related to defect density of graphene) is ei-
ther very small or invisible. These results indicate that the graphene
samples synthesized by almost all of our CVD growth recipes are of
high quality [13,14].

By using SEM, we have also observed surface morphology of CVD
graphene grown by different growth recipes (as shown in Table 1). All
SEM images in Fig. 3 were taken by using an FEI Helios NanoLab SEM
with an Everhart-Thornley detector (ETD). In these SEM images, bright
small clusters, typically ~50 nm, are visible. As the sizes of these clusters
are much smaller than the Raman laser spot size (~1 um), it has been
difficult to efficiently characterize these bright dots using Raman spec-
troscopy when the cluster density is low. To identify these clusters, we
intentionally introduced 10 sccm of forming gas (95% Ny, 5% H,) togeth-
er with 30 sccm of CH, into the growth tube at 1000 °C for 3 h to in-
crease the cluster density. As shown in Fig. 3g, clusters with the
density of ~30/um? are formed on Cu substrates, dense enough for
Raman measurement. Fig. 3h shows the measured Raman spectrum

Table 1

Summary of graphene growth recipes examined in this study.
Recipe ID  Gas flow rate Chamber pressure  Growth time

[scem] [Torr] [min]

1 H, = 6,CHy = 30 5 16
2 H, = 6,CHy = 30 2 16
3 H, = 6,CH, = 30 1 16
4 H, = 6,CHs = 30 1 10
5 H, =6,CHs =30 1 5
6 H, = 6,CHy =50 2 16
7 H, =6,CH, =10 2 16
8 H, = 6,CHy = 50 10 4
9 95%N, + 5%H, = 10, CHy = 30 5 180
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Fig. 3. CVD graphene with different growth conditions. SEM and Raman results of graphene grown using (a-b) recipe #3, (c-d) recipe #7, and (e-f) recipe #8. Also (g-h) SEM and Raman
results of recipe used for high density carbon clusters forming. All the SEM images are taken by using 5 kV electron acceleration voltage and ETD. All scale bars are 3 pm.

focusing on bright clusters in SEM images. In contrast to the high quality
graphene Raman spectra in Fig. 3b, d, and f, a high intensity of the D
peak and low intensity of the 2D peak with broader FWHM
(~70.0 cm™ ') were observed, suggesting that bright clusters in SEM im-
ages are 2D carbon structures with a larger number of layers. These car-
bon clusters are known as nucleation centers forming initial stages for
graphene growth [11]. Impurities on Cu foil serve as nucleation sites
in early stage of graphene growth due to their much lower nucleation
barriers. While pure Cu does not adsorb carbon precursors, impurities
on Cu foil have high super saturation of carbon precursors, resulting in
multi-layered carbon cluster formation.

2.3. Graphene growth quality improvement

To reduce the density of carbon clusters and improve the film qual-
ity, optimization of the growth conditions was performed. First, the
growth pressure dependence on the density of carbon cluster was ex-
amined. In the growth step, we fixed the gas flow rate (6 sccm for H,
and 30 sccm for CH4) and growth time (16 min), and varied chamber
pressure from 1 Torr to 5 Torr (see recipes #1 — 3 in Table 1). As
shown in Fig. 4a, the densities of carbon clusters are 1.78 um~2,
1.56 um~2 and 0.72 pm~2 when pressures are 1 Torr, 2 Torr and 5

Torr, respectively. The results suggest that higher growth pressure can

Table 2
Summary of measured Raman spectra of graphene on Cu foil.
Recipe D peak G peak 2D peak
b Position FWHM Position FWHM Position FWHM
(em™1) (em™")  (em™) (m™")  (em™1) (em™7)
1 None 1584.8 20.0 26703 30.1
2 None 1592.0 23.8 2696.6 29.8
3 None 1588.2 204 2688.1 30.1
4 None 1586.6 20.1 2693.2 29.8
5 None 1589.2 19.5 2693.2 29.8
6 None 1588.2 19.2 2696.6 31.2
7 None 1593.3 24.2 2696.6 28.6
8 None 1581.0 18.2 2696.0 28.1
9 1351.1 46.1 1582.7 224 27044 70.0

decrease the density of nucleation centers, allowing fewer carbon clus-
ters to form during the growth. Similarly, a shorter growth time and
lower H,/CH, gas flow ratio are helpful to suppress the density of carbon
clusters (Fig. 4b & c). Therefore, to achieve an optimized CVD graphene
quality, we further increased the growth pressure to 10 Torr and short-
ened the growth time to 4 min, with a mixture of H, (6 sccm) and CHy
(50 sccm) gas flow (see recipe #8). This yields high quality CVD
graphene with low density of carbon clusters (~0.2 um~?2).

3. SEM characterization of CVD graphene on Cu foil

We have observed and compared surface features of CVD graphene
(recipe #8) with various SEM imaging conditions to study surface fea-
tures of CVD graphene. Through these investigations, we have deter-
mined optimized imaging conditions for graphene, which can also be
applicable to other 2D materials.

3.1. Cu morphology

We have investigated Cu surface morphology using SEM. We have ob-
served Cu evaporation when we introduced forming gas to the chamber.
Fig. 5 shows SEM images of Cu substrate after 1000 °C pre-annealing for
60 min under 170 mTorr forming gas and subsequent 5 sccm of CH,4 gas
flow at the same temperature for 30 min. From the SEM images, a notice-
able amount of Cu is evaporated from the substrate, generating many ter-
races on the surface of the Cu foil. Evidently, downstream along the quartz
tube, re-deposition of Cu on the quartz tube wall near its outlet was no-
ticed. This Cu evaporation was only observed in Cu substrates with the
forming gas process, suggesting that forming gas might not be well suited
for pre-annealing for cleaning Cu surface.

Fig. 6a shows an optical microscope image of graphene on Cu sub-
strates. In the image, Cu grain boundaries (GBs) and steps of grains are
clearly visible. During the pre-annealing of Cu substrates, some small
Cu grains merged into larger ones, known as grain coalescence. The typ-
ical size of small Cu grains is ~80 pm while the typical size of merged Cu
grains is around several millimeters. Steps and surface roughness of Cu
grains were greatly reduced after coalescence, producing a relatively
smooth and flat surface. Annealing time and temperature are key



J. Lee et al. / Diamond & Related Materials 54 (2015) 64-73

67

2.0 ‘ 2.0 . :

(T‘E do b V'S \ Cc ]

E I

PRER ° 15} ¢ .

]

3

o

_§ 10t 10 oL

2 |

S 9

2 05 Growth Time=16min 051 ¢ Pressure=1Torr Growth Time=16min

i H,/CH,=0.2 H,/CH,=0.2 o [® pressure=2Torr

v 1 1 1 1 1 1 1 1 1 1 1

© 0 1 2 3 4 s 5 10 15 02 04 06
Pressure (Torr) Growth Time (min) H,/CH,

Fig. 4. Density of carbon clusters on graphene with different growth conditions (a) Chamber pressure dependency of carbon clusters. Graphene samples grown by recipes #1, #2, and #3
are examined. (b) Influence of growth time to the density of carbon dots. Data from recipes #3, #4, and #5 are used. (c) H,/CH,4 gas flow rate dependency. Recipes #2, #6, and #7 are

employed.

parameters for Cu grain coalescence. After 1000 °C and 60 min pre-
annealing, unmerged small Cu grains and newly formed big grains
were coexisting.

While some detailed surface morphological properties of the Cu sub-
strate can be easily observed in an optical microscope, surface features
of graphene are barely visible due to its high transparency. We therefore
further characterized graphene on Cu substrates with SEM (FEI Helios
NanoLab). Similar to optical microscope images, we observed Cu grains
with low magnification SEM (Fig. 6b & c). In SEM images taken by a
backscattering electron detector in Fig. 6b and Fig. 7a, Cu grains can be
clearly identified by the contrast changes arisen from different grain ori-
entations, which are less obvious in the ETD SEM image (Fig. 6¢).

3.2. Graphene morphology

Besides Cu morphology, other kinds of features can be observed
throughout the CVD grown graphene, e.g., dark lines. These dark
lines are known as graphene folding lines. During growth, the ther-
mal expansion coefficient for Cuis 16.3 x 105K~ ! at 300 K and
20 x 107% K~ ' at 800 K [15], while graphene has mainly a negative
thermal expansion coefficient ranging from —7.9 x 1075 K~ ! to
4.35 x 10~ K~ [16-21]. This difference in the thermal expansion
coefficient between graphene and the Cu substrate generates ap-
proximately 0.3-0.6% thermal strain in CVD grown graphene on Cu
(111) [22]. This strain, however, is much lower than CVD graphene's
intrinsic strain limit, which is as high as 20% [23]. In addition to the

mechanical properties, the electrical properties of CVD graphene
are comparable to exfoliated graphene [24]; thus we believe that
the small amount of defects generated is negligible and does not de-
grade intrinsic properties of graphene. The thermally induced stress
lifts up some areas of graphene and thus makes narrow trilayer
graphene folding lines [25,26]. We found that the contrast of folding
lines depends significantly on SEM detector type. While folding lines
are invisible on a backscattering electron SEM image (Fig. 7a), they
are clearly observed in secondary electron SEM images collected by
ETD and through the lens detector (TLD) with a magnetic immersion
lens, where they appear as lower brightness compared to the bright-
ness of monolayer graphene regions. Moreover, as shown in Fig. 7b
and c, folding lines appear with better contrast in the SEM images
taken with TLD than those taken with ETD. In addition to graphene
folding lines, many dark spots (yellow circles in Fig. 7a-c) are also
visible on the SEM images and these areas are few-layer graphene
[27]. Few-layer graphene regions are visible in all three types of de-
tectors. Similar to folding lines, TLD images provide the best contrast
of the features. Since graphene is transparent to high energy elec-
trons, most of backscattered electrons and secondary electrons are
generated from the Cu substrate underneath the graphene. The gen-
erated electrons need to pass through graphene and be collected by
SEM detectors, in a way that graphene can act as electron barriers
to block some of the electrons emitted from Cu. As the number of
graphene layers increases, more electrons generated from the sub-
strate will be blocked, leading to lower brightness in SEM images.

Fig. 5.2 kV (a) original and (b) colored SEM images of Cu substrate with forming gas process. Many terraces are created due to Cu evaporation, as also evidenced by re-deposition of Cu on

quartz tube wall downstream. Scales bars are 3 pm.
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Fig. 6. (a) An optical microscope image of graphene on a Cu substrate. The image shows the shape and morphology of Cu grain after 1000 °C, 60 min pre-annealing along with CVD
graphene synthesis. (b) & (c) Low magnification 5 kV SEM images of the same area of graphene on Cu with both (b) backscattering electron detector and (c) ETD. Big and small Cu grains

are coexisting on the images. Scale bars are 300 um in (b) & (c).

Thus, by calibrating their brightness, one could precisely identify the
number of layers of graphene using only SEM [28].

3.3. Colored SEM images

The surface features of the CVD graphene in SEM images can be fur-
ther clarified and easily identified by a software enhanced imaging pro-
cess. Since SEM detectors are monochromic, thus detected electrons
from the sample are converted to the images only by using brightness
and contrast to display information of the samples; sometimes captured
graphene morphology properties are not clear enough to precisely iden-
tify appearances of surface features. By adding software assisted colors
in these SEM images, surface morphology of the CVD graphene on Cu
substrates can be further clarified. Fig. 8 shows SEM images before
and after software enhancement. As shown in Fig. 8b, few-layer
graphene regions and narrow folding lines on the CVD graphene can
be clearly identified by different colors. In addition to graphene surface
characteristics, details of Cu substrate morphology are also vividly
enhanced.

3.4. Influence of electron acceleration voltage

To further investigate SEM imaging conditions, we lowered the elec-
tron acceleration energy from 5 kV to 1 kV and measured surface fea-
tures of graphene on Cu foils produced by recipe #8, by employing
TLD. As shown in Fig. 9b-h, numerous features appear comparing to
SEM images in Fig. 7a-c, where typical SEM operating conditions were
applied (5 kV electron acceleration voltage). Most prominently, folding
lines are brighter than monolayer graphene in Fig 9, which is clearly dif-
ferent than those in Fig. 7a-c. In addition, the contrast of folding lines is
greatly enhanced, making them highly distinctive in SEM images. Be-
sides folding lines, we found numerous of bright small spots on
graphene in SEM images. These may be graphene defects such as dis-
continuities of carbon atoms, ruptures, and three-dimensional carbon
structures, which may generate more secondary electrons. Moreover,
as shown in Fig. 9b-e, these bright small features are denser in areas
of graphene on small unmerged Cu grains than on large coalesced Cu
grains, indicating a graphene quality reduction caused by Cu surface fea-
tures, such as steps, terraces and rough surfaces. Therefore, we conclude
that low electron acceleration voltage SEM can lead to smaller

Trilayer

Folding Line

Cu Substrate

Fig. 7. 5 kV SEM images of graphene on Cu substrates with different detectors. High magnification SEM images using (a) backscattering detector (b) ETD, and (c) TLD. The red arrows in-
dicate graphene folding lines, the yellow circles present multilayer graphene regimes, and each blue text of ‘Cu GB’ indicates a Cu grain boundary. Scale bars in (a)-(c) are 5 pm. (d) A

schematic illustration of a folding line.
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Fig. 8. Color-enhancement of an SEM image of graphene on Cu. (a) A 5 kV SEM image captured using TLD. (b) The software colored SEM image. Not only graphene features, but surface

morphology of Cu substrate is also greatly enhanced. All scale bars are 5 pm.

penetration depth, and provide better morphological information of
graphene, which is suitable for high-throughput characterization of all
atomically thin two dimensional materials.

4. SEM characterization of transferred graphene

We transferred our CVD graphene (recipe #8) onto SiO,/Si sub-
strates to further explore the structural features and quality of
graphene. Under SEM, some different types of morphological character-
istics were identified from the graphene on SiO,/Si substrates.

4.1. Graphene transfer process
We transferred graphene, synthesized using recipe #8, from Cu foils

onto 290 nm-thick-SiO, on Si substrate, with both flat/blank substrates
and pre-patterned structures [29,30]. Since atomically thin graphene

can be easily damaged during the transfer process, polymethyl methac-
rylate (PMMA) was coated on the graphene side of the graphene/Cu foil
substrate for protection and support purposes. Next, we gently put the
PMMA /graphene/Cu sandwich into Fe(NOs)s solution (1 M) with
PMMA side up in order to etch away Cu foil completely (Fig. 10b). The
remaining PMMA/graphene heterostructure floated in the Cu etchant
solution because PMMA is light and hydrophobic. Following the Cu
etching process, PMMA/graphene structures were carefully scooped
and rinsed in deionized (DI) water to wash away remaining Cu etchant
solution (Fig. 10d). To ensure that the sample is etchant free, the rinse
step was repeated 6 times. Then, we dipped the 290 nm-SiO,-on-Si sub-
strate into DI water and placed the PMMA/graphene structures onto the
desired position of the substrate (Fig. 10e). The free standing side of
graphene surface adhered to the SiO,/Si substrate by van der Waals
forces. After drying, the PMMA support was removed by acetone and
isopropyl alcohol (IPA). The resulting graphene region has clearly

Big
Grains

Big 4
Grains

Fig. 9. 1 kV SEM images of graphene on Cu substrates with different detectors. (a) Low magnification SEM images with ETD detectors. Scale bar is 200 um. (b)-(h) High magnification SEM
images with TLD detectors. The red arrows indicate graphene folding lines and each blue text of ‘Cu GB’ indicates a Cu grain boundary. Scale bars in (b)-(h) are 5 um.
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Fig. 10. Graphene transfer. (a)-(f) A schematic illustration of our graphene transfer processes. (a) Graphene synthesized on Cu foil. (b) Graphene/Cu substrate coated with PMMA in
Fe(NO3)3 solution. (c) Graphene on PMMA. (d) Cu etchant solution cleaning using DI water. (e) Contacting SiO,/Si substrate with graphene on PMMA in DI water. (f) Final sample by re-
moving PMMA using acetone and IPA. (g) Photograph of transferred CVD graphene on the flat 290nm-SiO,-on-Si substrate. Scale bar is 1 cm. Graphene is visible by color and contrast.

different color and contrast compared to bare SiO,/Si substrate, making
graphene visible with the naked eyes (Fig. 10 g) [31].

4.2. Quality of graphene on SiO, substrate

We examined the quality of graphene transferred on 290 nm-SiO,-
on-Si substrates by performing Raman spectroscopy on various spots
(Fig. 11). Raman data from four different positions clearly demonstrate
very small D peak, sharp 2D peak (with FWHM ~30 cm™!), showing
high quality of the sample after the wet transfer process. Moreover, all
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measured Raman spectra are almost exactly the same, indicating great
uniformity of transferred CVD graphene.

4.3. Morphology of non-suspended graphene on SiO, substrate

While optical microscope images and Raman results demonstrate
that transferred graphene is continuous and of high quality, SEM images
reveal new features of the CVD graphene on SiO,. Besides dark graphene
folding lines, narrow bright lines were found in the transferred
graphene on SiO, (Fig. 12). As shown in Fig. 12a, these lines are wrinkles
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Fig. 11. Summary of Raman measurements taken at various locations across CVD graphene transferred onto SiO,. The table summarizes measured D, G, 2D Raman peaks.



J. Lee et al. / Diamond & Related Materials 54 (2015) 64-73 71

SiO,

Fig. 12. Transferred graphene on 290 nm-SiO,-on-Si substrate. (a) An illustration of a graphene wrinkle. (b) 5 kV SEM images of transferred graphene on the SiO,/Si substrate using a TLD.
The red arrows indicate a graphene folding line and the violet circle marks the region with many graphene wrinkles. Scale bar is 5 pm.

in graphene [26,32] which were introduced during the transfer process.
These results suggest that SEM is a powerful tool for identifying nano-
scale surface roughness in transferred graphene which cannot be easily
detected by Raman spectroscopy.

4.4. Morphology of suspended graphene on SiO, substrate

We fabricated suspended graphene structures using the same wet
transfer process in Section 4.1 and investigated their surface morpho-
logical characteristics with SEM (Fig. 13). In the images, clear contrast
was observed between the suspended and non-suspended areas. As
shown in Fig. 13a and b for circular drumhead graphene membranes,

residues of PMMA can be clearly observed on the suspended graphene
areas, while on non-suspended areas, they become less obvious. Similar
contrast was observed in side-view SEM images of graphene suspended
across triangular trenches (Fig. 13¢ & d). This process is useful for mak-
ing suspended devices such as two-dimensional vibrating mechanical
resonators [33].

Finally, we have demonstrated non-contact, in-situ mechanical ma-
nipulation of suspended graphene using SEM. Interestingly, we have ob-
served bulging of suspended circular graphene drumheads induced by
electron beam irradiation (Fig. 14). When the sample of transferred
graphene membranes covering circular microtrenches was loaded into
the SEM for examination, initially the membranes were mostly

Fig. 13. Suspended CVD graphene on the pre-patterned 290 nm-SiO,-on-Si substrates. (a) A Top view, and (b) 45 degree tilted SEM image of circular drumhead graphene. (c)-(d) 52 de-
gree tilted view SEM images of graphene on triangular trenches, measured with 2 kV electron acceleration voltage with the TLD. All scale bars are 1 um.
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Fig. 14. SEM snapshot images (from real-time video during in-situ measurement). Examples of membrane bulging of transferred CVD graphene under electron beam irradiation in the

SEM. All scale bars are 1 um.

collapsed to the bottom of the trenches, and a small population of mem-
branes were free-standing flat. They remain in such status in SEM vacu-
um after the SEM imaging started and when the magnification was low.
As shown in Fig. 14, as we zoomed into small regions with increasing
magnification, and focused the electron beam onto an individual trans-
ferred graphene membrane, we clearly observed that the collapsed
membranes start to inflate and bulge up in real time, gradually achiev-
ing dome-shaped structures (images of Fig. 14 are directly taken from
a video recorded during the SEM imaging). This intriguing bulging phe-
nomenon immediately means that the focused electron beam irradia-
tion has caused a pressure difference [34]. It suggests that the electron
beam irradiation is effective in activating or exciting vapor or gas mole-
cules trapped underneath the membranes, and adsorbates on various
inner surfaces and corrugations inside the cavity, and thus ‘degassing’
the cavity, inducing pressure difference, and driving the bulging effect.
These observations also suggest that such electron beam irradiation
may be exploited to help salvage devices suffering from stiction, a
well-known challenge in making one-/two-dimensional suspended
structures out of liquid phase solutions and processes.

5. Conclusions

By examining the quality of graphene samples from different CVD
growth conditions, we have determined a recipe for high quality CVD
graphene synthesis. We show that SEM can be used for characterizing
and identifying features (e.g., wrinkles, folding lines, defects, numbers
of layers, and wet transfer residues) in CVD graphene. Specifically, we
show that low acceleration voltage SEM with the TLD detector is partic-
ularly suitable for imaging CVD graphene. We have further demonstrated
releasing and bulging of CVD graphene membranes that were initially in
stiction, by utilizing focused electron beam irradiation inside SEM.

Prime novelty statement

We report an improved recipe for synthesizing high-quality
graphene through chemical vapor deposition (CVD), scanning electron
microscopy (SEM) characterization of CVD graphene, and optimized
SEM imaging conditions for efficient visualization of surface features
in CVD graphene.
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