Direct Growth of Single-layer Terminated Vertical Graphene Array on

Germanium by Plasma Enhanced Chemical VVapor Deposition

Abdulrahman Al-Hagri,** Ru Li ,** Nitul S Rajput,!Jin-You Lu,'* Shan Cong,? Karen
Sloyan,! Mariam Ali Almahri,! Srinivasa Reddy Tamalampudi,® Matteo Chiesa,**" and
Amal Al Ghaferil”

!Laboratory for Energy and Nano Science, Masdar Campus, Khalifa University, Abu
Dhabi, UAE

2Key Lab of Nanodevices and Applications, Suzhou Institute of Nano-Tech and
Nano-Bionics, Chinese Academy of Sciences (CAS), Suzhou 215123, China
3Department of Physics and Technology, UiT The Arctic University of Norway,

Tromsg, Norway.

* Corresponding authors: Tel:+971- 02 810 9144

E-mail: matteo.chiesa@ku.ac.ae (Matteo Chiesa), amal.alghaferi@ku.ac.ae (Amal Al

Ghaferi)

*These authors contributed equally.


mailto:matteo.chiesa@ku.ac.ae
mailto:amal.alghaferi@ku.ac.ae

Abstract

Vertically aligned graphene nanosheet arrays (VAGNAS) exhibit large surface area,
excellent electron transport properties, outstanding mechanical strength, high chemical
stability, and enhanced electrochemical activity, which makes them highly promising
for application in supercapacitors, batteries, fuel cell catalysts, etc. It is shown that
VAGNAs terminated with a high-quality single-layer graphene sheet, can be directly
grown on germanium by plasma-enhanced chemical vapor deposition without an
additional catalyst at low temperature, which is confirmed by high-resolution
transmission electron microscopy and large-scale Raman mapping. The uniform,
centimeter-scale VAGNASs can be used as a surface-enhanced Raman spectroscopy
substrate providing evidence of enhanced sensitivity for rhodamine detection down to

1x10° mol L due to the existed abundant single-layer graphene edges.



1 Introduction

Vertically aligned graphene nanosheet arrays (VAGNAS), in which two-dimensional
(2D) graphene nanosheets are grown perpendicularly to the substrates to construct a
three-dimensional (3D) ordered and interconnected array structure with enriched edges
of graphene sheets, have attracted increasing interests for their application in gas
sensors,[1] biosensors,[2] electrocatalysts,[3] field electron emission,[4, 5]
photothermal,[6] solar cell,[7] electric double-layer capacitors,[8] faradaic
pseudocapacitors,[9, 10] lithium-ion batteries,[11] vanadium redox flow batteries[12,
13] and fuel cells[14] due to their abundant edges, open channels, large surface area,
excellent conductivity and enhanced electrochemical activity.[15, 16] Plasma enhanced
chemical vapor deposition (PECVD) has been used to grow VAGNAS on various
substrates, including metals (Cu, Ni, W, Al, Ti, Pt, stainless steel), semiconductors (Si,
Ge, GaAs) and dielectrics (SiO2 and Al203).[17-22] In general, the growth of VAGNAS
by PECVD is a complicated process, where the morphology, nanosheet size,
crystallinity, phase composition, and adhesion are strongly influenced by gas
composition, substrate biasing, pressure, applied plasma power, substrate temperature,
growth time, and substrate type.[15] Typically, the VAGNASs grown by PECVD have
a tapered structure, with few-layer graphene at the top and multilayer graphene at the
bottom, standing perpendicular to the substrates.[17, 18, 21, 23] The carbon
precursors,[24] gas ratio of CHa4/H>,[18] dopants such as NHz or N2,[25] and substrate

bias[19] have been used to tune the morphology and structure. VAGNAS with a bi-



layered Raman feature have been obtained by fine tuning the gas ratio, temperature and
plasma power.[5, 18] Keivan et. al. reported the direct growth of VAGNAS terminated
by bi-layered graphene on Si/Au and Si/Ni substrates.[17] However, VAGNAS
terminated by high-quality single-layer graphene has yet to be obtained.

In this work, we report the direct growth of large-area, uniform VAGNAS with a
height of 30-190 nm via a PECVD approach at a low temperature of 625°C on Ge
substrate. In the literature, the mechanism of VAGNAs grown by PECVD has been
discussed in the light of ion bombardment effect and directional electric field.[5, 26] At
the beginning of the PECVD process, a defected multilayer graphene film as buffer
layer will grow horizontally on the substrate, and then the graphene nanowall sheets
will form in vertical configuration owing to the intense plasma-induced ion
bombardment and electric field. The catalytic activity of Ge substrate[27, 28] plays a
role at the beginning of the multilayer graphene film deposition, which in turn affects
the quality of VAGNASs. The as-grown VAGNASs show a tapered structure with high-
quality single-layer graphene termination, which is confirmed by high-resolution
transmission electron microscopy (HR-TEM) and Raman mapping. It is found that the
amorphous carbon deposited inside the PECVD chamber is critical for the growth of
single-layer graphene. Furthermore, the VAGNAS can be employed as an efficient
surface-enhanced Raman spectroscopy (SERS) substrate with detection sensitivity
down to 1x10° mol L rhodamine due to the ultra-clean surface and the abundant
single-layer graphene edges.

2 Experimental



2.1 PECVD growth of VAGNAs

Synthesis of the VAGNASs was carried out by an Oxford PlasmaPro® 100 PECVD
system, plasma was generated by an RF generator (13.56 MHz) close to the Ge surface
(22 cm). 1 cm? undoped Ge<111> was cleaned by acetone, isopropanol and deionized
water before growth. The PECVD chamber was heated to 625°C under a flow of 20
sccm Ha. To grow the VAGNAS, 40 sccm CH4, 60 sccm Ho, and 400 sccm Ar were
ignited with a plasma power of 20-80 W at a pressure of 400 mTorr. The total growth
time was 90 min. After growth, the system was cooled down to 250°C with a flow of
20 sccm H and 1000 sccm Avr.
2.2 Characterization of VAGNAs

AFM image was collected by a Cypher S system. SEM images were taken in a dual
beam system (FEI Helios Nanolab 650). The tool was also used to prepare cross-
sectional samples. Raman spectra were recorded with a WITec alpha300 R system with
a laser wavelength of 532 nm at room temperature and under ambient conditions. The
optical images were obtained using an Olympus BX51M optical microscope. The TEM
analysis of the samples was done in a Titan G2 80-300 kV instrument operating at 80
kV. The system is also integrated with a Gatan Imaging Filter (GIF) for Electron energy
loss spectroscopy (EELS) studies. TEM samples were prepared by spin-coating of
PMMA on top of VAGNA S first, etching away Ge in HNOs: HF: H.0=1:1:3 solution,
transferring PMMA/VAGNAs to a Quantifoil TEM grid and finally removing the
PMMA by acetone.

2.3 Raman enhancement measurement



R6G ethanol solutions with concentration varying from 10 to 10® M were obtained
from a stock solution of 10° M by successive dilution. Then, 50 pL of R6G solution
with a given concentration was dropped on the substrate and was allowed to spread
over the whole surface of the substrate spontaneously, followed by drying at room
temperature for 2 hours in the dark. Raman spectra were subsequently acquired on a
high-resolution confocal Raman spectrometer (LabRAM HR-800) with an excitation
laser of 532 nm. The spectra were collected by using a x50 L objective lens for 15 s
with a laser spot diameter of about 1 um and power of 0.3 mW for all acquisitions.

3 Results and discussion
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Fig. 1. VAGNAs grown on Ge substrate. (a) Schematic illustration of the PECVD
system. AFM topography of VAGNAs (b) before and (c) after 20 min O plasma
treatment, and the corresponding cross-section profile indicated by the red line,
respectively. (d) Side and top SEM view of the VAGNAs. (e) The TEM image of
VAGNA:S in front view. (f) High-resolution TEM of the tapered structure, single-layer
graphene is indicated by an arrow, inset, the schematic illustration of the tapered

structure.



The PECVD system for the growth of VAGNASs is schematically shown in Fig. 1a,
where high purity methane (CHa, 99.999%), hydrogen (Hz, 99.999%), and argon (Ar,
99.999%) were used as carbon precursor, etching agent, and carrier gas, respectively.
A cleaned 1 cm? undoped Ge<111> was placed in the center of the lower electrode that
acted as a heat plate. CH4, H2, and Ar were injected through a showerhead and plasma
was generated by an RF generator (13.56 MHz). Since the plasma generator is close to
the Ge surface (<2 cm), which has a strong ion bombardment effect and results in a
rough Ge surface at the growth temperature of 625°C. The roughness of Ge was
measured by atomic force microscopy (AFM) after the VAGNAS was removed by 20
min oxygen (Oz) plasma treatment (Fig. 1c), where a maximum 6 nm height difference
was observed. Additional experiments confirmed that the 20 min O, plasma treatment
did not introduce extra roughness (Fig. S1, Supporting Information) and the VAGNAS
was removed completely (Fig. S2). Fig. 1b shows the typical surface morphology of
VAGNAS, where a maximum 40 nm height difference is observed, which is consistent
with the typical 40-60 nm height VAGNASs. The side and top view of VAGNAs (Fig.
1d) show that graphene nanosheet stands perpendicularly to the substrates to form a 3D
ordered and interconnected array structure, which is more clear in the tilted view (Fig.
S3). TEM was used to characterize the tapered structure of the VAGNAs. As shown in
Fig. le, it is found that the VAGNASs are continuous. HR-TEM (Fig. 1f) shows that
single-layer graphene termination at the top of VAGNAS, the inset shows the schematic

illustration of the VAGNAS.
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Fig. 2. Finite difference time domain (FDTD) simulation of the interaction between
the incident laser and VAGNAs structure (a) incident light (Ex) interacting with the
VAGNAS on Ge substrate. (b) the scattered electric field with the polarization in the y-
direction. (c) the scattered energy flow distribution in the x-direction.

Raman spectroscopy has been an effective tool in identifying the presence of
graphene and the number of graphene layers. However, in the case of a vertically grown
graphene structure where the tip is terminated by mono or few layers of graphene, the
interaction of laser and the vertical graphene (VG) structures and hence the scattered
electric field and power flow is expected to be much different than that of the flat
graphene layers. We have used a home-made two-dimensional finite difference time
domain method (FDTD)[29] to study the interaction of the laser and structures of
VAGNAS, as shown in Fig. 2a. Details of the simulation parameters are included in
Supplementary Information. For the incident wavelength of 532 nm, the FDTD
calculation results show that the scattered electric field and scattered energy flow are

concentrated near the topping structure of the VAGNASs, as indicated by the electric



field Ey and energy flow Px in Fig. 2b-2c. Therefore, the detector in the Raman
spectroscopy mainly collects the scattered light from the topping structures because of
the enhanced electric field at the tip. This suggests the effectiveness of Raman data in
identifying the number of terminated graphene layers, despite having multiple layers at
the base of the grown VAGNAs. Henceforth, along with TEM, Raman signal has been

subsequently used to identify the terminated graphene layers in the grown VAGNAS.
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Fig. 3. The effect of CH4/H: ratio on VAGNAs growth. (a)-(d) Raman, (e)-(h) optical,
()-(j) AFM and (m)-(p) SEM are used to characterize the VAGNAS grown with CHa/H>
ratio of 30/70, 40/60, 50/50 and 70/30, respectively.

The effect of CH4/H: ratio on the VAGNAs growth is illustrated in Fig. 3. Raman,

optical, and AFM were used to characterize VAGNAs grown with different CH4/Hz
9



ratios. It is found that excess H> does not produce VAGNAs (Fig. 3a), which shows a
grey color (Fig. 3e), smooth surface (Fig. 3i) and low roughness Ra of 3.844 nm (Fig.
3i). As more CH4 was supplied, multilayer graphene terminated VAGNAS began to
form (Fig. 3b-3d). It is found that a high-intensity D peak appears in all the Raman
spectra, which comes from defects such as edges, point vacancy, 5-7 ring and so on.
Besides that, the existence of a shoulder D’ peak located at 1622 cm™ is also indicative
of a defect structure.[30-33] Optical images (Fig. 3e-3h) show that as more CHgs is
introduced, the height of VAGNASs increases from 30 nm to 190 nm (Fig. 3m-3p),
which leads to a color change from gray to dark brown. As confirmed by AFM (Fig.
3i-3l), the VAGNAs grown with CH4/H2 of 40/60, 50/50 and 70/30 exhibit similar

surface topography and roughness (Ra of ~13 nm).

(a) CH4:H2=40:60, Plasma:80W |(b) CH4:H2=40:60, T:625°C
f ‘ '
~| her 550 ~| ep
:i ,,__./iﬂn, 575 ,S:.__.../'\._—'\.___. : AI‘N“;“ 80 w UL NN
L L
S| . ecocc . %] o e0w
5 Zr—n
g I £ I
% B J\\“_}\‘ - @7257% N *E _Jli‘ "\h_‘M_._/\__M_L
E ) E
A _Ji__650°C A __20W B
I T R MR T 1 ] T

1000 1500 2000 ZSOQ 3000 1000 1500 ZOOO 2500 3000
Raman shift (cm Raman shift (cm™

Il single layer
I Double layer

f‘ CH4:H2=40:60, T:625°C, P:60W

ﬁJ{kj\ 1#Run A\./&,,,A

1500 ZDOO 250p 3000
Raman shift (cm)

CHa:H2=40:60, T625 C, P:60W|

J\fu 54 Run J\»ﬂw

1 2 3 4 5 6 1500 2000 2500 3000
No. of Runs Raman Shift (cm™

50%

0%

Intensny (a.u) 5 Intensity (a.u.)
S
=3

]
o
[=3

Fig. 4. Growth of single-layer graphene terminated VAGNAS. Raman spectra of
VAGNAs grown with (a) different temperature and (b) plasma power. (c) Statistical
percentage (10 points) of the Raman spectra with different run numbers, and the
corresponding typical Raman spectra of the 1% and 5" run, respectively
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To grow VAGNAs terminated with single-layer graphene, we optimized the
temperature, plasma power and PECVD chamber environment, and summarized the
results in Fig. 4, all the Raman peaks are normalized to G peak intensity and the relative
intensity ratio of l.p/lc was used to identify the graphene thickness at the top of the
VAGNAsS, the I2p/lc and FWHM of 2D were summarized in Table S1 and Table S2.
As shown in Fig. 4a, at a low temperature of 575°C, the high ratio of Ip-/lg indicates
more defects.[31] At an optimal temperature of 625°C, VAGNASs with I2p/ls close to 1
indicates the presence of mainly bi-layer graphene terminated VG, whereas the non-
optimized temperature of 600°C and 650°C produces the VAGNAs with multilayer
graphene edges. It is found that the plasma power has similar effects (Fig. 4b), the
optimal plasma power is found to be 60 W. In our work, we found that the PECVD
chamber environment had a critical effect on the top structure of VAGNASs. Fig. 4c
shows that in the first two runs, VAGNASs terminated with mainly bi-layer graphene
edges can be achieved, which was also observed in TEM (Fig. S4); and in the 3" and
4" runs, VAGNAs terminated with single-layer graphene appears; finally, from the 5™
run, uniform, large-area VAGNAs terminated with single-layer graphene can be
obtained. However, the sample surface becomes non-uniform after the 8" run (Fig. S5),
indicating that the PECVD chamber needs to be cleaned. As more carbon gets deposited
on the PECVD chamber wall and the carrier wafer (Fig. S6), the activated species
adsorbed in the carbon deposits could benefit the growth of VAGNAS.[34] Wang et.
al.[35] prove that the amorphous carbon deposited inside the PECVD chamber can be
used as a carbon source to grow bilayer and trilayer vertical graphene on a metal

11



substrate. In our experiments, the single-layer graphene terminated VAGNAS can only
be obtained after enough amorphous carbon deposited inside the chamber. Briefly, the
intense ion bombardment introduces surface roughness that leads to defects and buckles
in the buffer layers, followed with the accumulation of internal stress. Accordingly, the
edges of buffer layers or defects curved upward, and the vertical growth of graphene
stemmed from these curving edges. Finally, the diffusion of carbon cations along the
vertical nanowall was enhanced by the local electric field in the sheath layer in plasma,
which guided the vertically oriented growth of graphene.[26] The vertical graphene
growth by PECVD appears to be a complex process and extensive study is needed to

clarify the growth mechanism of single-layer graphene terminated VAGNAs.
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Fig. 5. Characterization of the large area, uniform single-layer graphene terminated
VAGNA:s. (a) Photo of a 1 cm? VAGNAS grown on Ge substrate, the inset shows the
collection position. Raman spectra summarized in (e). (b) Typical Raman spectra of the
single-layer terminated VAGNAs and the corresponding Raman mapping of the (f) 2D
peak, (g) G peak and (h) D peak. Raman mapping of 2D/G and G/D were summarized
in (c) and (d), respectively.
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Table 1: The ratio of I.p/lc, FWHM, and position of 2D peak extracted from Fig. 5e

lo/lc FWHM of 2D (cm?) Position of 2D (cm™)

VAGNAs 22+0.2 323104 2694+1.2
Ref. 17 [Fig. 6] NA 36 (Si/Ni substrate) 2698 (Si/Ni substrate)
NA 41(Si/Au substrate) 2698 (Si/Au substrate)

Raman mapping was used to examine the uniformity of the 1 cm? VAGNAS grown
on Ge. As shown in Fig. 5a, we collected Raman spectra from 9 different points, the
inset shows the collection position, the results were summarized in Fig. 5e and Table 1,
all of which confirmed the single-layer graphene terminated VAGNAS. Fig. 5b shows
a typical Raman spectrum of the single-layer graphene terminated VAGNASs, with a
strong D peak centered at 1352 cm™ indicating high defect density. Besides that, the
appearance of D’ peak (1622 cm™) and D+G peak (2945 cm™) is also indicative of a
defect structure.[30-33] The typical I.0/l ratio of ~2 and FWHM of 32 cm™ indicate
single-layer graphene at the top, and the blueshift of the 2D peak (2693 cm™) compared
with exfoliated graphene on SiO, (2683 cm™) points to the existence of compressive
strain in the graphene.[36] Raman mapping of 2D, G and D peaks shown in Fig. 5f-5h
confirms a uniform VAGNAS within the scan range of 485 umx493 um. The Raman
mapping of I2p/lc and Ie/lp shown in Fig. 5¢ and Fig. 5d further confirm the uniformity

of the VAGNASs grown on Ge. The uniformity of the Raman mapping, which is a result

13



of the scattering of light mainly from the tip structure, suggests that most of our

VAGNA:s are terminated with the same number of graphene layers.
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Fig. 6. VAGNAs as SERS substrate. (a) Schematic of the experimental procedure. (b)
Raman intensity of R6G (10* M) on the transferred single-layer graphene grown on
copper, 1L VAGNAs and ML VAGNA:s. (¢) Raman spectra of R6G collected from 1L
VAGNA:s at different concentrations of 10, 107, and 10® M (scale bar: 500 cps).
High-quality single-layer graphene has been used as an efficient SERS substrate due
to the charge transfer between absorbed molecular and the 2D honeycomb crystal
structure, which results in a chemical enhancement. Single-layer graphene exhibits a
much stronger SERS effect than that of the multilayer graphene because of the more
effective charge transfer process.[37] Rhodamine 6G (10* M, R6G) was used as a
Raman probe to study the SERS of the VAGNAS, the characteristic peaks of R6G were
labeled by an asterisk. Fig. 6a shows the schematic of our SERS experimental procedure.

As shown in Fig. 6b, VAGNAs terminated with single-layer graphene (1L VAGNAS)
14



exhibits the strongest SERS effect, while the VAGNASs consisting of multilayer
graphene (ML VAGNASs) shows a weaker SERS effect. Charge transfer is more
efficient between single-layer graphene and R6G molecular than that of the multilayer
graphene. In addition, the R6G molecular is more favorable to attach to the edge of
single-layer graphene, which further enhances the SERS of 1L VAGNAs. Compare to
the VAGNASs, the continuous single-layer graphene grown on copper and then
transferred to the Ge surface (CVD-Gr) exhibits the weakest SERS effect because most
of the laser energy has been absorbed by the semiconductor Ge substrate. Fig. 6¢ shows
that the SERS sensitivity of VAGNASs can be as low as 10° M R6G.
4 Conclusions

In summary, growth parameters such as CH4/H: ratio, temperature, plasma power,
and chamber environment have been systematically studied and optimized. It is shown
that large-area, uniform VAGNAs terminated with high-quality single-layer graphene
can be directly grown on Ge surface by PECVD without catalyst at low temperature.
Due to the abundant single-layer graphene edges and the clean surface, the VAGNAS
can be used as an efficient SERS substrate with detection sensitivity down to 10° M
R6G. We believe that VAGNASs can be further used in supercapacitors, batteries, and
fuel cell catalysts in the future.
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