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Electric-Field-Assisted Growth of Vertical Graphene Arrays 
and the Application in Thermal Interface Materials

Shichen Xu, Shanshan Wang, Zhe Chen, Yangyong Sun, Zhenfei Gao, Hang Zhang,* 
and Jin Zhang*

Owing to the development of electronic devices moving toward high power 
density, miniaturization, and multifunction, research on thermal interface 
materials (TIMs) is become increasingly significant. Graphene is regarded 
as the most promising thermal management material owing to its ultra-
high in-plane thermal conductivity. However, the fabrication of high-quality 
vertical graphene (VG) arrays and their utilization in TIMs still remains a 
big challenge. In this study, a rational approach is developed for growing 
VG arrays using an alcohol-based electric-field-assisted plasma enhanced 
chemical vapor deposition. Alcohol-based carbon sources are used to 
produce hydroxyl radicals to increase the growth rate and reduce the 
formation of defects. A vertical electric field is used to align the graphene 
sheets. Using this method, high-quality and vertically aligned graphene with 
a height of 18.7 µm is obtained under an electric field of 30 V cm−1. TIMs 
constructed with the VG arrays exhibit a high vertical thermal conductivity 
of 53.5 W m−1 K−1 and a low contact thermal resistance of 11.8 K mm2 W−1, 
indicating their significant potential for applications in heat dissipation 
technologies.
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1. Introduction

Thermal interface materials (TIMs) 
are crucial in the modern electronics 
industry, as efficient heat dissipation 
technology is necessitated for the fabri-
cation of high-performance integrated 
circuits.[1–3] Graphene, which comprises 
of a single layer of sp2-hybridized C 
atoms, has a high in-plane thermal con-
ductivity of up to ≈5000  W  m−1  K−1;[4] 
therefore, it can be considered as a 
promising candidate of TIMs. Significant 
efforts have been expended in designing 
graphene-based composites for next-
generation TIMs, including graphene-
organic-polymer-resin composites (such 
as epoxies, urethanes, and silicones)[5–15] 
and graphene-inorganic-thermal-conduc-
tive-fillers composites (such as boron 
nitride and zinc oxide).[16–18] However, 
the random alignment of graphene 
nanoflakes, loose contact between gra-
phene and mating surfaces, as well as 
additives with inferior heat conductivity 

tend to restrain the excellent anisotropic thermal conduct-
ance of graphene.

In principle, vertical graphene (VG) has a higher heat transfer 
capability than that of the randomly arranged graphene-based 
composites. A number of approaches have been developed for 
the construction of VG structures, including top-down methods 
represented by physical mechanical machining[17–21] and 
bottom-up methods represented by plasma-enhanced chemical 
vapor deposition (PECVD).[22–35] Using mechanical machining, 
vertically aligned graphene foams[21] and vertical graphene 
monoliths[20] can be obtained by directional freezing-drying 
and shrinking-compressing, respectively. Both of these ver-
tical graphene structures exhibit excellent thermal conductivity. 
Apart from mechanical methods, VG has been grown directly 
on various substrates using PECVD, which can be classified 
into numerous subclasses, including microwave PECVD,[27–29]  
inductively coupled PECVD,[23,36–38] capacitively coupled 
PECVD,[30,31] and direct current PECVD.[39] Small petal-like 
and forest-like graphene, constructed by the random assembly 
of nanosheets, are typically observed in inductively coupled 
PECVD and microwave PECVD.[23,36,38,40] Vertically aligned 
graphene nanosheets can be grown to a height of several hun-
dred nanometers within hours by using capacitively coupled 
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PECVD and direct current PECVD.[30,31] However, enhancing 
the growth rate and accurately controlling the orientation of VG 
simultaneously still remains challenging. Therefore, it is highly 
desirable to develop a simple approach to grow VG with regu-
larly oriented graphene sheets at a high velocity.

Herein, we developed an alcohol based electric-field-assisted 
(AEF)-PECVD method, which can rapidly grow highly crys-
talline graphene sheets that are fully perpendicular to the 
substrates. VG arrays with a total height of 18.7  µm can be 
obtained at an average vertical growth velocity of ≈3  µm  h−1. 
TIMs constructed with these VG arrays exhibit a high through-
plane thermal conductivity of 53.5  W  m−1  K−1 and a low con-
tact thermal resistance of 11.8 K mm2 W−1. Furthermore, they 
exhibit higher cooling efficiency than traditional commercial 
thermal conductive taps in the actual TIMs performance meas-
urements, indicating their great potential in the heat dissipa-
tion of high-power electronic devices.

2. Results and Discussion

Figure 1a schematically illustrates the experimental setup with 
a vertical electric field and the growth procedure. Methanol 
was selected as the carbon source, which will decompose into 
various radicals under plasma bombardment. Subsequently, 
carbon-based active species migrated to the edges of graphene 
sheets, resulting in a continuous growth of VG. The synthesis 
can be realized at low temperatures (≈650 °C) on different sub-
strates, such as copper foil, glass, silicon wafer, etc. Figure  1b 
shows a typical scanning electron microscopy (SEM) image of 
VG arrays with the height of 18.7  µm grown in our custom-
designed AEF-PECVD system in 6  h, in which all graphene 
sheets are well-aligned vertically. The results indicate that this 
method can realize a rapid and vertical growth of graphene 
simultaneously.

Carbon source is a key parameter affecting the growth rate 
and quality of graphene. Figure 2 compares the growth results 
when three different types of carbon sources (methane, ethanol, 
and methanol) were introduced. No electric field was applied to 
the PECVD system. Figure  2a shows the cross-sectional SEM 
images depicting the morphology evolution of VG on silicon 
substrates, as a function of the growth time. Methanol was used 
as a carbon source. Randomly oriented graphene sheets formed 
homogeneous graphene nanowalls on the substrates with 
a thickness of 0.88  µm in 0.5  h. The height of the graphene 

nanowalls increased with the sheets density as time progressed, 
yielding a thickness of 10  µm after a 6  h growth (Figure S1, 
Supporting Information). When using ethanol as a precursor, 
the morphology of the graphene nanowalls was similar to that 
using methanol (Figure S2, Supporting Information). How-
ever, using methane resulted in an evident change in the gra-
phene microstructure, in which tightly packed small nanoflakes 
appeared (Figures S3 and S4, Supporting Information).

Figure 2b illustrates the height of the graphene nanowalls as 
a function of growth time when using methane, ethanol, and 
methanol as precursors, separately. Using methanol resulted 
in the fastest increase in the nanowalls thickness, whereas 
using methane resulted in the slowest growth. The height of 
nanowalls prepared using methane was only half of that using 
methanol after a 6-hour growth. It is noteworthy that the par-
tial pressure relation among the three different types of carbon 
sources is Pmethanol = Pmethanol = 2Pethanol, which guarantees the 
equal concentration of carbon atoms in each system. In addi-
tion to the height of the graphene nanowalls, the size distri-
bution of the graphene sheets is also affected by the different 
carbon precursors. Low-magnification transmission electron 
microscopy (TEM) was used to characterize the graphene 
sheets (Figure S5, Supporting Information). In Figure  2c, the 
statistical results show that graphene nanowalls synthesized 
with methanol exhibited the largest sheets size with more than 
90% of the domains exceeding a lateral dimensional of 300 nm. 
Ethanol ranked second, followed by methane with the smallest 
sheets, where less than 50% of the domains was larger than 
300 nm. The ranking of the sheet size corresponded well with 
growth rate of the graphene nanowalls, indicating that the 
methanol-derived graphene sheets yielded the fastest velocity.

Except for the differences in morphology and growth rate, 
the quality of the graphene sheets grown using these three 
carbon precursors also differed significantly. In Figure 2d, the 
Raman signals of graphene grown at different growth stages 
using methane, methanol, and ethanol are compared statisti-
cally. It has been documented that ID/IG can provide informa-
tion about the level of defects and disorder in graphene, while 
I2D/IG is applicable to estimate the layer number. The Raman 
intensity ratios of I2D/IG are ≈1.0 for all specimens, showing 
no apparent discrepancy between different carbon sources in 
number of graphene layers. However, the intensity ratios of 
ID/IG are 2.6–2.7 for samples grown with methane, which was 
approximately thrice larger than those of graphene synthesized 
with ethanol and methanol, i.e., only 0.7–0.9. Such a difference 
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Figure 1. Experimental setup and typical morphology of VG arrays. a) Schematic illustrating the experimental setup of an electric-field-assisted meth-
anol-based PECVD system. b) Cross-sectional SEM image of VG arrays after 6 h growth. The height of the VG arrays can reach 18.7 µm.
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was triggered by the choice of carbon source, indicating the low 
defect concentration and better quality of alcohol-derived gra-
phene sheets.

To further investigate reasons for the different growth 
results, in situ optical emission spectroscopy (OES) was used 
to monitor the primary decomposition products from these 
three carbon precursors under the same growth conditions. As 
shown in Figure 2e, the OES spectra corresponding to meth-
anol and ethanol systems both exhibited signal peaks located 
at 307–311  nm, which were attributed to the hydroxyl radical 
produced in these reaction systems.[41–43] The hydroxyl radical 
was mainly derived from the high temperature pyrolysis of the 
alcohol-based carbon, coupled with the bombardment effect of 
plasma.[44] As an excellent etching agent, hydroxyl radicals are 
important in the growth of carbon materials.[45–48] Figure  2f 
schematically illustrates a potential etching mechanism of 
the alcohol-based carbon sources during graphene nanosheet 
growth. The role of the hydroxyl radical that decomposed 
from the alcohol-based carbon sources are twofold in the gra-
phene growth. First, it etched amorphous carbon adsorbed 
on the graphene surface, thereby reducing the D peak in the 
Raman spectrum significantly. Next, it etched amorphous 
carbon deposited on the edge of graphene. With the decompo-
sition of abundant carbon source, the accumulation of excess 
carbon inhibits the continuous growth of graphene. Hence, 
hydroxyl radical can etch redundant carbon deposited on the 
edge of graphene, which decelerates the closure of open edges 
and activates VG edges for regrowth of graphene nanosheets. 
These may be the key reasons why an alcohol-derived 

graphene grows faster with lower defect concentrations com-
pared with products grown with methane. The performances 
of methanol and ethanol varied slightly, which could be 
ascribed to different carbon–oxygen ratios. A lower carbon-to-
oxygen ratio resulted in a stronger etching effect, as evidenced 
by a decreased growth rate for graphene nanowalls prepared 
by ethanol compared with the growth velocity using methanol 
(Figure 2b). To further verify the effect of the hydroxyl group, 
a mixture of methane and water, which served as the sources 
of carbon and hydroxyl radicals, respectively, was introduced 
into the system for graphene growth. The existence of water, 
which has been proved to produce hydroxyl radicals during 
reaction based on the OES spectrum, promoted the overall 
height of the graphene nanowalls with a suppression of the D 
peak intensity in the Raman spectra, displaying a similar effect 
with alcohol-based carbon sources (Figure S6, Supporting 
Information).

After realizing a rapid growth of the high-quality graphene 
nanowalls by adjusting the carbon source, a vertical electric 
field was established in the system to achieve a perpendicu-
larly oriented growth of graphene arrays. Figure 3a shows the 
cross-sectional SEM images of graphene sheets grown with 
and without applying a vertical electric field. When no electric 
field was exerted, the graphene sheets spliced with each other 
at random orientations, forming 3D staggered graphene nano-
walls. By contrast, with an applied vertical electric field, the gra-
phene sheets aligned perpendicularly to the growth substrates, 
and the top surface of the VG arrays exhibited high smoothness 
(Figure S7, Supporting Information)
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Figure 2. Etching effect of hydroxyl group. a) Cross-sectional SEM images of graphene nanowalls at different growth stages. b) Histogram showing the 
height of graphene nanowalls as a function of the growth time when using methane, ethanol, and methanol as precursors, separately. c) Stacked bar 
graph exhibiting the percentage distribution of graphene sheet size with three types of precursors. d) Raman intensity ratios of ID/IG and I2D/IG versus 
growth time for graphene nanowalls synthesized with different precursors. e) In situ OES spectra of the reaction systems corresponding to three kinds 
of precursors. f) Schematics showing an etching mechanism of hydroxyl group.
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The TEM images in Figure  3b compare the representative 
morphology of graphene sheets grown with and without elec-
tric field. Graphene sheets grown without an electric field were 
disorderly arranged with a domain size restricted within several 
hundred nanometers, whereas samples synthesized under a ver-
tical electric field were aligned in parallel with a lateral dimen-
sion of up to several micrometers. Few-layer graphene sheets 
were observed in the vertical arrays, and the interlayer spacing 
for the few-layered graphene remained at ≈0.34 nm (Figure S8, 
Supporting Information). X-ray photoelectron spectroscopy 
(XPS) was performed and proved the absence of metal impuri-
ties in the VG arrays (Figure S9, Supporting Information).

In addition to promoting the directional growth of graphene 
sheets, the electric field can accelerate the vertical growth rate 
of VG arrays. Figure  3c shows the height of the vertical gra-
phene arrays grown by methanol in 0.5 h under different volt-
ages (Figure S10, Supporting Information). The height of the 
VG increased almost linearly with the voltage, beginning from 
≈0.8  µm without an electric field to ≈1.8  µm under 60  V (cor-
responding to an electric field force of 30  V  cm−1), indicating 
an increased VG vertical growth rate with increased electric 
field intensity. Figure 3d shows the height comparison between 
the products grown with and without an electric field under a 
voltage of 60 V. The VG height reached 18.7 µm in 6 h, yielding 
an average vertical growth rate of ≈3 µm h−1, which was faster 

than that using the conventional inductively coupled PECVD. It 
is noteworthy that, when the growth time exceeded 6  h, some 
folded and curled graphene sheets were observed at the top sur-
face of the VG. This suggests that the vertical force generated by 
a voltage of 60 V may be insufficient to maintain a continuous 
growth of fully perpendicular graphene sheets (Figure S11, Sup-
porting Information). Therefore, a more powerful electric field 
intensity is required to maintain the highly ordered vertical align-
ment of graphene sheets for higher VG arrays. Additionally, the 
growth rate variation between the alcohol-based carbon sources 
and methane remains under the electric field, indicating a much 
faster growth velocity of the VG using methanol and ethanol 
compared with the growth velocity using methane, similar to the 
conclusions presented in Figure 2b for the condition without an 
electric field (Figures S12–S15, Supporting Information).

We herein propose a mechanism to interpret the effect of 
electric field on the vertical growth of graphene. As shown in 
Figure S16 (Supporting Information), when a perpendicular 
electric field was applied, the dipole moment (P)-induced 
torque was generated. Hence, a force (FR) applied on the dipole 
would continuously rotate VG sheets and direct them to be par-
allel with the electric field orientation.[49,50] In addition, when a 
perpendicular electric field was applied, sharp VG edges stored 
more negative charges than the smooth surface, carbon cations 
migrated spontaneously from the bottom substrate to the top 
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Figure 3. Effect of electric field on growth. a) Cross-sectional SEM images and b) low-magnification TEM images of VG arrays and graphene nanowalls 
obtained with (w) and without (w/o) electric field, respectively. c) Column chart showing the height increase of VG arrays with enhancement electric 
field. d) Histogram comparing the heights of VG arrays and graphene nanowalls grown w and w/o applying an electric field versus growth time.
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edges along the vertical graphene sheet, resulting in a contin-
uous growth of VG.

The universality of the AEF-PECVD method for growing 
high-quality VG arrays has been verified experimentally on var-
ious substrates, including copper foil and graphite paper, all of 
which exhibited similar results with silicon wafers (Figure 4a; 
and Figure S17, Supporting Information). The thermal con-
ductivity and contact thermal resistance of as-grown products 
for TIMs application were measured via ultrafast laser-based 
time-domain thermoreflectance[51,52] and steady-state thermal 
flow methods,[53] respectively (Figures S18 and S19, Supporting 
Information). Figure  4b compares the vertical thermal con-
ductivity and interfacial thermal resistance between the gra-
phene nanowalls and VG arrays, which exhibited random 3D 
networks and well-aligned vertical sheets, respectively. The VG 
arrays demonstrated excellent thermal properties, yielding a 
thermal conductivity of 53.5 W m−1 K−1 and a contact thermal 
resistance of 11.8  K  mm2  W−1, which were four times higher 
and approximately twice lower than those of graphene nano-
walls, respectively (Table S1, Supporting Information). Such 
an improvement in thermal properties can be attributed to 
the orderly arrangement of fully erected sheets as well as a 
decreased defect concentration, which shortened the phonon 
transport distance between a heat source and a heat sink and 
increased the phonon mean free paths by reducing phonon 
scattering centers, which are typically located at crystalline 
defects and intersheet contact points.[54]

To evaluate the potential of the VG arrays as TIMs in elec-
tronic devices, a system was designed to simulate heat dis-
sipation in electronic components. The samples (commercial 
thermal conductive tape, graphene-nanowalls-TIMs, VG-arrays-
TIMs) were mounted separately between a ceramic heater 
(10 × 10 × 1.2 mm3, 20 Ω) and a commercial heat sink (Figure 4c; 
and Figure S20, Supporting Information). An infrared thermal 
imager was used to accurately monitor the temperature change 
on the top surface of the ceramic heater. The temperature–time 
curves at different voltages (2.5, 5, 7.5, and 10  V, the power is 
0.31, 1.3, 2.8, and 5.0 W, respectively) are shown in Figure 4d, 
indicating that temperatures corresponding to various volt-
ages stabilized after 30 s (Figure S21, Supporting Information). 
Therefore, the heat-transfer ability of different TIMs was inves-
tigated by comparing the equilibrium temperature at different 
powers after heating the ceramic heater for 60  s. Figure  4e 
shows the equilibrium temperatures as a function of voltages 
between 2.5 and 10.0  V for three types of TIMs. All tempera-
tures increased monotonically with the power. However, the VG 
arrays exhibited the best cooling effect among the three kinds 
of TIMs under different voltages, showing a temperature that 
was ≈8 and ≈4 °C lower than that of thermal conductive tapes 
and graphene nanowalls, respectively, under a voltage of 10 V, 
corresponding to a power of 5 W. Apart from the average equi-
librium temperature, the temperature of the hottest spot was 
another important parameter to evaluate the heat dissipation 
capability, as displayed by the IR images in Figure  4f. After a 
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Figure 4. Thermal property and practical application of TIMs. a) Photograph of VG arrays grown on various substrates. b) Histogram of thermal conduc-
tivity and thermal resistance of graphene nanowalls and VG arrays, respectively. TIMs constructed with VG arrays exhibit a high through-plane thermal 
conductivity of 53.48 W m−1 K−1 and a low contact thermal resistance of 11.77 K mm2 W−1. c) Schematic of the test system containing a chip (heater), 
TIMs, and a heat sink. d) Plot of temperature versus time showing the heat dissipation efficiency of thermal conductive tape, graphene nanowalls, 
and VG arrays, respectively. e) Temperature versus voltage curves for three types of TIMs. f) IR images showing the surface temperature of a ceramic 
heater at different powers by using thermal conductive tapes, graphene nanowalls, and VG arrays as TIMs, represented by T1, T2, and T3, respectively.
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continuous heating at 5 W power for 60 s, the maximum tem-
perature of the ceramic plate with VG-arrays-TIMs was 90.3 °C, 
which was 10 and ≈2.5 °C lower than the temperatures of the 
thermal conductive tape and graphene-nanowalls-TIMs, respec-
tively, indicating the great potential of VG arrays for electronic 
cooling applications.

3. Conclusion

In conclusion, we developed an AEF-PECVD approach to grow 
VG arrays with high thermal conductivity on various sub-
strates. Well-oriented VG arrays with low defect concentrations 
could reach a height of 18.7 µm after a 6-hour growth under an 
electric field of 30 V cm−1, yielding a maximum growth rate of 
≈3 µm h−1. The effects of the alcohol-based carbon sources and 
the electric field on the growth rate, defect concentration, and 
sheet orientation were investigated comprehensively. VG-arrays-
based TIMs exhibited outstanding thermal properties, i.e., a 
vertical thermal conductivity of 53.5  W  m−1  K−1 and a contact 
thermal resistance of 11.8 K mm2 W−1, outperforming commer-
cial thermal conductive tapes and disorderly arranged graphene 
nanowalls. We believe that high-quality VG arrays synthesized 
by the AEF-PECVD method may provide a new strategy for 
solving heat dissipation problems in the electronics industry.

4. Experimental Section
Growth of VG Arrays with AEF-PECVD: A built-in electric field was 

introduced into conventional inductively coupled PECVD with a 
frequency of 13.56 MHz. In brief, a 2 × 2 × 0.05 cm3 silicon wafer with 
a 300  nm oxide layer after cleaning was placed in the heating zone of 
a tube-type PECVD system as the substrate. The growth temperature 
was set at ≈650 °C. After introducing methane, methanol, and ethanol 
into the system, plasma was then generated with a radio frequency 
source power of 250  W. When an electric field was introduced into 
system, oriented VG arrays rather than VG nanowalls can be obtained. 
The electric field was provided by two electrodes connected to a direct 
current power supply. Voltage can be adjusted easily.

Characterization: The morphology and detailed structure of VG was 
investigated by SEM (FEI Quattro S, acceleration voltage 5–10 kV, TEM 
(FEI Tecnai F20; acceleration voltage 200  kV), aberration-corrected 
atomic-resolved TEM (Titan Cubed Themis G2 300; 200  kV); Raman 
spectroscopy (Horiba, LabRAM HR 800, 532 nm laser wavelength), XPS 
(Kratos Analytical Axis-Ultra spectrometer with Al Kα X-ray source). In 
situ OES (AvaSpec-ULS2048) was conducted to monitor the system in 
order to investigate the reaction mechanism.

Heat Dissipation Performance as TIMs: The graphene nanowalls, VG 
arrays, and a commercial thermal conductive tape with a same lateral 
size of 1 × 1 cm2 were placed, respectively, between the ceramic heater 
(20 Ω) and the commercial heat sink. The heat sink was connected to 
a fan cooling system to extract the generated heat. The ceramic heater 
and heat sink were operated by two direct current power sources. The 
infrared imager was used to test the surface temperature of the ceramic 
chip and was set to a timed automatic photo mode to monitor the 
temperature change during the continuous heating period.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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