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 ABSTRACT 

Vertically-oriented graphene (VG) has many advantages over flat lying graphene,

including a large surface area, exposed sharp edges, and non-stacking 

three-dimensional geometry. Recently, VG nanosheets assembled on specific

substrates have been used for applications in supersensitive gas sensors and

high-performance energy storage devices. However, to realize these intriguing

applications, the direct growth of high-quality VG on a functional substrate 

is highly desired. Herein, we report the direct synthesis of VG nanosheets on

traditional soda-lime glass due to its low-cost, good transparency, and compatibility

with many applications encountered in daily life. This synthesis was achieved 

by a direct-current plasma enhanced chemical vapor deposition (dc-PECVD) 

route at 580 °C, which is right below the softening point of the glass, and featured

a scale-up size ~ 6 inches. Particularly, the fabricated VG nanosheets/glass hybrid

materials at a transmittance range of 97%–34% exhibited excellent solarthermal 

performances, reflected by a 70%–130% increase in the surface temperature under

simulated sunlight irradiation. We believe that this graphene glass hybrid material

has great potential for use in future transparent “green-warmth” construction 

materials. 

 
 

Graphene, consisting of sp2-bonded carbon atoms 

regularly packed into a two dimensional (2D) 

honeycomb structure, has attracted widespread attention 

owing to its excellent electrical, mechanical, optical, 

and thermal properties [1–4]. Glass is a commonly 

used transparent, insulating, amorphous oxide with 

high surface hydrophilicity and low thermal conduc-

tivity. The combination of graphene with glass can 

improve the electrical and thermal properties of the 

glass while maintaining its transparency. Our group 
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has developed several routes to directly grow 2D 

graphene on glass targeting different applications [5–9]. 

For example, atmospheric-pressure chemical vapor 

deposition (APCVD) growth of several-layer graphene 

films on quartz glass for high-performance touch panel 

applications, molten-state APCVD growth of 1–2 layers 

of graphene on molten-glass for cell culture, and 

low-pressure CVD (LPCVD) synthesis of thickness- 

controllable graphene on quartz glass for switchable 

window. These graphene syntheses were generally 

performed on high melting point quartz glass at a 

1,000–1,100 °C growth temperature with a duration of 

several hours. 

In addition to the conventional 2D graphene, ver-

tically oriented graphene (VG) nanosheets, composed 

by mono- or few-layer graphene, have been synthesized 

via a plasma-enhanced chemical vapor deposition 

(PECVD) route on metal or dielectric substrates [10–16]. 

Many unique properties, including large amount of 

exposed edges, non-stacking geometry, and a large 

surface-to-volume ratio were obtained in these three- 

dimensional (3D) graphene nanosheets. In particular, 

different applications similar to their 2D counterparts 

have been developed. The VG nanosheets synthesized 

on nickel substrates, Au electrodes, and silicon sub-

strates by radio frequency (rf) PECVD, direct-current 

(dc)-PECVD, and micro-wave (mw) PECVD routes have 

been utilized as double-layer capacitors (DLCs), gas 

sensors, and electrochemical transducers, respectively 

[10–12]. A relatively high growth temperature (900– 

1,200 °C), including the use of metal catalysts or metallic 

substrates were usually adopted as part of the synthetic 

strategy. Moreover, these applications mainly took 

advantage of the high surface-to-volume ratio and 

conductivity properties of the VG nanosheets. 

Recently, VG nanosheets have also been synthesized 

on insulating glass substrates at relatively low tem-

peratures between 500–900 °C, with the aid of either  

a metal catalyst layer or a copper-assisted remote- 

catalysis process via rf-PECVD [17, 18]. However, 

these conditions resulted in long growth time and 

small physical dimensions, which are not suitable for 

many applications. Moreover, glass with high melting 

points, like quartz, are very expensive. For a commercial 

low-cost float glass with a softening temperature of  

~ 600 °C, the direct synthesis of high-quality, large-scale, 

uniform, VG without introducing any metal catalyst 

remains a challenge. 

Herein, we describe the development of a dc-PECVD 

fabrication route for the fast growth of large-scale 

uniform VG on common soda-lime glass, with a growth 

temperature right below the softening point of the 

glass substrates. 6-inch uniform VG nanosheet-glass 

hybrid materials were obtained within 10 min for 

growth at 580 °C, with a resulting transparency of over 

75% at 550 nm. In addition, the internal mechanisms 

that dominate the vertical growth of graphene on 

glass were also determined through a systematical 

investigation of the growth process. Furthermore, the 

large-scale, uniform, VG nanosheet-glass was employed 

as a high-performance photothermal material by 

taking advantage of its unique sheet resistance vs. 

transparency. In this regard, the VG nanosheet-glass 

hybrid material may serve as a promising candidate 

for use in transparent solarthermal devices and green 

warmth construction materials. 

The growth characteristics of graphene on glass in 

our experiments are summarized in Fig. 1(a). The 

dc-PECVD set-up is shown in Fig. S1 in the Electronic 

Supplementary Material (ESM). At the initial stage, 

the carbon precursor of CH4 was dissociated into highly 

reactive species (CHx, C2Hy, and atomic C and H) by 

direct current glow discharge [19, 20]. These reactive 

species absorbed onto the glass quickly at the growth 

temperature of ~ 580 °C, leading to the formation of a 

horizontal carbon buffer layer. With increasing growth 

time, the carbon atoms migrated on the buffer layer 

through the formation of small carbon nanosheets or 

carbon islands several-nanometers thick. With further 

increasing growth time, graphene nanosheets grew 

vertically and extended over the entire glass surface. 

The preference of graphene to grow perpendicularly 

to rather than in parallel with the glass substrate  

can be explained as follows: i) Due to the different 

chemical bonding nature of the glass substrate and 

the graphitic carbon, a polycrystalline carbon buffer 

layer is usually formed to eliminate the interface strain 

effect, followed by the formation of many defects and 

curved areas [14]; ii) strain energy exists in the curved 

edges and defects for the initially deposited carbon 

layers, and a growth direction transition from parallel 

to vertical is favored to release the strain energy [21]; 
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iii) the surface diffusion energy (~ 0.13 eV) of a carbon 

atom on the graphite surface is much lower than that 

of the absorption energy (~ 1.8 eV) [22], which could 

assist in the migration of carbon atoms along the 

graphene nanosheet surface, leading to the vertical 

growth behavior; iv) in the dc-PECVD system,   

the electric field in the plasma sheath is aligned 

vertically to the substrate surface, which can impart 

an overwhelming effect on the growth of the VG 

nanosheets [23–25]. 

A landscape is clearly demonstrated through    

the dc-PECVD growth of graphene on 10 cm × 10 cm 

soda-lime glass for 8 min at 580 °C (Fig. 1(b)). The 

graphene coated glass sample exhibits relatively high 

transparency and uniformity, as can be seen in the 

image in Fig. 1(b). The representative scanning electron 

microscopy (SEM) morphology in Fig. 1(c) confirms 

the existence of VG nanosheets, and the inserted Raman 

spectrum shows characteristic peaks at 1,353 cm−1 (D 

band), 1,592 cm−1 (G band), and 2,698 cm−1 (2D band), 

similar to VG nanosheets synthesized on silicon 

substrates by mw-PECVD [26]. Figure S2 in the ESM 

also provides detailed explanations of a representative 

Raman spectrum of the VG on glass. The vertical 

geometry was also confirmed in the 3D atomic force 

microscope (AFM) image (Fig. 1(d)) and its section 

view, showing a highly corrugated surface with a 

corrugation of ~ 16.3 nm. 

The controllable growth of the VG nanosheets on 

glass with desirable characteristics is essential for its 

application in gas sensors, biosensors, and energy 

storage devices [10–14]. Previous studies have indicated 

that the structure and morphology of VG nanosheets 

are quite sensitive to the growth parameters, including 

substrate temperature, gas composition, carbon source, 

and growth time [27]. The effect of substrate and 

heating temperature on the quality of VG grown on 

glass is also shown in Fig. 1(e). From the results, a 

starting temperature of ~ 500 °C was established for the 

growth of high quality VG nanosheets on soda-lime 

glass without the aid of metal catalysts. For better 

sample quality, a critical temperature of ~ 580 °C was 

selected to avoid the melting of glass substrates in 

the PECVD growth process. Moreover, the type of 

 

Figure 1 PECVD growth towards vertical graphene. (a) Schematic illustration of the direct growth of VG nanosheets on glass substrates
by a dc-PECVD route. Inset: The sheath effect and ion bombardment between bulk plasma and defect/curved areas of the glass substrates.
(b) Photograph of a 6-inch (along diagonal direction) white float glass substrate after PECVD growth at 580 °C for 8 min. (c) SEM 
image of the VG nanosheets grown on the glass at 580 °C for 10 min. Inset is a typical Raman spectrum of the synthesized graphene
nanowalls. (d) Corresponding AFM image of the VG nanosheets. Inset shows the section view of the image along the red-dashed line 
direction. (e) Raman spectra of the VG grown directly on soda-lime glass by dc-PECVD at various substrate temperatures at 500, 530, 
550, and 580 °C. 
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carbon precursor and the ratio of CH4:H2 were found 

to have large effects on the quality of the VG on glass 

(Fig. S3 in the ESM). 

For details of the unique 3D growth character, AFM 

images were taken of soda-lime glass at different dc- 

PECVD growth durations of 2, 6, and 15 min, and are 

presented in Figs. 2(a)–2(c), respectively, at a growth 

temperature of 580 °C (with additional images in  

Fig. S4 in the ESM). In the early growth stage (2 min), 

a polycrystalline carbon layer of ~ 1.4 nm in corrugation 

was formed on the glass surface (Fig. 2(a)). At 6 min, 

a single crystal nanosheet appeared on the carbon 

layer, with a perpendicular growth orientation to the 

glass surface. Totally covered VG nanosheets appeared 

between 8–10 min. This vertical growth behavior is 

proposed to be mediated by the concurrent effects 

from the vertical electric field, the fast diffusion of 

carbon atoms, and the strain energy at the curved 

edges. At 15 min, the surface corrugation of the VG 

nanosheets reached ~ 90.5 nm, which is larger than 

the corrugation values of 12.3, 16.3, and 35.8 nm, at  

8, 10, and 13 min respectively. In this regard, the 

corrugation extent of the VG nanosheets can be 

precisely tailored by varying growth time. Moreover, 

with a similar transparency of 79%, an approximately 

6 times faster growth rate was achieved on glass  

with the dc-PECVD method, compared to previously 

published work in which a rf-PECVD route was used 

[7]. The faster growth rate is likely mediated by the 

high density of reactive carbon radicals generated 

under the high voltage that was applied between the 

two parallel plates of the PECVD system. 

A series of experimental examinations including 

Raman, contact angle, transmittance, and resistance 

were then performed on the above mentioned VG 

nanosheets on glass. Figure 2(d) clearly shows the 

increase in I2D/IG (from 0.11 to 0.74) with increasing 

growth time, indicating the improvement of crystal 

quality and domain size of the VG nanosheets. 

However, the D band is still significant at 8, 10, and 

 

Figure 2 AFM images of directly grown VG nanosheets on soda-lime glass by a dc-PECVD route at various growth time. (a) 2 min, 
(b) 6 min, (c) 15 min growth time, while keeping other growth parameters constant (40 sccm CH4, 20 sccm H2, 580 °C). The corresponding
height profiles are plotted along the lines shown in (a)–(c). The red arrows in each image mark the corrugation differences. (d) Raman
spectra characterizations, (e) contact angles, (f) corresponding sheet resistances and UV–vis transmittance spectra at 550 nm for the VG 
nanosheets on glass at growth times of 2, 4, 6, 8, 10, and 15 min, respectively. The inset in (e) shows the hydrophobic and hydrophilic
nature of the VG nanosheets on the glass sample with a transmittance of 75% at 550 nm (right) and bare glass surface (left). The inset in 
(f) shows the sheet resistance mapping of a 2 cm × 2 cm vertical graphene glass sample at growth time of 8 min. 
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15 min, which is likely a result of the concurrent 

effects of the vertical orientation, small domain size, 

and defects at the sharp edges. Water dropping 

displays were also performed on the as-grown VG 

nanosheets on glass experiencing growth time from 

2 to 15 min, with pristine glass as a control (Fig. 2(e)). 

The photograph of the pristine glass and a sample at 

a growth time of 8 min (inset of Fig. 2(e), 2 cm × 2 cm 

in size) are also presented both before and after the 

water dropping tests. Notably, the surface wettability 

of the glass surface can be greatly modified by VG 

nanosheet coating. The contact angle (CA) was 

dramatically enlarged with increasing growth time of 

graphene. For the 2 min sample, owing to the formation 

of a carbon buffer layer, the CA became substantially 

larger—i.e., 80°—than the CA of the pristine glass 

with a contact angle of 27°. When graphene grows 

perpendicularly to the substrate gradually from 4, 6, 

8, to 10 min, the wettability of the graphene glass 

changes along with the surface properties from 

hydrophilic to hydrophobic, with the CAs varying 

from 100°, 109°, 114°, to 120°, respectively. With 

prolonged growth time, the CA increased until it 

reached a maximum of 128° for 15 min sample. Such 

a gradually tunable hydrophobic surface property 

provides great promise for application in self-cleaning 

windows or water collecting devices.  

Moreover, the transparency of the graphene glass at 

550 nm can be precisely tuned with values of 97.0%, 

90.0%, 82.9%, 75.2%, 67.1%, and 33.6% by varying 

growth time of graphene from 2, 4, 6, 8, 10 to 15 min, 

respectively, as shown in Fig. 2(f). The sheet resistance 

also varies significantly with values of ∞, 13, 10.9, 

8.1, 6.6, and 2 kΩ/square at 2, 4, 6, 8, 10, and 15 min, 

respectively. These results exemplify the tunability of 

the optical and electronic properties of the synthesized 

VG nanosheet-glass hybrid samples. Additionally, the 

conductivity of the graphene glass hybrid material is 

comparable to previously reported results at similar 

transmittance values for graphene nanowalls directly 

synthesized on glass substrates by rf- PECVD [7]. 

The VG nanosheet-glass hybrid material at a growth 

time of 8 min possesses a balanced performance 

between transmittance and sheet resistance of ~ 75.2% 

and 8.0 kΩ/square, respectively (Fig. 3(a)). To show 

the microscopic uniformity of the sample, the optical 

microscopy (OM) and corresponding Raman mapping 

of the G peak intensity were also obtained by 

transferring the as-grown graphene nanosheets from 

glass onto SiO2/Si (Figs. 3(b) and 3(c)). The uniform 

 

Figure 3 Characteristics of the microscopic structure and uniformity of the VG nanosheets at a growth time of 8 min (growth 
parameters: 40 sccm CH4, 20 sccm H2, 580 °C). (a) UV–vis transmittance spectrum of the VG nanosheet-glass with a sheet resistance of 
~ 8.0 kΩ/square. (b) OM image of the VG nanosheets transferred onto a SiO2/Si substrate. (c) Raman mapping showing the G peak 
intensity of the transferred sample on SiO2/Si. (d)–(g) Sequential zoom-in TEM images of the VG nanosheets transferred onto copper grids.
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color contrast in the OM image and Raman mapping 

demonstrate the excellent uniformity of the VG 

nanosheets. Moreover, transmission electron microscopy 

(TEM) characterizations were also performed on the 

transferred samples on TEM grids to view the thickness 

and the detailed structures, and are shown in sequential 

zoom-in images in Figs. 3(d)–3(g). It is clear that the 

graphene nanosheets consist of 9–11 graphene layers 

with an interlayer spacing of ~ 0.34 nm. An individual 

VG nanosheet usually possesses a lateral dimension 

of tens of nanometers and a thickness of only ~ 3.4 nm 

(Figs. 3(f) and 3(g)). In this regard, each graphene 

nanowall can be considered as a quasi-two-dimensional 

structure with strong anisotropy. Furthermore, X-ray 

photoelectron spectroscopy (XPS) was used to 

investigate the as-grown graphene glass at a growth 

time of 8 min and is shown in Fig. S5 in the ESM. The 

absence of signal arising from any metallic elements 

is evidence of the catalyst-free growth mechanism, as 

well as the good crystal quality of the dc-PECVD- 

derived graphene on the glass substrates. 

Taking advantage of their unique structure and 

intrinsic properties, the VG nanosheet-glass hybrid 

materials were then utilized for collecting solar energy 

and converting it into heat, leading to the increase in 

the surface temperature of the glass. Considering the 

good transparency and low-cost of the material, as 

well as its amenability to large-scale production, this 

novel hybrid material should have great potential in 

the fabrication of a new kind of photothermal device. 

To validate the probability of its use for such a device, 

further experiments were performed to test its thermal 

energy conversion. Figures 4(a) and 4(b) show schematic 

illustrations of the solar-thermal conversion difference 

between normal soda-lime glass and VG nanosheets 

on the glass. For the actual experiments, a series of 

VG glass hybrid samples with different transparencies 

were exposed to solar simulation, with the pristine 

glass as a control. The light source used in the 

experiments was a solar simulator (SAN-EIELECTRIC 

XES-160S1) with a lamp irradiation power maintained 

at 1 kW/m2. 

As reported previously, through designing appro-

priate geometries of metallic nanoshells, the photothermal 

conversion of the full solar spectrum can be achieved 

using the antireflective and light trapping properties 

of such metallic nanostructures [28]. Unlike insulating 

glass and other metallic-based materials, graphene 

has broad absorption due to its intrinsic Dirac cone 

band structure [1, 2].  

The intriguing 3D corrugated structure of the VG 

nanosheets (Fig. S6 in the ESM) enhance the sunlight 

adsorption and the induced heating effect (Fig. S7  

in the ESM). In this regard, VG nanosheets can be 

considered as a kind of anti-reflective coating layer 

[29], providing an “optical trap”. The light irradiation 

in the inner valley regions of VG nanosheets undergoes 

multiple internal reflections, as schematically illustrated 

in Fig. 4(c) and Fig. S7 in the ESM. The light adsorption 

ratio can be enhanced by increasing the collision 

probability between photons and the surface of the 

nanosheets. 

With increasing surface corrugation of the VG 

nanosheets (by extending the dc-PECVD growth time), 

the length and height of nanosheets as a “light trap” 

are increased while the transmittance decreased. 

Accordingly, the reflectance of the VG nanosheet- 

glass decreases dramatically (Fig. 4(d)). A low reflec-

tance usually implies enhanced light trapping and 

absorption in the VG nanosheet-glass. In this study, 

the unique VG structure exhibits a porous morphology 

that possesses sub-wavelength absorption. When 

incident light is transmitted into the VG nanosheet 

region, scattering and internal reflections occur within 

the VG nanosheets, resulting in the enhancement of 

light trapping, similar to that of silicon-nanowires [30]. 

Without deliberate design of the detailed nano-

structures, just by tailoring the surface corrugation or 

varying growth time, efficient full solar spectrum 

light-to-heat conversion can be attained. 

Under the irradiation of the solar simulator, the 

temperature of pristine glass rises from room tem-

perature (~ 25 °C) to 36.39 ± 0.15 °C. In contrast, the 

VG glass hybrid reached a much higher temperature 

of 58.41 ± 1.59 °C at a transmittance of 34% at 550 nm. 

From the contour maps of surface temperature obtained 

by infrared imaging systems (Fig. 4(e)), the temperature 

differences among different VG nanosheet-glass hybrids 

are clear, with temperatures of 42.23 ± 0.77, 47.18 ± 1.18, 

48.43 ± 1.95, and 58.41 ± 1.59 °C, with transmittances 

of 97%, 83%, 75%, and 34%, respectively. Moreover, 

the uniform color contrast and corresponding histogram 
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statistics for the surface temperature of the samples 

(with transmittances of 97% and 34% in Figs. 4(f) and 

4(g), respectively) indicate the uniform heating effect 

on the VG nanosheet-glass substrates (more results 

can be seen in Fig. S8 in the ESM). 

Figure 4(h) shows the surface temperature increase 

of the VG glass samples with different surface 

corrugation. By increasing the surface corrugation  

of the VG nanosheets, the light-to-heat conversion 

efficiency is improved. In addition, the surface tem-

perature versus irradiation time curves of the pristine 

glass and the VG nanosheets-glass samples are shown 

in Fig. 4(i). Clearly, the surface temperature of the 

different samples gradually increases and reaches a 

maximum value at similar exposure time (~ 7 min). As 

can be seen in Fig. S9 in the ESM, it can be concluded 

that the saturation time for the surface temperature 

of the various samples is mainly related to the size  

of the samples rather than the corrugation of VG 

nanosheets. After removing the light source, the surface 

temperature of the samples dropped gradually within 

3–5 min, but remained slightly above room temperature. 

To sum up, VG on glass has exhibited a remarkable 

photothermal property, which should shed light on 

its practical applications, e.g., in transparent heating 

windows and warmth solar-accumulated devices. 

Further, the possibility of batch production in the case 

of the dc-PECVD for achieving large-scale, highly 

uniform hybrid materials should make this perspective 

become more realistic. 

 

Figure 4 Photothermal applications of VG nanosheet-glass. (a) and (b) Schematic illustrations of glass and VG nanosheets-glass 
based photothermal devices. (c) Schematic illustration of the internal light reflection through graphene nanowalls synthesized on glass
by a dc-PECVD route. (d) Reflectance spectra in the wavelength range of 300–2,500 nm for VG nanosheets-glass synthesized at various 
growth time (0, 2, 6, 8, and 15 min). (e) Infrared thermal imaging camera photographs of the bare glass surfaces (1 cm × 2 cm), and VG
nanosheets glass hybrid samples, respectively, under the irradiation of simulation sunlight. Scale bar: 5 mm. (f) and (g) Corresponding 
surface temperature histogram statistics of the two samples with the transmittances of 97% and 34% @550 nm, respectively. (h) Curve
for the surface temperature increase versus surface corrugation of vertically aligned graphene glass. (i) Temperature versus time curves
of pristine glass and vertically oriented graphene/glass hybrids under the irradiation of simulated solar source, respectively. 
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A 6-inch uniform VG glass hybrid (as shown     

in Fig. 5(a)) was then used to fabricate a large-scale 

photothermal device. The hybrid presented a trans-

mittance of 70% at 550 nm. The corresponding 2D 

and 3D AFM images (Fig. 5(b)) confirm the vertically 

oriented morphology and the surface corrugation   

~ 11.6 nm of the VG nanosheets grown on the soda-lime 

glass. Raman spectra (Fig. 5(c)) of the VG nanosheet- 

glass sample collected from the positions shown    

in Fig. 5(a) indicate the large-scale uniformity of the 

graphene sample. As a solarthermal device, the sample 

was exposed directly under the simulated solar source 

without special treatment. A uniform infrared thermal 

imaging camera photograph of the 6-inch VG glass 

was obtained and shown in Fig. 5(d). The surface 

temperature was found to increase from room tem-

perature (~ 25 °C) to 49.58 ± 2.42 °C. The histogram 

statistics of the surface temperature and surface tem-

perature versus time curve are displayed in Fig. S7 in 

the ESM. As can be seen in the large-scale uniform 

mapping photograph in Fig. 5(d), uniform heating of 

the VG nanosheet-glass hybrid under the simulated 

solar source irradiation can be achieved with the 

dc-PECVD-derived VG soda-lime glass. 

In conclusion, we have developed a dc-PECVD 

route to grow VG directly on 6-inch soda-lime glass 

without introduction of metal catalyst, with a synthesis 

temperature below the softening point of normal 

glass. We also found that the morphology, surface 

hydrophobicity, optical transparency, and conductivity 

can be precisely tuned by adjusting the growth 

parameters, especially the growth time of graphene. 

The highly corrugated nature of VG nanosheets 

makes them suitable candidates for high performance 

photothermal applications. The surface temperature 

of graphene glass at 75% transmittance was higher  

by 15 °C than that of the pristine glass. This study is 

the first experimental demonstration of the direct 

application of a VG glass hybrid material for scalable 

and practical use in a photothermal device, and 

should spur its applications in related fields. 
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