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Abstract: Condensation of moisture on the epitaxial graphene on 6H-SiC was observed below room 

temperature despite continuous nitrogen flow on the graphene surface. Raman peaks associated 

with ice were observed. A combination of peaks in the frequency range of 500–750 cm−1, along with 

a broad peak centered at ~1327 cm−1, were also observed and were assigned to airborne contami-

nants. The latter is more important since its position is in the frequency range where the defect-

associated D band of graphene appears. This band can be easily misunderstood to be the D band of 

graphene, particularly when the Raman spectrum is taken below room temperature. This peak was 

even observed after the sample was brought back to room temperature due to water stains. This 

work highlights the importance of careful Raman investigation of graphene below room tempera-

ture and its proper insulation against moisture. 
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1. Introduction 

The 2D materials have drawn considerable interest in the last few decades for their 

unique properties and important device applications [1]. Particularly, graphene has been 

studied widely compared with any other 2D material since its discovery [2]. Its excep-

tional carrier mobility and favorable electronic properties have attracted much interest of 

device fabrication technology [3,4]. Graphene can be produced by physical and chemical 

methods [5]. Graphene of a precise number of layers can be achieved by optimizing the 

growth recipes on metal, semiconducting and insulating substrates by physical growth 

methods. CVD and epitaxial growth methods on solid surfaces have proved to be the most 

promising methods to obtain large area high-quality graphene. Graphene growth on tech-

nologically important SiC substrate has been achieved on both the Si and C-faces. The 

properties of graphene on two faces are affected by the type of plane on which it is grown. 

Graphene on the Si-face is particularly different due to an unavoidable underlying buffer 

layer of carbon that grows between the graphene and silicon face during the growth pro-
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cess. Charge transfer and substrate interaction of graphene on the Si-face affect its prop-

erties more compared with the C-face. However, poor control over the number of gra-

phene layers is the key issue on the C-face that usually yields thick graphene layers. Alt-

hough the focus of this research is on graphene growth on the Si-face for its controllability 

on the number of layers, graphene on the C-face exhibits higher carrier mobility that 

makes it superior [6]. The carrier mobility of graphene is highly influenced by the number 

of layers; therefore, growth control is technologically very important [7,8]. 

The change in ambient temperature and interaction of environmental species can 

strongly affect the properties of atomically thin and sensitive graphene layers, which 

make it the material of choice for sensing applications. Graphene’s wetting properties 

have been studied extensively and a clear change in its wetting properties has been ob-

served simply by surface functionalizing. Many studies have given controversial and in-

consistent results about graphene properties and the performance of graphene based de-

vices so far [9]. The surface charge, defects and adsorbates are considered to be the sources 

of inconsistent graphene properties [9,10]. The intentional adsorption of known molecular 

species on graphene surfaces results in controlled doping and modification of its various 

electrical and optical properties. However, the unintentional adsorption of unknown am-

bient species can lead to degradation, inconsistent device behaviors, and poor reliability 

of graphene-based devices. The single-atom thick graphene surface exposed to air can 

have bulk aerosol and moisture deposits. Such materials trapped in moisture are more 

likely to adsorb on open surfaces, particularly below room temperature. It is indeed very 

important to keep the surface clear to be able to benefit from the intrinsic properties of 

highly sensitive graphene layers. In this study, we observed a change in the Raman spec-

trum of epitaxial graphene upon cooling due to moisture condensation on its surface that 

is significant and can result in the misleading evaluation of its quality if dealt with care-

lessly. For quality assurance and stable graphene-based device behaviors, proper surface 

insulation is necessary below room temperature. Raman spectroscopy is one of the most 

sensitive techniques that has successfully detected the contamination deposition of the 

graphene surface. Further investigation with similar characterization techniques can al-

low the detection of contaminants and their effects on the properties of graphene-based 

devices. 

2. Experimental 

2.1. Materials 

Vanadium-doped semi-insulating 6H-SiC substrate was purchased from Wolfspeed 

(4600 Silicon Drive Durham, North Carolina 27703, USA). The thickness of 6H-SiC sub-

strate was 369 µm. The substrates were polished on both Si and C faces. 

2.2. Epitaxial Graphene Growth 

The 6H-SiC substrates were ultrasonically cleaned in acetone and ethanol prior to 

graphene growth. Graphene was grown in a home-made RF-furnace at 1550 °C on the 

atomically flat 6H-SiC substrate for 25 min in a high vacuum (<10−10 Torr). At sufficiently 

high temperature, Si evaporates from the substrate leaving C atoms behind that form gra-

phene. The main components of the furnace include a large copper coil, sample stage, 

quartz tube, a protective shield and an AC power supply. An alternating current is pro-

duced using the power supply in the middle RF range. It heats the sample placed in the 

tube. A turbo pump is used to evacuate the tube. 

2.3. Measurements 

Optical images of the graphene surface grown on the carbon face of the 6H-SiC sub-

strate were taken using an optical microscope attached with RH13325 (R-2000) Raman 

spectrometer in the complete temperature cycle between room temperature and −180 °C 

using a 50× objective lens. The 532 nm excitation laser with 2 µm spot size of the same 
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Raman spectrometer was used to obtain the in situ temperature-dependent Raman spec-

tra of the graphene in the same temperature range. A 50× objective lens was used. The 

sample was placed in a hot/cold cell and the liquid nitrogen was passed on it while taking 

temperature-dependent Raman spectra and optical images of the graphene surface at at-

mospheric pressure. The Raman spectra and optical images were taken after every 30 °C 

change in temperature continuously in the complete temperature cycle. The temperature 

was allowed to stabilize before each spectrum was obtained. Low room temperature and 

the humid lab environment allowed increased moisture condensation on the sample sur-

face as shown in Figure 1. High vacuum annealing of the graphene sample was performed 

at 500 °C before Raman spectra and optical images were taken to clean any contaminants 

from the graphene sample surface. 

 

Figure 1. Optical microscopy images of the epitaxial graphene at (a) −30 °C, (b) −60 °C, (c) −90 °C, 

and (d) −120 °C temperatures. 

3. Results and Discussion 

The epitaxial graphene on 6H-SiC was annealed in a vacuum for 5 h to get rid of any 

moisture or contaminants before the temperature-dependent Raman spectra were ob-

tained. However, graphene has been reported to be more chemically active for adsorption 

after vacuum annealing [11]. It is assumed that the adsorbates can be removed by anneal-

ing leaving active sites for more adsorbates to come which makes graphene more lipo-

philic. Graphene on the C-face of SiC contains wrinkles, ridges and ripples that can further 

facilitate adsorption [12]. 

Temperature-dependent Raman spectra were obtained in a complete cycle between 

room temperature and −180 °C. The surface of the sample was continuously observed 

through the optical microscope attached with Raman spectroscopy. The moisture starts to 

condense on the surface of the sample upon cooling despite the continuous flow of nitro-

gen. When the temperature reaches near −30 °C, the water droplets become noticeable on 
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the surface as shown in optical microscopy images in Figure 1. Only big and distant drop-

lets appear at first. The smaller droplets start to appear on the surface between the big 

droplets with further cooling. 

An apparently clear area between the droplets was chosen to take the temperature-

dependent Raman spectra but the continuous moisture condensation attenuated the Ra-

man signal of the sample. The Raman signal was lost continuously, and the focus adjust-

ments were made after every few degrees centigrade change in temperature. A strong 

background in Raman spectra was observed upon cooling that was subtracted from all 

the spectra for clarity. Moisture condensation and contaminants can lead to fluorescence 

background [13]. The contaminations resulted in some peaks other than normal Raman 

peaks of graphene and SiC substrate. The peaks at 227, 293, 414, 550–750, 1327, and 3200 

cm−1 are observed upon cooling below 0 °C and remain observable during the complete 

temperature cycle as shown in Figure 2a,b. The peaks are assigned to the moisture and 

contaminants it carries [14–17]. The broad feature in the range 550–750 cm−1 is a combina-

tion of peaks that is due to the complex form of contaminants in the moisture. The con-

taminants can be airborne aerosols such as dust, soot, smoke, pollen, etc., or a combination 

of them. The droplets were not observable through the microscope once the sample was 

brought back to room temperature. Figure 2c shows the comparison of the Raman spectra 

for the sample before and after the complete cooling cycle. The peaks related to moisture 

and contaminants remain evident even when the sample is heated back to room temper-

ature. This confirms that complete desorption of moisture and contaminants does not oc-

cur upon heating the sample back to room temperature. The hydrated contaminants can 

only be cleaned by high vacuum annealing of the sample. The graphene stored at ambient 

pressure should be annealed in a vacuum once it faces temperatures below room temper-

ature to restore its actual properties. 

The peak near 1327 cm−1 is significant due to its position near the D band of graphene. 

Low-temperature Raman spectroscopy of graphene has been reported many times [18–

20]. Intentional graphene surface functionalization and molecule adsorption has also been 

studied extensively [21–23]. The activation of D band only by cooling or contaminat-

ing/functionalizing the surface of graphene has never been reported. Thus, the possibility 

of this peak being a D band can be ruled out. The peak is assigned to the contaminants 

that moisture carries. 

In many parts of the world, −30 °C is room temperature at some point. A low tem-

perature is often maintained in laboratories to avoid excessive heating of equipment. Gra-

phene exposed to such environments can easily attract pollutants present in the air. A 

peak near 1327 cm−1 can be easily misinterpreted as a D band of graphene in the graphene 

sample exposed to open air below room temperature. The D band is used as the most 

reliable measure of graphene quality [24]. Graphene surface should be carefully cleaned 

by high vacuum annealing before Raman analysis once the surface has faced a tempera-

ture below 0 °C in open air. 

To further confirm the origin of the observed peaks, the Raman laser was focused on 

a big droplet on the graphene surface, and temperature-dependent Raman spectra were 

obtained as shown in Figure 3a. Intense and clear ice signals were observed in the range 

of 2800–3800 cm−1 with peaks at 227 and 1327 cm−1 [25]. The Raman peaks of graphene and 

SiC were also observed. The ice-related broad feature in the range of 2800–3800 cm−1 was 

fitted and gave the well-known four peaks associated with ice at 3205, 3113, 3221 and 3364 

cm−1 as shown in Figure 3b. Interestingly, the previously observed features in the range of 

550–750 cm−1 on a surface between the droplets were not observed this time. Only a small 

peak near 550 cm−1 was observed. The water droplets and contaminants may have their 

preferential adsorption sites. The type of contaminants that prefer to adsorb between the 

water droplets and give rise to Raman features in the range of 550–750 cm−1 do not adsorb 

on water droplet formation sites. Careful graphene surface characterization and proper 

insulation are, hence, important in low-temperature environments. 
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Figure 2. (a) Temperature-dependent Raman spectra recorded from room temperature to −180 °C 

in Raman frequency range of 1000–3500 cm−1. (b) Temperature-dependent Raman spectra were rec-

orded from room temperature to −180 °C in the Raman frequency range of 100–1000 cm−1. (c) Raman 

spectra of epitaxial graphene were taken at room temperature before and after the cooling cycle. 
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Figure 3. (a) Temperature-dependent Raman spectra obtained by focusing the laser to a frozen water 

droplet (b) fitting of the water-related peak obtained at −90 °C. 

4. Conclusions 

Condensation of moisture on the epitaxial graphene on 6H-SiC was investigated by 

Raman spectroscopy below room temperature. The Raman spectra showed the Raman 

peaks associated with ice and contaminants below 0 °C. A peak near 1327 cm−1 associated 

with contaminants is particularly important for its position since it is in the frequency 

range where the D band of graphene occurs. The D band is usually used as the most reli-

able measure of graphene quality. Careful Raman investigation of graphene and its insu-

lation against moisture is, therefore, important below 0 °C. Proper investigation of the 

abundant species in the air can provide a clear understanding of the contaminants and 

their possible effects on graphene’s intrinsic properties that should be explored further by 

using sensitive characterization techniques similar to Raman spectroscopy. 
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