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Abstract

:

Graphene’s novel electrical, optical, and mechanical properties are affected both by substrate interaction and processing steps required to fabricate contacts and devices. Annealing is used to clean graphene devices, but this can lead to doping and defect changes and strain effects. There is often disagreement about which of these effects are occurring and which result in observed changes in Raman spectra. The effects of vacuum annealing on mechanically exfoliated pristine, suspended, and attached thin and thick few-layer graphene on SiO2/Si are investigated here using scanning electron microscopy (SEM), Raman spectroscopy, and atomic force microscopy (AFM). Before annealing, Raman shows that the differences in 2D and G band positions and the appearance of a disorder-induced D band of all regions were mainly because of compressive or tensile structural deformations emerging through mechanical exfoliation instead of charge doping. Annealing at low temperature is sufficient to eliminate most of the defects. However, compressive strain is induced in the sheet by annealing at high temperature, and for thin regions increased substrate conformation leads to the apparent disappearance of the sheets. The intensity ratio of the 2D and G bands also reduces with induced compressive strain, and thus should not be used to detect doping.
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1. Introduction


Graphene has many novel electrical, optical, and mechanical properties that make it a promising material for building the next generation of nanoelectronics [1,2,3]. However, its properties are influenced by interactions with the environment due to the large surface-to-volume ratio [4]. Several aspects of the surrounding medium impact the behavior of graphene, including the underlying substrate and any fabrication residues. Different methods have been used to reduce or eliminate these changes, including suspending graphene sheets over holes to remove the substrate-induced changes and annealing graphene at several hundred degrees Celsius for a few hours in air or in ultra-high vacuum [5,6,7,8] to remove fabrication contamination. The effects of fabrication processes such as annealing on graphene are not fully understood, with annealing causing changes in defect density, strain, and doping [9]. There is disagreement in the literature about which of these effects are occurring and which result in the observed changes in the Raman spectra.



Raman spectroscopy has been used as a relatively quick and non-destructive technique for the characterization of graphene, as it does not require any previous sample processing steps such as depositing electrodes [10]. Raman spectroscopy is sensitive to the number of graphene layers [10,11], strain [12], and doping [9,13]. Three common features are shown in the Raman spectra of the graphene, which are the G, D, and 2D bands, appearing around 1580, 1350, and 2700 cm−1, respectively. The G band arises from the first-order scattering process related to the doubly degenerate Brillouin zone center phonon mode. The D band is caused by the breathing modes of sp2 atoms and is activated by doubly resonant disorder. It does not appear in defect-free graphene, and thus is an important indicator of the quality of the sample. The 2D peak is the most noticeable feature in the spectra. It is the second order of the D peak and is always present even when no D band appears, as no defects are needed to activate the second-order phonons [10,14]. The change of the positions and intensities of these bands is used to determine the key graphene properties, such as thickness [10,11,15], doping [13], and structural deformation [12].



In this study, we investigate the effects of annealing mechanically exfoliated pristine graphene of different thicknesses, both suspended over holes in SiO2 and attached to the substrate, by studying the changes with Raman spectroscopy, scanning electron microscopy (SEM), and atomic force microscopy (AFM). Annealing at 200 °C cleans the graphene. At higher temperatures strain effects are induced, causing wrinkles in the sheets, increased deformation, and the apparent disappearance of thin regions of graphene. The onset of these effects occurs at different temperatures for thick, thin, and suspended graphene.




2. Results and Discussion


Figure 1a shows an SEM image of a prepared graphene sample on the patterned SiO2/Si substrate. Dotted lines make clearer the boundary between areas of ‘thin’ graphene (n ~ 4) and ‘thick’ graphene (n ~ 6), with positions 1 to 4 marking the locations of the Raman spectra in Figure 1b. Spectra were normalized to the G-intensity I(G) with Table 1 showing the change of the G and 2D band positions.



Prior to annealing, differences in the Raman spectra of the graphene are evident between the areas of different thicknesses and are dependent on whether the flake is attached to the SiO2 substrate or suspended over a hole. We first establish how these characteristics compare to existing work, before we study how they change after annealing. The thickness of the layers can be determined by the G band and 2D band positions. In general the G band position downshifts while the 2D band position shifts up with increasing thickness [10,16]. The full width at half maximum (FWHM) of the 2D bands fitted by a Lorentzian function are for the thin area 60.28 cm−1, which indicates four-layer graphene, and for the thick area 69.36 cm−1, which indicates six layers [11].



Comparing the Raman spectra of the thin area (positions 2 and 1), for the suspended region the G and 2D band positions downshift with respect to the region attached to the substrate by around 1.1 cm−1 and 14 cm−1, respectively. The FWHMs of the G and 2D bands are greater than that of the attached region, broadening by around 3 cm−1 and 10 cm−1, respectively. Many experimental papers have reported Raman band shifts due to charge doping or strain [17,18,19,20,21]. Here, different charge doping can be excluded as the source of the band blue-shifts in the attached regions compared to suspended regions in our results for several reasons. First, Pisana et al. [22] and Yan et al. [23] reported that besides the G band blue-shift resulting from charge doping, a bandwidth reduction of 10 cm−1 was also observed. However, here we see a much smaller narrowing of the FWHM of the G band (3 cm−1), normally considered to be too small to be attributed to doping [19]. Also, it has been observed that charge density changes would only cause a very slight shift in the 2D-peak position [13,23], while we notice here almost a 14 cm−1 shift in the 2D band, which is too large to be caused by doping. In addition, no significant alteration in the FWHM of the 2D band has been observed experimentally [13,23], whereas we measured here a 10 cm−1 broadening in the FWHM of the 2D band of the suspended sheet. Furthermore, higher resolution SEM images of the same area shown in Figure 1 indicate a contrast increase over the holes consistent with upward bending of the suspended thin sheet, just visible in the composite image shown here. This indicates induced tensile strain in this region through the transfer process, leading to the observed shifts in the G and 2D band positions. While the D-peak position is not usually included in similar studies, we include it for reference in Table 1 [12,24].



The very small downshift of the 2D band (less than 1 cm−1) can be seen in the suspended region of the thick graphene layer compared to the attached part, while no change in the G band peak position is observed because the thick graphene sheet has higher rigidity and therefore resists bending from non-planarity [16]. These results show that the differences in the 2D and G band positions of the few-layer graphene are because of compressive or tensile structural deformations emerging through mechanical exfoliation instead of charge doping, which reduce with increasing thickness [4].



Another feature evident in all spectra of Figure 1b and Figure 2, prior to annealing, is the D band, positioned at around 1350 cm−1, indicating the presence of defects in the graphene sample. It is clear that the D band intensity I(D) in the thin sheet is higher than that of the thick graphene sheet in both the suspended and attached regions. Also, the I(D) of the suspended thin layer is higher than the one attached to the substrate—however, these values are smaller than that reported for good quality thin layers of graphene [19]. This is confirmed in Figure 3a, which illustrates the ratio of the intensities between D and G bands I(D)/I(G). This ratio is commonly used to estimate the number of defects in carbon materials. In addition to the D band peak, two additional weak bands at around 1460 cm−1 and 1620 cm−1, and a feature at around 2930 cm−1, were observed in the spectra in both the suspended and attached thin graphene areas, which also are induced by defects [25]. These additional Raman bands were absent in suspended and attached regions of the thick graphene layer. Additionally, the I(D)/I(G) of both locations of thick graphene sheet is extremely low (~2%), which demonstrates that defects are much easier to introduce in the thinner sheets of graphene.



The origin of the thickness dependence of the D band scattering in graphene sheets is suggested to be caused by the rigidity of the graphene sheets, which reduces with reduction number of graphene layers [16]. Relatively speaking, the thinner layers are extremely compliant and deform easily when deposited onto the SiO2/Si substrates through the van der Waals coupling between the substrates and graphene layers. However, the thicker layers are considerably more rigid and show more resistance against bending from non-planarity. Sometimes the I(D) is lower in suspended graphene because of the reduction in substrate interaction. However, in our samples the suspended region of the thin area is bending and the intensities of the strong and weak disorder-induced bands are higher than the attached region, which demonstrates that the deformation leads to increased intensities of the disorder-induced bands. Again, this confirms that the differences in the 2D and G band positions of the suspended and attached thin graphene are because of structural deformations emerging through mechanical exfoliation instead of charge doping.



Next, we address the changes in the Raman spectra of these layers as the samples are annealed. Figure 2 shows the Raman spectra before and after annealing in ultra-high vacuum (UHV). The most apparent feature can be seen after annealing graphene at 200 °C: the disappearance of the D band or reduction of its intensity. Also, the weak bands at around 1620 cm−1, 1460 cm−1, and 2930 cm−1 of the suspended thin graphene sheet are removed. The feature at 1460 cm−1 is close to an R-band feature observed by others around 1505 cm−1 which has been attributed to folding or bending in the graphene, which could be the result of the transfer process affecting the thin sample area more [26]. As it is removed here after annealing, it would suggest that the mechanical change in the graphene sheets has removed this feature. No significant difference is seen in annealing the graphene layers at 300 °C; however, annealing at higher temperatures leads to increases in the intensity of the D band of the attached sheets and suspended thick sheet.



The changes in the intensity of the D band as the annealing temperature increases are further demonstrated in Figure 3a by plotting the change in the I(D)/I(G) ratio. Moreover, the broadness of the G band can be clearly observed in all spectra (Figure 2) as the annealing temperature increases to 400 °C and 500 °C. These observations demonstrate an increase in the quality of the graphene layers by annealing graphene at low temperatures, whereas annealing at high temperatures (>300 °C) can lead to the induction of some structural disorder in the graphene samples, demonstrated by the appearance or the increase of the D band intensity and the increase in the width of the G band.



The induced defects in the graphene samples could be caused by the effects of doping or strain. Various different parameters have been used in the literature to differentiate between the effects of doping and strain, including the intensity ratios between the 2D and G bands (I(2D)/I(G)) and between the D and 2D bands (I(D)/I(2D)), and a comparison of the shifts of the G and 2D bands and the FWHM of the G band [9,18,19,27,28,29]. Whilst most papers study one or two of these parameters, here we compare all of them to bring together the various results. Figure 3b shows the effect of thermal annealing on the I(2D)/I(G) ratio of the graphene. An apparent observation is that, for the suspended thin layer and both locations of the thick layer, this ratio decreases above annealing at 300 °C. However, for the thin layer attached to the substrates, it decreases linearly through annealing. The reduction in the I(2D)/I(G) ratio in annealed graphene samples has been attributed to doping effects. However, in our results, we found that these changes with annealing were caused by strain effects, as will be demonstrated later in the text.



There are several reasons why we can exclude doping as the cause of the I(2D)/I(G) changes in our experiment. Firstly, besides the decrease of the I(2D)/I(G) ratio, a G band upshift with a FWHM narrowing was also detected in the case of doping [9,18,28]. However, in our experiments, a clear broadening of the FWHM of the G band is observed after thermal annealing at 400 °C and 500 °C, as shown in Figure 2 and Figure 3d. Secondly, it has also been reported that, besides the reduction of the I(2D)/I(G) ratio, the ratio of I(D)/I(2D) does not change with doping while the ratio of I(D)/I(G) reduces [29]. Yet, in our results, I(D)/I(G) increases over 300 °C and I(D)/I(2D) changes with thermal annealing and shows the same behavior of I(D)/I(G), as illustrated in Figure 3a,c. These observations indicate that the effect of the doping on our results can be excluded.



On the other hand, many papers have demonstrated a blue shift of the band positions in thermally annealed graphene samples due to compressive strain in the graphene layers [19,27,30], which corresponds with what we observed in our results; the stiffening (shift to higher frequency) of G, D, and 2D bands after annealing at 500 °C was seen for all regions both suspended and attached to the substrate. Table 2 shows the frequency upshifts of the Raman G (ΔωG), D (ΔωD), and 2D (Δω2D) bands of the graphene sheet with different locations after annealing at 500 °C.



The effects of compressive strain can be seen clearly in the SEM image in Figure 4b where several ‘wrinkles’ were created, leading in to the hole in the thick region after annealing at 500 °C. They were not present when only annealed to 200 °C, as shown in Figure 4a.



Perhaps the most notable feature of Figure 4b is the apparent disappearance in SEM of the thin region after annealing at 500 °C, while the thicker regions of the flake above and below are still present. This effect has been attributed in the literature to a reduction in the number of graphene layers blown off or absorbed into the substrate during annealing [19]. However, here the Raman spectra in Figure 2 indicate that the thin region is still present, with increased strain effects. An AFM line scan down the dotted white line shown in Figure 4b is shown again in Figure 4c, where the horizontal lines are the mean height for the SiO2 region and the thin graphene layer, respectively. Although the AFM scan is noisy due to the induced structural ripples from annealing, the average lines show that the thin region is still 2.20 nm higher than the SiO2 substrate, confirming the Raman observation that the thin graphene layer is still there, but no longer visible under SEM. We believe that the induced compressive strain caused the graphene to conform to the underlying SiO2 substrate roughness, such that it is indistinguishable from the substrate by SEM. The thicker areas are less elastic than the thinner regions and therefore do not undergo the same conformation when annealed. Calculations of the expected thickness of four-layer graphene measured with AFM are in the region of 2.3 to 2.5 nm [31,32,33]. These estimates are made up of an initial graphene-substrate offset of at least 1 nm plus the height of each graphene layer. With the increased substrate conformation following annealing, the graphene-substrate offset was reduced and the total height of 2.20 nm corresponds to four-layer graphene, matching the Raman estimate of the layer number.



To bring all these results together, we attribute the reduction in the 2D/G height ratio of both the suspended thin and thick layers and the attached thick layer at annealing temperatures higher than 300 °C, as well as the attached thin layer at a temperature of 200 °C, to the created deformations in the sheet as a result of the compressive strain during annealing. Graphite and graphene have a negative thermal expansion coefficient [34,35,36,37], whereas the SiO2 substrate has a positive thermal expansion coefficient. Typically, the graphene layers hold to the substrate by van der Waals forces. In the case of suspended and/or thick sheet, the van der Waals interaction becomes smaller. Thus, the variance in the thermal expansion coefficients is negligible when annealing the sheet at low temperature, as the induced tensile strain is small and the graphene sheets return to their original state after cooling [30]. However, the mismatch in thermal expansion coefficients leads to induced compressive strain when the graphene sheets are annealed at high temperatures [38]. The graphene sheet will slip across the SiO2 surface as a result of significant increases in the induced tensile strain above the van der Waals forces holding the graphene onto the SiO2 substrate as the temperature rises.



Slippages occurred in our suspended layers and attached thick layer at annealing temperatures higher than 300 °C. On the other hand, in the attached thin layer, the 2D/G height ratio linearly reduced with the annealing temperature. This is because the van der Waals interaction between the graphene and the SiO2/Si substrate is higher in thinner sheets [1]. Thus, annealing the sample at low temperature leads to large induced strain and the slippage occurs at temperatures of around 200 °C, which is the same value reported for single- and bi-layer grapheme [30]. The degree of the slippage depends on the annealing temperature, and it increases as the temperature rises. When the temperature drops back to room temperature, compressive strain emerges in the graphene sheet, which leads to the sheets buckling and forming ripples.



Enhanced charge scattering was reported as a reason for the reduction in the I(2D)/I(G) ratio in doped graphene because of doping changes [39]. However, ripples and deformations in the graphene sheets also lead to increased charge scattering, which is the reason for reduced mobility and conductivity [40,41,42]. This confirms that the I(2D)/I(G) ratio also reduces because of induced compressive strain. Moreover, the result reported here indicates that the I(2D)/(G) ratio changes should not be used as a parameter to monitor the doping level, since it also changes because of the existence of ripples and deformations in the graphene sheets.




3. Experimental


Graphene samples were prepared by the mechanical exfoliation of highly oriented pyrolytic graphite (HOPG) using Scotch tape and deposited onto pre-etched SiO2/Si substrates to create suspended sheets over the holes [1,43]. The patterned samples were prepared by first defining arrays of circles with a diameter of 1.6 μm by electron beam lithography on a Si wafer, which were then plasma etched to a depth of 800 nm [44]. Following this, a 90-nm-thick SiO2 layer was grown by thermal oxidation. SEM was used to locate the suspended graphene sheets and then Raman spectroscopy was used to determine the thickness and the quality of the sheets. Samples were then annealed in an ultra-high vacuum (UHV) to prevent the oxidation of the graphene by interacting with ambient air [20] at 200, 300, 400, and 500 °C for an hour. Raman spectra were measured using a Renishaw inVia Raman microscope, at room temperature using a laser with an incident power of 2.64 mW to avoid sample damage or laser-induced heating [10], and a wavelength of 532 nm was focused on both regions that were suspended and attached to the SiO2/Si substrate of both thicknesses of few-layer graphene (hereafter called thin and thick) using a 50× objective. The spectra were taken with a 10-second exposure time, with three accumulations to enhance the signal-to-noise ratio. Raman spectra were obtained on annealed graphene sheets to study the effects of thermal annealing. Each Raman spectrum was measured at the same position after each annealing temperature and then normalized by the G intensity. Lastly, AFM was used under ambient conditions in contact mode using a Nanosurf NaioAFM to show height profiles of the attached graphene layers to the substrate after annealing the sample at 500 °C.




4. Conclusions


Annealing is usually a required stage in fabricating graphene devices, which also provides a straightforward way to improve the quality of the sheets. However, there is disagreement in the literature about the effects of annealing on the subject of strain and charge doping. Some research concluded that annealing alters the doping, by dopant transfer from the environment or the substrate, or out-gassing of dopants in doped graphene samples [28,45]. Other papers reported that compressive strain is induced in samples after annealing and that this is a competing explanation for the observed changes [19,27]. This has been investigated in the present work using Raman spectroscopy on mechanically exfoliated pristine, suspended, and attached thin and thick few-layer graphene, deposited under ambient conditions without any extra processing.



Before annealing, the results confirm that the differences in the 2D and G band positions, and the appearance of the disorder-induced D band in few-layer graphene, were mainly because of compressive or tensile structural deformations emerging through mechanical exfoliation. These do not occur as a result of doping changes, which have been identified as the cause of such spectral changes [14]. These disorder-induced changes were observed much more clearly in the thin layer, because the thick layer has higher rigidity and therefore resists conforming to the substrate during deposition.



Annealing at low temperatures led to a reduction or elimination of defects, while annealing at elevated temperatures induced structural disorder in the graphene sheet, demonstrated by the reduction of the I(2D)/I(G) ratio. We attribute the change in the I(2D)/I(G) with annealing to the ripple formation created because of compressive stress on the graphene since it is associated with the stiffening of the G and 2D band, as well as the broadening of the G band.



Thin regions of a continuous flake of graphene were observed to apparently disappear in SEM after annealing at 500 °C, which has been attributed elsewhere to a reduction or removal of the graphene layers. However, here we show with Raman and AFM that the sheets were still present, but had conformed to the underlying substrate topography such that there is no evident contrast difference in SEM. The thicker regions of the same flake do not undergo the strain-induced conformation and remain visible.



We conclude that the I(2D)/I(G) ratio should not be used as a parameter to monitor the doping level as reported in the literature, because this parameter also reduces because of the existence of ripples and deformations in the sheet. The results indicate that the deformation can be increased on the graphene sheets with thermal annealing, which leads to changes in the electronic and structure properties of the graphene, and this effect must be considered in all graphene studies.
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Figure 1. (a) SEM image and (b) Raman spectra of ‘thin’ and ‘thick’ regions of the graphene attached to the SiO2/Si substrate (locations 1 and 3, respectively) and suspended regions (locations 2 and 4). All spectra are normalized by the G-intensity. Dashed lines on the SEM image indicate the boundary between different thicknesses for clarity. 
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Figure 2. Raman spectra of (a) location 1: thin, on substrate; (b) location 2: thin, suspended; (c) location 3: thick, on substrate; (d) location 4: thick, suspended. Spectra are offset vertically by increasing the temperature from bottom to top, before annealing and after annealing at 200, 300, 400, and 500 °C, respectively. Spectra are normalized by the G band intensity. 






Figure 2. Raman spectra of (a) location 1: thin, on substrate; (b) location 2: thin, suspended; (c) location 3: thick, on substrate; (d) location 4: thick, suspended. Spectra are offset vertically by increasing the temperature from bottom to top, before annealing and after annealing at 200, 300, 400, and 500 °C, respectively. Spectra are normalized by the G band intensity.
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Figure 3. The ratio intensities of I(D)/I(G) in (a), I(2D)/I(G) (b), and I(D)/I(2D) (c) of graphene sheet with different locations before and after annealing at different annealing temperatures; (d) G band full width at half maximum (FWHM) of graphene sheets with different locations before and after annealing at different annealing temperatures, the FWHM of the G band was fitted using the Lorentzian function—dashed lines aid the reader to see overlapping points. 
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Figure 4. (a) SEM image of the sample after annealing at 200 °C, (b) SEM image after annealing at 500 °C, and (c) an atomic force microscopy (AFM) height profile down the dotted line indicated in (b) with two mean heights marked for (left) the SiO2 substrate and (right) the attached thin region. 






Figure 4. (a) SEM image of the sample after annealing at 200 °C, (b) SEM image after annealing at 500 °C, and (c) an atomic force microscopy (AFM) height profile down the dotted line indicated in (b) with two mean heights marked for (left) the SiO2 substrate and (right) the attached thin region.



[image: Crystals 07 00349 g004]







[image: Table] 





Table 1. Values of G and 2D band positions of thin and thick graphene layers.






Table 1. Values of G and 2D band positions of thin and thick graphene layers.





	

	
Thin Layer (≈4 Layers)

	
Thick Layer (≈6 Layers)




	

	
On Substrate

	
Suspended

	
On Substrate

	
Suspended






	
G position (cm−1)

	
1583.80

	
1582.71

	
1580.51

	
1580.51




	
2D position (cm−1)

	
2697.28

	
2683.56

	
2717.35

	
2716.44




	
D position (cm−1)

	
1345.84

	
1343.56

	
1346.98

	
1348.11
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Table 2. The frequency upshifts of the Raman G (ΔωG), D (ΔωD), and 2D (Δω2D) bands of graphene sheet with different locations after annealing at 500 °C.
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Thin Layer

	
Thick Layer




	
On Substrate

	
Suspended

	
On Substrate

	
Suspended






	
ΔωG (cm−1)

	
4.38

	
3.28

	
2.18

	
3.28




	
ΔωD (cm−1)

	
9.08

	
7.95

	
9.08

	
9.08




	
Δω2D (cm−1)

	
10.03

	
16.45

	
1.81

	
3.63
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