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ABSTRACT 
When two-dimensional graphene is exfoliated from three-dimensional highly oriented pyrolytic graphite 
(HOPG), ripples or corrugations always exist due to the intrinsic thermal fluctuations. Surface-grown graphenes 
also exhibit wrinkles, which are larger in dimension and are thought to be caused by the difference in thermal 
expansion coefficients between graphene and the underlying substrate in the cooling process after high 
temperature growth. For further characterization and applications, it is necessary to transfer the surface-grown 
graphenes onto dielectric substrates, and other wrinkles are generated during this process. Here, we focus on the 
wrinkles of transferred graphene and demonstrate that the surface morphology of the growth substrate is the 
origin of the new wrinkles which arise in the surface-to-surface transfer process; we call these morphology- 
induced wrinkles. Based on a careful statistical analysis of thousands of atomic force microscopy (AFM) 
topographic data, we have concluded that these wrinkles on transferred few-layer graphene (typically 1–3 layers) 
are determined by both the growth substrate morphology and the transfer process. Depending on the transfer 
medium and conditions, most of the wrinkles can be either released or preserved. Our work suggests a new route  
for graphene engineering involving structuring the growth substrate and tailoring the transfer process. 
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1. Introduction 

Strictly two-dimensional (2D) crystals are thermody- 
namically unstable [1]. Crumpling in the third 
dimension of mono- or few-layer graphene leads to 
an increase in elastic energy but minimizes the total 
free energy which enables the existence of graphene 
[2, 3]. Ripples on mechanically exfoliated graphene, 
with ~1-nm-high corrugations and 10–25-nm-lateral 
dimensions, have been invoked to explain many 

phenomena [4], such as decreased carrier mobility [5], 
suppression of weak localization [6], formation of 
electron–hole puddles [7], and enhanced chemical 
reactivity [8]. As a low cost and scalable technique  
for obtaining large-area, high-quality, and uniform 
graphene films, surface growth methods represented 
by chemical vapor deposition (CVD) have recently 
attracted great attention [9–11]. When employing these 
surface-grown graphenes in fundamental research or 
practical applications, a transfer procedure from the 
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metal substrates to dielectric substrates is a prerequisite 
[12]. Wrinkles always appear on these transferred 
surface-grown graphenes [10, 11, 13]. Typically, the 
corrugation of these wrinkles is ~2–15 nm in height, 
and ~20–100 nm in width (see in the Electronic Supple- 
mentary Material (ESM), Figs. S-1, S-2 and Tables S-1, 
S-2), larger than the ripples on mechanically exfoliated 
graphene, which strongly influences the physicoche-  
mical properties of the graphene sample [14]. 

The origin of wrinkles on transferred surface-grown 
graphene is not yet fully understood. The wrinkles 
are usually considered to be a result of compressive 
stress during cooling caused by the difference in 
thermal expansion coefficients between graphene and 
metals [15]. Here, we focus on this fundamental issue 
for transferred few-layer graphene. We found that with 
the widely-used surface-to-surface transfer technique 
[16], there is a strong correlation between the surface 
morphology of the growth substrate and wrinkle 
distribution, and the transfer process also plays an 
important role in determining the final wrinkle density  
of the transferred graphene. 

2. Experimental 

2.1 Growth of few-layer graphene films 

To study the mechanisms of wrinkle formation on 
transferred graphene, three kinds of few-layer graphene 
were prepared. The segregation growth of graphene 
was carried out on evaporated Ni films, which were 
deposited on thermally oxidized silicon wafers by 
ultra-high vacuum (UHV) electron beam deposition 
(ULS400, Balzers). The Ni target was commercially 
available (General Research Institute for Nonferrous 
Metals, China) with a Ni purity of > 99.9 wt.% and the 
evaporated Ni film had a carbon content of ~2.6 at.% 
in the bulk as determined by X-ray photoelectron 
spectroscopy (XPS). The typical thickness of the 
polycrystalline Ni films was 150–500 nm. Thus- 
prepared Ni films were placed in a vacuum annealing 
furnace (VTHK-350, Beijing Technol Science Co., Ltd.) 
at 1100 °C and 4 × 10–3 Pa for graphene growth. The 
layer distribution of graphene was as high as ~82% for 
1–3 layers, confirmed by optical contrast and Raman 
spectroscopy (see Table S-3 and Fig. S-3 in the ESM). 

The CVD growth of graphene was conducted on either 
Ni films or Cu foils. The Ni-based-CVD was carried 
out on the same evaporated Ni film at 1000 °C and 
atmospheric pressure with a slow cooling speed 
(4 °C/min), and by controlling the carbon precipitation 
resulted in graphene composed mostly of 1–3 layers. 
The Cu-based CVD was carried out on 25-μm-thick 
Cu foils (Alfa Aesar) in a thermal tube furnace at 
1000 °C and 60 Pa (2 standard cubic centimeters per 
minute (sccm) H2 and 35 sccm of CH4 flow) and the  
resulting graphene existed mainly as monolayers. 

2.2 Transfer process 

All the surface-grown graphene films were transferred 
from metal substrates to 300 nm-SiO2/Si substrates by 
the widely-used transfer technique [16]. The typical 
procedure includes: (1) spin-coating poly(methyl 
methacrylate) (PMMA, MicroChem AR-P 679.04, 
950,000 MW, 4 wt.% in ethyl lactate) solution onto  
the graphene-on-metal substrates at 2000 r/min and 
baking the sample at 170 °C to completely remove the 
solvent and ensure the graphene became thoroughly 
embedded in the polymer; (2) releasing the flexible 
PMMA/graphene film in dilute HCl (1:1 vol.) or FeCl3 
(~1 mol/L) aqueous solution by etching off the 
underlying metal and attaching the PMMA/graphene 
film onto the target substrate; and (3) lifting off the  
PMMA by dissolving it in acetone.  

2.3 Characterization 

Atomic force microscopy (AFM, Veeco Instruments, 
Nanoscope IIIA) was used for the topographic 
imaging. All the AFM images were captured in 
512 × 512 pixels by a standard silicon nitride probe 
(Model NP), typically with a cantilever of 100 μm in  
length and tens of nm in diameter at the apex. 

Scanning electron microscopy (SEM, Hitachi-S4800) 
was also carried out to examine the effect of the surface- 
transfer process on wrinkle formation. All the SEM  
images were taken directly using a high voltage of 1 kV. 

3. Results and discussion 

Figure 1(a) shows a typical AFM image of 200 nm-thick 
vacuum-evaporated Ni film on a SiO2/Si substrate 
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after segregation growth of graphene at 1100 °C and 
4 × 10–3 Pa [13], which has the characteristic atomic flat 
crystal terraces, step edges and deep trenches. Shown 
in Fig. 1(b) is the corresponding AFM image of the 
transferred graphene film on a 300 nm-SiO2/Si substrate 
obtained by utilizing a standard transfer technique 
with PMMA film [16]. It is obvious that there is a strong 
topographic correlation between two AFM images. 
The transferred graphene film has many wrinkles, 
resembling the original Ni film after high-temperature 
annealing treatment. When focusing on a specific Ni 
grain on the growth substrate, one can occasionally 
find isolated line-shaped wrinkles (Fig. 1(c)), which 
are believed to arise from the difference between the 
thermal expansion coefficients of graphene and Ni [15]. 

Similar line-shaped wrinkles can also be observed on 
the transferred graphene (Fig. 1(d)), although it is 
difficult to make a direct correlation between the 
growth substrate and the transferred samples. The 
wrinkles on transferred graphene can be roughly 
classified into three geometric types. The first type is 
a closed wrinkle encompassing an isolated area 
(encircled by white dots in Fig. 1(b)), which most 
probably corresponds to an isolated Ni grain on the 
growth substrate (encircled by white dots in Fig. 1(a)). 
Line-scan height profiles of an individual Ni grain and 
a closed wrinkle are shown in the insets of Figs. 1(a) 
and 1(b). The second type is a bi-wrinkle featuring 
two parallel lines in close proximity (traced by two 
dotted lines in the bottom part of Fig. 1(b)), which is 

 
Figure 1 (a) AFM image of 200 nm-Ni film on a 300 nm-SiO2/Si substrate after segregation growth of graphene at 1100 °C and 4 × 10–3

Pa, in which the dotted circle refers to an isolated Ni grain while two adjacent dotted lines correspond to a boundary formed between
two Ni grains. The height profile of the black line is shown in the inset. (b) AFM image of transferred graphene film on a 300 
nm-SiO2/Si substrate using a PMMA transfer medium, in which the dotted circle and the two adjacent dotted lines highlight the closed 
wrinkle and bi-wrinkle, respectively. The height profile of the black line is shown in the inset. (c) Amplitude mode AFM image focusing 
on a specific Ni grain on the growth substrate, which shows the thermal stress-induced wrinkle. (d) Magnified AFM image of 
transferred graphene on a SiO2/Si substrate showing the existence of wrinkles within a closed wrinkle 
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believed to arise from the deep boundary area between 
two adjacent Ni grains on the growth substrate (traced 
by two dotted lines in Fig. 1(a)). The third type is an 
isolated line-shaped wrinkle originating from the 
thermal stress effect as mentioned above; these are 
randomly distributed and have smaller sizes (see  
Fig. S-4 in the ESM).  

In order to confirm whether the closed wrinkles 
and bi-wrinkles arose from the Ni grains and the 
inter-grain boundaries, respectively, we performed a 
statistical analysis of > 1000 AFM topographic data 
over an area of 10,000 μm2 on the growth substrate 
and transferred graphene. Figure 2(a) shows the area 
distributions of isolated Ni grains on the growth sub- 
strate and closed wrinkles on the transferred graphene. 
The corresponding statistical data are listed in Table 1. 

The Pearson correlation coefficient obtained from  
the statistical data is 0.95, suggesting the strong 
dependence of the closed graphene wrinkles on the 
original Ni grains of growth substrate. Similarly, we 
made a statistical analysis of the boundary widths 
formed between adjacent Ni grains and the bi-wrinkle 
widths on transferred graphene over using 400 data 
as shown in Fig. 2(b) and Table 2. Their close similarity 
with a Pearson correlation coefficient of ~0.99 indicates 
that there is a strong correlation between the Ni 
inter-grain boundaries and bi-wrinkle formation. 
From the above statistical analyses, we may draw a 
preliminary representation of the surface morphology- 
related wrinkle formation on transferred graphene as 
schematically illustrated in Fig. 2(c). On the Ni 
substrate, the whole surface was covered by graphene  

 

Figure 2 (a) Histograms of area distributions of Ni grains on the growth substrate (bottom) and closed wrinkles on transferred graphene
(top), respectively. (b) Distributions of boundary widths formed between two adjacent Ni grains (bottom) and the bi-wrinkle widths (top),
respectively. The red curves in the histograms are the polynomial fitting. (c) Schematic illustration of the surface-topography-preserved 
transfer process of graphene from a corrugated metal substrate to a smooth SiO2/Si substrate 
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Table 1 Statistical data for Ni grains and closed wrinkle areas 

 Mean area 
(μm2) 

Standard 
deviation  

(μm2) 

Pearson 
correlation 
coefficient 

Ni grain 5.15 4.82 

Closed wrinkle 5.53 4.33 
0.95 

Table 2 Statistical data for Ni grain boundaries and bi-wrinkle 
widths 

 Mean width 
(nm) 

Standard 
deviation  

(nm) 

Pearson 
correlation 
coefficient

Ni grain boundary 193.99 109.94 

Bi-wrinkle 189.48 96.37 
0.99 

 
after high-temperature annealing, as evidenced by 
the excellent continuity of the transferred graphene 
film. In a standard transfer process, the highly-flowing 
PMMA transfer medium replicates most of the 
topographic features of the Ni film. After transfer- 
printing onto the smooth SiO2/Si substrate and 
removing the PMMA film, these replicated topographic 
features may not be completely released because of the 
extra graphene area and the pinning effect from the 
SiO2/Si substrate [17]. As a result, the typical structural 
features of growth substrate are preserved on the  
transferred graphene film. 

Direct evidence of growth surface morphology- 
induced wrinkle formation is shown in Fig. 3, where 
the graphene films were CVD-grown on Ni/SiO2/Si 
substrates with different thicknesses of catalytic Ni 
films [18]. The sizes of Ni grains gradually decreased 
with the increase of Ni film thickness after high- 
temperature graphene growth (Figs. 3(a)–3(c)). The 
wrinkles on the transferred graphene films clearly 
exhibit a similar trend, with smaller Ni grains resulting 
in smaller closed wrinkles, and vice versa (Figs. 3(d)– 
3(f)). The 500 nm-Ni film leads to the highest density 
of wrinkles. In other words, the wrinkle density for 
CVD graphene can be regulated by the surface 
morphology of the Ni film. Under atmospheric growth 
conditions, the grain boundaries formed on the Ni 
film are relatively shallow compared with those at low 
growth pressure [19], which well explains the decrease 
in the number of the closed wrinkles considering the 
possible loss of shallow wrinkles during the transfer 

process. As an indicator of wrinkle density, we 
measured the total length of wrinkles on transferred 
graphene per μm2, and plotted the value against Ni 
film thickness. The detailed method for measuring the 
length density of wrinkles on transferred graphene 
using “Image-Pro Plus” software is described in the 
ESM (see Fig. S-5). Figure 3(g) gives the statistics over 
an area of 4000 μm2 together with Ni grain size. There 
is a clear correlation between wrinkle density and  
Ni grain size, strongly suggesting that the surface 
morphology of the metal substrate greatly contributes  
to the wrinkle formation on transferred graphene. 

Vacuum-evaporated thin Ni films on SiO2/Si 
substrates tend to form submicrometer to micrometer 
sized grains after thermal annealing treatment, with 
the grain size being strongly affected by the wettability 
of Ni on the SiO2 surface [20]. This is partly res- 
ponsible for the high density of wrinkles on transferred 
graphene. Cu foils have recently been frequently 
employed as CVD growth substrates for graphene, 
since they generate large-area and high-uniform 
monolayer graphene under low pressure due to the 
limited carbon solubility and self-limiting effect [11, 
21]. Figure 4(a) shows the amplitude mode AFM image 
of Cu foil after CVD growth of graphene at 1000 °C. 
Instead of micrograins, we observed a large number 
of shallow parallel lines in this case, which originate 
from the mechanical processing of the Cu foil [22]. 
Large atomic flat terraces are overlapped with these 
mechanically-induced parallel lines. It is not difficult 
to discriminate the thermal stress-induced wrinkles 
from the parallel lines on such a Cu foil substrate 
featuring a random distribution and large dimensions 
(see Fig. S-6 in the ESM). Figure 4(b) shows the AFM 
image of CVD-graphene grown on Cu foil after transfer 
to a 300 nm-SiO2/Si substrate using the standard 
transfer technique with a commercial PMMA solution 
as described in the Experimental (MicroChem AR-P 
679.04, 950,000 MW, 4 wt.% in ethyl lactate) [16]. The 
morphology of the transferred graphene retains the 
topographic features of the original Cu foil, with many 
parallel wrinkles on the graphene surface. The 
distances between parallel wrinkles and Cu line steps 
are quite consistent, with a value of ~200 nm. This 
similarity suggests that the parallel wrinkles arise 
from the mechanically-induced line structures of Cu 
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foil. However, by using our homemade PMMA solution 
having a larger molecular mass (Sigma–Aldrich solid 
product, ~996,000 MW, dissolved in ethyl lactate with 
a concentration of 4 wt.%), these wrinkles are almost 
completely released as seen in Fig. 4(c). Larger non- 
parallel wrinkles remain and may originate from 
thermal stress induction. These observations for the Cu 
foil system clearly indicate that the growth–substrate 
morphology-induced wrinkles can be either retained 
or released, depending on the transfer medium used  
in the transfer process.  

To examine the effect of the surface-to-surface 
transfer process on wrinkle formation, we followed all 
the transfer steps of the widely-used standard transfer 
process as shown in Figs. 5(a)–5(d) [16]. As mentioned 
above, the Ni film after segregation growth of 
graphene at 1100 °C and 4 × 10–3 Pa is characterized by 
submicrometer- to micrometer-sized grains (Fig. 5(a)). 
After spin-coating with a ~200 nm PMMA film 
(MicroChem AR-P 679.04, 950,000 MW, 4 wt. % in ethyl 
lactate, 2,000 r/min), these micrograins are completely 
covered and embedded by the polymer (Fig. 5(b)). By  

 

Figure 3 (a)–(c) Amplitude mode AFM images of 150, 300, and 500 nm Ni films after CVD growth of graphene at 1000 °C and 
atmospheric pressure. (d)–(f) Height mode AFM images of transferred graphene on 300 nm-SiO2/Si substrates corresponding to (a)–(c). 
(g) Dependence of wrinkle density and Ni grain size on Ni film thickness 
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etching off the Ni layer with dilute hydrochloric acid 
and partly removing the PMMA layer with acetone, 
some of the original micrograin structures disappeared 
as seen in Fig. 5(c). After completely removing the 
PMMA layer on a 300 nm-SiO2/Si substrate, similar 
micrograin features are visible again (Fig. 5(d)). These 
observations clearly suggest that at least some of the 
topographic features of the growth substrate have been 
preserved on transferred graphene obtained using  
the standard transfer technique. 

Figure 6 reveals the effect of the transfer conditions 
on wrinkle formation. Simply by soaking the 
PMMA/graphene film in deionized water, we can 
drastically reduce the density of wrinkles on transferred 
graphene (see Figs. 6(a) and 6(b)). The wrinkle density 
gradually decreases with increasing soaking time, as 
seen in Fig. 6(c). We believe that the large surface 
tension of water flattens the wrinkles preserved by 
the PMMA transfer medium. Over 70% of wrinkles 
were removed after soaking in water for 30 min. As  
a consequence, the details of the surface transfer 
technique, including the transfer medium and the 
experimental conditions strongly affect the wrinkle  
formation on transferred graphene.  

Finally, it should be pointed out that as mentioned 
by Obraztsov et al. [15], formation of wrinkles is also 
related to the thickness of the graphene film. Actually, 
we did observe a change in wrinkle distribution on 
thick CVD graphene (> 10 layers) on a Ni substrate  

(see Fig. S-7 in the ESM). Such wrinkles mostly arise 
from the thermal stress effect and are clearly visible 
even on a rough Ni surface because of the increase in  
wrinkle height [23, 24]. 

 
Figure 5 SEM images monitoring each step of the transfer process 
of graphene from the growth to target substrates. (a) 200 nm-Ni 
film on SiO2/Si after segregating graphene at 1100 °C and 4 × 
10–3 Pa. (b) After spin-coating a ~200 nm PMMA layer on the 
sample (a). (c) After etching off the Ni layer in dilute hydrochloric 
acid and partly removing the PMMA layer with acetone. (d) After 
completely removing the PMMA layer on the 300 nm-SiO2/Si 
substrate 

 

Figure 4 (a) Amplitude mode AFM image of Cu foil after CVD growth of graphene at 1000 °C and a low pressure of 60 Pa. (b) and (c)
AFM images of the corresponding graphene with preserved and released topographic features of Cu foils, transferred onto 300 nm-SiO2/Si
substrates using a PMMA film made from a commercial solution (MicroChem AR-P 679.04, 950,000 MW, 4 wt.% in ethyl lactate) and
from a homemade solution (Sigma–Aldrich solid product, ~996,000 MW, dissolved in ethyl lactate with a concentration of 4 wt.%),
respectively 
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Figure 6 Effect of experimental transfer conditions on wrinkle 
formation. (a) and (b) AFM images of transferred graphene on 
300 nm-SiO2/Si substrates after soaking in water for 1 min and 
60 min, respectively. (c) Dependence of wrinkle density on soaking 
time in deionized water. All the graphene samples were grown from 
evaporated 200 nm-Ni films using atmospheric CVD 
 

4. Conclusions 

The wrinkles of 2D graphene have rather complicated 
origins. In addition to the well-accepted model based 
on the difference between the thermal expansion 
coefficients of graphene and the growth substrate, 
the morphology of the growth substrate may also 
significantly contribute to the wrinkle formation, 
depending on the transfer technique employed for 
transferring graphene from the growth to target 
substrates. Depending on the transfer medium and the 
details of the experimental conditions, the wrinkles can 
be either released or preserved on few-layer graphene. 
Our work suggests a new route for engineering 2D 
graphene. We may tune the physicochemical properties 
of graphene by modulating the density and even the 
structures of wrinkles by structural design of the 
growth substrate. Such wrinkle engineering of 2D  
graphene is under way in our laboratory. 
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