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The quality of graphene can be strongly modified during the transfer process following chemical

vapor deposition (CVD) growth. Here, we transferred CVD-grown graphene from a copper foil to a

SiO2/Si substrate using wet etching with four different etchants: HNO3, FeCl3, (NH4)2S2O8, and a

commercial copper etchant. We then compared the quality of graphene after the transfer process in

terms of surface modifications, pollutions (residues and contaminations), and electrical properties

(mobility and density). Our tests and analyses showed that the commercial copper etchant provides

the best structural integrity, the least amount of residues, and the smallest doping carrier concentra-

tion. Published by AIP Publishing. https://doi.org/10.1063/1.5009253

I. INTRODUCTION

Monolayer graphene, successfully isolated in 2004 for

the first time, is the first member of the class of the so-called

two-dimensional (2D) materials. It consists of a 2D honey-

comb lattice of sp2-bonded carbon atoms and possesses

extraordinary mechanical, chemical, and physical properties.

Among all the methods of producing graphene,1–6 chemical

vapor deposition (CVD) on metal surfaces, such as Cu, Ni,

Pt, Ru, and Ir,7 is one of the most developed techniques to

enable large-size, high-quality, and inexpensive growth.8

However, for characterization and electrical applications, it

is usually necessary to transfer the CVD-grown graphene

sheet onto another substrate.9 The common method for trans-

ferring is based on a wet etching process, which involves

depositing a polymer, typically poly(methyl methacrylate)

(PMMA) as a supporting layer, followed by etching of the

metal substrate, and finishing with the deposition onto a

desired substrate and subsequent removal of the polymer. In

this process, regardless of the particular transfer method, gra-

phene properties can be altered due to surface modifica-

tions,10 residual polymer impurities,11,12 solution doping,13

and metallic contaminations (copper and iron).3,14 A large

body of research work has been dedicated to minimizing

these modifications; examples of such efforts include ther-

mal annealing, electrical current annealing, plasma cleaning,

chloroform treatment, and using a sacrificial Ti layer. Yet,

these methods can still introduce defects in the graphene

sheets or increase toxicity,7,15–17 and so, techniques to

improve graphene quality are still strongly desired. On the

other hand, methods to determine the quality of transferred

graphene have been developing quickly, such as inductively

coupled plasma mass spectrometry, electron energy loss

spectroscopy, and X-ray photoelectron spectroscopy

(XPS).7,18–20 For instance, total reflection X-ray fluorescence

measurements are used for the determination of the trace and

concentration of residual metals,14 Raman spectroscopy is

commonly used for monitoring dopants,11,21,22 and terahertz

(THz) emission spectroscopy is utilized for imaging molecu-

lar adsorption on graphene.23 THz time-domain spectroscopy

(TDS) has also emerged as a sensitive and nondestructive

technique that can determine the carrier density and mobility

of graphene.24,25

Here, we investigate graphene layers grown by CVD on

Cu foils and transferred onto SiO2/Si substrates by using

four different types of etchants. We utilized TDS together

with Raman spectroscopy and gated field effect transistor

(FET) measurements to determine the most adequate etchant

which causes the least contamination or doping due to the

transfer process and accordingly results in the highest carrier

mobility in graphene.

II. EXPERIMENTAL DETAILS

Large-area, monolayer graphene was synthesized on Cu

via a CVD method reported by Li et al.7 A Cu foil was placed

in a hot region of the furnace kept at 1000 �C, while the Ar/H2

gas mixture was applied as a carrier and reduction gas and

CH4 was introduced a carbon source. As-grown graphene was

transferred using PMMA as a supporting layer and wet etch-

ing the Cu substrate. Graphene (1 cm � 1 cm) was transferred

onto a 440-lm-thick lightly doped p-type silicon wafer

(5� 10 X cm) capped with a 300-nm-thick SiO2 layer.

Four different types of etchants were used to dissolve Cu

foil–HNO3, FeCl3, (NH4)2S2O8, and a commercial Cu etchant

(1001875130, Sigma-Aldrich). NO2 bubbles were produced in

the transfer process when HNO3 (16 mol�l�1) was used, and

sometimes bubbles broke out from the graphene/PMMA film

when the reaction was too intense; accordingly, a lower con-

centration of the HNO3 solution (1:8 diluted) was chosen to

safely slow down the etching process. It took 4–6 h to

completely remove the Cu foil from the graphene/PMMA

film. The etching mechanism for HNO3 is described by

CuþHNO3! Cu(NO3)2þNO2. FeCl3 is a safer choice than

HNO3 since no gas was produced in the reaction. We used

10% FeCl3 solution, and the etching time was as short as

10 min without causing significant surface modifications and
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damages to graphene. The etching mechanism for FeCl3 is

described by FeCl3þCu! FeCl2þCuCl, FeCl3þCuCl

! FeCl2þCuCl2, and CuCl2 þCu!CuCl. (NH4)2S2O8 is

another type of etchant, prevailing over avoiding metallic con-

tamination. It took 1–2 h to dissolve the Cu foil at a concentra-

tion of 0.1 M. The etching mechanism for (NH4)2S2O8 is

described by Cuþ (NH4)2S2O8!CuSO4þ (NH4)2SO4,

(NH4)2S2O8þH2O!H2SO4þ (NH4)2SO4þ (O), and

Cuþ (O)þH2SO4!CuSO4þH2O. Finally, a commercial

FeCl3-based Cu etchant (1001875130, Sigma-Aldrich) was

also used for etching the Cu foil.

III. RESULTS AND DISCUSSION

Figure 1 shows optical microscopy images of graphene

transferred onto SiO2/Si substrates using (a) HNO3, (b)

FeCl3, (c) (NH4)2S2O8, and (d) the Cu etchant. Winkles were

observed in all of these samples, but (NH4)2S2O8 and the Cu

etchant led to clean surfaces, having fewer spots of residues

when observed through optical microscopy. FeCl3 and the

Cu etchant, two etchants that both have Fe3þ as the active

ingredient, led to more continuous morphologies of graphene

with lower amounts of cracks and holes. This could be

understood by analyzing the content of each etchant: gra-

phene transferred with HNO3 had the largest number of holes

due to NO2 bubbles produced in etching, as described above;

cracks and holes are also observed in graphene transferred

with (NH4)2S2O8 because (NH4)2S2O8 has remarkable strong

oxidizing capacity. The standard electrode potential of

S2O8
2� is as high as 2.05 V, which is almost three times of

that of Fe3þ, 0.77V. So, S2O8
2� can oxidize and damage the

protecting PMMA layer, and cracks and holes were then

made. Fe3þ base solutions are mild and safer, and the com-

mercial Cu etchant, which contains a wetting anti-foam

agent and can provide a very stable etch rate of 0.5 mil/min

at 40 �C, can further improve the integrity and reduce poly-

mer residues. Therefore, as far as the morphology is con-

cerned, the commercial Cu etchant was found to provide the

cleanest and most undamaged graphene after transfer.

It is known that the G and 2D peaks shift as a function

of doping in graphene.11,22 In addition, these peaks have dif-

ferent doping dependences, and thus, the 2D/G intensity ratio

changes significantly with doping, making it a sensitive

parameter to monitor the doping level. The exact position of

each peak slightly varied from sample to sample, and so, a

large number of samples that were grown and transferred at

the same time were studied, and the average values of each

peak position were used for further calculations. Typical

Raman spectra in the G (left) and 2D (right) regions for gra-

phene samples transferred onto SiO2/Si substrates with the

four etchants are shown in Fig. 2. The black, red, green, and

blue lines correspond to HNO3, FeCl3, (NH4)2S2O8, and the

commercial Cu etchant, respectively.

Table I lists the average frequencies of the G and 2D

peaks and their corresponding electron densities calculated

from the reported peak frequency-doping relationship.22 The

Fermi energy, EF, of graphene can be calculated through

EF¼6�hvF(pjnj)1/2, where vF� 106 m/s and n is the carrier

density. From the position of both peaks, it can be seen that

FeCl3 and the Cu etchant, the two etchants that have Fe3þ as

the active ingredient, provided lower charge densities than

the other two etchants, indicating a lower doping capability.

The commercial Cu etchant led to the smallest value, while

HNO3 led to the largest value of carrier density. Both hetero

atom doping and chemical modification need to be consid-

ered here. Metallic contaminations (copper and iron) were

previously demonstrated to be introduced in transfer,14 as

discussed above, and p-type doping by HNO3 was also

FIG. 1. Optical microscopy images of

graphene transferred onto SiO2/Si sub-

strates by wet etching with (a) HNO3,

(b) FeCl3, (c) (NH4)2S2O8, and (d) the

Cu etchant.
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confirmed to be stable.26 Furthermore, adsorbed molecules

such as NO2, which is produced in the etching process by

HNO3, can also change the local carrier concentration in gra-

phene.27 Interestingly and reasonably, although FeCl3 caused

more visible residues on the surface, as observed under an

optical microscope, than (NH4)2S2O8, graphene transferred

with it actually had a lower doping level, implying lower

level contamination in graphene. This can be explained since

sulfuric acid molecules produced in the etching process by

(NH4)2S2O8 are also reported to be absorbed by graphene.28

Fermi levels for all the samples obtained here are on the

order of several hundreds of meV. These values agree with

the previously reported values for CVD-grown and trans-

ferred graphene.29 Moreover, the D peak is known by its

dependence on disorder such as edges and defects in gra-

phene,30 and graphene transferred with HNO3 and

(NH4)2S2O8 does have stronger D peaks than those with

Fe3þ based etchants (data not shown).

In combination with Raman spectroscopy measurements,

DC electronic transport measurements were performed to elec-

tronically characterize graphene samples using a graphene/

SiO2/p-Si FET. The minimum conductance point (Dirac

Point), doping densities, Fermi energy, and Hall mobility

l¼ 1/enR [in units of cm2/(V s)] were extracted from the

Id�Vg curves using a method reported before17 and listed in

Table II. The Fermi levels for all the samples obtained here

are in the range of 200–400 meV, and carrier densities are on

the order of 1012 cm�2. Relatively speaking, FeCl3 and the Cu

etchant, the two etchants that have Fe3þ as the active ingredi-

ent, correspond to the lowest charge densities. The commercial

Cu etchant leads to the smallest value, while HNO3 leads to

the largest value of charge density. All these results agree with

the results from Raman spectroscopy. The value of mobility of

graphene transferred with different solutions increases on the

order of HNO3, FeCl3, (NH4)2S2O8, and the Cu etchant.

A commercial TDS system (Advantest, TAS7500TS)

and a conventional Fourier transform infrared (FTIR) spec-

trometer (JASCO FT/IR-660 Plus) were used to measure the

optical conductivity of the large-area graphene samples

(1 cm� 1 cm). By combining TDS and FTIR with different

types of beam splitters and detectors, we obtained spectra in

a frequency range from 6 cm�1 to 10 000 cm�1. The trans-

mittance spectrum T(x) of graphene was obtained by ration-

ing the transmitted signal through the graphene/substrate

sample to that obtained for a reference SiO2/Si substrate

with the same thickness. The transmittance is defined as

TðxÞ ¼ j ~EsðxÞ= ~ErðxÞj2, where ~Es and ~Er are the complex

THz signals in the frequency domain after Fourier transfor-

mation from their time-domain data for the graphene/sub-

strate sample and reference(SiO2/Si), respectively. The real

part of graphene s 2D sheet complex conductivity r0(x) was

obtained from the following equation:

T -ð Þ ¼ 1þ pa
1þ nsub

r0 xð Þ
pe2

2h

0
@

1
A
�2

; (1)

where a is the fine structure constant (¼1/137), nsub is the

refractive index of the substrate, e is the electronic charge,

and h is the Planck constant. The experimental data r0(x)

can then be fit with the Drude model to deduce the carrier

density and mobility using

r� -ð Þ ¼ r0

1� i-s
; (2)

where r0 is the DC conductivity and s is the carrier scattering

time. A typical real part of conductivity for graphene trans-

ferred with the Cu etchant was fitted and shown in Fig. 3.

The deduced values are listed in Table III. Carrier densi-

ties, which are on the order of 1012 cm�2 for all the samples

obtained, are close to the values obtained from Raman spec-

troscopy and DC transport measurements and have the same

FIG. 2. Raman spectra for graphene samples transferred onto SiO2/Si sub-

strates using wet etching with HNO3, FeCl3, (NH4)2S2O8, and the Cu

etchant.

TABLE I. Raman peak positions and corresponding doping densities and

mobilities for graphene transferred with different etchants.

Etchant

G Peak

(cm�1)

nG

(1012 cm�2)

2D peak

(cm�1)

n2D

(1012 cm�2) EF (meV)

HNO3 1595 10 2697 18 406

FeCl3 1588 5 2695 12 287

(NH4)2S2O8 1593 8 2697 18 363

Cu Etchant 1585 3 2689 4 203

TABLE II. Dirac point, carrier density, Fermi energy, resistance, and mobil-

ity for graphene transferred with different etchants from Raman

spectroscopy.

Etchant

Dirac point

(mV) nFET (1012 cm�2)

Fermi

energy (meV)

Mobility

[cm2/(V s)]

HNO3 132 9.2 390 �5000

FeCl3 98 6.9 340 �6000

(NH4)2S2O8 111 7.8 360 �8000

Cu Etchant 76 5.3 290 �9000
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trend among the four different etchants: The value of carrier

density of graphene transferred with different solutions

increases in the order of HNO3, (NH4)2S2O8, FeCl3, and the

Cu etchant.

IV. CONCLUSIONS

In summary, graphene samples grown by the CVD method

on Cu foil were transferred onto SiO2/p-Si substrates using a

method including a wet etching step, and we characterized

them without further processing, such as baking or annealing.

Optical microscopy, Raman spectroscopy, DC transport, and

THz-FTIR measurements were used to examine the quality of

the transferred graphene, and we found that these kinds of the

etchants have an effect on the quality of graphene. Four types

of etchants were investigated, HNO3, FeCl3, (NH4)2S2O8, and

a commercial Cu etchant, and we concluded that the Cu etchant

had the best performance for graphene transfer in this protocol

since it leads to the best structural integrity, the least surface

residue, the smallest doping carrier concentration, the highest

mobility, and the longest scattering time.

SUPPLEMENTARY MATERIAL

See supplementary material for the detailed protocol

used for graphene transfer and the detailed protocol used for

photolithography for SiO2/p-Si FET fabrication.
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