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ABSTRACT Doping is an essential process to engineer the conductivity
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and work-function of graphene for higher performance optoelectronic

devices, which includes substitutional atomic doping by reactive gases,

electrical/electrochemical doping by gate bias, and chemical doping by acids

NH:
(TETA)

or reducing/oxidizing agents. Among these, the chemical doping has been HZNN'JV\NN

H
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widely used due to its simple process and high doping strength. However, it
also has an instability problem in that the molecular dopants tend to
gradually evaporate from the surface of graphene, leading to substantial

decrease in doping effect with time. In particular, the instability problem is
more serious for n-doped graphene because of undesirable reaction between dopants and oxygen or water in air. Here we report a simple method to tune
the electrical properties of (VD graphene through n-doping by vaporized molecules at 70 °C, where the dopants in vapor phase are mildly adsorbed on
graphene surface without direct contact with solution. To investigate the dependence on functional groups and molecular weights, we selected a series of
ethylene amines as a model system, including ethylene diamine (EDA), diethylene triamine (DETA), and triethylene tetramine (TETA) with increasing
number of amine groups showing different vapor pressures. We confirmed that the vapor-phase doping provides not only very high carrier concentration

but also good long-term stability in air, which is particularly important for practical applications.
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raphene has been reported as one

of the most fascinating two-dimen-

sional materials' owing to its out-
standing properties including flexibility,?
high mobility,® transparency,* heat dissipa-
tion ability,® and so further. Recently, gra-
phene has also shown potential to be
adopted in optoelectronics® or flexible
electronics,” especially in conducting elec-
trodes due to its unusual band structure'
and electrical tunability. To employ gra-
phene in practical electronic devices,
however, it is necessary to enhance its con-
ductivity and control the work function
appropriately, which can be performed by
various doping methods including atomic
substitution,®° molecular adsorption,'® '3
covalent functionalization,'*™"? substrate
induced doping,®®?' polymerization on
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graphene,?*% and the use of metallic thin

films or nanoparticles.?*~2° The substitution
of carbon atoms with B or N, as well as the
covalent functionalization, is advantageous
in terms of long-term stability, which is,
however, unfavorable due to significant
decrease in carrier mobility and conduc-
tivity.

In this regard, the nondestructive and
noncovalent doping by chemical species is
favored, but it also has an instability prob-
lem in that the molecular dopants tend to
gradually evaporate from the surface of
graphene. This instability issue is more
important for n-dopants as it easily reacts
with oxygen or water molecules in air.
Thus, several groups have suggested
stable n-doping methods based on encap-
sulation by spin-coated polymers®? and
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Figure 1. (@) Schematic process of spin-coating process (left) and dipping process (right). (b) Schematic process of
evaporation doping. The molecules were evaporated by thermal heating using hot plate (left), then vapor doped graphene
was obtained (right). (c) Schematic illustration of ethylene amines doped graphene field effect devices and molecular

structure of EDA, DETA, and TETA.

nanoparticles.”” However, the doping strength of
these methods is not strong enough to control the
conductivity and work-function of graphene, effi-
ciently. In addition, the doping by spin-coating or
dipping (Figure 1a) using highly concentrated and
reactive solution often results in contamination or
damage by undesirable reactions. For such reasons, devel-
oping a highly stable, uniform and nondestructive yet
intense n-doping method has been strongly demanded.
Thus, we report a simple method to tune the elec-
trical properties of CVD graphene through n-doping by
molecular vapors, where the dopants in vapor phase
are mildly adsorbed on graphene surface without
direct contact with solution (Figure 1b). To investigate
the dependence on functional groups and molecular
weights, we selected a series of ethylene amines as a
model system, including ethylene diamine (EDA),
diethylene triamine (DETA), and triethylene tetramine
(TETA) with increasing number of amine groups and
different vapor pressures (Table 1 and Figure 1c). The
amine group is widely used as a good electron donor
for various chemical reactions, which has been utilized
as an n-dopant for graphene.'? '*?" Therefore, it is
expected that the amount of electrons injection per
covered area increases with the number of amine
groups. On the other hand, the vapor pressure of DETA
and TETA is very low at ambient condition, so the

KIM ET AL.

TABLE 1. Comparing of Three Types of Ethylene Amines
Molecules

molecular weight boiling vapor pressure vapor pressure

no.amines  (gmol~")  point (°C) at20 °C(Pa) at 70 °C (Pa)*®*°
EDA 2 60.1 116 1300 ~20000
DETA 3 103.17 204 10 ~460
TETA 4 146.23 267 <1 ~135

temperature needs to be elevated for efficient vapor-
ization. Thus, we treated graphene with EDA, DETA,
and TETA at 70 °C, and found that the doped graphene
exhibits strong and stable n-doping characteristics
increasing with number of amine groups. In particular,
the sheet resistance of graphene is measured to be 98
+ 12 Q/sq after doping by TETA, which is believed to
the best conductivity for n-doped monolayer gra-
phene. The doping and stability dependence on num-
ber of amine groups and molecular weights were
carefully studied through atomic force microscopy
(AFM), Raman, UV/vis spectroscopy and various elec-
trical measurements at different temperatures as dis-
cussed below.

RESULTS AND DISCUSSION

The characteristics of n-doped graphene were stud-
ied by Raman spectroscopy at room temperature
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Figure 2. (a) Representative Raman spectra of pristine, EDA, DETA, and TETA doped graphene (inset shows D peaks of
representative Raman spectra). (b) G and 2D peak position with pristine and various ethylene amines doped graphene. (c)
Intensity ratio of 2D/G as a function of G peak position for each molecule doping. (d) FWHM of G peak as a function of G peak
position with pristine and ethylene amines doped graphene (red line is fitted by Lorentzian curve).

with 1 mW 514 nm-laser to minimize possible damage
on graphene. Noticeable Raman peaks in graphene
are the G band (~1584 cm™') and the 2D band
(~2700 cm™") involving phonon frequencies near the
I" and K points in the Brillouine Zone3° We character-
ized a pristine graphene and ethylene amine doped
graphene samples to compare their Raman features.
Figure 2a shows the representative Raman spectra of
pristine graphene and doped graphene with EDA,
DETA, and TETA.

The G band of graphene was upshifted from
15854 cm~' (pristine) to 15904 cm~' (EDA),
1593.5 cm™' (DETA) and 1596.5 cm™' (TETA), due to
the effect of the Fermi level shift on the phonon
frequencies induced by electron doping.3"3? In addi-
tion, the quality of graphene sample can be main-
tained after vapor doping process as confirmed by the
low D peak (Figure 2a, inset) intensity related to defect
density. As the number of amine groups in ethylene
amine vapors increased (2, 3, and 4 for EDA, DETA,
and TETA, respectively), the G peak positions were
accordingly upshifted because the graphene became
more intensely n-doped. On the contrary, the positions
of the 2D peak were consistent regardless of doping
(shown in Figure 2b). The different phenomena ob-
served from the G peak and the 2D peak are mentioned
in electrochemically gated graphene: The electron
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density can modify the 2D phonon (adiabatic effect),
while the G phonon is affected by electron—phonon
coupling (nonadiabatic effect).®* In other words, the
position of the 2D peak is predicted to decrease for an
increasing electron concentration, whereas, the blue-
shift of the G peak is observed due to electron—
phonon coupling. Thus, the blue-shift of the 2D peak
is expected for the strongly n-doped graphene, but it
was not actually observed in the ethylene amine
doped graphene. We suppose that the intermolecular
interaction between adsorbed ethylene amine mol-
ecules and CVD graphene results in the abnormal shift
of 2D peaks.

The intensity ratio of 2D to G peak is another
important parameter to estimate the doping
intensity.3* It was shown to decrease when the gra-
phene was doped as shown in Figure 2c. Dozens of
random points were measured to yield an average
value, and the ratio of /(2D)/I(G) decreased from
40 to 1.2 as a function of the G peak position
from 1584 to 1597 cm™ . In Figure 2d, the full width
at half-maximum (FWHM) values of the G band for
pristine and doped graphene are shown. As the degree
of doping intensified, the FWHM decreased due to the
forbidden electron—hole pair arose from the Pauli
exclusion principle.**** On the basis of these Raman
features, we were able to confirm that graphene can
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Figure 3. (a) Electrical characteristic of the FET devices of pristine (black), EDA-doped (green), DETA-doped (red), and TETA-
doped (blue) graphene. The inset shows an optical image of the graphene FET. Scale bar, 50 um. (b) Hole mobility of pristine,
EDA-, DETA-, and TETA-doped graphene as a function of carrier concentration.

be n-doped by ethylene amine vapors and the data
showed a tendency that matches to the number of
amine groups in the vapor dopants. In addition, the
Raman features of doped graphene samples showed
similar trends to the electric field induced tuning of the
Dirac point of graphene, upshift of G band peak with
decreasing /(2D)/I(G) ratio as a function of doping
concentration.373*

To investigate and compare n-doping effects of
ethylene amine vapors, the electrical properties of
pristine and n-doped graphene transistors were mea-
sured. In Figure 3a, representative results of graphene
field effect transistors for each molecule (EDA, DETA,
and TETA) are displayed with different charge neutral
points with respect to the vapors. The Dirac voltage of
the pristine graphene transistor was initially measured,
which was observed at 1.4 £ 2.3 V. The Dirac voltages
were shifted to —126.6 + 5.8, —166.4+ 1.8,and —192.3 +
5.8 V, respectively, for EDA, DETA, and TETA doped
graphene (Figure S3).

Graphene field effect devices showed relatively high
mobility for their scales (approximately 200 um scale,
optical image provided in the inset of Figure 3a), which
can be partially contained grain boundaries, ripples
and small cracks in CVD graphene.3*~3” More than 45
pristine graphene devices were measured, yielding
6219 & 1288 cm? V™' s (hole region) and 3809 =+
876 cm? V™' s~ (electron region) without doping. For
the doped graphene devices, we only compared the
electron mobility due to the lack of hole-region points.
After vapor doping, graphene devices showed de-
creasing electron mobility of 3711 £ 913, 3388 +
531, and 2817 4 475 cm? V' s, respectively, for
EDA, DETA, and TETA doped transistors. Such trend can
be attributed to the potential difference between
ethylene amines and pristine graphene; ethylene
amines act as impurity charge sources on graphene
channel.?® As shown in Figure 3b, the results were
plotted as a function of the carrier concentration, and
the carrier concentration can be estimated according
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to the equation: n = —a(Vyg — Vi), with o = 7.2 x
10" ecm 2V~ ,"3* giving approximately 9 x 10'%,1.2 x
10"3, and 1.4 x 10'® cm ™2 for respective dopants.

For comparison, the graphene films doped by dip-
ping and spin-coating methods (Figure 1a) were char-
acterized by FET measurements and optical imaging.
The result shows that the graphene surface is irregu-
larly covered with dopant molecules (Figure. S3).
Therefore, the n-doping effect by dipping and spin-
coating is much weaker or inhomogeneous (details in
Figure. S4) compared to the vapor-phase doping that
shows relatively uniform coverage of dopant mol-
ecules on graphene surface as shown in the AFM
images (Figure. S5).

Doping stability is another critical issue in fabricating
n-doped graphene devices. Ethylene amine doped
graphene transistors were studied by measuring the
Dirac voltage as a function of the exposure time in
the ambient condition for at least two weeks. For this
study, CVD graphene films grown from a single batch
were used to avoid inconsistencies in graphene de-
vices and doping processes. As shown in Figure 4a—c,
the charge neutral points of modified graphene de-
vices doped with EDA, DETA, and TETA abruptly de-
graded after 36 h of exposure to air. To compare the
stability of doping for each vapor, graphene devices
with EDA, DETA, and TETA vapors were all measured
(shown in Figure 4d). The results of n-doping stability
based on the charge neutral points showed similar
tendency in three types of devices (EDA, DETA, and
TETA doped case) and charge neutral points were
observed to start saturating after 36 h of exposure in
the ambient condition. After 20 days of exposure in the
air, the charge neutral point of graphene field effect
transistors were changed from —126.6 + 5.8 to —56 +
7.3 V for EDA doped graphene, from —166.4 + 1.8 to
—111.8 + 3.6 V for DETA doped graphene, and from
—1923 + 58 to —1514 + 3.5 V for TETA doped
graphene compared to initially doped graphene. The
major culprits for such dramatic doping reduction are
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Figure 5. Changes in the transmittance at 550 nm wavelength (a), sheet resistance (b), and Dirac voltage (c) of EDA-, DETA-,
and TETA-doped graphene with increasing annealing time at 70 °C.

inevitable evaporation of adsorbed molecules and
the absorption of unwanted p-dopant gases on graphene
in the ambient air. To check the influence by oxygen
or water molecules in air, a pristine graphene FET
was measured over 10 days in an ambient condition.
We found that the p-doping effect of pristine graphene
was saturated after 3 days, and the Dirac voltage
was shifted by +30 V compared to as-prepared gra-
phene (Figure S6). In the case of the vapor-doped
graphene, the p-doping by ambient air can be mini-
mized as long as the graphene surface is covered with
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ethylene amine molecule, which would be advanta-
geous for the long-term stability of the strong n-doping
effect.

The transmittance of n-doped graphene by ethylene
amine vapors is slightly lower than the pristine gra-
phene, because vapor-deposited ethylene amines in-
itially form a lot of light-scattering aggregates on
graphene surface. These ethylene amine aggregates
can be easily removed by mild thermal heating for
longer than 10 min at 70 °C, which eliminates the
haze problem and increases the optical transmittance.
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In addition, unlike EDA and DETA, TETA still has low
vapor pressure at 70 °C (Table 1) and interacts with
graphene strongly enough to prevent evaporation, so
we can obtain relatively stable sheet resistance and
enhanced transmittance for the TETA doped graphene
after thermal treatment (Figure 5 and Figure S7). This
indicates that the stability of n-doping greatly depends
on molecular weight and vapor pressure at given
temperature, which needs to be carefully considered
in the molecular doping of graphene. It should be also
noted that the Dirac voltage change of the n-doped
graphene well correlates with the sheet resistance
change (Figure 5 and Figure S8), which can be utilized
as a simple parameter to optimize the conductivity of
graphene.

EXPERIMENTAL METHODS

(VD Graphene Synthesis and Device Fabrication. Graphene film
was synthesized on a 25 um thick copper foil through chemical
vapor deposition (CVD) method, using methane (50 sccm) and
hydrogen (5 sccm) gas with vacuum pumping at 1000 °C.
Graphene transfer step was completed according to the con-
ventional processes (Supporting Information S1): PMMA was
spin-coated on top of graphene and copper foil was etched in
ammoniumpersurfate solution (20 mM with distilled water).
Highly p-doped Si substrate covered with a 300 nm thick SiO,
was used for the electrical measurement of graphene field
effect devices. Free-standing graphene on distilled water was
carefully transferred to SiO,/Si substrate and PMMA was re-
moved in acetone. Chrome (5 nm) and gold (30 nm) layers were
deposited thermally for metal contact of 3-terminal graphene
device with prepatterned stensile mask. Graphene channels
were isolated through electron beam lithography. To avoid
inconsistent growth condition, we used graphene samples
grown from a single batch. Each device was fabricated with
200 um width and 50—250 um length. Before doping the
graphene film, thermal annealing was carried out at 300 °C
for 1 h under argon and hydrogen gas environment to remove
PMMA residues and trapped water after device fabrication.

Doping Method. In the vapor-phase doping method, EDA,
DETA, and TETA molecules were commercially purchased at
Sigma-Aldrich. Vapor doping was carried out in Petri-dish at
70 °C, baking on a hot plate with molecule droplet on tissue for
30 min in air (Figure 1b). Finally, EDA, DETA and TETA molecules
were deposited on graphene surface as depicted in Figure 1c.
Spin-coating was performed at 3000 rpm speed for 1 min by
commercial spin-coater, and graphene on SiO, was mildly
soaked into doping solution for 30 min. The ethylene amines
concentration of 0.1 mol/L in ethanol was used in spin-coating
and dipping doping method.

Characterization Method. The Raman spectra were measured
using Renishaw inVia Raman Microscope with 1 mW 514 nm Ar
laser with the spot size of 2 um. Topological characterization
was measured by using Park System XE-100 atomic force
microscope with noncontact mode (to obtain precise morphol-
ogy, exfoliated graphene was used). UV—vis absorption spectra
were recorded on a Varian Cary 5000 spectrophotometer with
varying wavelengths from 200 to 800 nm. For UV—vis absorp-
tion and sheet resistance measurement, graphene was trans-
ferred on PET and SiO,/Si substrates, and the same doping
method was followed. In electrical measurements of graphene
field effect transistors, Agilent 2602 was used on 3-terminal
geometry with source, drain and gate in air. Constant 10 mV
voltage was applied from source to drain during the measure-
ment. The sheet resistance of the graphene (50 um x 50 um
square geometry) was measured using a four-point probe with
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CONCLUSION

In summary, we demonstrated that graphene can be
efficiently n-doped by ethylene amine vapors. The
doping strength and stability depends on the number
of electron-donating functional groups (—NH,), molec-
ular weight, and vapor pressure of the adsorbed
molecules. In particular, the TETA-doped graphene
shows very high carrier concentration (1.4 x 10" cm ™)
as well as the lowest monolayer sheet resistance (98 £
12 Q/sq) with excellent stability. We expect that the
vapor-phase doping of molecular n-dopants will be
able to solve the practical problems associated with
the limited conductivity, durability, and safety issues of
graphene films grown by CVD for further electronic
applications. 3%

a nanovoltmeter (Keithley 6221, 2182A) and the Van der Pauw
method was applied. The sheet resistance of graphene was
obtained using the following equation:
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