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In this paper, chemical n-type doping process of graphene using hydrazine monohydrate
solution (N,H4-H,0) is demonstrated. This method successfully modulates the Dirac point
of pristine graphene by adjusting the concentration of hydrazine solution and also provides
an effective n-type doping in graphene. First, the hydrazine treated and pristine graphene

films are systematically investigated by Raman and FT-IR spectroscopy. Second, with p-
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and n-channel FETs fabricated on both pristine and hydrazine treated n-type graphene,
complementary graphene inverter is demonstrated.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Graphene, which is a single atomic layer of graphite, is a
very attractive material for post-silicon (Si) electronics be-
cause of its unique physical and chemical properties such
as extremely high mobility, ballistic electron transport,
high mechanical strength, high flexibility and optical
transparency [1-3]. Although pristine graphene is known
to have theoretically ambipolar property which is desirable
in implementing complex logic circuits, it usually works as
a p-type material in air because of unexpected impurity
problems such as dangling bonds, residual polymers, and
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oxidized surfaces [4,5]. In order to recover the ambipolar
field effect on graphene, hexagonal boron nitride with sim-
ilar lattice structure to graphene was proposed for the pas-
sivation or encapsulation layer [6,7]. On the other side,
various graphene doping methods were studied to reduce
the unnecessary contamination and to modulate its elec-
tronic properties [8-11]. In this letter, we propose a chem-
ical doping method using hydrazine monohydrate solution
(N,H4-H,0), which can produce a n-type graphene with
Dirac point modulation. In addition, complementary
graphene inverter is demonstrated by combining p-chan-
nel field effect transistor (FET) fabricated on the pristine
graphene and n-channel FET on the hydrazine treated n-
type graphene. Although Some et al. [12] recently demon-
strated n-type graphene by reducing graphene oxide using
hydrazine-based process, this letter’s focus is to demon-
strate the feasibility of hydrazine-based n-type doping pro-
cess for (1) the modulation of Dirac point (from p-type to
n-type) on pristine graphene and (2) its application to
complementary graphene inverter.
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2. Experiments

Fig. 1 shows the fabrication process flow for comple-
mentary graphene inverter. Graphene layers were synthe-
sized on copper film by conventional CVD method [5]. The
as-grown graphene layers were then transferred on ther-
mally grown 300 nm thick SiO, film on heavily n-type Si
(0.007-0.02 Q-cm) substrate by a dry transfer technique.
Source/drain (S/D) regions were defined by optical lithog-
raphy, and metal electrode of 10 nm Ti and 50 nm Au were
formed by electron beam evaporation and lift-off process.
In addition, 10 pm by 50 pm active graphene region was
defined by lithography and O, plasma etching process.
For n-channel FET fabrication, the above samples were
dipped in 0.05%, 0.5%, and 100% concentrated hydrazine
solutions for 15 s and went through a rapid washing pro-
cess in DI-water. Both pristine and hydrazine treated
graphene films were analyzed by Raman and Fourier trans-
form infrared (FT-IR) spectroscopy. Besides, in order to
investigate thermal and environmental stability of the
graphene films treated by hydrazine, the treated samples
were annealed at 90 °C and also exposed in air for different
periods time (10, 20, 30, and 40 s for thermal stability anal-
ysis/1, 2, 3, 4, 5, 6, 7, and 8 days for the air stability analy-
sis). For complementary graphene inverter fabrication,
graphene/SiO,/highly doped Si substrates with pristine
(p-type) and hydrazine treated (n-type) regions were used
to make p- and n-channel FETs, respectively. Poly-
dimethylsiloxane (PDMS) layer was partially covered on
the graphene p-channel FETs to prevent p-type graphene
from converting to n-type during hydrazine treatment.
The p- and n-channel FETs were then interconnected using
a silver paste. For electrical characterization, drain cur-
rent-gate voltage (Ip-V;) and input voltage-output voltage
(ViN-Vour) transfer characteristics were measured in both
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FETs and inverter. Drain-source voltage (Vps) bias of 1V
was applied to the FETs when measuring the Ip-Vg
characteristic.

3. Results and discussion

Fig. 2a shows the Raman spectra of pristine and hydra-
zine treated graphene films. According to the Raman re-
sults, the initially obtained graphene film seems to have
a few monolayers indicated by a lower 2D to G peak inten-
sity ratio (Ip/Ig=0.95) value than that of a single layer
graphene (~2.2) [13]. After performing the n-type doping
process by hydrazine, the I,p/I; value was apparently re-
duced from 0.95 to 0.68, which a similar phenomenon re-
ported by Li et al. and Sood et al. [11,14] The hydrazine
treated graphene film in this work shows lower Ip/I; value
(0.25) than the pristine graphene (0.35), suggesting de-
crease of defects, although carbon atoms in graphene are
normally thought to be in a disordered state by nitrogen
doping process [13]. In addition, it was confirmed that this
n-type doping process affects the position of G and 2D
peaks. The G peak of the hydrazine treated graphene was
slightly down-shifted to 1577cm™! from that
(1581 cm™!) of the pristine graphene which is thought to
be an artifact of defects creation on graphene layer during
the molecular doping process [11]. We also observed the
2D peak shift of the hydrazine treated graphene at
2679 cm~ !, which is located at higher frequency than that
(2664 cm ') of pristine graphene. This 2D peak shift phe-
nomenon was previously confirmed by Dong et al. in
graphene films obtained by n-type and p-type molecular
doping methods, and they also concluded that it was
attributed to the defect generation by the molecular dop-
ing [11]. The n- and p-type doping processes slightly move
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Fig. 1. Fabrication process flow for complementary graphene inverter. (a) Graphene transferred on Si dioxide substrate, (b) Metallization of Ti/Au electrodes
and O, plasma etching process, (c) optical image of graphene FET, (d) PDMS covered on the graphene p-channel FET, (e) hydrazine treatment, and (f)
Complementary graphene invertor fabricated on selectively doped graphene films.



1588 L-Y. Lee et al./Organic Electronics 14 (2013) 1586-1590

(a) 1577 — Pristine Graphene
: - Hydrazine treated Graphene

2679

4;? .

—

2 I/l = 0.25

e Lo/l = 0.68

u, Bines .' .................. .7t ! t .

£ 1581 2664

I,/1; = 0.35
Lo/Ig = 0.95

T M T M T T T M T T T T
1200 1500 1800 2100 2400 2700 3000
Raman shift (cm™)

(b) ¥ T v T T T T T T T T T T T
—— Pristine Graphene
1.00 - ---- Hydrazine treated Graphene
S
s 0.954-.
>
=
2 0.90 -
>
=
0.85 9 0.90 |1243 1496 1392 !
. 1C-N N-H C-OH
) 1280 1240 1200

T T 1 1 T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm-')

Fig. 2. Raman and FT-IR spectra of pristine and hydrazine treated
graphene films.

the 2D peak towards lower and higher frequency regions,
respectively. Fig. 2b shows the result of FT-IR spectra
showing newly induced functional groups on graphene.
After hydrazine treatment, several peaks appeared at
1243, 1392, 1496, 1690, 3215 and 3579 cm~! which indi-
cate C—N stretching vibration, C—OH stretching vibration,
N—H in-plane stretch, C=0 amide carbonyl stretch, NH,
stretch, and O—H stretching vibrations, respectively. Espe-
cially, the peak at 3215 cm™~! confirms that NH, molecule,
which works as an electron-donating agent [11], is newly
bonded to graphene during the hydrazine treatment. How-
ever, the intensity of NH; stretch peak is relatively low
compared to the other peaks, indicating NH, molecules
are locally and weakly bonded to graphene. Another peak
at 1243 cm™! implies carbon bonding with nitrogen atoms,
which increases the concentration of free electron carriers
[15]. Therefore, it is thought that the hydrazine treatment
successfully produced n-type graphene.

In order to re-confirm the validity of graphene n-type
doping process, we additionally investigated the electrical
properties of the graphene-channel FETs fabricated on the
pristine and hydrazine treated graphene films. Fig. 3a
shows Ip-V; characteristics and extracted mobility of the
FETs formed on the different graphene films (pristine,
0.05% hydrazine treated, 0.5% hydrazine treated, and
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Fig. 3. (a) Ip-V; characteristics and mobility values of FETs fabricated on
the pristine, 0.05% hydrazine treated, 0.5% hydrazine treated, and 100%
hydrazine treated graphene films. (b) Dirac points of the FETs as a
function of hydrazine concentration.

100% hydrazine treated graphene). Mobility of the graph-
ene FETs was extracted by using a drain current equation
in a linear transfer regime [16]. The electron mobility
was increased from 332 cm?/V-s to 1081 cm?/V-s as using
a higher concentration hydrazine solution, even though the
hole mobility showed a slightly decreasing trend. From
these Ip-V; curves (10 samples in each condition), Dirac
points were also extracted and plotted in Fig. 3b. Dirac
point of the pristine graphene FET was observed at around
+50 V since the pristine graphene generally serves as a p-
type material in air because of unexpected impurity prob-
lems. However, Dirac points were respectively shifted to
1V and —55V after performing 0.05% and 0.5% hydrazine
treatment process, indicating that this n-type doping
method using hydrazine solution successfully (1) produces
n-type graphene and (2) modulates its Dirac point. In the
case of 100% hydrazine treated samples, all of Dirac points
were not observed in the voltage range (—100V to 100 V)
due to its high n-type doping concentration. As a result,
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it was assumed that the value was about —100 V, as seen in
Fig. 3b. As mentioned here, another important benefit of
this doping method is that it is possible to control the po-
sition of Dirac point (in other words, doping concentration)
in graphene films by adjusting the concentration of hydra-
zine solution. Compared to previously reported graphene
doping methods through electrochemical reaction with
NH;3 gas [8], self-assemble monolayers (SAMs) [9], and a
buffered oxide etchant (BOE) treatment [10], this hydra-
zine-based doping method can not only control the Dirac
point but also can be easily performed by just dipping pris-
tine graphene in hydrazine solution for only a few seconds.
However, the Dirac point was shifted towards the positive
gate biased region with increased annealing time from 10 s
to 40 s at 90 °C. Similar effect was also observable with in-
creased air exposure time from 1 day to 8 days. Those phe-
nomena seem to be respectively caused by (1) the
detachment of molecules generated by the hydrazine
treatment on graphene at 90 °C and (2) the effect of —OH
groups introduced from air on the previously formed
molecules.

Finally, in order to show the feasibility of hydrazine-
based n-type doping process for graphene-based electronic
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Fig. 4. (a) Resistances as a function of V¢ of the p- and n-channel FETs
fabricated on the pristine (p-type) and 0.05% hydrazine treated (n-type)
graphene films. (b) Calculated and measured voltage transfer character-
istics (Viv—Vour) of the complementary graphene inverter. (b: inset)
Optical image and circuit diagram for the graphene inverter.

devices, we fabricated a complementary graphene inverter
with p- and n-channel FETs formed on pristine and 0.05%
hydrazine treated graphene films, respectively. In Fig. 4a,
the resistance curve was shifted towards the negative gate
voltage regime, meaning that it works as n-channel FET
after the hydrazine n-doping process. Since the Voyr of
the graphene inverter is given by the relationship Voyr= -
Vop/(1 + Rp/Ry), where Vpp is 1V, R, (or Ry) is resistance
of p (or n)-channel FET, and Ry/R, is a function of Vjy, the
calculated Voyr decreases between the two Diract points
(Venp =79V for p-channel FET and 11V for n-channel
FET) with the increase of V;y [17,18]. As shown in Fig. 4b,
experimentally measured voltage transfer characteristic
was well fitted to the calculated one. According to the
resistance curve in Fig. 4a, p- and n-channel FETs seem to
be respectively turned on and off at low Vjy region at
around 11 V. As a result, 70% of Vpp (0.7 V) is observed at
the output node. Similarly, in the high V;y region, about
30% of Vpp (0.3 V) is shown because p- and n-channel FETs
are turned off and on, respectively. Compared to the previ-
ous graphene inverters fabricated with n-channel FETs ob-
tained by annealing [17] and gel dielectric [18] techniques,
our inverter shows slightly higher difference between high
(0.7V) and low (0.3V) output voltages. It seems to be
caused by the larger difference between Dirac points for
graphene n- and p-channel FETs, which was achieved by
the hydrazine-based doping process. We also expect that
a high-low transition region can be adjusted by modulat-
ing the concentration of hydrazine solution and conse-
quently Dirac point of graphene n-FET. We note that Voyr
cannot reach zero or Vpp value, because graphene-channel
FETs cannot be completely turned off due to their low en-
ergy band gap.

4. Conclusion

We developed a hydrazine-based chemical n-doping
process for graphene, which allows the control of Dirac
point in graphene. The feasibility of the n-doping process
for graphene-based electronic devices was successfully
demonstrated in this letter by fabricating a complemen-
tary graphene inverter with p- and n-channel FETs on pris-
tine and hydrazine treated graphene, respectively.
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