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UV-Irradiation in NH,

Nitrogen-Doped Graphene
Control of electron concentration in graphene is achieved in the range of 102 - 10'* cm™ by nitrogen doping

using photochemical reactions.
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The effect of nitrogen doping to graphene was characterized without exposing the prepared specimen to atmosphere.

Nitrogen doping was done via photochemical process at room temperature, in which graphene on SiO,/Si was irradiated
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by UV light in ammonia. Field effect transistor measurements revealed that the UV-irradiation to graphene in NH; causes

electron doping of ~10" cm? (~0.01%) as a result of N-doping, which can be controlled by changing the irradiation time.

Comparing the transfer characteristics and the Raman spectra, we discuss the structure of the graphene functionalized via

photochemical reactions, and the corresponding electronic structure.

Introduction

Graphene, one atom thick sheet of sp2 carbon atoms arranged in a
honeycomb configuration, has been intensively studied as a novel
2D material in recent years. Its prominent mechanical, electronic,
chemical properties make graphene a key material for next-
generation technologies.l’2 Doping to graphene with heteroatoms is
one of the most promising methods for modifying its propertiesa. It
is reported that nitrogen (N) doping gives rise to the evolution of a
band gap4‘5. The opening the band gap leads to a high on/off ratio,
which is essential for application to electronic devices. Another
interesting phenomenon evoked by N-doping is the catalytic activity
for oxygen reduction reactions, the cathode reaction of fuel cells.
Carbon alloy catalysts (CACs), the assembly of N-doped graphene,
can be seen as an inexpensive alternative to pIatinum7‘8. With
regard to CACs, increased conductivity by electron doping as a
result of N-doping is important rather than emergence of a band
gap. Despite the many studies on the synthesis of N-doped
graphene9'17, controlling the doping level is still a big challenge. One
of the major reasons is the trade-off relationship between the
degree of graphenization and the N-doping amount; the former
requires a high growth temperature, while the latter decreases
rapidly with temperature13'17. To overcome such a dilemma, a N-
doping method effective still at room temperature is required. In
addition, a direct N-doping method to graphene that can control
the doping level has been highly anticipated. Most of past studies
using chemical vapour deposition (CVD) needed a transfer process
for characterization, which made it difficult to deduce the intrinsic
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nature of doping due to the inevitable subsidiary effect.

In our previous study, we succeeded in fabricating N-doped
graphene by exposing the graphene to NH; atmosphere under UV
light irradiation’®. This method enables us to characterize the
electrical properties before and after N-doping in situ. In the
present study, we have observed a shift of the charge neutrality
point (CNP) to the negative direction after the UV-irradiation in
NH;, which indicates electron doping to graphene. The doping
levels can be controlled in the range of 10" - 10" cm™ by varying
the irradiation time. On the basis of transport measurements and
Raman spectroscopy, we discuss the possible structure for the N-
doped graphene.

Experimental

There are several methods to fabricate graphene such as

mechanical exfoliation of graphite, epitaxial growth on SiC,

reduction of graphene oxide, and CVD process including solid

Figure 1. Schematic illustration of the experimental setup.
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carbon sources™®. To ensure the quality and uniformity of
graphene on SiO,, we purchased graphenes on SiO,(285 nm)/Si
from Graphene Laboratories Inc., which were fabricated via CVD
process. The specimens were taken from the same lot. Figure 1
shows a schematic illustration of the experimental setup. To
fabricate a field effect transistor (FET) structure, 20-nm-thick gold
pads were deposited onto the graphene as source and drain
electrodes. After wiring the electrodes to vacuum feedthroughs, the
chamber was evacuated to ~10° Pa. Electrical measurements and
UV-irradiation were performed in the vacuum chamber. Prior to
electrical measurements, the graphene was annealed in a vacuum
at 160 °C for several hours, which removed adsorbed molecules and
contaminants. Ammonia was introduced into the chamber via a
variable leak valve. A deuterium lamp (L2D2, 30 W, Hamamatsu
Photonics K.K.) was used for UV-irradiation. The peak emission
wavelength of the lamp is around 150-200 nm, and the effective
power density is estimated to ~0.01 mW/cmz. Raman spectroscopy
was performed in air with excitation wavelength of 532 nm.

Results and Discussion

Figure 2a shows the FET characteristics of the graphene before and
after UV-irradiation in NH;. Typical transfer characteristics of

(@) 7- :A]V

: —a— before irradiation
. h: —+— after irradiation
| i

—_— 1
< 5] 1
o I
X 44 |
= 1
2 ,] ;
=1 1
Q 1
o 2
9]

1

T T T T T
-40 -20 0 20 40
Gate Voltage (V)
(b) 71 | — after irradiation

1 | —— before irradiation
g 1 ]D”G .
£ 1 022+0.08
i
‘n
c
@
E ]

1 0.11£005

1200 1400 1600 2400 2600 2800 3000

Figure 2. (a)Transfer characteristics of graphene before and
after the UV-irradiation in NH;. (b) Raman spectra of
graphene before and after the UV-irradiation in NH3.

2 | RSC Advances, 2012, 00, 1-3

pristine graphene could be observed before the UV-irradiationzs;
CNP was located at around 0 V, and the curve exhibited a small
hysteresis. The carrier mobility of the graphene was 1,100 cmz/(V s)
and 2,300 cmz/(V s) for electron and hole transport, respectively.
After the FET measurement, the graphene was UV-irradiated under
10 Pa of NH; for 1 h at RT. The evolution of a hysteresis and the
decrease of mobility was observed after the UV-irradiation (Fig. 2a).
For the forward sweep (from a negative to a positive gate voltage),
the electron mobility (1) and hole mobility () decreased to 720
cmz/(V s) and 1,200 cmz/(V s), respectively. p. and p, for the
backward sweep (from a positive to a negative gate voltage) were
790 cmz/(V s) and 940 cmz/(V s), respectively. The evolution of a
hysteresis and the decrease of mobility were explained by the
formation of spa-like bonds at the graphene/SiO, interface as
described in Ref. 27. Our previous study showed that UV-irradiation
in a vacuum triggers a photochemical reaction at the graphene/SiO,
interface, which gives rise to the decrease in mobility and the
hysteresis that was counter clockwise on the negative side and
clockwise on the positive side. Another noticeable change in FET
characteristics after the UV-irradiation in NH; was a shift in the CNP
to the negative direction. The CNP is shifted by —16 V after the UV-
irradiation in NH3, while UV-irradiation in a vacuum does not shift
the CNP?Y. Hence, it is implied that the CNP is shifted to the
negative direction as a result of N-doping, by which nitrogen atoms
are incorporated into the graphene lattice. Incorporation of N
atoms by UV irradiation in ammonia was confirmed by X-ray
photoelectron spectroscopy in our previous studym.

Figure 2b shows the Raman spectra of the graphene before
and after the UV-irradiation in NHj;. Three inherent peaks for
graphene are seen for both spectra: the G band (~1585 cmfl), the D
band (~1,350 cmfl), and the 2D band (~2,700 cmfl)zs. The D band
originating from the A4, vibrational mode of hexagonal sp2 carbon
network becomes Raman active by defects. Therefore, the intensity
ratio of the D band to the G band (/p/lg) is a good indicator for
evaluating the density of defects®*°. While the pristine graphene
showed small Ip/lg (0.11£0.05), the graphene UV-irradiated in NH3
exhibited higher Ip/lg (0.22£0.08). Thus defects were introduced
into the graphene lattice by the UV-irradiation in NHs. As the sharp
symmetric 2D band was not substantially changed after irradiation,
the structure of monolayer graphene remained.> The widening of

the 2D band reflects the defect formation in graphene32‘33.

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. (a)AVcyp as a function of irradiation time. (b)
Raman Ip/lg as a function of irradiation time.

To investigate the dependence on the irradiation time,
graphene was UV-irradiated in 10 Pa of NH; for longer times (2 h
and 4 h). The shift in CNP (AVcyp) was plotted as a function of
irradiation time in Fig. 3a. AVcyp is almost proportional to the
irradiation time. We estimate the doped electron density (n.) from
AVenp according to the capacitor relationship: n. = C,,AVcenp/e ,
where C,, and e are the capacitance of SiO, per area and the
elementary charge, respectively. n, for the graphene UV-irradiated
in NH; for 1 h, 2 h, and 4 h is estimated to 1.3x10% cm_z, 3.4x10%
cm_z, 6.1x10" cm™ , respectively. Considered that the atomic
number density of graphene is 3.8x10" cm_z, the corresponding
doping level for the graphene UV-irradiated in NH; for 1 h, 2 h, and
4 his 0.034 %, 0.089 %, and 0.16 %, respectively. Thus the electron
density of graphene can be controlled in the range of 10" - 10"
cm™ (0.01 %) by the UV-irradiation in NH;. With regard to carrier
mobility, the changes in electron and hole mobility (1. and uy,
respectively) are summarised in table 1.

This journal is © The Royal Society of Chemistry 20xx

Table 1. Mobility and charge neutrality point for each sample.

Irradiation time Ue (cm?/Vs)  pp (cm?/Vs) Vene (V)
Before 1,000 2,300 1
1h After (- > +) 720 1,200 -18
After (+ > -) 790 940 -12
Before 1,500 1,800 2
2h After (- > +) 710 790 -41
After (+ > -) 770 640 -38
Before 1,200 1,600 3
4h  After (->+) 510 - -73
After (+- -) 500 2 -70

? Mobility cannot be calculated because gate voltage more negative
than 80 V could not be applied to prevent dielectric breakdown.

To elucidate the relation between the N-doping and the
formation of sp3-like bonds by the UV-irradiation, we compared the
results with the data from the graphene UV-irradiated in a
vacuum?®’. With regard to the FET characteristics, the CNP is shifted
to the negative side after UV-irradiation in NH3, while the CNP stays
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Figure 4. (a)Transfer characteristics of graphene before and
exposure to NH;. (inset) Enlarged
characteristics at around the Dirac point. (b) Raman spectra
of graphene before and after exposure to NH;.
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at around 0 V for the graphene UV-irradiated in a vacuum (Fig. 3a).
The difference between NH;and vacuum can also be seen in the
change of Raman spectra as shown in Figure 3b. While the Ip/Ig
monotonically increased with irradiation time for both conditions,
the degree of increase is larger for the UV-irradiation in NH;3 than
that in a vacuum. This higher Ip/Ig implies that graphene is damaged
by N-doping as well as the formation of spa-like bonds caused by
UV-light.

The effect of adsorption of ammonia on graphene was also
studied by exposing the graphene on SiO,/Si to 10 Pa of NH; for 1h
without UV-light. Figure 4a shows the FET characteristics before
and after the exposure. No noticeable change can be observed after
the UV-irradiation without a small shift of CNP to the negative
direction. Such small negative shift after the exposure to NH; has
also been reported by Romero et al., which is considered to be
caused by displacement chemical reactions in the graphene/SiO,
interface®®. The Raman spectra also showed no changes at all. (Fig.
4b)

On the basis of the experimental results, we propose a
possible structure of N-doped graphene together with the
electronic structure in Fig. 5. Before the UV-irradiation in NH3, the
Fermi level was located at the Dirac point judging from the Vcyp of
around 0 V (Fig. 2a). The shift of the CNP after the UV-irradiation in
NH; indicated that electrons were doped into graphene, and the
Fermi level was shifted to higher energy. It is known that UV light
induces a photodissociation reaction of NH; molecules described as

NHs > NH, + H,

which yields active NH, radicals®™. As the activation energy for this
reaction is 6.0 eV (corresponding to photon with a wavelength of
206 nm), the deuterium lamp used in this study can induce this
reaction. By means of chemical reactions between such NH, radicals
and graphene, we have reported that graphene is functionalized
with amino groups as well as the formation of g-C5N, domains™,
Several studies have reported that amino groups would act as an

pl;istine graphene

UV-irradiation
in NH;

sp3-like bond

N-doped graphene

g-C;N, domain

Figure 5. Schematic illustration of N-doped graphene and
the corresponding electronic structure.
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electron donor for graphene36‘37, hence the amino groups
introduced via the photochemical reaction are responsible for the
electron doping. In addition to the amino groups and g-C3N,
domains, sp3-like bonds are also formed at the graphene/SiO,
interface18‘27, which are responsible for the decrease in the carrier
mobility and the hysteresis behaviour. Such undesirable defects
may be reduced by indirect UV irradiation in ammonia, by which
the graphene sample is not directly UV-irradiated.

The density of defects (o4) can be estimated from the Raman
Ip/ls. According to the Tuinstra-Koenig relation, the average
crystalline size (L,) is described as L, = C/(Ip/lg), where C is a
constant depending on the excitation wavelength. (C = 19.2 for 532
nm)29‘30‘38 As L, is the average distance between the defects, oy is
written as o4 = 1/La2 = (ID/IG)Z/Cz. Note that any structural disorders
including vacancies, sp3 carbon structures, and doped impurities
contribute to oy in this estimation. As Ip/lg was 0.22+0.08 for the
graphene UV-irradiated in NH; for 1 h, o4 is estimated to be
1.26x10"° cmfz, which is approximately 1/100 of the doped electron
density (n.) estimated from the shift of the CNP (1.3><1012 cmfz).
This significant deviation implies that defect formation including N-
doping occurs rather locally. The estimation of o4assumes randomly
distributed defects in graphene. Therefore oy is likely to be
underestimated if defects are locally formed. It is highly plausible
that defects are localized in some regions of graphene. Formation
of g-C5N, domains is one of such examples. As we have discussed in
the previous study, x-ray photoelectron spectroscopy implies that g-
C3N, domains are formed in the graphene lattice™®. Another case is
that defects such as amino groups or sp3-like bond are localized at
the periphery of graphene grains. As it is known that graphene is
more reactive at grain boundaries than at a centre of domains”'“,
defect formation is likely to occur at the periphery of domains.

Another explanation for the smaller defect density is the fact
that defect density can be underestimated for the UV-induced
defects. The studies on estimation of L, or o4 from the Raman Ip/lg
are based on the physically induced defects caused by ion-
bombardment. However, Ip/l; should depends on the types of
defects”’. On the basis of the phenomenological modelso, we
conclude that both sp3—|ike bonds and amino groups give rise to
lower Ip/ls than the structural disorders caused by ion-
bombardment, resulting in the smaller defect density. The details
are provided in the supporting information.

Conclusions

Graphene on a Si0O,/Si substrate was irradiated by UV-light
in NH; at room temperature, and its FET characteristics were
measured before and after the irradiation in situ. The electrical
measurement has revealed that the electrons are doped via N-
doping. By means of UV-irradiation in NH;, we have demonstrated
that electron doping level can be controlled in the range of 10" -
10® cm™ (0.01%). The FET measurements and the Raman
spectroscopy indicate that N atoms are doped as amino groups and
g-C3N, domains, and defects including N-containing species are
formed rather locally. This study shows a possibility of N-doping via
UV-irradiation, and provide a new strategy to modify the electronic
properties of graphene.

This journal is © The Royal Society of Chemistry 20xx
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