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 As a rapidly rising star on the horizon of materials science 
and modern physics, graphene is promising for future nano-
electronics due to its exceptional properties including ultra-
high carrier mobility, optical transmittance, high conductivity, 
fl exibility, and excellent stability. [  1  ]  However, the absence of a 
bandgap in intrinsic graphene sets a huge obstruction for most 
electronic applications, such as fi eld-effect transistors (FETs), [  2  ]  
sensors, [  3  ]  and photodiodes. [  4  ]  Consequently, the demands on 
universal techniques that could be employed in opening and 
tuning an energy gap of graphene become more and more 
critical. In recent years, as the motivation for preparing semi-
conducting graphene has continued to intensify, rapid progress 
has been made in this dynamic fi eld. Typically, graphene could 
be made into semiconductors through two main approaches: 
one is nanostructuring and the other is heteroatom doping. 
The former method resorts to making graphene nanostructures 
such as nanoribbons, [  5  ]  nanomesh, [  6  ]  and quantum dots. [  1a  ]  
An energy bandgap would form due to the quantum confi ne-
ment of electrons, when the size of graphene is structured into 
narrow geometries (e.g., sub-10 nm). Alternatively, a second 
route controls the semiconducting properties of graphene by 
doping with heteroatoms, such as B and N. [  7  ]  For instance, 
N-doping has been widely used to tailor the properties of gra-
phene and render it useful for various applications. [  8  ]  From 
the practical point of view, N-doping of graphene seems much 
more feasible when compared with nanostructing method, 
which requires ultra-high resolution of graphene geometries. 
More importantly, the dopant atoms can not only open the 
energy gap, but also tune the carrier type of graphene in a 
controlled manner, contributing to the potential use of up-and-
coming graphene in various electronic devices. 

 As representative examples, Wei et al. reported the synthesis 
of N-doped graphene by chemical vapor deposition (CVD) in 
the presence of NH 3 , [  9  ]  where the electrical properties of gra-
phene were effectively modulated through the substitutional 

N-doping; Y. W. Zhang reports a feasible direct-synthesis 
method for preparing N-graphene with a manageable N con-
tent on a large scale; [  8a  ]  Dai’s group [  10  ]  successfully developed 
a N-doped graphene by high-power electrical annealing of gra-
phene nanoribbons (GNRs) in NH 3 , and the resultant N-spe-
cies edge-terminated GNRs show n-type transistor behavior. 
However, the N-atom substitution occurs easily at the edges 
where there exist plenty of defects and dangling bonds; for pris-
tine graphene, which possesses perfect honeycomb structure, 
the substitution of sp 2  carbon atoms with heteroatoms becomes 
more diffi cult. In this regard, Guo et al. [  11  ]  reported the gen-
eration of in plane defects on graphene sheets by N + -ion irra-
diation; nitrogen atoms could be effectively doped during NH 3  
annealing. Using this N-doped graphene, n-type FETs have 
been successfully fabricated at room temperature. 

 Considering the fact that graphene oxide (GO) possesses 
plenty of natural oxygen-containing defects that could be 
restored through proper reduction, GO could be considered 
an appealing alternative for the purpose of preparing N-doped 
graphene. Additionally, in view of the mass-production and 
solution-processing capability, the use of GO would undoubt-
edly facilitate the fabrication of graphene-based devices. In 
a standard work, Li et al. [  12  ]  reported the mass production of 
N-doped graphene by simultaneous N doping and reduction of 
GO through a thermal annealing process in ammonia atmos-
phere. Later, Kumar et al. [  13  ]  reported the simultaneous reduc-
tion and nitrogen doping of GO nanosheets for gram-scale 
preparation of N-doped graphene using a downstream micro-
wave plasma source. However, although the above-mentioned 
works have already shown the possibility of doping graphene 
with nitrogen, usually by treating GO in NH 3  atmosphere, 
there is still a lack of research that mainly deals with pattern-
able N-doping of graphene towards device fabrication and 
integration. 

 As a high power-density optical energy source, a laser is 
capable of processing graphene and related materials in a con-
trolled manner. [  14  ]  Previously, the laser-mediated photoreduc-
tion of GO reported by our group [  15  ]  and others [  16  ]  has already 
proved its value in the controllable reduction and fl exible pat-
terning of GO. However, efforts have been mainly devoted to 
the reduction of GO in order to partly restore the sp 2  domains 
and recover their conductivities. Less attention has been paid to 
simultaneous reduction and heteroatom doping of GO, despite 
some photoreduction strategies providing not only exquisite 
control over the oxygen content but also the compatible pro-
cessing fl ow with the state-of-the-art of technologies used for 
device fabrication. To date, the tuning of the energy gap of gra-
phene by heteroatom doping through an optical manner is still   DOI:  10.1002/adom.201300401        
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rare. Here, for the fi rst time, we demonstrate programmable 
N doping and the simultaneous reduction of GO by femto-
second laser direct writing (FsLDW) in NH 3  atmosphere. Com-
plex micropatterns of N-doped and reduced GO (NRGO) have 
been successfully fabricated towards device fabrication. We 
further investigate the effect of laser power 
on the N-doping effi ciency/N-bonding types 
both experimentally and theoretically, a total 
nitrogen concentration as high as 10.3% in 
the form of pyridinic, pyrrolic, and graphitic 
has been achieved. As a proof-of-concept, 
bottom-gate n-type graphene FETs have been 
post-fabricated by direct writing an NRGO 
channel between pre-patterned source/drain 
electrodes. The laser-mediated programmable 
N-doping and simultaneous reduction of GO 
holds great promise for manufacturing com-
plicated architectures such as logic gates and 
p–n diodes towards the fl exible fabrication 
and integration of cost-effective graphene 
electronics. 

 The processing system for FsLDW-medi-
ated N-doping and reduction of GO is shown 
in  Scheme   1 , a spin-coated GO fi lm either 
on a glass slice or on a fl exible PET substrate 
was mounted on a piezo moving stage with 
nanometer-motion accuracy, controlled by a 
computer according to the pre-programmed 
micropatterns. To accomplish the FsLDW in 
NH 3  atmosphere, the GO fi lm was tightly 
covered by a hemispheric cavity with an inlet 
connected to the NH 3  source and an outlet 
connected to an acid recycle pool. In this way, 
a focused femtosecond laser directly scanned 
the GO fi lm as the computer was pro-
grammed. Since the reduction and doping 
can only occur in the area irradiated by 
laser focus, high-resolution micropatterns of 
NRGO could be readily fabricated. As shown 
in  Figure   1 , a series of complex micropatterns 
including bow-like microcircuits, comb-like 
electrodes, involute-like microcircuits, letters, 

and even the badge of Jilin University could be successfully cre-
ated. The optical microscopy image of the micropatterns can be 
clearly identifi ed due to the difference in transmittance between 
GO and NRGO regions. Figure S1 in the Supporting Informa-
tion shows the transmittance of GO and NRGO fi lms prepared 
under different laser powers on quartz substrates. The NRGO 
fi lms are less transparent than the GO fi lm in visible range. 
This darkening of the reduced region has been observed previ-
ously, which could be attributed to the partial restoration of the 
 π -electron system in the GO. [  17  ]  In addition to glass substrates, 
a typical NRGO electrode array was fabricated on a fl exible PET 
substrate (Figure  1 i). This arbitrary patterning of N-doped gra-
phene shows great advantages for the fabrication of graphene-
based electronics, especially for fl exible devices, because any 
desired micropatterns of RGO or NRGO can be integrated fl ex-
ibly by this FsLDW technique.   

 To get further insight into the surface topography, an ara-
neose micropattern of NRGO has been selected as a representa-
tive example for atomic force microscopy (AFM) characteriza-
tion. As shown in  Figure   2 , the araneose micropattern could 
be clearly identifi ed from the GO fi lm. After FsLDW-mediated 
N-doping and simultaneous removal of oxygen-containing 

      Figure 1.  Optical microscopy images of NRGO micropatterns. (a) Bow-like microcircuit, 
(b) comb-like electrodes, (c) involute-like microcircuit, (d) the badge of Jilin University, (e) the 
word “graphene”, (f) the letter “G”, (g) the molecular structure of a benzene, and (h) a hexagon 
grid. Scale bars are 10  μ m. (i) Photograph of a typical NRGO electrode array on a fl exible PET 
substrate. 

       Scheme 1.  Schematic illustration of the FsLDW system used for pro-
grammable N-doping and reduction of GO. 
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8 mW, 10 mW, and 12 mW. Survey X-ray photoelectron spectra 
of the three samples show the introduction of nitrogen species 
and the removal of OCGs (Figure S2, Supporting Information). 
Notably, pristine GO is very rich in oxygen, more than 53%; 
after laser treatment in NH 3  atmosphere, the oxygen content 
decreased signifi cantly with the increase of laser power, indi-
cating the reduction of GO. Additionally, 3.1%, 10.3%, and 
9.1% of nitrogen have been detected for NRGO samples pre-
pared under laser powers of 8 mW, 10 mW, and 12 mW, respec-
tively, suggesting the effective N-doping of graphene. Here, the 
NH 3  pressure inside the polydimethylsiloxane (PDMS) cavity 
is maintained at atmospheric pressure. In fact, the N-doping 
level could also be controlled by changing the partial pressure 
of NH 3 . When the partial pressure of NH 3  is reduced to 40% 
(60% of N 2 ), the nitrogen contents decreased to 2.6% from 
9.1% (Figure S2). The reduction of GO under higher NH 3  pres-
sure is expected to achieve higher doping levels, however, con-
sidering the fact that both the substrates (coverslip,  ∼ 200  μ m 
in thickness) and the thin PDMS cavity can not bear high pres-
sure, N-doping under higher NH 3  pressure has not been car-
ried out. 

 To evaluate the doping type of the nitrogen species, we also 
tested the stability of the NRGO samples. As reported else-
where, nitrogen species could be doped in GO through phys-
ical adsorption, fusing, and covalent bonding. [  19  ]  In our work, 
we treated our NRGO sample under vacuum at 150 °C for 
3 h. Figure S3 shows the survey X-ray photoelectron spectra of 
NRGO samples before and after vacuum heat treatment. Only 
a slight decrease in oxygen (from 28.4% to 25.3%) could be 
observed due to the thermal deoxidizing of the residual oxygen-
containing groups. The concentration of nitrogen almost kept 
the same value (slightly increased due to the loss of oxygen), 
indicating that the doping is stable and irreversible. 

  Figure   3 a shows the C1s XPS of GO and NRGO samples, 
the C1s spectra have been deconvoluted using four Gaussian 
peaks that correspond to C−C (284.6 eV), C−N (285.8 eV), 
C−O (286.6 eV), and C=O (288.5 eV), respectively. For pristine 
GO sample, no N signal has been detected and C−C content 
is only 42.1%. After laser irradiation, oxygen signals decreased 
signifi cantly, indicating the reduction of GO. The contents of C, 

groups (OCGs), a sunken surface was formed in the laser 
scanned region. This phenomenon has also been observed in 
the laser reduction of GO which has been previous reported 
by our groups and others. [  15,16  ]  The reason for the sunken sur-
face could be attributed to the mass loss of OCGs in the form 
of CO 2 , CO, H 2 O and carbon species. However, there are also 
some papers reporting an increased fi lm thickness after the 
laser irradiation due to the formation of a porous structure. [  18  ]  
The inconsistency of surface topologies could be ascribed to the 
use of a femtosecond laser. Since the femtosecond laser pulse 
duration is very short, even shorter than the electron cooling 
time, heat diffusion is minimized. During femtosecond laser 
direct writing, the material changes from a solid state to a 
plasma state with a high temperature and pressure instanta-
neously, leading to gases spraying form the substrate rapidly, 
while the surrounding material is still in the “cold state”. In 
this regard, femtosecond laser reduction can effectively avoid 
the accumulation and expansion of the generated gases, and 
thus give rise to a fl at and sunken surface. Figure  2 c shows the 
height profi le along the white line marked in Figure  2 a. The 
line width was measured to be  ∼ 1  μ m; and the sunken depth is 
about 20 nm when the laser power is 10 mW.  

 The presence of N species in the NRGO was confi rmed by 
X-ray photoelectron spectroscopy (XPS). In our work, the prep-
aration of NRGO was implemented under three laser powers, 

      Figure 2.  (a) 2D and (b) 3D AFM images of an araneose NRGO micropat-
tern; (c) height profi le along the white line in (a). 

      Figure 3.  (a) C1s XPS spectra of pristine GO and NRGO prepared under different laser powers; (b) N1s spectra of pristine GO and NRGO prepared 
under different laser powers; the N1s peak can be fi tted into three peaks at 398.2, 399.7 and 401.7 eV, which are labeled pyridinic-, pyrrolic-, and 
graphitic-N, respectively; (c) schematic representation of the N-doped graphene and the corresponding formation energy calculated from fi rst principle 
study; (d) dependence of the percentage of pyridinic-/pyrrolic- and graphitic-N on laser power. 
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the disorder of graphene. However, for our NRGO samples, 
the  I  D / I  G  ratio only slightly increased as compared with pris-
tine GO. It is known that the intensity of the G band should 
enhance on the assumption that the sp 2  domain has been 
partly restored due to the effective reduction, so the nonobvious 
increase in the  I  D / I  G  ratio should be attributed to the doping 
of N-species, which brings additional defects to the graphene 
structure. The 2D peak (the second order of the D-peak, at 
 ∼ 2700 cm −1 ) is the most intrinsic to graphene as compared to 
bulk graphite. It arises as a result of a two-phonon resonance 
process, involving phonons near the K point. For our NRGO 
sample, a very small 2D band could be detected in the Raman 
spectra; it could be attributed to the presence of defects in the 
basal plane and a variety of functional groups terminating the 
edges. 

 As a proof-of-concept, n-type FETs were post-fabricated by 
direct writing an NRGO channel between two pre-patterned 
source/drain electrodes. The thickness of the Au electrodes is 
about 100 nm. It is worth pointing out that, in the whole fabrica-
tion procedure, the NRGO channel could be created fl exibly in 
the last step, indicating the “post-integration” feature. Since the 

O, and N, as well as the percentages of different carbon bonds 
have been summarized in  Table   1 . The highest N concentration 
of 10.3% has been achieved when the laser power is 10 mW; 
and the percentage of C−N is as high as 18.8%.   

 The analysis of the nitrogen chemical environment is 
shown in Figure  3 b, where N1s XPS spectra of NRGO samples 
have been deconvoluted into three peaks at 398.2, 399.7, and 
401.7 eV, which could be attributed to pyridnic-, pyrrolic- and 
graphitic-N, respectively. Figure  3 c shows a schematic illustra-
tion of the N-doped graphene and the corresponding formation 
energy of different N species calculated from the fi rst princi-
ples study (for details of the calculation, see the Supporting 
Information). Notably, the formation energy of graphitic-N 
is much lower than that of pyridnic- and pyrrolic-N. How-
ever, for the NRGO samples, more than half of the N atoms 
are doped in the form of pyrrolic-N. This result suggests that 
the oxygen containing groups (OCGs) and defects in GO facili-
tate the formation of pyrrolic-N during the laser irradiation. 
The hypothesis has also been confi rmed by our experimental 
results. With the increase of laser power, the peak for graphitic-
N increased gradually, which indicates that more N atoms are 
substitutionally doped into the graphene lat-
tice mainly in the form of graphitic N at a 
higher laser power. For instance, when the 
laser power is 12 mW, most of the OCGs 
could be removed effectively; as a result, the 
total N content decreased to 9.1% as com-
pared with NRGO-10 mW (10.3%), whereas 
the relative graphitic N increased slightly. 
Figure  3 d presents the dependence of pyri-
dinic-/pyrrolic- and graphitic-N contents on 
laser power. According to the results reported 
in Usachov’s work, [  7d  ]  the graphitic-N contrib-
utes mainly to the n-type behavior instead of 
the pyridinic-/pyrrolic-N. In this regard, pro-
cessing at a higher laser power would facili-
tate the n-type tuning by introducing more 
graphitic-N. However, we found that further 
increasing the laser power partly destroys the 
NRGO fi lm due to a laser ablation effect. 

 To evaluate the structural changes before 
and after N-doping and the reduction of GO, 
Raman spectra were measured over both 
GO and NRGO samples (Figure S4, Sup-
porting Information). Generally, the inten-
sity ratio of the D band (1350 cm −1 ) to the G 
band (1580 cm −1 ) ( I  D / I  G ) is used to estimate 

      Figure 4.  Output and transfer characteristics of NRGO FETs with (a,b) NRGO (8 mW) 
and (c,d) NRGO (10 mW) as channels. When V ds  = 50 V, the hole mobilities are 0.38 and 
1.1 cm 2  V −1  s −1 , and the  I  on / I  off  ratios are 5.0 and 1.7, respectively. 

 Table 1.   Elemental contents and the percentage of different carbon bonds. a)  

Samples  Laser power 
[mW]  

C [%]  O 
[%]  

N 
[%]  

C–C 
[%]  

C–O 
[%]  

C=O 
[%]  

C–N 
[%]  

GO  –  46.5  53.5  –  42.1  52.2  5.7  –  

NRGO-8  8  44.1  52.8  3.1  38.9  35.7  16.4  9.0  

NRGO-10  10  54.5  35.2  10.3  50.2  18.1  12.9  18.8  

NRGO-12  12  75.3  15.6  9.1  64.2  11.3  8.7  15.8  

    a)   The values are calculated from XPS results.   
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  Fabrication and Measurement of NRGO FETs : For the fabrication of 
FETs, the ITO gate electrode was sputtered onto the substrates through 
a shadow mask. Then poly(methyl methacrylate) (PMMA) chloroform 
solution (0.1 g/mL) was spin-coated on the ITO substrates at 3000 rpm 
and baked at 95 °C for 15 min as a gate dielectric layer. The thickness 
of PMMA is measured to be 200 nm. GO fi lms were spin-coated 
on PMMA layer and annealed at 95 °C for 1 h. Au source and drain 
electrodes were vaporized onto the GO fi lm under vacuum by using a 
shadow mask. The fi lm was then covered tightly by a PDMS cavity with 
air inlet and outlet. NH 3  fl ows into the cavity. GO fi lm was then reduced 
and patterned into a 30  μ m width belt between the electrodes (distance, 
20  μ m) for test. 

  Characterization : X-ray photoelectron spectroscopy (XPS) was 
performed using an ESCALAB 250 spectrometer. Atomic force 
microscopy (AFM) images were measured with Digital Instruments 
NanoScope IIIa. Optical microscope images were obtained from a Motic 
BE400 microscope. Current−voltage curves of FET were measured from 
a Keithley SCS 4200 semiconductor characterization system. Raman 
spectra were measured with a Renishaw Raman microscope using 
514 nm wavelength laser.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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laser power used for GO treatment is only 12 mW—not high 
enough to cause damage of Au electrodes—we extended the 
laser scanning path into the Au/GO contact region to ensure a 
reliable ohmic contact.  Figure   4  shows the output and transfer 
curve of the FETs fabricated under laser powers of 8 and 
10 mW, respectively. As shown in Figure  4 a, the FET fabricated 
at 8 mW shows an  I  on /  I  off  ratio of 5.0 with an estimated elec-
tron mobility of 0.38 cm 2  V −1  s −1  (for detail calculations, see the 
Supporting Information). When the laser power is increased to 
10 mW, the conductivity and the carrier density of the channel 
becomes higher (electron mobility of 1.1 cm 2  V −1  s −1 ), due to the 
combined effect of OCG removal and N-doping. Additionally, 
more graphitic-N could provide more free electrons, giving rise 
to higher conductivity. Figure  4 b,d show the transfer character-
istics of the FETs; the neutrality point of NRGO was at negative 
gate voltages of V gs  ∼ −20 V, indicating the n-type electron doping 
behavior. The majority carrier in the NRGO channel is the elec-
tron, which is different from the FET fabricated in air, as we 
reported previously. [  15a  ]   

 In conclusion, a programmable N-doping and simultaneous 
reduction of GO have been achieved by FsLDW of GO in 
ammonia atmosphere. The unique laser-mediated N-doping of 
RGO permits exquisite control over the doping area, therefore 
making it possible to fabricate complex micropatterns on both 
glass and polymer substrates. By tuning the laser power, from 
8 mW to 12 mW, both N-doping concentration and the bond 
types of N species could be modulated; the highest nitrogen 
concentration of 10.3% has been achieved. Based on our 
experimental results and the fi rst principles study, we found 
that the OCGs and defects on the GO sheets are responsible 
for N-doping in the form of pyridinic- and pyrrolic-N, and an 
increase in laser power would enhance the content of graphitic-
N. As a proof-of-concept, a bottom-gate n-type graphene FET 
has been post-fabricated by direct writing an NRGO channel 
between pre-patterned source/drain electrodes, demonstrating 
the great potential for the fl exible fabrication and integration 
of graphene-based devices. N-type transistor behavior has been 
observed due to the effective N-doping.  

  Experimental Section 
  Laser-Mediated N-Doping and Reduction of GO in NH 3  Atmosphere : GO 

was produced via the Hummers method from natural graphite (Aldrich, 
< 150  μ m). The GO fi lms were prepared by spin-coating GO solution 
at 2000 rpm for 20 s on glass substrates which had been cleaned by 
ethanol and dried in vacuum at 95 °C for 1 h. The NH 3  atmosphere is 
supplied by a PDMS hemispherical cavity that tightly covers the glass 
substrates. Two air vent needle plugged in the cavity are inlet and outlet 
of pure NH 3 . The NH 3  pressure inside the PDMS cavity is maintained 
at atmospheric pressure. For the fabrication under low NH 3  partial 
pressure (40%), 60% of N 2  was mixed. Pulses from a femtosecond 
laser oscillator of 800 nm central wavelength, 120 fs pulse duration, and 
80 MHz repetition rate, were tightly focused by a 100× oil immersion 
objective lens with a high numerical aperture (NA) of 1.35 into the GO 
fi lm. The focal spot of the laser beam was scanned laterally by steering 
a two-galvano-mirror set and was vertically moved along the optical 
axis by a piezo stage. Scanning mode of the laser processing is point to 
point, 600  μ s exposure duration of each voxel and 200 nm scanning step 
length were adopted for the processing. Then the femtosecond laser 
directly wrote on the GO fi lm according to preprogrammed patterns 
designed by a computer. 
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