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We have studied the electrical, optical and field emission properties of nitrogen gas-phase doped
hydrogen-free diamondlike carbon~DLC! films. The N-doped hydrogen-free DLC films were
deposited by an alternating layer deposition technique using plasma enhanced chemical vapor
deposition, in which deposition of a thin layer of gas-phase doped DLC and CF4 plasma exposure
on its surface were carried out alternately. The optical band gap of the DLC films decreases from
1.8 to 1.55 eV with an increase of the@N2#/@CH4# ratio from 0% to 24% because of an increase of
the graphite phase~p state!. The emission current density and onset field are strongly related to the
gas-phase doping concentration in the DLC films. The optimum@N2#/@CH4# flow rate ratio for
efficient electron emission was found to be 9%. The onset field and the effective barrier energy at
9% are 7.2 V/mm and 0.02 eV, respectively. The material appears to be modified into a
carbon-nitrogen alloy when it exceeds 9%. We have also studied the enhanced field emission
characteristics of nitrogen gas-phase doped hydrogen-free DLC films on Mo tip field emitter arrays.
The maximum emission current for each pixel increased from 160mA to 1.52 mA with the addition
of a 200 Å thick N doped hydrogen-free DLC coating on the Mo tips. ©1999 American Vacuum
Society.@S0734-211X~99!01601-7#
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I. INTRODUCTION

Field emitter arrays~FEAs! are becoming increasingl
important as micron size electron sources for a numbe
advanced and new generation devices such as field emis
displays~FEDs!, ultrahigh-frequency devices.1,2 Highly effi-
cient and highly reliable FEAs require a sharp emitter t
reduced emitter to gate distance, lower work function emi
materials and improved uniformity and reproducibility.3,4

The low voltage operation of FEAs allows the FEAs
operate continuously with very stable emission proper
and long life, at pressures higher than those necessary
conventional field emitters, and without resorting to t
stratagems of intermittent or continuous heating. Diamo
films possessing negative electron affinity~NEA!5 have great
potential for application as electron emitters in vacuum m
croelectronics such as FEAs and have been the focus o
tensive study. The interest in diamondlike carbon~DLC! as
an emission material originates from its unique emiss
properties and because of its low work function and its sta
operation.

For FED applications, the work function of the emitter
important in order to have low voltage driving. C-Si an
metals have high work functions~;4.5 eV!, requiring the
formation of sharp tips, and the surface of the tips is unsta
during operation because of aging by oxidation. Howev
the work function of DLC is lower than that ofc-Si or met-
als. Furthermore, the work function can be controlled
impurity doping6 and there is no aging effect for DLC film
because of its chemical inertness.

a!Electronic mail: jjang@nms.kyunghee.ac.kr
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Therefore, cold cathode electron emitters obtained by
positing diamond films on Si FEAs,7 Mo FEAs,8 or W FEAs
~Ref. 9! have been widely studied. The field strength r
quired for electron field emission has been reduced to
than 33104 V/cm, which is substantially lower than the fiel
strength used in conventional metal FEAs, which are ty
cally higher than 13106 V/cm.10 Chuanget al.10 have al-
ready reported DLC coated Mo FEAs using a laser ablat
process. But the DLC layer suffers from emission instabil
because the surface of the DLC is deteriorated by local h
ing during operation.

In our previous work, an alternating layer depositio
method, i.e., the deposition of a thin DLC layer and sub
quent exposure of its surface to CF4 plasma, was applied to
deposit hydrogen-free DLC film.11

In this study, we report on the electrical, optical and ele
tron emission properties of gas-phase nitrogen-dop
hydrogen-free DLC films with various@N2#/CH4# flow rate
ratios. Also, the fabrication of a N-doped hydrogen-fr
DLC film coating onto a Mo FEA and its enhancement of t
field emission characteristics will be discussed.

II. EXPERIMENT

For the deposition of nitrogen-doped hydrogen-free DL
we have used a conventional plasma enhanced chemica
por deposition~PECVD! system, in which rf power was ap
plied to the substrate holder. N2/CH4/H2/He and CF4/He
gases were introduced for deposition of the DLC layer a
for the surface treatment, respectively.

Table I depicts the alternating layer deposition conditio
for the nitrogen-doped DLC films. The flow rates of He, H2,
241/17 „1…/241/5/$15.00 ©1999 American Vacuum Society
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and CH4 were fixed at 20, 6 and 3 sccm, respectively, and
@N2#/@CH4# flow rate ratio was changed from 3% to 50% b
varying the N2 flow rate. The CF4 flow rate and CF4 plasma
exposure time were fixed at 20 sccm and 140 s, respectiv
for the plasma treatment. Details of the alternating la
deposition method are described in the literature.11,12 The
self-bias voltage measured was found to be2120 V at a
fixed rf power of 100 W.

The absorption coefficients for the CHn (n51, 2, 3!
stretching modes were measured by a Fourier transform
frared spectrophotometer, and the hydrogen content was
termined using the integrated absorption coefficients of Cn

modes.13 It was found that the hydrogen content decrea
with increasing CF4 plasma exposure time and is zero at
exposure time of 140 s.11,12 Also, it was confirmed that the
hydrogen content is less than 1 at. % at the CF4 plasma ex-
posure of 140 s by secondary ion mass spectroscopy~SIMS!
analysis.

We fabricated the Mo FEAs by the process used for c
ventional Spindt-type FEAs.14 After that, we deposited a 20
Å thick N-doped hydrogen-free DLC film onto the Mo FEA
by repeating five cycles of deposition and CF4 plasma expo-
sure.

The field emission cathode consists basically of
conductor/insulator/conductor sandwich. The top conduc
or gate film has a 1.5mm diam hole in it, through which a
cavity into the insulator can be etched. This cavity underc
the gate and uncovers the substrate conductor.

A metal cone whose base is attached to the substrate
whose tip is close to the plane of the gate film is then form
in the cavity.15

A heavily doped silicon wafer,n11-Si, is preferred as the
substrate, because thermal silicon dioxide (SiO2) can be
grown on its surface to a thickness of 1.2mm with excellent
adherence, no porosity, and high-field breakdown strengt
film of chromium~Cr!, about 0.4mm thick, is deposited by rf
magnetron sputtering onto the silicon dioxide to provide
gate electrode.

Cathodes with 900 emitting cones per one pixel have b
grown. The 900 cone array was arranged in a 30330 matrix
with 10 mm spacing, and the total cathode area cover
square that is 300mm on each side.

The interband optical absorption coefficients were m

TABLE I. Alternating layer deposition conditions for the N-doped DL
films.

Condition Deposition CF4 plasma exposure

Radio frequency power~W! 100 100
Pressure~mbar! 0.4 0.45
Flow rate~sccm!
He 20 20
H2 6 0
N2 0.09–1.5 0
CH4 3 0
CF4 0 20
Substrate temperature~K! 300 300
Time ~s! 95 140
J. Vac. Sci. Technol. B, Vol. 17, No. 1, Jan/Feb 1999
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sured using a Perkin-Elmer ultraviolet~UV! visible ~vis! in-
frared ~IR! spectrophotometer and the optical band gap w
obtained using Tauc’s plot. The current-electric field~I-E!
characteristics of the film were measured between two p
allel plates in vacuum of 1027 Torr to characterize the elec
tron emission properties.

The electron emission characteristics of the FEAs w
measured using a triode geometry. An anode plate
placed 300mm above the gate and was biased to 0–700
Both the anode-to-cathode and the gate-to-cathode curr
were measured as a function of bias voltage using a Keith
SMU 237 under ultrahigh vacuum of 131028 Torr.

During the measurement, the device was in a comm
emitter configuration with the emitter grounded and both
anode and gate being at positive potentials.

III. RESULTS AND DISCUSSION

A. Electrical and optical properties of N-doped
hydrogen-free DLC films

Figure 1 shows temperature dependent conductivity of
N-doped hydrogen-free DLC films deposited with vario
nitrogen gases. The conductivity increases fro
4.1310210to 1.431026 S/cm when the@N2#/@CH4# ratio
changes from 0% to 24%, because the Fermi level is shi
toward the conduction band byn-type doping. When the
@N2#/@CH4# ratio is above 15%, the conductivity steadily in
creases. The nitrogen appears to be a shallow donor in D
and the gradual shift of the Fermi level toward the cond
tion band by the nitrogen atom is confirmed. The conduc
ity increases and thus the activation energy decreases
the increasing@N2#/@CH4# ratio when the@N2#/@CH4# ratio is
less than 15%, but after that the conductivity increa
steadily due to the continuous shift of the Fermi level towa
the conduction band, caused by nitrogen atoms accumul
in the DLC films.

Figure 2 shows Tauc’s plots of the N-doped DLC film
with various @N2#/@CH4# ratios. TheB, obtained from the
slope of Tauc’s plot: (ahn)1/25B(hn2Eg), wherea is the
absorption coefficient,Eg is the optical band gap andhn is

FIG. 1. N-doped hydrogen-free DLC film, showing the temperature dep
dence on the electrical conductivities with various nitrogen gas flow rat
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the photon energy, increases with increasing nitrogen d
ing. The increase in the slope which is related to incorpo
tion of N atoms, causes the conversion ofsp3 C to sp2 C.16

Note that the conversion ofsp3 to sp2 reduces the band ga
of the DLC film.16

Figure 3 shows the optical band gap (Eg
opt) obtained from

Tauc’s plot for the DLC films. It decreases from 1.8 to 1.
eV with an increase of the@N2#/@CH4# ratio from 0% to 24%.
The decrease in the optical band gap appears to be due t
increase of the graphite phase in the DLC as a resul
nitrogen incorporation, as is also the case for tetrahe
amorphous carbon (ta-C).4

We have also studied the current-voltage characteris
of an Al/DLC/p1-Si device. The N-doped hydrogen-fre
DLC films were deposited on a low resistivityp1-Si ~100!
wafer and then the aluminum dots were thermally evapora
before theI–V characteristics were measured.

Figure 4 shows theI–V characteristics for the Al/N-dope
hydrogen-free DLC film/p1-Si device with various nitrogen
flow rates. Then-type conduction appears because the Fe

FIG. 2. Tauc’s plots of N-doped hydrogen-free DLC films with vario
nitrogen gas flow ratios.

FIG. 3. Optical band gap of N-doped hydrogen-free DLC films with vario
nitrogen gas flow ratios.
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level for the DLC film is shifted toward the conduction ban
and the carrier concentration of the conduction band of
DLC film increases by the substitutional doping of nitrog
atoms.

Both the shift of the Fermi level and the increase of t
carrier concentration for the DLC cause the increase of e
tron emission current for the N-doped hydrogen-free D
film. The shift of the Fermi level causes a decrease in
work function, which was deduced from the decrease in
slope of the Fowler-Nordheim~FN! plot resulting from the
DLC coating. We can see that the decrease of the work fu
tion causes an increase of emission current and a decrea
turn-on voltage.

The diode with 9% N doping shows the lowest rever
current and the lowest diode quality factor because of
lower density of states in the gap of the DLC. There is
direct relationship between the diode characteristics and
emission properties of the DLC, but the 9% doped DL
shows the best diode and field emitter characteristics.

In the region of the@N2#/@CH4# ratio above 12%, the de
fect states seem to be generated in the DLC film and then
film structure changes into another structure, for exampl
C-N alloy. As a result, the current-voltage characteristics
50% gas-phase N-doped DLC film show a symmetric beh
ior in Fig. 4 because of the high density of state in the gap
the DLC.

The depth profiles of nitrogen and carbon atoms in
N-doped hydrogen-free DLC film deposited with
@N2#/@CH4# ratio of 9% were measured by x-ray photoele
tron spectroscopy~XPS!. Except for the surface region~20
nm from the surface! of the DLC film, it shows a uniform N
concentration and the incorporated nitrogen concentratio
the DLC film is 1.99 at. %.

B. Field emission properties of DLC and Mo tip FEAs

When considering the possible use ofta-C and DLC as
cold cathode materials, control of the Fermi energy throu

FIG. 4. Current-voltage characteristics for Al/N-doped hydrogen-fr
DLC/p1-Si devices with various nitrogen gas flow ratios.
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the band gap by doping should be done to reduce its w
function. The work function is related to the turn-on field f
electron emission.

The successfuln-type doping ofta-C by nitrogen incor-
poration is possible without changing its tetrahed
structure.17 Nitrogen, a deep donor in diamond, occupies
substitutional site distorted along the~111! direction.18

Figure 5 shows theI–E characteristics of the nitrogen
doped DLC films. The electron emission current increase
first with the@N2#/@CH4# ratio up to 9% and then it decreas
with a further increase of the@N2#/@CH4# ratio. The optimum
@N2#/@CH4# ratio appears to be 9%. The onset field decrea
at first with the@N2#/@CH4# ratio up to 9% and then it in-
creases with a further increase of the@N2#/@CH4# ratio. At a
9% @N2#/@CH4# ratio, it shows a minimum value of the ons
field. Also, electron emission current at the 10 V/mm has a
maximum value at a 9%@N2#/@CH4# ratio because of the shif
of the Fermi level and the subsequent increase of the ca
density.

The low current tails in the 6% and 12% data can be s
in Fig. 5 and these tails may be related with the film struct

FIG. 6. Fowler-Nordheim plots for N-doped hydrogen-free DLC films w
various nitrogen gas flow ratios.

FIG. 5. Current-electric field characteristics for N-doped hydrogen-free D
films with various nitrogen gas flow ratios.
J. Vac. Sci. Technol. B, Vol. 17, No. 1, Jan/Feb 1999
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and chemical composition, but more work is needed
clarify their origin.

Figure 6 shows a FN plot of the electron emission c
rents for the N-doped DLC films. The slope of the FN plot
related to the effective work function of the film. It decreas
to 0.02 eV with an increase in the@N2#/@CH4# ratio until 9%
and then increases. The effective barrier energy for the D
deposited with a 50%@N2#/@CH4# ratio is 0.2 eV.

Figures 7~a! and 7~b! show the effective barrier energ
and the onset field of the electron emission current, resp
tively, for the N-doped DLC films. The onset field and e
fective barrier energy are 7.2 V/mm and 0.02 eV, respec
tively, at the optimum condition of a 9%@N2#/@CH4# ratio.

Figure 8 shows a comparison of the emission curre
voltage characteristics between N-doped DLC coated
FEAs and noncoated Mo FEAs composed of 900 emitters
one pixel. The turn-on voltage decreases from 60 to 27
due to the N-doped DLC coating. In addition to the decre

FIG. 7. ~a! Effective barrier energy and~b! onset field for N-doped
hydrogen-free DLC films with various nitrogen gas flow ratios.

FIG. 8. Emission current-voltage characteristics for N-doped hydrogen-
DLC coated Mo FEAs and noncoated Mo FEAs.
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in turn-on voltage, the anode current is also increased f
160mA to 1.52 mA. This indicates that the operating volta
of the FED can be remarkably decreased by addin
N-doped DLC layer on Mo FEAs. The increase of emiss
current is related to the shift of the Fermi level and the s
sequent increase of carrier density in the DLC film. The c
rent between the gate and emitters is less than 0.9% o
current between the anode and emitters for the N-doped D
coated Mo FEAs, but less than 6.25% for the Mo FEAs.

Figure 9 shows a comparison of FN plots betwe
N-doped DLC coated Mo FEAs and noncoated Mo FEA
The field enhancement factor~b! for the emitter was first
obtained by comparing the work function~f! value calcu-
lated from the slope of the FN plots of the Mo FEAs with t
work function reported for Mo metal~4.5 eV!. The effective
work functionf values calculated for the Mo FEAs and fo
the N-doped hydrogen-free DLC coated FEAs are 4.5
1.9 eV, respectively, both of which are much less than tha
the Mo work function, and the effective work function onc
again seems to be lowered by the DLC coating. This in
cates that the operating voltage can be remarkably decre
by adding a N-doped DLC layer on Mo FEAs.

The n-type doping in DLC film has been thought to b
very difficult due to the high density of states in the gap n
the Fermi level and the autocompensation effect, in wh
doping is accompanied by an increased defect densi19

Auto-compensation is the reason why the doping efficie
of DLC film is much lower than that of hydrogenated amo
phous silicon~a-Si:H!. In DLC, relatively low Ed ~defect
creation energy! of p-like defects~those lower than 0.4 eV!
result in greater compensation and a much lower doping
ficiency.

IV. CONCLUSION

The electrical, optical and electron emission propert
of gas-phase nitrogen-doped DLC films with vario

FIG. 9. Fowler-Nordheim plots for N-doped hydrogen-free DLC coated
FEAs and Mo FEAs without the DLC film.
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@N2#/@CH4# flow rate ratios have been studied. The optic
band gap of DLC films decreases from 1.8 to 1.55 eV w
an increase in the@N2#/@CH4# ratio from 0% to 24% becaus
of the increase of the graphite phase~p states!.

The emission current density and onset field are stron
related to the gas-phase doping concentration in the D
films. The optimum@N2#/@CH4# flow rate ratio for efficient
electron emission was found to be 9%. The onset field
effective barrier energy for electron emission at 9% are
V/mm and 0.02 eV, respectively. The material appears to
modified to a carbon-nitrogen alloy when it exceeds 9
Also, enhancement of the field emission characteristics
the nitrogen gas-phase doped hydrogen-free DLC coating
Mo FEAs was found. The maximum emission current f
each pixel was increased from 160mA to 1.52 mA by a 200
Å thick N-doped hydrogen-free DLC films coating onto th
Mo tips.
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