Preparation of N-doped hydrogen-free diamondlike carbon
and its application to field emitters
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We have studied the electrical, optical and field emission properties of nitrogen gas-phase doped
hydrogen-free diamondlike carbafLC) 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 apgl@sma 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 thd,]/[CH,] ratio from 0% to 24% because of an increase of

the graphite phaser statg. The emission current density and onset field are strongly related to the
gas-phase doping concentration in the DLC films. The optinitd31/[CH,] 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 Vum 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 froms@o 1.52 mA with the addition

of a 200 A thick N doped hydrogen-free DLC coating on the Mo tips. 1899 American Vacuum
Society[S0734-211X99)01601-7

[. INTRODUCTION Therefore, cold cathode electron emitters obtained by de-
Field emitter arraySFEA9 are becoming increasingly POSiting diamond films on Si FEASMo FEAs,” or W FEAs
important as micron size electron sources for a number ofRef. 9 have been widely studied. The field strength re-
advanced and new generation devices such as field emissigHired for electron field emission has been reduced to less
displays(FEDS, ultrahigh-frequency devicé< Highly effi- than 3x 10 V/cm, which is substantially lower thgn the fleld_
cient and highly reliable FEAs require a sharp emitter tip,Strength used in con\:;ntlonalltr)netal FEAs, V;/Cf)"Ch are typi-
reduced emitter to gate distance, lower work function emittefally higher than k10 V/cm.™ Chuanget al™™ have al-
materials and improved uniformity and reproducibifity. ready reported DLC coated Mo FEAs using a laser ablation
The low voltage operation of FEAs allows the FEAs to Process. But the DLC layer suffers from emission instability
operate continuously with very stable emission propertie?ecause the surface of the DLC is deteriorated by local heat-

and long life, at pressures higher than those necessary f§#9 during operation. , y
conventional field emitters, and without resorting to the In our previous WOf_k_, an alter_natlng layer deposition
stratagems of intermittent or continuous heating. Diamondn€thod, i.e., the deposition of a thin DLC layer and subse-
films possessing negative electron affiftyEA)°® have great quent exposure of its surface_:r%[:g Pplasma, was applied to
potential for application as electron emitters in vacuum mi_deposn_ hydrogen-iree DLC filrn. . .
croelectronics such as FEAs and have been the focus of ex- " th'S.StL.de’ we report on the electrical, opt.|ca| and elec-
tensive study. The interest in diamondlike cari@i.C) as tro(r; em|s,fS|onDEg)p;flartles ‘tﬁf ggs-phaigHn|t][|ogen-(tjoped,
an emission material originates from its unique emissiorfydrogen-free lms with varioupN,J/CH,] flow rate

properties and because of its low work function and its stabl at|os.. Also, 'the fabrication of a N.-doped hydrogen-free

operation. . LC f|Im cgatmg onto a !\/IQ FEA and |t§ enhancement of the
For FED applications, the work function of the emitter is field emission characteristics will be discussed.

important in order to have low voltage driving. C-Si and

metals have high work functions~4.5 eV), requiring the Il. EXPERIMENT

formation of sharp tips, and the surface of the tips is unstable For the deposition of nitrogen-doped hydrogen-free DLC,

during operation because of aging by oxidation. Howeverwe have used a conventional plasma enhanced chemical va-

the work function of DLC is lower than that @Si or met-  por depositionPECVD) system, in which rf power was ap-

als. Furthermore, the work function can be controlled byplied to the substrate holder.,MCH,/H,/He and CR/He

impurity dopind and there is no aging effect for DLC film gases were introduced for deposition of the DLC layer and

because of its chemical inertness. for the surface treatment, respectively.
Table | depicts the alternating layer deposition conditions
¥Electronic mail: jang@nms.kyunghee.ac.kr for the nitrogen-doped DLC films. The flow rates of He, H
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TaBLE |. Alternating layer deposition conditions for the N-doped DLC 4
films. -
E sk
Condition Deposition CFplasma exposure "2,
Radio frequency poweW) 100 100 2 ol 3
Pressurémbay) 0.4 0.45 = 3
Flow rate(sccm ° TF
He 20 20 3 E
H, 6 0 S -8 pINVICH] (%
N, 0.09-1.5 0 o F 973
CH, 3 0 S ofF 4 o
CF, 0 20 - E 7
Substrate temperaturi) 300 300 ol ™0 o0
Time (9) 95 140 2.1 24 27 30 33

1000/T (1/K)

Fic. 1. N-doped hydrogen-free DLC film, showing the temperature depen-
and Cl'h were fixed at 20, 6 and 3 sccm, respectively, and th@lence on the electrical conductivities with various nitrogen gas flow ratios.
[N,]/[CH,4] flow rate ratio was changed from 3% to 50% by
varying the N flow rate. The Ck flow rate and Ckplasma
exposure time were fixed at 20 sccm and 140 s, respectivel

for the plasma treatment. Details of the alternating laye

deposition method are described in the literafdré The ~ obtained using Tauc's plot. The current-electric fi¢leE)
self-bias voltage measured was found to 6220 V at a characteristics of the film were measured between two par-

fixed rf power of 100 W. allel plates in vacuum of 10 Torr to characterize the elec-

The absorption coefficients for the GHn=1, 2, 3  fon emission properties. .
stretching modes were measured by a Fourier transform in- 1N €léctron emission characteristics of the FEAs were
frared spectrophotometer, and the hydrogen content was dgéasured using a triode geometry. An anode plate was
termined using the integrated absorption coefficients of, CH Placed 300um above the gate and was biased to 0-700 V.

modes®® It was found that the hydrogen content decreaseS0th the anode-to-cathode and the gate-to-cathode currents
with increasing CF plasma exposure time and is zero at anWere measured as a fu_nctlon of bias voltaigge using a Keithley
exposure time of 140 12 Also, it was confirmed that the SMUY 237 under ultrahigh vacuum ofx10™* Torr.

hydrogen content is less than 1 at. % at the, Plasma ex- During the measurement, the device was in a common
posure of 140 s by secondary ion mass spectrost8pyS) emitter conﬂguratlo_n with the.e_mltter gro.unded and both the
analysis. anode and gate being at positive potentials.

We fabricated the Mo FEAs by the process used for con-
ventional Spindt-type FEAY: After that, we deposited a 200 |||. RESULTS AND DISCUSSION
A thick N-doped hydrogen-free DLC film onto the Mo FEAs
by repeating five cycles of deposition and gH#Fasma expo-
sure.

The field emission cathode consists basically of a Figure 1 shows temperature dependent conductivity of the
conductor/insulator/conductor sandwich. The top conductoN-doped hydrogen-free DLC films deposited with various
or gate film has a 1..um diam hole in it, through which a nitrogen gases. The conductivity increases from
cavity into the insulator can be etched. This cavity undercutg.1x 10 %0 1.4x10 ® S/cm when the[N,]/[CH,] ratio
the gate and uncovers the substrate conductor. changes from 0% to 24%, because the Fermi level is shifted

A metal cone whose base is attached to the substrate atoward the conduction band by-type doping. When the
whose tip is close to the plane of the gate film is then formedN,]/[CH,] ratio is above 15%, the conductivity steadily in-
in the cavity!® creases. The nitrogen appears to be a shallow donor in DLC

A heavily doped silicon wafem ™ *-Si, is preferred as the and the gradual shift of the Fermi level toward the conduc-
substrate, because thermal silicon dioxide ($i@an be tion band by the nitrogen atom is confirmed. The conductiv-
grown on its surface to a thickness of Jubh with excellent ity increases and thus the activation energy decreases with
adherence, no porosity, and high-field breakdown strength. Ahe increasingN,]/[CH,] ratio when theg N,]J/[CH,] ratio is
film of chromium(Cr), about 0.4um thick, is deposited by rf less than 15%, but after that the conductivity increases
magnetron sputtering onto the silicon dioxide to provide asteadily due to the continuous shift of the Fermi level toward
gate electrode. the conduction band, caused by nitrogen atoms accumulated

Cathodes with 900 emitting cones per one pixel have beeim the DLC films.
grown. The 900 cone array was arranged in &30 matrix Figure 2 shows Tauc’s plots of the N-doped DLC films
with 10 um spacing, and the total cathode area covers avith various[N,]/[CH,] ratios. TheB, obtained from the
square that is 30@m on each side. slope of Tauc’s plot: ¢hv)Y?=B(hv—E,), wherea is the

The interband optical absorption coefficients were meaabsorption coefficient:, is the optical band gap arfu is

ured using a Perkin-Elmer ultraviol@fV) visible (vis) in-
rared (IR) spectrophotometer and the optical band gap was

A. Electrical and optical properties of N-doped
hydrogen-free DLC films
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Fic. 2. Tauc's plots of N-doped hydrogen-free DLC films with various
nitrogen gas flow ratios.

level for the DLC film is shifted toward the conduction band

ing. The increase in the slope which is related to incorporaPLC film increases by the substitutional doping of nitrogen

tion of N atoms, causes the conversiorsgf C tosp? C16  atoms.

Note that the conversion ($fp3 to sz reduces the band gap Both the shift of the Fermi level and the increase of the
of the DLC film 16 carrier concentration for the DLC cause the increase of elec-

Figure 3 shows the optical band gaﬁget) obtained from  tron emission current for the N-doped hydrogen-free DLC

Tauc’s plot for the DLC films. It decreases from 1.8 to 1_55film. The shift of the Fermi level causes a decrease in the
eV with an increase of theN,]/[CH,] ratio from 0% to 24%. work function, which was deduced from the decrease in the

The decrease in the optical band gap appears to be due to tiioPe Of the Fowler-NordheinN) plot resulting from the
increase of the graphite phase in the DLC as a result oPLC coating. We can see that.tht.e decrease of the work func-
nitrogen incorporation, as is also the case for tetrahedrdiOn causes an increase of emission current and a decrease of

amorphous carbortg-C).* turn-on voltage.

We have also studied the current-voltage characteristics 1he diode with 9% N doping shows the lowest reverse
of an AI/DLC/p*-Si device. The N-doped hydrogen-free current and the lowest diode quality factor because of the

DLC films were deposited on a low resistivity -Si (100) lower density of states in the gap of the DLC. There is no

wafer and then the aluminum dots were thermally evaporategireCt relationship between the diode characteristics and the
before thel—V characteristics were measured. emission properties of the DLC, but the 9% doped DLC

Figure 4 shows the-V characteristics for the Al/N-doped shows the best diode and field emitter characteristics.
hydrogen-free DLC filmg*-Si device with various nitrogen " the region of thgN,]/[CH,] ratio above 12%, the de-

flow rates. Then-type conduction appears because the Fermfect states seem to be generated in the DLC film and then the
film structure changes into another structure, for example, a

C-N alloy. As a result, the current-voltage characteristics for

1.9 50% gas-phase N-doped DLC film show a symmetric behav-
ior in Fig. 4 because of the high density of state in the gap of
%‘ the DLC.
= 1.8 The depth profiles of nitrogen and carbon atoms in the
8 N-doped hydrogen-free DLC film deposited with a
T sl [N,J/[CH,4] ratio of 9% were measured by x-ray photoelec-
8 ) tron spectroscopyXPS). Except for the surface regiof20
= nm from the surfaceof the DLC film, it shows a uniform N
S 16} concentration and the incorporated nitrogen concentration in
) the DLC film is 1.99 at. %.
1'5 1 i 1 i 1 " L . 1 M 1
0 5 10 15 20 25
[N,J/[CH,] Flow Ratio (%) B. Field emission properties of DLC and Mo tip FEAs
Fi. 3. Optical band gap of N-doped hydrogen-free DLC films with various ~ YWhen considering the possible usetefC and DLC as
nitrogen gas flow ratios. cold cathode materials, control of the Fermi energy through
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Fic. 5. Current-electric field characteristics for N-doped hydrogen-free DLC 0 10 20 30 40 50 60
films with various nitrogen gas flow ratios. [N,JVICH,] Flow Rate Ratio (%)

Fic. 7. (a) Effective barrier energy andb) onset field for N-doped
the band gap by doping should be done to reduce its worRydrogen-free DLC films with various nitrogen gas flow ratios.
function. The work function is related to the turn-on field for
electron emission. and chemical composition, but more work is needed to
The successfuh-type doping ofta-C by nitrogen incor- clarify their origin.
poration is possible without changing its tetrahedral Figure 6 shows a FN plot of the electron emission cur-
structure:” Nitrogen, a deep donor in diamond, occupies arents for the N-doped DLC films. The slope of the FN plot is
substitutional site distorted along tk&11) direction!® related to the effective work function of the film. It decreases
Figure 5 shows thé—E characteristics of the nitrogen- to 0.02 eV with an increase in tHél,]/[CH,] ratio until 9%
doped DLC films. The electron emission current increases aind then increases. The effective barrier energy for the DLC
first with the[N,]/[CH,] ratio up to 9% and then it decreases deposited with a 50%N,]/[[CH,] ratio is 0.2 eV.
with a further increase of thigN,]/[CH,] ratio. The optimum Figures Ta) and 7b) show the effective barrier energy
[N2J/[CH,] ratio appears to be 9%. The onset field decreasegnd the onset field of the electron emission current, respec-
at first with the[N,]/[[CH,] ratio up to 9% and then it in- tjvely, for the N-doped DLC films. The onset field and ef-
creases with a further increase of fit&,]/[CH,] ratio. Ata  fective barrier energy are 7.2 M and 0.02 eV, respec-
9% [N)/[[CH,] ratio, it shows a minimum value of the onset tjvely, at the optimum condition of a 9¢N,]J/[CH,] ratio.
field. AlSO, electron emission current at the 1QLLW has a Figure 8 shows a Comparison of the emission current-
maximum value at a 9%N,]/[CH,] ratio because of the shift yoltage characteristics between N-doped DLC coated Mo
of the Fermi level and the subsequent increase of the carrigfEAs and noncoated Mo FEAs composed of 900 emitters for
density. one pixel. The turn-on voltage decreases from 60 to 27 V

The low current tails in the 6% and 12% data can be see@ue to the N-doped DLC coating. In addition to the decrease
in Fig. 5 and these tails may be related with the film structure
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Fic. 6. Fowler-Nordheim plots for N-doped hydrogen-free DLC films with Fic. 8. Emission current-voltage characteristics for N-doped hydrogen-free
various nitrogen gas flow ratios. DLC coated Mo FEAs and noncoated Mo FEAs.
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Gate Voltage (V) [N,J[CH,] flow rate ratios have been studied. The optical
0075 S0 25 band gap of DLC films decreases from 1.8 to 1.55 eV with
= - Ndoped DLC tip an increase in theN,|/[CH,] ratio from 0% to 24% because
- Pure Mo tip of the increase of the graphite phasestates.

The emission current density and onset field are strongly
related to the gas-phase doping concentration in the DLC
films. The optimum[N,]/[CH,] flow rate ratio for efficient
electron emission was found to be 9%. The onset field and
. effective barrier energy for electron emission at 9% are 7.2
V/um and 0.02 eV, respectively. The material appears to be
modified to a carbon-nitrogen alloy when it exceeds 9%.
. 1 Also, enhancement of the field emission characteristics by
< the nitrogen gas-phase doped hydrogen-free DLC coating on
* Mo FEAs was found. The maximum emission current for
10 . . . . s each pixel was increased from 16@ to 1.52 mA by a 200

10 15 20 25 30 35 40 A thick N-doped hydrogen-free DLC films coating onto the
1000/V, (11V) Mo tips.

7t

Logl,/V. (AIV?)
‘i

Fic. 9. Fowler-Nordheim plots for N-doped hydrogen-free DLC coated Mo
FEAs and Mo FEAs without the DLC film.
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