Effect of N doping on the electron emission properties of diamondlike
carbon film on a 2-in. Mo field emitter array panel  *
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We have studied the enhancement of field-emission characteristics by hydrogen-free nitrogen-doped
diamondlike carbor{DLC) coating on Mo-tip field emitter arrays by a layer-by-layer technique
using plasma-enhanced chemical vapor deposition. The Spindt-type molybdenum tip is used as an
emission source without a resistive layer on the silicon substrate. The maximum emission current
for each pixel was increased from 160 to 1528 by a 20 nm N-doped DLC coating. Furthermore,

the emission current from DLC-coated field emitter arrdfEA9 is more stable than that of
noncoated FEAs. €1998 American Vacuum Socief{a0734-211X98)07302-§

[. INTRODUCTION (lower than 0.4 eV results in greater compensation and a
much lower doping efficiency.

The Spindt-type cathode is commonly used to achieve DLC films can be deposited by various growth methods
uniform field emitter array$FEAs).> However, the technol- such as plasma-enhanced chemical vapor deposition
ogy is not well optimized for field-emission displd#ED)  (PECVD) and filtered vacuum arc deposition. The DLC films
fabrication based on electron emission stability. The interestieposited by a layer-by-layer techniugave no hydrogen
for diamondlike carboriDLC) as an emission material origi- inside when the Cfplasma exposure time is higher than 120
nates from its unique emission properties of low thresholds and each layer thickness is 5 nm, so that we fixed the CF
field as well as stable operation. In addition, high currentplasma exposure time at 120 s. In previous work, we have
could be obtained because of its high thermal conductivityreported on the electron emission characteristics of
The microprotuberances on the Mo tip at the critical tem-hydrogen-free DLC-coated Mo FEAs using conventional
perature would be destroyed, resulting in a decrease in thRRECVD®’
effective emitting area, and thus, degradation in field- The n-type doping of a tetrahedral amorphous carbon
emission performance. Degradation can be alleviated b{ta-C) with phosphorus and nitrogen has been repdtti.
coating the Mo emitter with a material having a high thermaltrogen is the best atom fan-type doping because it is a
conductivity or designing the tip with more heat sinks. shallow donor compared with phosphofls. this article, we
Therefore, we selected DLC thin films with a high thermaleport on the electron emission behavior of gas-phase,
conductivity for the coating on Mo tips. nitrogen-doped hydrogen-free DLC-coated Mo FEAS using

Diamond films possessing negative electron afffritgve ~ conventional PECVD. . . .
great potential in their application as electron emitters in__IN the present work, we have fabricated a 2-in. Mo-tip
vacuum microelectronics such as FEAs and have attractdgE” Panel and coated N gas-phase doped DLC on Mo FEAs
extensive studies. The field strength required for electro?y @ layer-by-layer technique using PECVD, and compared
field emission has been reduced to less than@* Vicm, its electron emission behavior with noncoated Mo FEAs as
which is substantially lower than the field strength used inVell s report the current status of FEAs development with a
the conventional metal FEAs, typically, higher than reliability test.
1Xx 10 vicm.?

There has been much interest in the development of dia;
mond and DLC-based electronic devices for high-speezl,l' EXPERIMENT
high-temperature, and high-power applications. For these de- A 2-in. Mo-tip FEA panel was fabricated by electron-
vices, it is necessary to dope diamond and DhQype. beam evaporation of Mo onto a Si wafer with Jufn diam
However,n-type doping of DLC film has been thought to be holes spaced on @m centers. This pattern resulted from the
very difficult due to the high density of states in the gap neasequential processes of Cr deposition and Al coating, fol-
the Fermi level and autocompensation effect, in which doplowed by formingn well and patterning the gate layers. Dur-
ing is accompanied by an increased defect defdityDLC, ing DLC deposition, the substrate temperature was fixed at
relatively low E4 (defect creation energyof =-like defects ~room temperature under a pressure of 20 mTorr. A thin DLC

layer about 5 nm thick was deposited and then the surface

*No proof corrections received from author prior to publication. was exposed to GFplasma for 120 S because £plasma
dElectronic mail: jhjung@kistmail.kist.re.kr can remove the weak bond, predominantly G-Hénds and
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Fic. 2. Cross-sectional view of a DLC-coated Mo field emitter.
Fic. 1. Completed DLC-coated 2-in. diagonal FEA panel.

1.2% of the anode current for the N-doped DLC-coated Mo
graphite C—C bond¥ The repeated deposition and CF FEAs, but 6.25% for pure Mo FEAs at the anode current.
plasma exposure gave rise to a 20 nm thick DLC film. AThe electric field seems to be concentrated at the tip-top of
conventional PECVD system was used to deposit the DLdhe Mo FEAs by a thin DLC coating, resulting in increasing
layer by a CHN,/H,/He mixture to produce Gfplasma. the emission current and decreasing the leakggés cur-

A phosphor anodéZnO:Zn thick film on ITO glassplate ~ rent.
was placed at 1 mm above the gate and was biased to Figure 4 shows a comparison of Fowler—NordhefaN)
+300 V. Both the anode and gate currents were measured &ots between the N-doped DLC, layer-by-layer DLC-coated
a function of gate-to-cathode bias voltage in a vacuum oMo FEAs, and noncoated Mo FEAs. The field-enhancement
1x 108 Torr using a Kiethyley SMU 237 meter. During factor (B) for the emitter was first obtained by comparing the
testing, the device was in a common emitter configuratiors? Value calculated from the slope of the F—N ptoté the
with the emitter grounded, and both the anode and gate beif§o FEAs with the work function reported for Mo meted.5
positive potentials, to turn the device on.

1750 — T T T T T T 11175
| _T_N-doped DLC tip

Figure 1 is a photograph of the completed 2-in. diagona | —®— Layer-by-layer DLC tip
FEA panel. The FEA panel is 56 na65 mm in size on a 1500 " — .
4-in. Si wafer. The pixel is composed of4 subpixels and i Pure Mo tip
each subpixel consists ofX77 field emitters. The cathode 1250F—%— 1125
plate has a Mo microtips of 9 million on the 2-in. FEA panel.

The morphologies of the N-doped DLC-coated Mo FEAs
observed by scanning electron microscopy shown in Fig. .
reveal that the emitter is, typically, 14m high and the gate
aperture is 1.5um wide. The thicknesses of the thermal $iO
and DLC layer were 1.2zm and 20 nm, respectively.

Figure 3 shows a comparison of the emission current-
voltage characteristics between the N-doped DLC, layer-by
layer DLC-coated Mo FEASs, and noncoated Mo FEAs com-
posed of 1176 emitters for one pixel. The turn-on voltage
decreases from 55 to 30 V by the layer-by-layer DLC coat-
ing, and to 27 V by the N-doped DLC coating. In addition to
the decrease in turn-on voltage, the maximum anode currel 0 2
is also increased from 160 to 1526A. This indicates that 0 10 20 30 40 50 60 70 80 90
the operating voltage can be remarkably decreased by adog Gate Voltage (V)
ing the DLC layer on Mo FEAs. And, the increase of emis-
sion current is related to the shift of the of the Fermi level by 3. comparison of the-V characteristics of the N-doped DLC, layer-
nitrogen doping on DLC films. The gate current is less tharby-layer DLC-coated Mo FEAs and noncoated Mo FEAs.

[ll. RESULTS AND DISCUSSION
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mum electric field on tip-top is decreased with increasing tip
radius as shown in Table I. The tip radius of the pure Mo tip
is 400 A and that of the DLC-coated Mo tip is 600 A in this
case. It is known that the emission current is decreased with
eV). The effective¢ values calculated for the layer-by-layer increasing tip radius. However, in spite of the increasing tip
DLC and N-doped DLC-coated FEAs are 2.1 and 1.9 eVSadius by the DLC coating, the emission current of our de-
respectively, which are much less than that of the Mo workvices is increased because the electron emission performance
function, so that the work function seems to be lowered byof DLC is better than other emitting materidldo, Si, etc).
the DLC coating. We should calculate the effective work Figure 5 shows the emission current fluctuations for N-
functions of the Mo tip and DLC-coated Mo tip by compari- doped DLC, layer-by-layer DLC-coated Mo FEAs and non-
son of the slope of each case in the Fowler—Nordheim plot itoated Mo FEAs with fixed gate voltages giving almost the
the following equation: same current level. The overall current fluctuation is very
_ 203 small for the DLC-coated arrays, but the current tends to
bmo/ PoLc= (Swo/SpLe) ™ decrease with time for the noncoated Mo FEAs. However,
where ¢ and S are the work function of emitting materials there is some fluctuation of current for the DLC-coated ar-
and the slope in the F—N plot, respectively. This calculatedays even though its average current is almost constant with
effective work function of the DLC-coated Mo tip is not time. The current variation of the N-doped DLC, layer-by-
accurate. But we try to show briefly the comparison of thelayer DLC-coated Mo FEAs and noncoated Mo FEAs is
work function of each tip by rough calculation in this study. 2.1%, 1.9%, and 8.9%, respectively. Excellent long-term
Table | depicts the simulation data of the maximum elec-current stability and reproducibility in the range of a few 100
tric field on tip-top with various tip radius and anode voltage uA over a period of several hours was obtained for N-doped
at 100 V of fixed gate voltage. It is confirmed that the maxi-DLC and layer-by-layer DLC-coated Mo FEAs. The im-

Fic. 4. Fowler—Nordheim plots of the N-doped DLC, layer-by-layer DLC-
coated Mo FEAs, and noncoated Mo FEAs.

TasLE |. Maximum electric field on tip-top with various tip radius and anode voltage.

Anode voltage

Tip radius 300 vV 500 v 1000 V
400 A 2227x10° V/im 2229X10° V/m 2.234X10° Vim
500 A 1.758x10° V/m 1.761x10° V/m 1.774% 10° V/m
600 A 1.529x10° V/m 1.531x10° V/m 1.538x 10° V/m
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Fic. 7. Temperature-dependent conductivities of the DLC films doped with
Fic. 6. Tauc’ plot of nitrogen gas-phase doped DLC films. various[ N,]/[ CH,] ratios.

proved stability by DLC coating appears to be due 10 itSihe Fermi level and subsequent increase of the carrier density
material properties. The structure of DLC films on the mi-;, the DLC film. Figure 7 shows the temperature-dependent
crofabricated tip is changed by resistive heating, resulting i, gy ctivities of DLC films with various nitrogen gases. The
the degradation of electron emissidand electron emission conductivity increases from 4x110°%° to 1.4<10°° S/cm
instability has been seen on diamond and diamond-coat hen the[N,][[CH,] ratio changes from 0% to 25%, because
microtips! However, the origin of the instability of the elec- the Fermi level is shifted toward the Conduction’ band by
tron emission current is not clear. The emission current ﬂuc'n-type doping. When thEN,/[CH,] ratio is above 15%, the
tuation seems to be related to the incorporated hydrogen igynqgyctivity increases steadily because all films shetype
DLC films deposited by the conventional PECVD systém.papayior, The conductivity increases, and thus, the activation
The bonding energy of C~Hs lower than that of the C~C  gnergy decreases from 0.46 to 0.30 eV with the increasing
bonql, resulting in easy bond breaking gnd rebonding. !n COMN,J/[CH,] ratio when thgN,][CH,] ratio is less than 15%,
ventional DLC, this weak bond breaking and rebonding Ofp ¢ after that the conductivity increases steadily by the con-
the atoms could be repeated because of the high hydrogg, ,oys shift of the Fermi level toward the conduction band,
content. Therefore, it is expected that our hydrogen-freg,ysed by accumulated nitrogen atoms in the DLC films.
DLC film has stable electron emission. The temperature dependence of conductivity was mea-
_ The DLC films deposited by conventional PECVD havegreq and the prefactor of conductivity and conductivity ac-
instability during operation because of its high hydrogenation energy were obtained. The dc electrical conductivity
content, but our DLC films, having no hydrogen inside, areyt the semiconductor in the extended state is describ®d as
very stable under long-time operation.

We also studied on the characteristics of hydrogen-free ~ _ _ .
nitrogen-doped DLC films in order to investigate the role of U_f {NB)(BYF(B)[1=F(E)]}=eN(E)kTue
electron emission of Mo FEAs by DLC coating. _

Figure 6 shows a Tauc’ plot of the N-doped DLC film xexp{ ~ (Eo— Ee)/kT} =00 exp(— Ba/KT),
with various nitrogen gas. The optical band gdg), ob-  where u. is an average mobility a€., E, is E(0)
tained from the slope of the Tauc’ plot, decreased by nitro— Eg(7)+ (dEg/d7) and oo=eN(E.)kTu., which is
gen doping. The decrease in the slope is related to the plasnealled the minimum metallic conductivity. The, is related
and/or radiation damage, which causes the conversion dé the statistical shift of the Fermi level:

3 i 3
sp® C to sp? C. Note that the conversion ofp® to sp? _ — (dE./d7 + (dE</d
reduces the band gap of DLC. 0= 000 X ~ (dEc/dm) + (dEe/d7)]

The increase of emission current is related to the shift of =0gg eXpre)exp(dEg/d7),
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We have demonstrated that N-doped DLC and layer-by-
layer DLC-coated Mo FEAs are very stable under operation
when hydrogen-free DLC film is deposited by a layer-by-
layer deposition technique. It is important to use hydrogen-
free and N-doped DLC instead of conventional DLC. The
PECVD used in the present work can be applied to deposit
large-area and uniform films with low cost, so that our DLC
could be applied to the mass production of FEDs.

-1 d T T T T T

20 ’ IV. CONCLUSION

The electron emission characteristics of nitrogen-doped
L DLC, layer-by-layer DLC-coated Mo FEAs, and conven-

tional Mo FEAs have been studied in order to develop a
stable 2-in. Mo FEA panel. The DLC layer in the present
work was prepared by a layer-by-layer deposition technique
andn-type doping. The electron emission from the FEAs is
much improved by a thin layer of DLC coating on the Mo

' _ . _ . FEAs. Moreover, the stability is much improved by adopting

T30 035 0.40 0.45 0.50 the hydrogen-free nitrogen-doped DLC.
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