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Type Field Emitter Arrays
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Abstract— We have proposed and fabricated two
lateral type field emission diodes, poly-Si emitter by
utilizing the local oxidation of silicon (LOCOS) and
GaN emitter using metal organic chemical vapor
deposition (MOCVD) process. The fabricated poly-Si
diode exhibited excellent electrical characteristics
such as a very low turn-on voltage of 2 V and a high
emission current of 300 yA/tip at the anode-to-
cathode voltage of 25 V. These superior field emission
characteristics was speculated as a result of strong
surface modification inducing a quasi-negative
electron affinity and the increase of emitting sites due
to local sharp protrusions by an appropriate
activation treatment. In respect, two kinds of
procedures were proposed for the fabrication of the
lateral type GaN emitter: a selective etching method
with electron cyclotron resonance-reactive ion
etching (ECR-RIE) or a simple selective growth by
utilizing Si;N, film as a masking layer. The fabricated
device using the ECR-RIE exhibited electrical
characteristics such as a turn-on voltage of 35V for 7
pm gap and an emission current of ~ 580 nA/10tips at
anode-to-cathode voltage of 100 V. These new field
emission characteristics of GaN tips are believed to
be due to a low electron affinity as well as the shorter
inter-electrode distance. Compared to lateral type
GaN field emission diode using ECR-RIE, re-grown

GaN emitters shows sharper shape tips and shorter
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1. INTRODUCTION

With the recent advances in vacuum microelectronics
[1], the associated semiconductor field-emission arrays
(FEAs) have recently become attractive candidates for
relevant applications, such as in flat-panel displays,
vacuum microelectronics, electron source, and high-
power RF circuits [1-4]. Various materials, such as
molybdenum [5], silicon [6], diamond-like carbon
(DLC) [7], carbon nanotubes (CNTs) [8], and GaN[9-12]
have been studied for field emitter tips maintaining
lower turn-on voltage and much stable long-term
operation even with higher emission current densities.
Fabrication of silicon-based field emitters are promising
in fact that reproducibility and uniformity can easily be
obtained from the mature Si-based IC technology.
Interest and research in GaN-based field-emission
devices are also growing rapidly because of its inherent
large bandgap, low electron affinity, excellent physical
and chemical stability and conductivity controllability.

In addition to the vertical Spindt-type field-emission
devices, lateral-type ones are also advantageous for high-
speed operation and RF applications because of simple
design and fabrication processes, easy control of
electrode distances and better electrical characteristics,
such as lower turn-on voltages and higher current
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densities [2,13-15]. In this work for a possible high
power microwave application, we have fabricated two
lateral type emitters of a poly-Si field emission diode by
using the LOCOS process and a GaN field emission
diode using metal organic chemical vapor deposition
(MOCVD). The fabrication techniques employed in this
work are very simple to implement and reproducible
both in shaping the sharp electrode tips and controlling
the inter-electrode gaps.

I1. DEVICE FABRICATION

A. A lateral type poly-Si field emission diode

A schematic process flow diagram for the fabrication
of the diode is shown in Fig. 1. Typical fabrication flow
is as follows: i) A buried silicon dioxide layer of 6000 A
thickness was grown on a p-type (100) silicon substrate
by using wet thermal oxidation at 1000 °C. ii) An n'-
doped polysilicon layer of 5000 A was then deposited by
low-pressure chemical vapor deposition (LPCVD). iii)
After sequential deposition of 500 A of silicon dioxide
and 1600 A of silicon nitride as an oxidation barrier, the
top three layers of Si;N4/SiO,/poly-Si were etched down
selectively to the bottom oxide by reactive ion etching
(RIE) with photolithographic definition of the electrodes.
The original pattern of the polysilicon cathode tip was
designed to overlap with those of anode by about 0.2 pm
[Fig. 1(a)]. iv) Then, the polysilicon layer was laterally
oxidized by the LOCOS process at 1100 °C in wet
oxygen ambient for 60 min to control both the spacing
between the electrodes and the sharpness of the tip ends
of those electrodes. As a result of local the oxidation, the
overlapped polysilicon layer was separated into two
parts [Fig. 1(b)]. v) For metalization, the top SizN,/SiO,
layers were selectively etched, and an Au/NiCr contact
was then made by thermal evaporation and subsequent
annealing at 350 °C for 30 min in the nitrogen ambient.
vi) Finally, all the oxides surrounding the polysilicon, the
laterally formed LOCOS oxide, the deposited top oxide,
and thermally grown bottom oxide, were etched out in
buffered hydrofluoric acid (BHF) solution to isolate the
sharpened cathode and andode tips [Fig. 1(c)].

B. A lateral type GaN field emission diode

The lateral type Si-doped GaN field emission emitters

were fabricated from the GaN film on sapphire substrate
grown by using metal-organic chemical vapor deposition
(MOCVD) technique. In forming the pattern, two kinds
of procedures were proposed: a selective etching method
with electron cyclotron resonance-reactive ion etching
(ECR-RIE) or a simple selective regrowth by utilizing
Si3Ny film as a masking layer. The schematic views of
the fabricated device were shown in Fig. 2.

Sisubstrate

(@)

Laterally oxidized poly

(b)

Fig. 1. Schematic process flow diagram for the fabrication of
the diode: (a) electrode definition before LOCOS, (b) during
the LOCOS process, (c) after metallization and oxide etching.

Si-doped GaN film was grown on a (0001) sapphire
substrate at a temperature of 1020 C by MOCVD. The
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Fig. 2. Schematic views of the fabricated lateral type GaN
field emitters: (a) fabricated device by ECR-RIE etching, (b)
by selective regrowth of GaN layer.

respective  Ga, N, and Si precursors were
trimethylgallium (TMGa), ammonia (NH3), and SiH,.
Prior to the epilayer growth, the wafers were cleaned by
H, ambient at 1020°C, then a 34 nm-thick low
temperature GaN buffer layer was grown at 5507C.
During the growth, the chamber pressure was maintained
at 300 torr. The thickness of n'-GaN films was about 1.5
pm. For the electrode formation, the top two layers of
n’-GaN/LT-GaN were selectively etched down to the
sapphire substrate using ECR-RIE. The Al contact was
prepared by thermal evaporation of Al and subsequently
annealed for 30 min. at 400 °C in nitrogen ambient.
Since the GaN-based material has shown a high physical
and chemical stability, the etching process was one of
hard jobs during fabrication flow. The other type GaN-
based field emitter was proposed as shown in Fig.2 (b).
A SisN, of 2000 A thickness as a masking layer was
firstly deposited directly on the 1.5 pm-thickness GaN
film by PECVD. Then, the Si3N,layer was etched away
selectively by BHF solution via photolithographic
definition of the electrodes. Finally, the n"-GaN layer
was selectively re-grown on undoped GaN by MOCVD.
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Fig. 3. SEM photographs of fabricated lateral field emission
diode. (a) image after LOCOS, (b) image after BHF etching.

II1. RESULTS AND DISCSSION

A. A lateral type poly-Si field emission diode

Fig. 3(a) shows scanning electron microscopy (SEM)
photograph of the fabricated device after the LOCOS.
The emission layer is n"-polysilicon with a concentration
of ~8x10*/cm’®, mobility of ~12 cm?*V-s and sheet
resistance of 15 Q /o. The distance between the anode
and the cathode was approximately 3 um. Both anode
and cathode tip can be sharpened by the LOCOS process
and separated by the subsequent selective oxide etching
process, as shown in Fig. 3(b). The substrate was
electrically isolated from the tips by buried oxide. Prior
to the electrical measurement, the samples were loaded
into a vacuum chamber in a pressure of about 6x107 torr
and heated at 200 °C for 3 h to eliminate water vapor or
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other residual contaminants near the electrodes. The
measurements were performed with a semiconductor
parameter analyzer (HP4145). Fig. 4 shows the diode
current-voltage (I-V) characteristics between anode and
cathode for single device. The applied DC voltage from
power supply (HP4145) was first varied from 0 V to 200
V. The turn-on voltage was about 60 V and emission
current of 200 nA at V,c = 150 V. To obtain stable and
large emission current, the high field DC shock
activation was carefully carried out between anode and
cathode [16].
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Fig. 4. Initial I-V characteristics of the poly-Si field emission

diode before appropriate activation.
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I-V characteristics of the fabricated diode after
appropriate activation.

Fig. S.

Fig. 5 shows the diode I-V characteristics between
anode and cathode after appropriated activation. Turn-on
voltages were gradually decreased after appropriated
activation and correspondingly the emission currents are
rapidly increased. The turn-on voltage was reduced to 2

V and the emission current was increased to 300 pA at
Vac =25V after appropriate activation.
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Fig. 6. Fowler-Nordeim plot of I-V curve between anode and
cathode (a) before appropriate activation (b) after appropriate
activation.

The basic field emission relationship between the
emission current I in amperes and the applied voltage V

in volts is obtained from the Fowler-Nordheim (FN)

equation[11] given by
log(1/V?) =log(a)+ 0.434(=b/V) (1)

where,
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a= 1.5x10*6%ﬂ2 exp (10.4/ %)

3/2
h=644x10" 2,
B

o is emitting area in cm?, ¢ is the work function in eV,
and B is field enhancement factor in cm™ which is
dependent on the electrode configuration. Fig. 6(a)
corresponds to a FN plot (converted from Fig. 4) for
inactivated device. The linearity of the plot indicates that
the current is originated from the field emission. From
the slope and the y-axis intersection of FN plot, the field
enhancement factor () were estimated about 3.6x10’

ecm’ and the effective emitting area (o) was about

3.9x10™"* cm?, assuming poly-Si work function of 4.1 eV.

Fig. 6(b) shows the FN plot (converted from Fig. 5) of
the appropriate activated device. Normal FN plot with a
negative slope was observed below anode voltage of 0.8
V, but the emission behavior was suddenly changed with
large positive slope at anode voltages larger than 0.8 V.
From the approximated field conversion factor (J)
suggested by F. M. Charbonnier et al. [17,18] and
assuming tip structures were kept same before and after
activation process, a useful equation can be derived as,

2 4

Ty @
where @, , is the effective work function, S, is the slope
of FN curve, and 1, is the tip radius. 1 and 2 stand for
inactivated and activated cathode tip, respectively. In
this calculation, assuming r;=r,, the effective work
function of the activated cathode tip was calculated to be
0.5 eV. This is believed to be due to a strong surface
modification that can induce a quasi-zero electron
affinity at tip surface as well as locally sharp atomic
scale protrusions appeared on the surface of the tip
resulting in an increase of emission site density and the
field enhancement effect [14]. When the emission
current was small, the FN plot was almost linear. As the
emission current increases, the magnitude of slop
becomes gradually and eventually becomes positive.
This is due to the screening effect caused by large space
charge, which is thought limit the emission current from

the tip-end at an increased field. The large space charge
effect can be suggested to be responsible for this
observation changing the well-known FN relation to the
typical Langumuir-Child (LC) equation [17], which
saturates the increasing rate of the emission current from
the tip-end [18].
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Fig. 7. Time variation of the field emission current.
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Fig. 8. SEM photographs of cathode tip after high field DC
shock activation.

Fig. 7 shows the long-term stability of the field
emission current between anodes and gates after
appropriate activation. Under the bias condition of Vg =
13 V, it shows a stable emission current of 97 pA with
only %1.5 % fluctuations over 25 h.

During this activation, however, significant electron
overheating by Nottingham effect and Joule-heating.

might occur and hence frequently totally destroy the
whole devices [18-20]. Fig. 8 shows SEM photographs
of tip shape after high field DC shock activation, which
is illustrating that a cathode tip can be catastrophically
melted. Therefore, one should be very careful for the
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activation treatment.
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Fig. 9. [-V characteristics measured under high vacuum after

2 hr. in atmosphere.

Fig. 9 shows the diode I-V characteristics between
anode and cathode measured again under about 6x107
torr after 2 hr. in atmosphere. The turn-on voltage was
increased 10 V and the emission current was decreased
70 pA at Vac =25 V due to oxidation of poly-Si surface.
To maintain a high emission current, therefore, it is need
to develop surface treatment avoiding surface oxidation
for microwave device application.

B. Lateral type GaN field emission diodes

Fig. 10 shows a SEM photograph of fabricated lateral
type GaN diode using the ECR-RIE. The concentration
of n"-GaN layer is abut ~5x10'®/cm’. Thedistance
between anode and cathode is about 7 pm. This gap is
lager 3 times than the original deigned pattern due to
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Fig. 10.
ECR-RIE.

SEM photograph of fabricated device using the
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Fig. 11. I-V characteristic between anode and cathode using
the ECR-RIE.
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Fig. 12. Fowler-Nordeim plot of I-V curve shown in Fig. 10.

difficulty of GaN-etching. Fig. 11 shows the current-
voltage (I-V) characteristics between the anode and
cathode using the ECR-RIE. The turn-on voltage was as
low as 35 V and the emission current was ~580
nA/10tips at anode-to-cathode voltage of 100 V.

Fig. 12 shows the FN plot converted from I-V
characteristics of the diode. The good linearity of FN
plot indicates that the current is evidently from the field
emission phenomena. These superior field emission
characteristics are believed to be due to a low electron
affinity as well as the shorter inter-electrode distance.
Fig. 13 shows SEM photographs of selective re-grown
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n'-GaN emitters on undoped GaN by utilizing Si;N, film
as a masking layer. Compared to lateral type GaN field
emission diode using ECR-RIE, re-grown GaN emitters
shows sharper shape tips and shorter inter-electrode
distances. Detailed emission behaviors are under
investigation by introducing a new field emission model
with a consideration of statistically distributed tip
radiuses.

~2.50M 43493
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Fig. 13. SEM photographs of re-grown GaN emitters using
Si3N4 mask (a) sing emitter, (b) emitter arrays.

IV CoNcCLUSION

We have fabricated two lateral type field emission
diodes by utilizing LOCOS and lateral type GaN field
emission diode using MOCVD process. The fabricated
poly-Si diode exhibited excellent electrical characteristics
such as a very low turn-on voltage of 2 V and a high

emission current of 300 pA/tip at the anode-to-cathode
voltage of 25 V. These field emission characteristics was
speculated as a result of strong surface modification
inducing a quasi-negative electron affinity and the
increase of emitting sites dueto local sharp protrusions
by an appropriate activation treatment. In the other
method of lateral type GaN emitter, two kinds of
procedures were proposed: a selective etching method
with ECR-RIE or a simple selective growth by utilizing
Si3N,4 film as masking layer. The fabricated device using
the ECR-RIE exhibited electrical characteristics such as
a turn-on voltage of 35 V and an emission current of ~
580 nA/10tips at anode-to-cathode voltage of 100 V.
These superior field emission characteristics are believed
to be due to a low electron affinity as well as the shorter
inter-electrode distance. Compared to lateral type GaN
field emission diode using ECR-RIE, re-grown GaN
emitters shows sharper shape tips and shorter inter-
electrode distances.

ACKNOWLEDGEMENT

This work was partially supported by the Korean
Ministry of Information and Communication
(01MB2310), the Korean Ministry of Commerce
Industry and Energy(#990-02-03), and the Brain Korea
21 project.

REFERENCES

[11 I Brodie and C. A. Spindt, Adv. Electron. Phys., vol. 83,
1(1992).

[2] J. A. Oro and D. D. Ball, lateral field-emission devices
with subtenth-micron emitter to anode spacing, J. Vac.
Sci. Technol. B, 11, 2, 464 (1993).

[31 C. A. Spindt, I. Brodie, L. Humphrey and E. R.
Westenberg, J. Appl. Phys. 47, 5248 (1967).

[4] V. V. Zhinov, E. I. Givarfizov, and P. S. Plekhanov, J.
Vac. Sic. Technol. B 13, 418 (1995).

[5] T. Utsumi, IEEE Trans. Elec. Dev., 38, 2276 (1991).

[6] D.Temple, W. D. Palmer, L. N. Yadon, J. E. Mancusi, D.
Vellenga, and G. E. McGuire, J. Vac. Sci. Technol. A, 16,
1980 (1998).

[71 S. Albin, W. Fu, A. Varghese, and A. C. Lavarias, J. Vac.
Sci. Technol. 4, 17,2104 (1999).

[8] X. D. Bai, J. D. Guo, Jie Yu, and E. G. Wang, Jun Yuan
and Wuzong Zhou, App!l. Phys. Lett., 76,2624 (2000).

[91 R.D. Underwood, D. Kapolnerek, B. P. Keller, S. Keller,



100 J. H. LEE et al. : FABRICATION AND CHARACTERISTICS OF LATERAL TYPE FIELD EMITTER ARRAYS

S. P. Denbaars, and U. K. Mishra, Solid-State Electronics,

41, 2, 243(1997).

[10] Tsvetanka S. Zheleva, Ok-hyun Nam, Michael D.
Bremser, and Robert F. Davis, Appl. Phys. Lett., 71, 27,
2471(1997).

[11] W. Czarczynski, St. Lasisz, M. Moraw, R. Paszkiewicz,
M. Tlaczala, Z. Znamirowski, Applied Surface Science,
151, 63(1999)

[12] T. Kozawa, T. Ohwaki, Y. Taga, and N. Sawaki, Appl.
Phys. Lett., 75, 21, 3330(1999).

[13] S. S. Park, D. . Park, S. H Hahm, J. H. Lee, H. C. Choi,
and J. H. Lee, IEEE Trans. Elec. Dev. 46, 1283 (1999).

[14] J. A. Oro and D. D. Ball, J.Vac. Sci. Technol. B 11, 464
(1993).

[15] L. Brodie and P. R. Schwoebel, Proc. IEEE, 82, 1006
(1994).

[16] J. H. Lee, M. B. Lee, S. H. Hahm, H. C. Choi, J. H. Lee,
and J. H. Lee, J. Vac. Sic. Technol. B, 19, 1055 (2001).

[17] F. M. Charbonnier, W.A Mackie, and R. L. Harman, /n
Proc. Int. Vacuum Electron Devices, 48, 149 (2000).

[18] J. D. Lee, S. H. Jin, B. C. Shim, and B. G. Park, /EEE
Device Lett, 22, 173 (2001).

[19] G. N. A. van Veen, J. Vac. Sic. Technol. B, 12, 655
(1994).

[20] Y. Y. Lau, Y. Liu, and R. K. Parker, Phys. Plasmas, 1,
2082 (1994).

Jae-Hoon Lee was born in Seoul,
Korea, in 1971. He received the B.S.
degree in electronic engineering from
Kwandong University, Kangwon, in 1995
and the M.S. degree in electronic
engineering from Kyungpook National
University, Taegu, in 2000. He is in the
Ph. D. candidate in Kyungpook National
University. His current research interests are vacuum

microelectronic devices, Gallium Nitride growth, and Gallium
Nitride-based devices.

Ki-Rock Kwon was born in Taegu,
Korea, in 1974. He received the B.S.
degree in electronic engineering from
Kyungpook National University in 2000
and the M.S. degree in -electronic
engineering from Kyungpook National
University, Taegu, in 2002. He is

currently with Samsung Electronics Co.,
LTD., Giheung, Korea.

Myoung-Bok Lee was born in Jeung-
Ja, Korea, in 1959. He received the B.S.
degree in Physics from Kyung-Pook
National University, Daegu, in 1982 and
M.S. degree in Physics from Kyung-
Pook National University, Daegu, in
1984. He received the Ph.D. degree in
Surface Science from Liverpool University, England in 1996.
His doctoral research concerned spectroscopic characterization
of ultrathin oxide layers on single crystal metal substrates for
catalytic applications. During 1986-1992, he joined Korea
Institute of Science and Technology (KIST), Seoul, Korea as a
researcher, where he worked in optoelectronics research group.
From 1998, he is working for the school of electronic and
electrical engineering at Kyungpook National University as a
contract professor. His current work is mainly focused on
modeling of vacuum microelectronics and interpretation of
various spectroscopic data.

Sung-Ho Hahm was born in Wonju,
Korea, in 1962. He received the B.S.
degree in electronic engineering from
Kyungpook National University, Taegu,
in 1985, and the M.S. and Ph. D. degrees
from Korea Advaced Institute of Science
and Technology(KAIST), in 1987 and
1991, respectively. His doctoral research

o
topic was a lensed LED using the LPE melt back effect. From
1992 to 1996, he was with Korean Ministry of Trade and
Industry as a Deputy Director for semiconductor Division. He
has been with Sensor Technology Research Center and school
of electronic and electrical engineering at Kyungpook National

University since 1996. His current research interests are

vacuum micro-electronic devices and II-nitride devices.

Kyu-Man Choi was born in Busan,
Korea, in 1957. He received the B.S. and
M.S. degree in Department of physics
from Pusan National University, Busan,
in 1981 and 1983, and he received the Ph.
D. degree in electronic engineering from
Kyungpook National University, Taegu,
in 1991. From 1983 to 1989, he joined
Samsung SDI Co. Ltd, suwan, Korea. From 1989, he has been
professor of school of electronic and electrical engineering at
Kwandong University. His current work is focused on vacuum
microelectronics and LCD backlight.



JOURNAL OF SEMICONDUCTOR TECHNOLOGY AND SCIENCE, VOL.2, NO. 2, JUNE, 2002

Jung-Hee Lee was born in Taegu,
Korea, in 1957. He received the B.S.
and M.S. degree in electronic
engineering from Kyungpook National
University, Taegu, in 1979 and 1983,
and he received the M.S. degree in
electrical and computer engineering
from Florida Institute of Technology in
1986. He received the Ph.D. degree in electrical and computer
engineering from North Carolina State University in 1990. His

doctoral research concerned carrier collection and laser
properties in monolayer-thick quantum well heterostructures.
From 1990 to 1993, he joined Electronics and
Telecommunication Research Institute(ETRI), Daechun, Korea,
where he worked in compound semiconductor research group.
From 2002, he has been professor of school of electronic and
electrical engineering at Kyungpook National University. His
current work is focused on vacuum microelectronics, atomic
layer epitaxy(ALE), and Gallium Nitride-based electronic
devices.

101



