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ABSTRACT

Lateral field emission devices have been characterized before and after ultraviolet (UV) light exposure. Two types of planar device structures,
diode and bowtie, were studied. These nanoscale devices have 9-15 nm tip-to-tip (bowtie) or tip-to-collector (diode) dimensions with the
tips fabricated from Au/Ti. Typical currents of 2-5nA per tip at 6 V were measured. It was observed that after UV exposure, the collected
current was reduced by >28% for the case of a bowtie device; whereas the current was reduced by >39% for the case of a diode device. This
reduction can be attributed to water vapor desorption on the dielectric surface between the structures, which in turn reduces surface
leakage. The Fowler-Nordheim plot showed a straighter line after UV exposure. After the I-V test, the UV-exposed devices were placed on
lifetime tests in a vacuum of <107 Torr and were biased at 5V DC. After 2600 h, an abrupt current decrease was observed: ~25% for the
case of the bowtie and ~28% for the case of the diode device. Scanning electron microscope images of the bowtie and diode devices showed

damage to the tips.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0003142

I. INTRODUCTION

Planar field emitter devices such as bowtie and diode types are
being studied as stable, longer lifetime sources of electrons for differ-
ent types of applications, such as very high-frequency optical elec-
tronics,’ surface plasmonic resonators using femtosecond pulse,”™
and nano vacuum channel transistors (NVCTs).>” NVCTs that have
ballistic electron transport in vacuum can have low energy loss, high
operating temperature (>400°C),>” high operating frequency, and
radiation insusceptibility.”® Vacuum nano and microelectronic
devices can have a variety of applications, such as sensors,'’ field
emission displays,'" and high-performance integrated circuits (ICs)."”
Only a few practical applications of NVCTs in circuits were reported
previously in spite of the fact that conceptual work and modeling of
vacuum device based integrated circuits have been studied.'>'* For
practical IC device implementation, NVCTs have to be improved in
terms of reliability and stability. A previous study'” carried out using
a nanodiamond field emitter has shown a successful implementation

into differential amplifiers as an example of NVCT-based circuits,
which advocate practical and reliable applications of planar NVCT
devices. Planer field emission devices* fabricated of Aw/Ti metal with
low turn-on voltage and stable field emission current have been
studied, which can be implemented into high-frequency, NVCT
devices.

Despite the impressive field emission performance from such
lateral field emitters, a primary concern is the dominant collector
current: from field emission or surface leakage. Lifetime and
reliability are also other significant aspects. While a remarkable
advancement in the lifetime and reliability of field emitters used in
display devices were obtained in the early 1990s, only a few of these
improvements'~ were reported. Hence, information on field emis-
sion reliability and degradation is deficient, particularly for micro-
and nanoscale structures.

The surfaces between the emitters and the gate are normally
covered with adsorbates from air exposure, primarily water
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vapor,'®"” which creates a conducting path between those elec-

trodes, thus inducing a leakage current. The two goals of this work
are to study the relative ratio of surface leakage to emission current
and to characterize the long-term field emission and stability per-
formance of the bowtie and diode structures.” Surface leakage'®
could be reduced by desorbing water vapor. Desorption of water
vapor can be achieved by several methods including heating” and
UV exposure.'””’ However, the low temperature co-fired ceramic
(LTCC) fixture used to mount and wire bond the die contains a
silver paste that is not compatible at >300 °C in vacuum. As our
prior work has clearly shown that UV exposure matches the water
desorption effects of bakeout, a UV-based water desorption
method was opted for this work. UV-based water desorption is a
well-known method in vacuum systems to desorb.”’ The fabrication
method of these devices are described in Sec. II. Experimental
setup including the lifetime test system and test procedure are
described in Sec. III, followed by device characterization data and
lifetime test data in Sec. IV, and failure analysis data in Sec. V.

Il. LATERAL DEVICE FABRICATION

The planar field emitters (bowtie and diode) were fabricated
using a combination of electron beam lithography and etching, and
a thorough fabrication process can be found elsewhere." Two
device types (Au coated Ti), bowtie and diode, were characterized
in this work. Scanning electron microscope (SEM) image of a
diode [Fig. 1(a)] and a bowtie [Fig. 1(b)] device shows an emitter
to collector gap of 9-15nm. The primary dimension of the
emitter structures is ~#100 nm narrowing down to sharp tips with
radii <10 nm. Both structures had a variation in gap sizes due to
the variation in the fabrication process. Also, the lack of a ballast
resistor’' usually increases the probability of arcs,”** which in
turn elevates the probability of tip failure. Note that these devices
are single structures as opposed to large arrays, where the proba-
bility of failure in an array is much higher than for a single
structure.

A section of the wafer was cut out after fabrication and
attached to a low-temperature cofired ceramic (LTCC) test jig
where the connection pads from the wafer section were wire
bonded to the pads of the test jig. The pads of the test jig were
internally connected to a multiwire ribbon cable. For characteriza-
tion, the jig was placed inside a high vacuum test chamber. A pho-
tograph of the jig with the test die is shown in Fig. 1(c).

1ll. DEVICE CHARACTERIZATION SETUP

For UV exposure characterization and lifetime studies, two
different test chambers were used. UV-exposed I-V sweeps were
performed in a characterization test chamber. A detailed test
chamber description can be found elsewhere."” Up to a 6 V DC
sweep was applied to the collector terminal where the emitter was
kept at ground for the diode structure. For the bowtie structure,
one terminal was kept at ground, whereas the other terminal was
swept up to 6 V DC. Also, a reverse bias experiment was carried
out on both devices. An RBD Instrument UV light (Model-MiniZ, FIG. 1. (a) SEM images of the diode structure. (b) SEM image of the bowtie
wavelength = 185 nm, power = 350 £ W/ sz) attached to the test st'ructure. (c) Irr]age of a test d|9 wire bonded Fo a LTCC test jig with multiple

. . . diode and bowtie structures. This jig is placed in the vacuum test chamber for
chamber was used for the UV light exposure test. This UV light characterization and lifetime testing.
system has a fixed power supply, which did not allow us to observe
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the effect of different UV powers. The distance from the UV lamp
to the center of the chamber is ~6” where the sample was
mounted. The tests were carried out at ~7 x 10~ Torr. An Extorr
Inc. XT100 residual gas analyzer was also used to monitor the
partial pressure of the gas species inside the chamber. A Keysight
B2902A source measurement unit was used as the voltage source
as well as the current measurement device. The current was mea-
sured in real-time using a fixed step-up value where each step was
1.2s.

For the long-term lifetime test, a separate test chamber was
utilized. The lifetime test chamber is equipped with an ion pump, a
turbomolecular pump, and a roughing pump, which maintains a
high vacuum (2.0 x 107 Torr). The test setup consists of an alu-
minum plate where the test jig was attached. The lifetime test setup
schematic is described elsewhere.'” The emitters were connected to
the power supply through an electrical feedthrough using
Kapton-coated wires which were attached to the jig. A fixed DC
bias of 5V was applied to the collector for the diode device and
one of the emitters for the bowtie device for these lifetime experi-
ments. The collector current data was logged with an interval of
1 min (real-time, no averaging) using a LabVIEW data acquisition
system.

IV. EXPERIMENTAL RESULTS
A. Characterization of experimental results

Before and after UV irradiation, I-V sweeps were performed
to find out the effect of UV light exposure on the gas desorption of
planar devices and to evaluate the effects on the emission current.
A 0-6 V DC sweep was applied to the collector with a step value of
0.06 V using a sweep time of 2 min.

I-V measurements for the bowtie device are shown in
Fig. 2(a). First, an I-V sweep was performed while the UV light was
off. The UV light was then switched on for 100 min, and an I-V
sweep was carried out. 100 min of UV exposure was chosen based
on our previous work'>*> where a significant improvement in
emission current from Si-GFEA devices was observed. After each
exposure, the UV light was switched off to remove the possibility of
photoemission during I-V sweeps. The collector I-V curve after
UV exposure is shown in Fig. 2(a). As can be seen in the graph, the
collector current was ~2.5nA at 6 V before UV exposure and the
collector current decreased to ~1.8 nA at 6 V after 100 min of UV
irradiation. It was observed that the decreased collector current
remains constant with further sweeps. Also, the Fowler-
Nordheim >’ plot can be seen in Fig. 2(b) for the collector current
which shows a much cleaner and linear plot after UV exposure,
which indicates that most of the current is now likely from field
emission. The collector current decrease can be attributed to the
desorption of water vapor and possibly other adsorbates under UV
irradiation.”® The enhanced electron transport along the dielectric
surfaces between the emitter and the collector can be attributed to
adsorbates'®'”*” which consequently increase the surface leakage
current. This effect was observed in our previous work™ on vertical
emitters. UV exposure removed the adsorbates, primarily water
vapor, thus decreasing the leakage current. This decrease in the
leakage current resulted in the reduction of the total collector
current.
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FIG. 2. Bowtie device. (a) |-V characteristics data before and after UV exposure
and (b) corresponding F-N plot.

A similar phenomenon was observed for the diode device
shown in Fig. 3(a), and the F-N plot can also be seen in Fig. 3(b).
Like the bowtie device, the F-N plot for the diode device also
shows a cleaner and more linear nature after UV exposure, which
indicates that most of the current is likely from field emission. The
before and after UV exposure collector current for the diode device
is ~5.4 and 3.2 nA, respectively, which again shows the reduction
in current. The F-N plot for both the bowtie [Fig. 2(b)] and the
diode device [Fig. 3(b)] shows a higher linearity after UV exposure.
Also, from the F-N plots of both the devices, apy and bgy were
extracted,’”” and the field enhancement factor (B) was calculated
using the after-exposure F-N plots assuming that both tips were
cleaned. A work function of 5.1 eV (Au)’' was used for the calcula-
tion of B for both devices. Then, these B were used to calculate the
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FIG. 3. Diode device. (a) I-V characteristics before and after UV exposure and
(b) corresponding F-N plot.

work functions for before-exposure cases. The calculated work
functions were 5.34 and 4.84 eV, respectively, for the bowtie and
diode devices. These work functions do not match with the work
function of Au, which suggests that the pre-exposure currents are
not entirely field emission currents; thus, they do not follow the
F-N or Murphy-Good model.”””** In addition, while UV exposure
should produce a cleaner (closer to Au) tip surface, the overall
postexposure current was lower because the surface leakage current
was greatly reduced.

After UV exposure, a cleaned tip could be attributed to this
phenomenon. However, a reduction in the surface current and,
consequently, a less leaky surface could also increase the linearity,
where the larger portion of the measured current is due to field
emission. To confirm the reduction of surface leakage, a reverse
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FIG. 4. Water vapor partial pressure vs UV exposure time taken using the
RGA.

bias sweep was also applied to both the bowtie and diode devices,
and the result can be seen in Figs. 2(a) and 3(a). From Fig. 2(a), it
is observed that the collector current for the bowtie device under a
reverse bias of —6 V was 4.5 nA before UV exposure and 2 nA after
UV exposure. From Fig. 3(a), it is observed that the collector
current for the diode device at a reverse bias of —6 V was 3.3 nA
before UV exposure and 1nA after UV exposure. These results
demonstrate that a reduction in surface leakage occurs from UV
exposure, resulting in reduced reverse bias current for the diode
and reduced collector current for the bowtie.

Figure 4 shows water vapor desorption (measured using RGA)
over time during UV exposure. From the plot, it can be observed
that the desorption was maximum around 60 min. However,
during the exposure, no I-V sweeps were carried out as water vapor
was not sufficiently desorbed as can be seen in the plot.

B. After UV exposure long-term stability test results

Stability over time is one of the crucial characteristics of a field
emitter electron source. In our previous work, we tested lateral
emitters for up to ~1400h."” These tests were performed without
UV exposure.

The graph shows that the partial pressure for water vapor is
the maximum around 60 min.

Also, in our prior work, we tested silicon-gated field emitters
after UV exposure followed by several hours of air exposure.”’
From those sets of experiments, minimal degradation of emission
current was observed for an air exposure of up to 6 h. From those
experiments, it was concluded that those devices can be exposed to
air for several hours (~6h) without significant gas adsorption for
transfer purposes. To check lateral emitter stability over time, the
devices were transferred from the characterization test chamber to
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6 observed. From Fig. 5(b), it can be observed that the diode device
( a) worked up to 2700 h with a deviation of <3%, before failing, and a

28% drop in current was observed. Also, during the lifetime test,
several current bumps can be observed for both devices. The
reason is not understood.

C. Failure analysis

Both devices were removed after the lifetime test and exam-
| ined under SEM. The SEM images for both structures are shown in
1 Fig. 6.

Time of device failure : In the case of the bowtie [Fig. 6(a)], the damage is located
1
]

Collector current (nA)
w
1

Experiment break where the top layer (Au) is partially removed and the left tip appears

1 to be partially damaged. In the case of the diode [Fig. 6(b)], the top
| IL layer (Au) is completely removed over both the collector and the tip.
11 1 These phenomena could be attributed either to arc damage or

0 — T T T T thermal tip runaway.
0 500 1000 1500 2000 2500 3000 The SEM images before and after experiments are of two dif-
Time (Hr.) ferent devices. SEM images of the mounted devices were not
6
(b)
5

1
I
1
. I
| Experiment break Time of device failure
N Im ‘ - l

Collector current (nA)
w
J

0 500 1000 1500 2000 2500 3000
Time (Hr.)

FIG. 5. Collector current vs time at five V¢ for (a) bowtie and (b) diode.

the lifetime test chamber right after UV cleaning and ran for over
2600h at an applied constant DC voltage of 5V. The long-term
stability plot can be observed in Fig. 5 for both device structures.

Data was logged with a resolution of 1min utilizing a
LabVIEW code during the test. There was an experimental break
(=~1h) denoted by dotted red lines at around 250 h as shown in
Figs. 5(a) and 5(b). A 25-point average filter was used on the raw
data to comprehensibly understand the variation of current over 5 S00 nm
time. From the filtered (25 average) data, it can be observed that —
the bowtie and the diode were capable of emitting relatively cons-
tant field emission current over a time period of ~2600h with a
current deviation of <3%.

For the bowtie device [Fig. 5(a)], in spite of the fact that the IfIG. 6. (a) Bowtie structure. The top Iayer (Au) is partially removed and the Igﬂ
device operated for more than 2600 h with a decrease of <2%, the tip also seemed to be damaged. (b) Diode structure. The top layer (Au) is

B . . . completely removed indicating melting. Only the bottom layer (Ti) can be seen.

device ultimately failed at ~2630 h, and a 25% drop in current was

Boise State Center Characterization
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practical on the wire-bonded structure. However, based on the field
emission performances before failure, it can be assumed that the
device structures were comparable to the devices shown in Fig. 1.

V. SUMMARY AND CONCLUSIONS

The bowtie and diode-type cold field emitters were studied for
emission characteristics before and after UV exposure. The devices
were also characterized for long-term current output stability (after
UV exposure). From the I-V sweep, the observed collector current
for the bowtie device, for an applied potential of 6 V was ~2.5 nA
and 1.8nA before and after UV exposure, respectively. For the
diode device, the observed collector current was ~5.4 and 3.2 nA
for before and after UV exposure, respectively. This reduction in
current can be attributed to the removal of adsorbates (primarily,
water vapor) from the surface, which reduces the surface leakage
current. A reverse bias sweep also showed the reduction in collector
current which was primarily surface leakage. A cleaner F-N plot
after UV exposure also supports this conclusion. Prior research has
clearly shown that UV desorbs water vapor as measured through
RGA measurements. This surface leakage result is very important
in understanding the emission from lateral-type devices. This result
could also explain why lateral field emitter devices operated in air
do not show a clear F-N plot; instead, most of the collector current
could be due to surface leakage. A long-term stability study was
also carried out on both devices after the exposure to UV light. It
can be noted that the measured collector current is primarily the
field emission current after UV exposure. It was observed that both
the devices demonstrated stable field emission performance over a
period of ~2600h with a current deviation of <3%. Failure
occurred in both devices as confirmed by imaging. These field
emitter devices demonstrated great possibility as electron sources
for surface plasmon devices with femtosecond pulse’” and NVCT
devices, where a few nA of current with substantial stability over a
long period of time is required. Additional devices for lifetime
testing were not available. In the future, additional long-term stabil-
ity studies on other devices, such as arrays of a bowtie or a diode
will be carried out.
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