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Analysis of bistable noise from microfabricated field emission cathodes
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Field emission current fluctuations from microfabricated cathodes have been investigated.
Time-correlated noise measurements and field emission electron microscope images indicate that
the dominant current fluctuations are bistable in character and are emitted from a few localized sites
on the cathode surface. Apertured bistable current transitions from these emission sites are often
significantly larger than the percent change in total emitted current. Analysis of bistable pulse
lengths has shown that the dwell time in a particular bistable emission state decays exponentially
with time. Current autocorrelation measurements indicate that bistable noise at<300 K is generated
by adsorbates switching between emission states and not by adsorbate diffusion. ©2000 American
Institute of Physics.@S0021-8979~00!01504-8#
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I. INTRODUCTION

The recent interest in vacuum microelectronics has b
driven primarily by the development of low operating vo
age, high current density microfabricated field electron em
sion cathodes.1,2 Many possible applications of this techno
ogy are being investigated, including active elements
integrated circuits, flat-panel displays, microwave power a
plifier tubes, and electron optical sources.2–5 Short term cur-
rent stability is especially important for focused electr
beam optical systems because large current fluctuation
the electron source cause unacceptable variations in the b
intensity.

The field emission process is very sensitive to the c
ditions at the emitting surface as is evident by examining
Fowler–Nordheim equation that describes theI –V charac-
teristic of field emission cathodes,

J5c1~bV!2 expS 2c2

w3/2

bV D , ~1!

whereJ is the current density,b is the electric field-voltage
proportionality factor (F5bV), w is the work function, and
c1 andc2 are practically constants.6,7 The exponential form
of Eq. ~1! illustrates that a very small change in the value
b or w due to the presence of an adsorbate on the emitter
significantly alter the total emission current.8–12

Studies of thermally cleaned and annealed etched w
field emitters indicate that low frequency noise can be att
uted to the surface diffusion of substrate atoms, especial
temperatures in excess of 400 K.13 Current fluctuations oc-
curring below the temperature required for significant ads
bate diffusion have been successfully described by a flip-
process whereby an adsorbate switches between two d
ent ad states corresponding to different effective w
functions.14

a!Current address: Surveillance Systems, MIT Lincoln Laboratory,
Wood Street, Lexington, MA 02173.
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Two different types of short term current fluctuations a
observed to dominate the noise spectrum of single tip Spi
type microfabricated cathodes: shot noise for frequenc
.100 kHz, and ‘‘burst’’ or ‘‘bistable’’ noise at lower
frequencies.5 Bistable noise is characterized by bursts
positive or negative current pulses superimposed on a
current level. While the bistable pulses contained within
single noise burst are similar in character, there are o
dramatic differences in both magnitude and frequency
tween one burst and another.

This article describes investigations of the bistable c
rent fluctuations observed from individual, microfabricat
field emitter tips. Time-correlated noise measurements
field electron emission microscope~FEEM! images were
used to locate active emission sites on the cathode surf
Statistical analysis of a single burst of bistable transitio
allows the dwell time in a particular emission state, the m
nitude of the current transition, and the underlying no
level to be determined. In addition, the bistable current
tocorrelation measurements are compared to previous ex
mental results and the theoretical predictions made by
flip-flop mechanism for noise generation.

II. MICROFABRICATED FIELD EMITTER
CHARACTERISTICS

Conventional, tungsten and molybdenum etched w
field emitters are commonly heated to;0.8 times the melt-
ing point of the material.7,9 This smooths the emitter surfac
and removes surface contaminants leaving clean, w
defined crystallographic planes exposed at the emitter a
Further processing such as thermal field forming, field
sorption, ion bombardment sputtering, and vacuum oxida
have all proven effective in changing the overall shape a
emitting area.15 Experimentally, these techniques provide
reproducible method of creating known surfaces on wh
adsorption/desorption, diffusion, and field emission no
measurements can be performed. Unfortunately, microfa
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cated field emitters have several characteristics that can
tribute to fluctuations in emission current and also inhibit
ability to understand the mechanisms that are responsible
the emission noise.

The process by which Spindt-type microfabricated fie
emitters are manufactured results in a highly polycrystalli
molybdenum cone that has an irregular and irreproduc
emitting surface contaminated with carbonaceous mate
and oxides.2,4,16 Unfortunately, the processing techniqu
previously mentioned for cleaning and shaping conventio
field emitters cannot be effectively implemented with micr
fabricated cathodes.4

Emission area measurements indicate that the cath
typically have very small emitting areas of 50–1000 Å2.2,5

Most annealed, etched wire emitters have emitting ar
;100 times greater than this value. Therefore, since fi
emission fluctuations have been shown to vary asA21/2,17

the current noise from single microfabricated emitters te
to be much larger than is observed from conventional fi
emitters operating under similar conditions.

III. EXPERIMENTAL APPARATUS

The apparatus used for the experiments described he
shown schematically in Fig. 1. It consists of a stainless-s
vacuum chamber that is evacuated to less than
310210Torr with tandem turbomolecular pumps. A singl
Spindt-type, microfabricated field emitter is mounted on

FIG. 1. Schematic of the experimental apparatus.
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standard TO5 header that is held on a glass cold finger w
six feedthrough pins. A coil of tantalum wire is placed;5
mm behind the TO5 header and provides the ability to ra
antly heat the cathode to;1100 K. A cathodoluminescen
anode consisting of a fiber-optic bundle coated with P
phosphor was located;7 cm from the cathode and allowe
for imaging of the field emission pattern.

A beam splitter was placed in front of the fiber-opt
bundle. One output of the beam splitter was monitored w
a charge coupled device~CCD! camera in conjunction with a
computer controlled image acquisition board~National In-
struments IMAQ PCI-1408!. This combination provided
method to capture and store single FEEM images in a c
puter at a rate of up to 30 frames per second. A Ampe
2262B photomultiplier~PMT! with a specified rise time of
;2 ns measured fluctuations in light intensity emitt
from the other output of the beam splitter. A high spee
unity-gain buffer amplifier was used to drive the capaciti
load of the 50V coaxial cable between the photomultiplie
output and a 500 MHz, Tektronix 540D digitizin
oscilloscope.18

The mean emission current was monitored with
Keithley 486 picoammeter between the base~tip! connec-
tion of the cathode and ground. A Bertan 225-01R pow
supply was used to apply a positive voltage, typica
50–150 V, to the cathode gate connection. The data acq
tion, processing, and analysis was performed us
LabVIEW.19

There are several advantages to using the P47 phos
and a PMT to measure the bistable noise fluctuations:~1!
optical decoupling the noise signal reduces electrical ba
ground noise due to ground loops and electromagnetic in
ference,~2! the PMT provides a low noise, linear gain stag
~3! the PMT/P47 phosphor combination accurately dete
very fast changes in the emission current. The maxim
bandwidth of the measurement system was limited by
response of the P47 phosphor and the RC response o
PMT circuit to <6.4 MHz. The PMT shot noise level wa
less than 1% of the total emission current and allowed e
observation of bistable fluctuations that are commonly 10%
30% of the mean emission current.20

IV. BISTABLE EMISSION NOISE

The bistable current noise observed from microfab
cated field emission cathodes is characterized by positiv
negative current pulses superimposed on a dc current lev
shown in Fig. 2. A sequence of bistable pulses with the sa
magnitude and similar pulse lengths is contained within
single burst that can last from a few milliseconds to ma
hours. Often two or more bursts containing bistable tran
tions completely different in character are superimposed
time resulting in multistable current noise. These bursts
bistable pulses often dominate the emission noise from
crofabricated cathodes and this behavior has been referre
as the ‘‘noisy mode’’ of operation.5 The noisy mode is char
acterized by a burst of 10 to more than 105 bistable transi-
tions. Occasionally the cathode enters a more ‘‘quiesc
mode’’ that can last from a few seconds to more than
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FIG. 2. One of 35 sequentially acquired bistable current waveforms when a single emission site on the cathode surface was active.
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minutes when no bistable current noise is observed.
transition between a noisy and quiescent mode of opera
occurs in an apparently unpredictable manner.

It was determined that the bistable transition time
,0.2 ms, but bandwidth limitations of the apparatus pr
vented a more precise measurement. Previous measurem
of single Cs atoms switching between adsorption sites
conventional, tungsten field emitters indicate that these t
sitions may occur in times approaching;10 ps.21 Neither the
frequency or magnitude of the bistable pulses was obse
to correspond to a change in the bistable transition time.

The microfabricated cathode FEEM images are often
served to have localized emission regions that change in
tensity over time. These intensity fluctuations are observe
either be randomly distributed across the emitting surface
occur from one or more fixed locations that do not chan
with time.4 Large changes in both intensity and spatial d
tribution occasionally occur in the FEEM pattern as is sho
in Fig. 3, but more often the fluctuations are characterized
only small changes in image intensity. Simultaneously, w
these FEEM pattern intensity changes, the measured cu
is observed to fluctuate in a bistable manner.

V. TIME-CORRELATED FEEM IMAGES AND NOISE
MEASUREMENTS

A. Surface localized bistable noise sources

Time-correlated bistable noise measurements and FE
images were gathered by synchronizing the data acquis
of the oscilloscope and the IMAQ image capture board. T
bistable current waveform shown in Fig. 4 contains bista
pulses with two different amplitudes. The associated tim

FIG. 3. FEEM images acquired before and after a bistable current trans
that caused an;90% change in the total emission current.
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reference waveform shown in Fig. 4 was used to se
FEEM images captured before and after each bistable cur
transition. Subtracting the selected FEEM patterns and
caling to enhance the contrast creates a difference image
identifies the active locations on the cathode surface co
sponding to each bistable current fluctuation. It is clear fr
the difference images shown in Fig. 4 that the different a
plitude bistable pulses were generated by changes occu
at two completely different locations on the cathode surfa
If, however, a difference image is created from FEEM im
ages acquired at the same bistable current level no signifi
change in the FEEM image intensity can be detected. A si
lar analysis can be performed for successive bistable tra
tions generated during a single burst as seen in Fig. 2. In
case, the same surface location is responsible for crea
each of the transitions contained within the burst. It is cle
from Fig. 4 that bistable current fluctuations are not nec
sarily associated with high emission regions on the cath
surface. Often it is difficult to observe a change in the FEE
images even though the current waveform and difference
age show a bistable transition and an associated active e
sion site.

Collecting time-correlated FEEM images and noise d
from a microfabricated cathode over the course of ma
minutes to hours has shown that at any given time there
only a few active sites~typically 3–5! generating bistable
current fluctuations. These active sites are not randomly
tributed across the surface of the emitter, but instead rem
at a specific location on the emitter surface. Typically, ea
active emission site individually exhibits both noisy and q
escent behavior during an observation period.

Since only a small number of active sites exist on t
emitter surface at one time and similar bistable pulses
repeatedly observed from these sites, it is reasonable to
sume that the vast majority of bistable current pulses
generated by adsorbates residing on the cathode surfac
by adsorption/desorption. If bistable current fluctuatio
were caused by either ion bombardment of the emitter s
face or an adsorption/desorption event, then the active s
would appear and disappear randomly over the cathode
face. It could be argued that adsorption/desorption wo
preferentially occur in regions of highb due to molecular
polarization effects or regions of loww resulting in a few
active sites associated with protuberances or highly che
cally active sites on the cathode surface. However,

on
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FIG. 4. Time-correlated FEEM images and bistable noise data showing the localized nature of bistable emission sites. The contrast of the differe
was enhanced by rescaling to full 8-bit resolution.
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seems extremely unlikely at pressures below 1310210Torr
given that bursts of microsecond long bistable current pu
are observed from the same emission site.

B. Apertured bistable noise

Any application of microfabricated field emission cat
odes~e.g., focused beam systems!that apertures the emitte
current could be greatly affected if an active bistable em
sion site occurred within the aperture window. Tim
correlated bistable noise measurements and FEEM im
were used to investigate the magnitude of such changes
accomplish this, the mean PMT output signal and total C
luminosity were independently calibrated to the mean fi
emission current drawn from the cathode. Following d
collection, difference images such as those shown in Fig
were used to locate the active site in the associated FE
images. A computer generated, electronic aperture was
to extract the small, active subregion from the FEEM ima
acquired before and after the bistable transition allowing
s

-

es
To
D
d
a
4
M
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a measurement of the current emitted into the selected
gion. The validity of this measurement was independen
verified by comparing the change in total current as m
sured by the PMT and the CCD camera for which agreem
was always greater than 90%.

A typical aperture size was;1/10 that of the total
FEEM image and was sufficient to contain the entire act
area as observed in the difference image. The current cha
in the apertured region varied widely between different
tive sites and, occasionally, even between different burst
bistable pulses from a single active site. Measured change
emission current into a apertured region are shown fo
selection of bistable transitions in Table I. Choosing an
erture size smaller than the total active area indicated in
difference image decreases the measured aperture cu
but the percent change in apertured current remains the s
This result suggests that at least down to the image res
tion defined by the FEEM image and CCD camera, there
no discernible difference in electron emission current den
within the active region.
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TABLE I. Summary of measured changes in apertured emission current is shown for a selection of b
transitions.

Active
bistable

sites

Total
emission
before

Total
emission

after

Total
emission
% change

Apertured
emission
before

Apertured
emission

after

Apertured
emission
% change

Site 1 0.99mA 0.95 mA 4% 0.32mA 0.28 mA 11%
Site 2 1.23mA 1.19 mA 3% 0.13mA 0.10 mA 21%
Site 3 1.58mA 1.54 mA 3% 0.27mA 0.24 mA 9%
Site 4 1.37mA 1.63 mA 16% 0.69mA 0.82 mA 20%
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It is reasonable to expect differences in emitted curr
between active sites because there is noa priori reason that
the same changes inb andw would occur at different loca-
tions on the cathode surface. This is consistent with the
servation that the magnitude and frequency of bistable pu
often varies widely between different active emission sit
However, it should be noted that the bistable pulses c
tained within the same burst resulted in similar curre
changes in the apertured region.

VI. BISTABLE NOISE TEMPERATURE DEPENDENCE

Microfabricated cathode temperature has been obse
to significantly affect the bistable emission noise level. A
though the experimental apparatus did not have the abilit
accurately control the cathode temperature, the cath
could be radiatively heated to;1100 K as determined with
an optical pyrometer, and cooled to;77 K with liquid nitro-
gen. In practice, bistable emission noise measurements c
not be made much above room temperature because of
nificant ohmic leakage between the pins of the TO5 hea
on which the microfabricated cathodes are mounted.

Heating a microfabricated cathode with only a few a
tive bistable sites to a temperature of;1000 K and then
cooling it to ;300 K completely changes the emission fro
the cathode surface. Many new active sites are observe
the surface and the current noise is characterized by a c
plex superposition of multiple bistable pulses. A peak-
peak measurement of the bistable noise often shows the
rent fluctuations to be greater than 75% of the mean emis
current. Operating the cathode for many hours, or even d
slowly decreases the noise and number of active emis
sites to preheating levels. Diffusion of cathode contamina
t
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up the side of the molybdenum cone or the transport of
phase contaminants to the emitting surface are likely ex
nations for this behavior.

Cooling the microfabricated cathodes to;77 K also has
a dramatic effect on the bistable emission noise as is il
trated by Fig. 5. Both the number of active bistable emiss
sites and frequency of the bistable transitions are observe
decrease. However, it should be noted that although bist
current fluctuations are observed much less frequently
;77 K, the magnitude of the transitions remains the sa
This suggests that the mechanism responsible for genera
a bistable noise transition is temperature dependent.

VII. BISTABLE PULSE LENGTH ANALYSIS

The observed current waveforms are most often a su
position of two or more bistable transitions generated
different emission sites on the cathode surface. Occasion
however, a single active site will emit a burst of man
bistable pulses while all other active emission sites are i
quiescent mode. The waveform shown in Fig. 2 was one
thirty five sequentially captured waveforms when this situ
tion occurred. The current is seen to fluctuate between
distinct levels and spends a variable length of time in e
emission state.

The current fluctuation histogram shown in Fig. 6 w
created from the entire sequence of 35 waveforms that e
captured the bistable transitions shown in Fig. 2 and w
contained within the same burst. The two distinct peaks e
dent in the histogram correspond to the two different bista
current levels. Each peak was fit to a Gaussian distributio
order to extract information about the two emission state
cath
FIG. 5. Graph of percent noise vs time from a single microfabricated field emitter. The emission current noise was induced by initially heating theode
to a temperature of;1000 K. The cathode was cooled from;300 to 77 K approximately 8 min after data acquisition had begun.
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The difference of the Gaussian means associated
each emission state gives the average magnitude of
bistable transition that occurred. In this case, the aver
bistable transition was 66 nA in magnitude. The Gauss
standard deviations provide a measure of the noise leve
perimposed on top of the bistable current pulses. Small
ues indicate the other active emission sites on the cath
surface are in a quiescent mode, while larger standard de
tions result if one bistable emission site simply domina
current fluctuations generated at other locations on the c
ode surface. The standard deviation for each Gaussian sh
in Fig. 6 is 6 nA. Finally, a ratio of the Gaussian areas,AA

and AB , measures the relative dwell time in each of t
emission statesA andB, respectively. For the data shown
Fig. 6, AA /AB52.2 indicating that slightly more than twic
the time was spent in emission stateA than stateB.

For a simple two-level system having discrete emiss
statesA andB, the dwell time in each state decays expon
tially with characteristic relaxation timestA andtB , respec-
tively. Experimentally, the dwell time in each state shown
Fig. 2 was determined by measuring the lengths of time
tween the positive and negative going bistable transitions
dwell time histogram for each emission state was constru
using measurements from all 35 waveforms in the acqu
tion sequence and is shown in Fig. 7. The relaxation tim
for each state were determined to betA596ms and tB

536ms from an exponential fit of the histogram data. T
measurement of relative dwell times obtained from the ra
of Gaussian areas shows a 85% agreement with the rat
relaxation times,tA /tB52.6. Bistable dwell times ranging
from a few microseconds to tens of milliseconds have b
observed. It is very likely that even longer bistable dw
times occur, but have not yet been measured because
active emission sites on the cathode surface very rarely
quiescent over long enough times to gather sufficient pu
length statistics.

The ratio of dwell times can be used to estimate
energy difference between two different emission states.
sume that the dwell time in statesA andB are of the form

FIG. 6. Current histogram of bistable current waveforms.
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215nA expS 2

EAB

kT D ~2!

and

tB
215nB expS 2

EBA

kT D , ~3!

respectively, wherenA and nB are constant frequency fac
tors,EAB andEBA are the activation energies to switch fro
stateA to B and visa versa,k is the Boltzmann constant, an
T is the temperature. Solving for the energy difference,DE
5(EBA2EAB), between the different emission states fro
the ratio oftA andtB gives the equation

DE52kTF lnS tA

tB
D1 lnS nA

nB
D G . ~4!

Given the qualitative observations that the ratio of dw
times at;77 K is not significantly different than that ob
served at;300 K it is reasonable to assume thatnA /nB is
small and almost certainly less than 10. Using the dw
times measured for many different bistable transitions,
energy difference at room temperature was found to ra
from 20<DE<200 meV.

A previous investigation of oxygen mobility on a tung
sten field emitter has been performed by Chen and Gom14

The sensitivity of the field emission process to extrem
small changes inb andw makes the emitted current highl

FIG. 7. ~a! Histogram of dwell time measurements for the bistable emiss
state marked A in Fig. 4.~b! Histogram of dwell time measurements for th
bistable emission state marked B in Fig. 4.
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dependent upon fluctuations in adsorbate coverage.
means that the adsorbate density autocorrelation functio

f n~ t !5^dn~0!dn~ t !&, ~5!

wheredn is the fluctuation in adsorbate density, is propo
tional to a measurement of the current fluctuation autoco
lation function, given by the equation

f i~ t !>
^d i ~0!d i ~ t !&

ī 2
, ~6!

whereī is the mean emission current andd i is the magnitude
of the current fluctuation.14 The decay off i(t) is then used to
quantify fluctuations in adsorbate coverage and calcu
oxygen diffusion coefficients and activation energies. Obs
vations of small current correlation signals were also m
below the diffusion temperature and were attributed to a fl
flop mechanism for oxygen atoms switching between two
more different bonding states. The following current au
correlation function was derived by Gomer for conditio
with no adsorbate diffusion

f i
AB~ t !5n̄~CA2CB!2

tAtB

~tA1tB!2 expS 2
t

t f
D , ~7!

where

1

t f
5

1

tA
1

1

tB
, ~8!

n̄ is the mean number adsorbates, andCA and CB are con-
stants that account for differences in the preexponential
exponential terms in the Fowler–Nordheim equation@see
Eq. ~1!# when the adsorbate is in stateA and stateB,
respectively.22

The process was further generalized by Chen to acco
for two distinct, noninteracting adsorbates on the cath
surface that are simultaneously undergoing a different fl
flop transition~i.e., A↔B andC↔D).14 The result is a cur-
rent correlation function that is simply the sum of expone
tials described by Eq.~7!,

f i~ t !5 f i
AB~ t !1 f i

CD~ t !. ~9!

The measurements off i(t) shown in Fig. 8 were ob-
tained from the microfabricated field emission cathodes
analyzing a sequence of bistable current noise wavefor
Bistable transitions with dwell times greater than a millise
ond follow the behavior predicted by Eq.~9! where the sum
of two decaying exponentials is responsible for the curvat
in ln@fi(t)# near t50. By extrapolating the dominate expo
nential at long times tot50 and subtracting it fromf i(t) at
short times, the two exponentials can be separated. Howe
bistable transitions with dwell times less than 100ms more
closely fit the behavior predicted by Eq.~7! as no curvature
is observed in ln@fi(t)#. The difference inf i(t) for short and
long dwell time bistable transitions is attributed to the
creased probability that a second emission site is active
ing a longer duration measurement. The results shown in
8 indicate that an adsorbate flip-flop mechanism is resp
sible for the bistable noise generated from microfabrica
field emission cathodes.
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VIII. CONCLUSION

The time-correlated bistable noise measurements
FEEM images have shown that bistable current fluctuati
from microfabricated cathodes are generated by a few lo
ized sites on the emitter surface. Each active site was sh
to have unique emission characteristics that can change
tween bursts of bistable pulses. The dwell time spent i
given bistable emission state decays exponentially with t
and relaxation times have been observed to range from a
microseconds to tens of milliseconds. The fact that the s
tial location of the active emission sites does not change w
time and that each site is observed to emit many bista
pulses indicates that most bistable emission noise transit
originate from longlived adsorbates on the cathode surf
and not transient adsorption/desorption events. The decr
in bistable pulse frequency and the number of active s
observed at;77 K is consistent with a decrease in adsorb
diffusion and flip-flop transitions. Since bistable current a
tocorrelation measurements show excellent agreement to
functional dependence derived by Chen and Gomer for
adsorbate flip-flop process, we conclude that the bista
noise observed from microfabricated cathodes is gener
by one or more adsorbates undergoing a flip-flop mechan
on the emitter surface.

Future experiments will further quantify the nature
bistable noise from microfabricated cathodes, particula
when operating at higher pressures. Accurate control of
cathode temperature will be implemented, allowing the a
vation energies for adsorbate flip-flop processes to be m
sured. In order to determine the physical processes leadin
noisy and quiescent emission modes the adsorbate sp
responsible should be identified, possibly by the imag
atom probe approach.23
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