Effects of vacuum conditions on low frequency noise in silicon field
emission devices
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The effects of pressure on emission current noise have been studied. Field emission currents from
50x50 arrays and single emitter silicon devices were observed over a range of pressures. The
current fluctuations were analyzed in both the time and frequency domain. Signal to noise ratios
between 0.9 and 6.9 were observed and appear to be more dependent on operation time and current
than on pressures. At higher pressures, emission currents are reduced and the current is cut off
completely above a threshold pressure which is somewhere in the 10 s of Torr. Plasmas were
observed in the mTorr range. The total current from x50 tip array was measured to be only one

order of magnitude greater than that for a single tip, suggesting that only 4—10 of the emitters in the
array were functional. Spectral density coefficients of low frequency measurements range from 1.37
to 1.81. Some pressure dependence is suggested in the lower pressure ranges. The single emitter
exhibited burst noise with a cutoff frequency of about 10 Hz. 1@97 American Vacuum Society.
[S0734-211X97)01302-4

[. INTRODUCTION most noticeable is flicker, or flhoise. This type of noise is
described by
Vacuum microelectronic devices are quickly becoming
established as a viable technology for flat panel displays and S(f)= E (1)
other electron gun device applications. Consequently, it is fr

increasingly necessary to understand aspects of device noigereS(f) is the noise power, dependent on the bandwidth,
and lifetime. Factors associated with device lifetime includey js the spectral density index, and the valueCofs depen-
tip destruction due to ion bombardment, excessive emissioflent on the magnitude of the measured voltage or current.
current, and contamination of the emitter tips. One very im-The 1f behavior of this type of noise ranges from dc to
portant method of investigating these phenomena is througome higher frequency where other noise sources become
the study of the environment in which the emitters are operdominant. The spectral density may vary between 1 and 2
ating, for instance, by attaching a residual gas analyzer to and has been measured between 1.1 and 1.8 for silicon field
system and studying the outgassing of phosphors or the emiémitter device$:
ters themselveSAnother method is to study the device noise  The second type of noise that may be observed in the low
under various conditions, for example, different system presfrequency spectrum is burst noise. Burst noise also follows a
sures, and to relate these data to specific events, i.e., noisHf type of response, however, since the bursts normally
Furthermore, as device applications become more diverse, drave a minimum frequency, there is a cutoff frequency at
understanding of the noise characteristics of individual tips isome finite frequency above dc. The spectral density for
becoming important. Knowledge of such characteristics idurst noise is normally near“?.
vital to the design of any vacuum microelectronic device. In this study we examined the low frequency emission
Device noise can most simply be observed by monitoringcurrent fluctuations from silicon field emission devices under
the changes in current over time. Such information may bdlifferent vacuum conditions. Initial measurements were per-
used to quickly assess the stability of a device. By measurinfPrmed using array devices evaluated under a vacuum of
the average current and observing the deviation from th@x<107° Torr. These data are compared with data obtained

average, it is possible to obtain Signal to noise ratiOS, a keyom arl’ayS and Single emitters tested under better and worse
device design constraint. vacuum conditions. In addition to flhoise, the extent of

domain. This method, though not as straightforward aglependent of frequency, was measured and the signal to
simple current observations, may be used to give insights t80ise ratio determined. By considering all of the above ob-
the types of noise contributing to the total fluctuation. ThisServations, an impression of nature of the noise characteristic
information is valuable in determination and removal of {0 these devices and the dependence of such noise on pres-
noise sources. sure is obtained.

There are two major types of noise that become apparent
when these types of measurements are done. The first aflg EXPERIMENTAL PROCEDURE
Noise measurements were done usingk50 emitter ar-
dElectronic mail: g13146@email.sps.mot.com rays and single emitter gold gated silicon field emission de-
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TaBLE |. Average current, signal to noise ratio, maximum and minimum

-6
12 ] currents from 5&50 arrays at different pressuref;, =24 V.
1 10% P=2x10®Torr |
) Pressure  Averagel Max|  Min |
8107 / (Torr) (uA) SIN (uA) (uA) Comment
< Valve opened, ’/ —
= . P-20mTor 2x1074 1.07 2.3968  4.36 0.816
§ 6107 % 2x1074 0.96 21526  3.88  7.84
3 2x107* 0.92 65097 119 6.7  After30s
4107 2x107° 1.29 21311 565  1.00
' 2x107° 1.27 2.1675  4.74 0.90
2107 | Yo 2x107° 0.83 69703 111  0.68  After30s
& L 2x10°® 1.36 2.0893  4.86 0.86
0 2x10°8 1.22 2.5574 1.93 0.62
0 20 40 60 80 100 120 140 2x10°8 0.70 6.8561 1.00 0.61  After 30 s
Time (sec) <1078 2.92 32678 440  1.88
<108 3.31 4.0878  4.89 2.41
Fic. 1. The change of current with change in pressure. <108 3.23 3.9800 5.11 2.35

vices fabricated using the method previously descriifed. was calculated. Finally, these time based data were converted

The gate and cathode were controlled using a semiconductﬂgto frequency space and the low frequency noise power
parameter analyzer which was able to source and monitor t ectra were obtained

terminals. The devices were tested under dc conditions a

fixgd gate volt_ages. Field emission electrons were coIIecteﬂ _RESULTS AND DISCUSSION

using a metallic or phosphor anode located between 0.5 an ]

3 mm from the gate/cathode structure. Electrical contact to General observations of the effects of pressure were done
the anode was made via a feedthrough at the opposite end 8 50<50 arrays of tips. Currents measured from the devices
the vacuum chamber from the gate and cathode leads. Anodi@nged from about 0.5 to 4A. Factors affecting the current
biasing was done by directly connecting the parameter andcluded gate bias and the number of tips on the device that
lyzer to the anode. This allowed measurement of the anod&éré emitting. Current-time measurements were made at a

current at each sample interval. Since the minimum samplgeveral different pressures. During the measurements, two
interval of the parameter analyzer was limited to 8 ms thePbservations about the current behavior were made. First, as

frequency spectrum was limited to below 62.5 Hz. the pressure was rqisgd into the mTorr range, there was a

Measurements were done at pressures betweeh? 2 threshold where emission stops completely. In some cases
and <108 Torr. The measurements at10~8 Torr were Plasmas were observed before this threshold was reached.
done in a separate chamber. The other measurements wépgce the pressure was brought back down into the range of
done in the same chamber using the gate valve on the iopperation, the emission current resumed. This phenomenpn
pump to control the pressure above the base pressure. N&fas observed for both anode and gate currents, suggesting

ther the devices nor the chambers were baked out prior to tH8at @ large portion of the field emission current is being
study. collected by the gate. Figure 1 shows a plot of current vs

Current data were observed in three different ways. Firsttime where the chamber pressure was initially set above the
general trends of the current magnitude were observed osfable emission threshold by closing the h|gh—vacuum_ valve.
50x50 arrays at different pressures. Next, current fluctualN€ pressure was then lowered after 30 s by opening the

tions over time were observed and the signal to noise ratiya/ve- As the pressure dropped the emission current rose;
when the pressure stabilized, so did the emission current.

The second observation was that the emission current
dropped when the devices were turned on by immediately

310°
2510% [ TasLE Il. Average current, signal to noise ratio, maximum and minimum
' J currents from a single emitter at different pressukgg=30 V.
< 210%C
= [ Pressure  Averagel Max | Min 1
§15 105 F (Torn) (uA) SIN (uA) (uA) Comment
° 2Xx10°° 0.058 2.6461 0.106 0.040 After 30 s
110° |- 2x10°° 0.030 3.1897  0.056 0.020  After30's
2x10°8 0.164 1.7832 0.329 0.057
5107 2x10°8 0.090 3.7949 0.123 0.063 After 30 s
Time (sec) 2x10°8 0.093 3.6664 0.132 0.063 After 30 s
4x10°7 0.088 1.5638 0.260 0.027
4x1077 0.058 1.6989 0.135 0.040
Fic. 2. Typical current—time data measured &t1®° Torr. Note the initial 4x10°7 0.118 5.3628 0.136 0.087 After 30 s

high current.
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Fic. 3. Low frequency noise at various pressures. Fic. 4. Frequency vs noise power of a>$80 array and a single emitter

taken at 210°° Torr. Vgate fOr the array is 24 V and/ g, for the single
emitter is 30 V.

switching the gate voltage to the bias value. The emission

current initially started out at a high value, then dropped to Fions by Bustaet al.” Single emitter results are similar to
lower level in a few seconds. Figure 2 shows a current—tim?

i . hose of the array, though the signal to noise ratio is smaller
plot at a single pressure measured from when the device w

turned on. Several measurements of anode current at fixza ter stabilization.
: An examination of the current levels observed from the

?haeten\]/eo’:fsigzsmv;i:;a m:(rjee r?]ta\éznongr?ﬁ:uégsfclg s;r:et Cr?] %% devices makes it possible to make some assumptions
u W w vice was u out the number of emitters that are functioning on the

on, in others the current was allowed to stabilize before nmsgrray device. It is expected that the amount of current ex-
measurements were taken. The average current, standard c%#

. . Beted from a device is proportional to the number of emit-
rent deviation, and noise power-frequency response were ¢

lated f h A signal to noi i lculates'S and the overall noise in an array is reducednb$®
g; ated for each case. A signal to noise ratio was calcllale€dneren is the number of emittersThough the gate voltages

of the data shown in Table | and Table Il differ by 6 V, the
SIN=average current?2 standard deviation. @) difference betwgen the average currgnts should be consider-
ably more than just an order of magnitude if there are current
The results of these measurements are tabulated in TableEPntributions from a significant number of tips in the array.
for a 50x50 array device and in Table Il for a single emitter. | NS IS particularly true since current from the array was
In all cases the signal to noise ratio was never greater thafi€asured at as low as 20 V while the single emitter did not
6.9. It was found that, if the emission was allowed to stabi-Produce measurable emission until about 25 V, most likely
lize, the ratio became higher. In general, for arrays there Wague to physical differences in the emitters. Noting that the
no significant difference in the S/N ratio at pressures be-
tween 2<10°° and 2x10™*. However, when the signal to

noise ratio was highest, the current was at a minimum. At y = 6.4382e-13 * x(-2.3529) R= 0.72634
lower pressures, the values obtained were more consistent at o [¥=1208e13" X 1.6307) R= 097596
higher current values. It is difficult to make any conclusion e
about the exact cause of the stabilization phenomenon. How- 107 ¢
ever, since the process was repeatable and was less notice- % o |
able in better vacuum, it may be that contaminant desorption < j
is involved. The initial instability is consistent with observa- 2 tom b
5 3
o
a 107
° 2 1e-7 >10 H
= — -1e7<10H
TasLE |ll. Calculated spectral density at different pressui@®x50 array. 1077
Pressure Spectral 107
(Torr) density 0.1 1 10 100
Frequency (Hz)
1x10°8 1.3669
1x10° 1.7366 Fic. 5. Frequency vs noise power of a single emitter at 30 V. Curve fits are
1x10°° 1.8093 done to the portions above and below 10 Hz separately. The spectral density
1x1074 1.5364 of the portion above 10 Hz is 2.3529. The discrete change in slope of the

curve suggests the dominance of burst noise above 10 Hz.
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TaBLE IV. Calculated spectral density at different pressusssgle tip. emitter at about 10 Hz. When these data are separated near
P the bend(as is done in Fig. bit is possible to obtain a
ressure Spectral . . .
(Tom) density spectral density value for both portions of the curve. Doing
— this shows the spectral density féx<10 Hz is 1.6307 and
1?18,6 i'gggg that forf>10 Hz is 2.3529. This distinct cutoff suggests that,
1x10°5 1.7966 for the single emitter, burst noise is a dominating factor. In

the case of an emitter array the burst noise is averaged and
the flicker noise, common to all the emitters, becomes the
dominating factor. Table IV lists the fit single-emitter spec-
average current from the array is on the order giA and 5] densities at several relevant pressures.

that from the single emitter is about O/A and assuming

that the emission scales with the number of emitters, it apy. symMMARY
pears that only about 10 emitters are actually functioning. If
the total noise should decrease by®®, the S/N should in-

Several observations of noise have been made on gold
gated silicon field emission devices. These devices showed

crease b
y signal to noise ratio between 2.1 and 6.9 for the arrays and
SNy — S/NsinGLE 3 1.5 and 5.4 for the single tip. Though the signal to noise ratio
Armay™ =05 - ®) did not change with pressure, it did change with the total

. . . . . mount of current. The current level, however, was found to
When comparing the signal to noise ratio of the stabilize

. o e influenced by the chamber pressure in two ways. The first
5|g_nals, at be_st t_he array ?S/ N ratio is only a factor O.f 2 bette\r/vas that the current was not present at pressures above a few
which would indicate as little as only 4 tips are emitting.

mTorr, and increased as the pressure was lowered. Second,
after a device was turned off for a few minutes, then turned
IV. LOW FREQUENCY NOISE back on again, the initial current was much greater than the
Flicker noise was analyzed by converting current—time tdinal steady-state current. In this way the signal to noise ratio
noise power-frequency data using fast Fourier transformwas influenced by pressure.
(FFT) calculations. Figure 3 shows the frequency space data Low frequency flicker and burst noise was also observed.
of a 50x50 array at four different pressures. The straightBoth the arrays and single emitter exhibited flicker noise. In
lines represent curves fit to the noise equaliibn and the the case of the arrays a slight dependence on pressure was
spectral densities from these fits are shown in Table Ill. Thdound by observing the spectral density. The single emitter
spectral density for the low pressure data is much lower thagpectrum was dominated by burst noise at frequencies
the others and there is a trend towards increagingntii  greater than 10 Hz.
2x10 “*is reached. At this poiny starts to lower once again.
C ) 1 . .
The reason for this is not known, however, since measure- MH EI(-hMa"I?QWSék'vEK-HD- ?t?_waErt'sDr{ A. IA;- %h'gefgv TJ EB- Ff'tliﬂtA- Gd- )
aknovskol, C. E. Hunt, L. E. ea, b. £. RUSS, J. b. lalbot, an .
ments were done at constant gate voltage'rather than ConStanﬁchittrick, Technical Digest IVMC'95, Eighth International Vacuum
anode current, it may be that the changeyimay be related Microelectronics Conference, Portland, Oregon, July 30—Aug. 3, 1995,
to a drop in emission current at higher pressures. pp. 202—206.
A single emitter was also analyzed. Similar measurementszR- Z. Bakhtizin, S. S. Ghots, and R. N. Amirkhanov, 7th International
to the 50<50 tak In thi th tral d Vacuum Microelectronics Conference, Revlie Vide, les Couches
(_) e array were taken. In this case the spec I’?. en- Minces-Supplment auNo. 271, March-April, 1994, pp. 203—206.
sity appeared to be much greater. Also, there was virtually 33. T. Trujillo, A. G. Chakhovskoi, and C. E. Hunt, in Ref. 1, pp. 42—46.
no difference between the values ax 20 % and 2<1077, 4p. J. Fish Electronic Noise and Low Noise DesighlcGraw-Hill, San
i ; AL Francisco, 1994 pp. 88—89.
whereas ml‘:he 5050 array the trend WaSthI’ thlﬁ t’: in 5M. J. BuckinghamNoise in Electronic Devices and Systefwéley, New
crease as the pressure raises. Figure 4 shows the requencyyork, 1983, pp. 180-200.
noise power plot of the above arr@dyg=24 V) and a single 3. T. Trjillo, A. G. Chakhovskoi, and C. E. Hunt, J. Vac. Sci. Technol. B
emitter(Vg=30 V) measured at a pressure 020 ° Torr. (submitted.
; e i H. H. Busta, B. J. Zimmerman, and J. E. Pogemiller, J. Micromech.
Note that the noise spectrum of the array is linear when Microeng. 4 50 (1904 : :
plotted on th|5 Scale_- however_the single emitter SPectrum ISsy . Busta, J. E. Pogemiller, and B. J. Zimmerman, J. Vac. Sci. Technol.
not. There is a distinct bend in the spectrum of the single B 12, 689(1994.
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