Titanium nitride coated tungsten cold field emission sources
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Titanium nitride (TiN) thin film coatings were studied by field emission microscopy and
spectroscopy. Coated tungsten tips were found to be capable of emitting extremely high currents at
low extraction voltage$~1 mA at 900-1700 V. Current fluctuations for-400 uA total emission

from a single tip were 7% rms, measured ovef h. Electron energy distributions measure@.4

eV (full width at half-maximum. Since TiN thin films are commonly used in the microelectronics
industry, TiN coatings have the potential for being a relatively simple and widely accessible method
for improving the performance of cold field emission sources.1996 American Vacuum Society.

[. INTRODUCTION Il. EMITTER FABRICATION

W(111) oriented tips were microzone polished using a

Stable (,:Old field 9m|tters(§FE$ a_re ,Of interest  for old counterelectrode and 6 VDC in a 5% aqueous solution
vacuum microelectronics device applications because the f KOH.2 Under these conditions, the formed tips were well

offer low energy spreads, low power consumption, and highyjished with surfaces smooth down to the nm scale and
current densitie$.They can be unstable under poor vacuumyagii of ~20—40 nm, as determined by TEM. After rinsing
and high current conditions, however. This can be addressegith distilled water, they were loaded into a dc reactive mag-
by the use of higher strength, more inert, and lower worknetron sputtering systefCVC 601) with their points to-
function materialésuch as the transition metal carbides andwards the target. After evacuating to a base pressure of
nitrides. This class of materials is interesting because theyb7><10’8 Torr, the tips were lightly sputtered using Ar
have conductivitiegthermal and electricalcomparable to (300 V, 300 mA for ~2 min to remove any surface con-
those of the transition metals while their hardness, inertnesé@minants. For this short sputtering tirectual time<30 s,

and high melting points are more typical of covalently due to tL_JrntabIe rotati()rano_l low energy, no significant tip _
bonded material®.Promising results obtained using single "0Ughening was observed in the TEM micrographs. The Ti

0, I I -
crystal emitters have been reported by otHefs. target(39.9% pure, 8 in. diametevas cleaned by presput
tering under the deposition conditions for 5 min. TiN was

For vacuum microelectronics applications, however, emit-, . : . s
ter fabrication schemes compatible with current thin filmth?n deposited onto the tips for 5 min. The deposition con-
) . " ditions were 2 kW regulated power, 3.4 mTorr chamber pres-
processes are required. We therefore studied the emissiQfyre 10/16 sccm flow rates for ArjNand 20 rpm turntable
properties of reactive magnetron sputtered TiN thin films,otation rate. Afterwards, coated tips were transferred
commonly used as passivation layers and conductive diffuthrough air to a field emission test systewhere they were
sion barriers in integrated circuit technology and as hardbaked in its load lock(base pressurev]_X]_O_B Torr at
inert coatings for machine tool bitsee Ref. 8, and refer- ~150 °C for ~2 h to degas water vapor. Inside the main
ences therein High quality films are easily deposited using chamber, tips were processed by voltage cycling as follows.
dc or rf reactive magnetron sputtering systémdand might ~ With no heating and starting with no emission, the extraction
be used for coating Mo or Si emitter arrays improve their ~ vVoltage was ramped up in 25 V steps ev& s until the
performance, or for forming emitter arrays directé/g., via emission current reached or exceeded a preset(linili:lall)_/,. .
a Spindt type proce&d. To make a rapid, preliminary inves- 5uA). After 2 s, the voltage was ramped back to its initial

tigation of the field emission properties of TiN coatings Wevalug. Tth'ls gydbel \(/jvas rﬁﬁ)’eatei W'th.the cIL_Jrrir;tﬂllmZ ap-
studied TiN thin films deposited onto conventional, electro-ProXimately doubled each ime. A maximum fimi m

chemically etched W tip The field emission behavior of was arbitrarily imposed. Tips processed in this way tended to

i i i __emit over relatively large solid angles from randomly dis-
W is well known and provides a good basis for comparlsonpersed emission sitdsee Fig. 2
Stability, | -V characteristics, current densities, and energy
distributions were measured. Transmission electron microsm_ EMITTER CHARACTERIZATION
copy (TEM), energy dispersive x-rafEDX) analysis, and
Rutherford backscattering spectroscd®BS) were used for

film characterization.

The deposited films had the gold color characteristic of
TiN® RBS analysis of films deposited onto flat, glassy car-
bon substratéd indicated a 1:1 Ti:N ratio with~5-10% O
dpresent address: Schlumberger Technologies—ATE Division, 1601 Tec 'Pcorpo_rat'on throth.OUt' EDX analysis was p_erformed on

nology Dr., San Jose, CA 95110. tips using an ultrahigh vacuunfUHV) scanning TEM

YElectronic mail: wklo@san-jose.ate.slb.com (STEM) after field emission testing. Difficulties with speci-
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Fic. 2. Field emission patterns taken during voltage cyclidg—(C) Taken
under the same video exposure conditiofi3) Same agC) except for a
25 16X reduction in exposure time to better show the pattern detai)smage
at~1300 V with~5 uA of emission;(B) imaged at-~1300 V with~40 uA
of emission; andC) and (D) were imaged at-1600 V with ~700 uA of
= ) X ] emission. The dark central region in these images is the probe hole aperture
% .30 ‘K\"ﬁvﬂt—ﬁ;:,r - holder in the phosphor screen. The cresent shaped struct(4¢ amd(B) is
§ a, ’osnuop - 1 a portion of the field defining aperture and results from a slight misalign-
- A‘A 'g‘:ng : + [ | ment of the tip[corrected for in(C) and (D)].
" ot »
A 6+ n
-35 A : LN oé* =
F ai 8 g0 & " - ]
a0 '; ; : . . occurred abruptly, usually within one or two voltage steps
[P I P SR I A S during the upward portion of the cycle. Total increases of
) 5 10 1154/v 20 25 greater than two orders of magnitude were measured after
€

conditioning to 1 mA. Corresponding emission patterns im-

Fic. 1. (a) |-V data taken from one tip during voltage cycling. As shown, aged after .VOItage cycling to ﬁA.’ 80 ’U’A’ and 1 .mA are

the emission current generally increases after cycling to the next higher Iimi§hown 'n_F'gS- A)-2(0), reSpeCt'Vely- F|gure(2?) 'S_ iden-

(plot legend. A total increase of more than two orders of magnitude is tical to Fig. 2C) except for an effective reduction in expo-

indicated. Vertical and horizontal axes units are amps and volts, respegyre time to better show the pattern details. For this particu-

tively. (b) Fowler—Nordheim plots for thé-V data shown in@. Slopes  14¢ i 1o extensive changes in these emission patterns were

and intercepts obtained by least-squares fitting are given in Table I. Units o . .

are consistent with Eq$1) and (2). observed indicating that there were no extensive tip geom-
etry changes. Also, no evidence of emission from multiple

asperities was found. These asperities tend to result in emis-
men preparation prevented chemical analysis at the apex 6fon patterns consisting of a few large, overlapping emission
the tip. Analysis of the shank portion verified the presence ofobes. Extensive field emission pattern changes and evidence
both titanium and nitrogen. TEM of coated tips was used tdor multiple asperity(2—4) emission have been observed for
determine film thickness and morphology. For the conditionssome TiN/W tips, particularly those emitting at the lowest
above, the deposition rate was found to be 22 nm/min. Filmgxtraction voltages.
were very fine grained< few nm) and corresponding dif- After conditioning, TiN/W tips were found to be capable
fraction patterns consisted of diffuse, concentric rings, typi-of extremely high current emission at low extraction voltages
cal of polycrystalline specimer§. Occasionally, a few (~1 mA at 900-1700 Y. For comparison, clean W tips
(~10) small (~5 nm radi) asperities could be found at the typically emit only ~10 uA at extraction voltages of a few
film surface near the tip apex. These asperities had an arely. Corresponding angular current densities were as high as
density of~10"4 nn?. Otherwise, the films appeared smooth 500 uA/sr (>50 nA through the screen probe hplehich
on the nm scale. approaches that available from Zr/O/W Schottky emitters
and is very much grezater than is possible from pure W
(~few wAlsr at 1 kV)- Even considering emission from
IV. RESULTS/DISCUSSIONS multiple (2—4) asperities, these TiN/W tips are superior to

Figure Xa) showsl-V data for one tip undergoing the uncoated W tips. Measurements made ofl¥) tips emit-

voltage cycling procedure. It was recorded during the deting from multiple asperitie§formed by high energy(60
creasing portion of each cycle, after the current had reachekeV) Au+ ion milling®°] indicate that only up to a few tens
the indicated limits. As shown, emission for a given voltageof uA emission curreniat ~500—-1000 VY can be drawn
tended to increase after each voltage cycle. These increasksfore tip destruction occurs. This suggests that emission
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Wi sion stability(over a few hours Abrupt current jumps often
A became more pronounced and resulted in a decrease in sta-

0 bility [Fig. 3(B)]. These jumps were found to coincide with

E] intensity fluctuations of individual emission sites and are

o possibly due to adsorbate coverage chaldyékhe rate at

which these fluctuationéscreen intensity and emission cur-

rent) occurred increased dramatically with increasing emis-

sion [Figs. 3C) to 3(E)]. We speculate that fluctuations oc-

curring at different emission sites are not correlated and

Fic. 3. (A) Emission stability for a single tip emitting-400 A at 1600 V. average out under high current conditions, resulting in the

(B) Stability under low current conditiong~few uA at 650 V). (C)—(E) improved stability observed.
The ac current fluctuations for 25, 200, and 09 of total emission current Energy measurements for angular current densities as

at 635_, 811, an(_j 936 V extractipn \_/oltage,_ respectively. Th_e current fluctuahigh as~35 pAlsr at 1 kv, indicate full width at half-
tions increase in frequency with increasing current. Vertical axes for all . . .
plots areuA. Horizontal units for(A) and (B) are s. Horizontal units for maximums(FWHMs) of 0.3-0.4 eV(Fig. 4). This is com-
(C)—(E) are us. parable to the distributions measured for clean(2-0.4
eV). Spectrometer limitations prevented analysis at higher
densities. Except for the nearly symmetrical shape of the
istribution, it is mostly characteristic of emission from a
ree electron systenfi.e., no discernible band structure or
resonant tunneling effegtsThe symmetry of the distribution
appears to be a real feature for this system and not a result of
analyzer misalignmerft It was reproducible for the various
TiN tips tested and was not observed for distributions mea-
sured from clean W. Its origin has not yet been identified.
To analyze the field emission data taken during voltage

..._._
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T
T
=
=
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from multiple asperities cannot be solely responsible for th
high emission currents reported here.

Emission stability for the tip shown in Fig. 2, taken while
emitting an average current400 uA at 1600 V, is shown in
Fig. 3(A). Neglecting the initial decay, the current fluctua-
tions (measured at a rate of 1 Hz overl h. with ~20 ms
resolution were~7% rms. The initial decay is characteristic
of the effects of recontamination from the ambient after tip . . _
flashing(cleaning by heating for short perigd3his strongly cycling, we turn to Fowlgr—Nort_jh(_aan.N) theory”*"**The

Fllgl equation for planar field emission is well known and can

suggests that at least part of the observed currentincreasesb it ft itabl imat Ref 1 f
due to tip cleaning, possibly by Joule heating by the high € written, after suitable approximatioteee Ref. 1, for ex-

emission currents. Other possible origins are discussed bg_mple) as
low. The rapidity of the decay may be due to degradation of |=aV? exp(—b/V), (1)
the local vacuum conditions caused by the high current flux
. : . where
on the phosphor screen with a resultant increase in the elec-
tron stimulated desorption rate of contaminants or in the . aB? 9.8
phosphor decomposition rate. a=1.4x10" e ex \/—_¢

Somewhat surprisingly, operation at low emission levels
(~10 pA) did not necessarily improve medium term emis- and
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3/2 TasLE |. Fowler—Nordheim fitting parameters and estimated emission areas
b=6.5x 10’ e (2)  from Fig. 1(b).
Current limit Emission arear
[(A) is the tip emission curren¥/ (V) is the extraction volt- rA) a b (crr?)
age, ¢ (eV) is the work function,a (cn?) is the effective 5 4.18x10°® 1.34x10* 5.6x10°1
emission area, and (1 cm) is the field conversion factor. An 10 9.40¢1077 1-24><1$ 11107
experimental plot of Ii/V?) vs 1 V isthus expected to yield 20 7'85<10,8 l.2bx1 10X10,13
. . . ; - 40 9.49<10 1.16x10° 9.6x10

a straight I|n_e with the slope and |r_1ter(_:ept g|V|nng1(an_d _ 80 10.6<10-8 1.11x10° 0.8x10-13
—b, respectively. If the work function is assumed to lie in 200 39.%10°8 1.18x10" 41x107%°
the range between 3.4 and 11.6, it can be shown using Eqgs. 400 52.5¢10°8 1.14x10* 51><10*1§
(2) that the emission area is approximately given by 1000 70.x10°° 1.01x10* 53x10°

a=ab?/(1.34x 103 (cn?), (3

however, such as the one discussed here, the calculated in-
creases cannot fully account for the more than two orders of

Deviations of the FN plots from the expected linear be_magmtude current gains.

: . If it is assumed that tip shapge., 8) changes are negli-
havior can occur at high currents due to space charge effects . , .
e ) . - . “gible (a reasonable assumption based on the small field emis-
and/or emission from sharp microprotrusions. Considerin

3 ion image changes observed, Fig.\2ork function changes
thn be investigated using the FN slope relationship in Egs.
b_(2). Small changes in work function are given by

accurate tat10%?

be present for the data plotted in Fidall particularly at the
highest currents where some deviation from linearity is o
served[Fig. 1(b)]. Space charge does not affect the FN A¢ 2 Ab

analysis if the linear portion of the data is used for fittffig. 7: 3p " )
Field emission from microprotrusions does not necessarily ) .

obey FN behavior due to a breakdown of the planar emission From the data m_TabIe l, ar20% change_m work func-.
assumptior?’ In this case,« and 8 may not have simple tion is indicated. This suggests that decreasing work function

relationships to actual physical quantities such as the emié’-alues are also partly responsible for the current increases

sion area or tip shape, but must be thought of as fitting pa??S€rved:

rameters. To gvmd this cqmpllcatlon, Qata from a tlp thatv' CONCLUSIONS
showed no evidence of emission from tip asperife=e dis-
cussion abovewere purposely chosen for this analysis. For ~ The field emission properties of reactive magnetron sput-
tips showing clear evidence of emission from tip asperitiestered TiN on W tips were studied. For a rapid, preliminary
FN plots deviated significantly from linearity, even at mod- evaluation, films were deposited onto conventional, electro-
erate emission currents. chemically etched W tips. They were characterized using a

From Eqs(l) and (2)' possib|e origins for the current Variety of teChniques inClUding TEM, RBS, and EDX. For
increases obhserved during V0|tage Cyc”ng (a)‘&a reduction these tipS, Significant emission current gainS resulted from a
of the emitter radius of curvature during operation. ThisSimple voltage cycling procedure. After undergoing this pro-
might result from emitter sharpening by backsputtering bycedure, tips were found to be capable of emitting extremely
ionized residual gastsor by field assisted surface high currents at low voltaged mA at 900-1600 Ythat is
migration?® This seems unlikely, however, due to the self-orders of magnitude greater than possible from uncoated W
||m|t|ng nature of the current increaséEmitter Sharpening at similar extraction Voltages. Fowler—Nordheim analysis of
by either mechanism would likely continue until tip destruc-1—V data suggests that the observed current increases are
tion. (ii) An increase in the active emission area, due, perdue to work function decreases as well as to active emission
haps, to removal of insulating oxide layers. Thin surface ox-area increases. Tip self-cleaning by Joule heating may play a
ide layers, consisting mainly of TiQare known to form on role as well. Energy distributions measured up-85 uA/sr
TiN.2%3%(jii ) A decrease of the tip work function via desorp- at 1 kV had<0.4 eV FWHM. TiN coatings have the poten-
tion of electronegative speciés.g., O.> Oxygen adsorption tial to be an economical method for making or improving the
on TiN films has been observed using x-ray photoelectrofperformance of cold field emission sources for vacuum mi-
spectroscopy by othef2.Origins (ii) and(iii) will be exam-  croelectronic device applications.
ined below.
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