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THERMOMECHANICAL EFFECTS IN 
METAL FIELD EMITTER STRUCTURES 

INTRODUCTION 

In this report, the thermomechanical state of field emitter structures under normal operating 
conditions (maximum dc currents less than about O.lmA/tip) is analyzed. The structures examined 
are cylindrically-symmetric "SRF-like field emitters [1] which are assumed to be defect-free and 
made of "linear" materials [2]. The tips are 
hyperboloids of varying sizes, sometimes sit- 
ting on posts, and the gates are coaxial rings. 
A typical cross-section is shown in Fig. 1. The 
thermomechanics of these structures is studied 
using simplified analytical models and by 
direct numerical simulation using the com- 
mercial finite-element code ABAQUS [3]. 
The equations solved are those of electro- 
statics, heat conduction and linear elasticity 
with temperature-dependent coefficients. And 
the emission currents and Nottingham heating 
are computed with the usual quasi-equilibrium, 
quasi-1-D Fowler-Nordheim equations [4]. 
The tip, gate and anode are assumed thermally 
and mechanically independent (e.g., gate heat- 
ing does not produce tip heating) so that the 
calculations for each component can be per- 
formed separately only the analysis of the tips , 
has been published previously [5]. J*« stmcture studied_ 

Anode 

Gate 

Insulator 

Base 

STEADY-STATE THERMAL RESULTS 

Field Emitter Tips 

The heat sources included in the tip analysis are ohmic heating associated with internal current 
flow and Nottingham heating associated with emission.  Under normal operating conditions the 
Nottingham heating generally dominates as shown in Table 1 for a molybdenum tip with 0 = 15 , an 
end radius of 200A and d = 0.4um. Note that because Nottingham heating increases linearly with 
current (Table 1) whereas ohmic heating goes as the square the latter could come to dominate but this 
occurs only at very high current levels [6]. Now the temperatures produced by this heating are 
strongly dependent on how well the tip conducts heat to the substrate (radiative loss is always 
negligible).  This heat-sinking turns out to be excellent for most tips and so the tip temperatures 
typically remain near ambient as shown in Fig. 2 (for the tip of Table 1). Only when the currents are 
well beyond the normal operating range (>lmA, as might occur during an arcing failure) do the 
temperature excursions become appreciable (Fig. 2). To be more systematic, in Fig. 3 we summarize 
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the heat-sinking capability of tips as a thermal resistance [7]. Posts (of diameter d and height h) can 
also be characterized in this way and their resistances are shown in Fig. 3 as well [8]. To obtain the 
total thermal resistance of a tip-on-post structure one simply adds thermal resistances. As an 
example, for a tip-on-post structure with a post diameter of 0.4|im, post height of 1.6|im, cone half- 

Current Nottingham Ohmic Ratio 
(mA) (mW) (uW) (%) 

0.01 0.004 0.00027 0.007 

0.1 0.04 0.02 0.05 

1.0 0.5 1.7 0.34 

5.0 3.3 39. 1.2 

11. 8.2 180. 2.2 

Table. 1. Nottingham and ohmic contributions to the 
total heating as a function of current for a molybdenum 
tip. The former is seen to dominate. 

-0.2    -0.1        0       0.1      0.2      0.3      0.4      0.5 

z(um) 

Fig. 2.  Profile of the temperature increase above 
ambient along the centerline of the tip with current 
as a parameter. 
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Fig. 3. Thermal resistance as a function of max- 
imum diameter for three molybdenum tip geometries 
and two posts. 
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Fig. 4.  Maximum tip temperatures for various 
combinations of current and thermal resistance. 

angle of 15°, and end radius of curvature of 200Ä, we have a total thermal resistance of 0.1 (post) + 
0.18 (tip) = 0.28K/U.W. The effect the heat-sinking capabilities (thermal resistances) of Fig. 3 have 
on tip temperatures is summarized in Fig. 4 where we plot the combinations of emission current 
(heating) and thermal resistance (heat-sinking) needed to produce several different temperatures [9]. 
The topmost curve gives the conditions under which the maximum tip temperature reaches half the 
melting point; this can be considered to define the thermal stability limit. Also shown in the figure is 
the normal operating regime for field emitter tips of "SRI"-like design (including the earlier example 
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with a thermal resistance of 0.28K/U.W). Thus standard tips operate well within thermal limits and it 
seems clear that under normal operating conditions thermal effects are unlikely to trigger 
molybdenum field emitters failure. Only tips such as the "Eiffel tower" of Utsumi [10] with a thermal 
resistance of approximately 60K/nW might show thermal stability problems [9]. Finally, we note that 
identical calculations for tungsten yield very similar results with the tungsten running slightly cooler 
because of its 20% higher thermal conductivity. 

A complete evaluation of the various 
assumptions behind this result (Fig. 4) is 
outside the scope of this report [5]. 
Nevertheless an indication of its robustness can 
be gleaned from the observation that, in 
simplest terms, the calculations of Nottingham 
heating produce an estimate of the average 
energy deposited per electron at the emitter 
surface. Combining this with the total current 
(known from experiment) then yields the 
heating. And given the heating one can 
calculate temperatures quite accurately. Thus 
errors due to effects of surface layers, 
inaccuracies in the Fowler-Nordheim analysis, 
etc. will largely be manifested as error in the 
deposited energy per electron. And a plot 
(Fig. 5) of the maximum tip temperature as a 
function of this energy (for tips of two 
geometries and at a current of 0.1mA) reveals 
that even if each electron deposits, on average, 
a very large and highly unlikely 3eV, the 
temperature excursions remain moderate. 
Hence, our conclusion that thermal effects are 
not likely to be the trigger for field emitter 
failure is a robust one. 

1 2 3 

Energy/Emitted Electron (eV) 

Fig. 5. Maxumum tip temperatures as a function 
of the energy deposited per electron at the surface 
for an emitted current of 0.1mA. 

Field Emitter Gates 

Heating of gates occurs primarily as a result of impact of energetic gate current electrons (ohmic 
heating is always negligible) but this heating does not produce significant temperature changes unless 
the heat sinking is poor. For a single annular gate separated from a conducting substrate by an 
insulating layer (Fig. 1), the maximum temperature excursion depends on whether there is significant 
heat sinking at the outer edge of the gate. The most interesting case is that of a large array with a 
single tip having an abnormally large intercepted current. For this case the edge heat sinking will be 
insignificant (unless the "bad" tip happened to be close to the edge) and most of the heat sinking will 
occur through the gate insulator. A plot of the temperature excursions obtained is shown in Fig. 6 
[11]. As an example, if the design is that from Lincoln Laboratory [12] with hg = 0.05nm and hj = 
0.2|xm then the temperature rise due to a single emitter will be less than 50K per mW of dissipated 
power. This temperature does not seem anywhere near sufficient to trigger a localized breakdown 
(via thermal desorption). And, in general, we conclude from Fig. 6 that gate current from a single 
"bad" tip is not likely to thermally trigger arcing unless the gate currents are very high or the gates 
are ultra-thin. 

A related case is that of a field emitter array with the gate current per tip being quasi-uniform 
over the array.  For this case the expression from simple theory is approximately [13] 

h.VIavf 
AT       _   i     gate 

maX      d2 „K. cell  l 

(impact heating with uniform gate current) 
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where hj is the insulator thickness, dceil is the spacing between tips (Fig. 1), K; is the thermal 

conductivity of the insulator and VI3^ is the average power dissipated per tip. This equation is 
plotted in Fig. 7. Taking the Lincoln Laboratory [12] example again (h; = 0.2|xm, dceii = 0.32u.m) 
we have a maximum temperature rise of 1.4K per U.W of average dissipated power (per tip). Since the 
average power dissipated is generally smaller than 50uW the temperature rise is insignificant (<70K) 
and again not likely to trigger arcing failure (much less melting). 

E 

Gate thickness (um) 

Fig. 6.  Temperature excursions in single field 
emitter gate with no edge heat-sinking.  VIgate 

is the dissipated power in the gate and hj is the 
insulator thickness. 

d „ /h.fcm) 
eel! i 

Fig. 7.    Temperature excursions in gate structures 
of field emitter arrays as function of geometry. 

Field Emitter Anodes 

As with gates, the primary source of heat in anodes is associated with impact of the emission 
current electrons (ohmic heating is again negligible in steady-state). Considering a single circular 
anode of thickness ha (see Fig. 1) which is shared by N field emitters with a total anode current of 
NItip one finds the maximum temperature excursion (at the anode center) due to electron impact 
heating to be 

VI. N VI. N 
AT       =     tip     = 0.58—*E_ 

max     4nh K h a a 

(electron impact on anode) 

where V is the anode-to-cathode voltage and, in the second expression, V is in KV, Itip is in uA, ha is 
in M-m and K is assumed that for molybdenum at 300K. Evidently, anode heating resulting from 
electron impact can lead to a serious thermal problem especially if the anode is thin. As an example, 
if N = 1000, Itip = lOjiA, V = 100V and ha = 0.5um then Tmax is roughly one-half the melting point 
of molybdenum. Thus our analysis suggests that anodes are more susceptible than gates to thermal 
instabilities. This greater susceptibility results from the currents being larger and because in our FEA 
model (Fig. 1) the anode makes thermal contact only at its outer edges whereas the gate can conduct 
directly to the substrate through the gate insulator. 
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AC AND TRANSIENT THERMAL EFFECTS 

To understand the thermal behavior under ac/transient conditions the thermal time constants of 
the field emitter structure must be known. These vary inversely with size and can be estimatedI either 
by comput^g numerically the response to a step change in heating or by finding RTCT where RT and 
CTaS the thermal resistance and capacitance, respectively. In Fig. 8 we show a numerically 
computed thermal transient for a tip with 
design like that assumed in Table 1 and Fig. 2. 
From this transient we determine a thermal 
time constant of about 800 

"tip 
3nsec 

The estimate based on the thermal resistance 
and capacitance is a somewhat larger 37nsec. 
For a post the thermal time constant (found 
from RTCT) 

is approximately 

2p  c hd 
T       =     m v = 12.3hd nsec , 

post 3K 

where pm is the mass density, cv is the specific 
heat and the latter equality assumes 
molybdenum values and that h and d are in 
microns. The thermal time constant of an 
anode is roughly 

re 
k_ 
a> 
a. 
E 
H 
E 
3 
E 
'x re 
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p   C R2 

- m v = 4.6R2nsec, 

Time (psec) 

Fig. 8. Maxumum tip temperature as a function 
of time in response to a step change in tip current. 
The plot indicates a thermal time constant of 
about 3nsec. 

K 

where R is the outer radius and the latter expression again assumes molybdenum values and that R is 
in microns.  And finally, the thermal time constant of the gate structure of an FEA is roughly 

gate 

p  c h.h m v ' g = 1.8h.h  p.sec, 
K. l  g 

where the latter assumes the gate to be molybdenum, the insulator to be Si02 and hg and hj to be in 
SS^NKJSdngly. the time constants of the anode and the gate are much longer than those 
of the field emitSr itseV'and thus the entire FEA has thermal ^I'T^m A™d sSZ?ll 
1000+ nsec or equivalent^, response frequencies which range over <l-300MHz And since tne 
relevant"SiSi^f« appUatiL of field emitters range from kHz (displays) to GHz (microwave 
devices) one can expect FEAs to exhibit both low and high frequency thermal behaviors. In the 
S-freqSency limit the temperatures would simply be characteristic of the average heating; andso 
will be equivalent to dc results reduced by the duty cycle. This case is obviously wel -modeled by the 
fc n^TtoSe ^-frequency limit, the temperatures follow the time-varying heatingm a quasi-dc 
manner And againThis is well-modeled by the dc case although the increased thermal cycling may 
have consequences for reliability. 

Some ac/transient electrical effects are also relevant to understanding the ac/transient thermal 
behavior The only such effect considered here is the additional ohmic heating that can. occui.in 
association with ac currents [14]. This effect is readily estimated and, as seen below is usually 
SS^SSit For^ tip, a dc current of 0.1mA would have thermal impact if the ohmic heating was 
EK roughly 5 orders of magnitude. This suggests that thermal effects would enter if the ac 
current were larger than about 30mA (= 0.1mA x 105/2). Assuming a single-tip capacitance of 2fF 
a^d a voTtage swing oi"<W this implies a frequency of 5GHz. Thus thermal effects in the tip may be 
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important but only for the highest frequency applications. For an anode of thickness h and 
capacitance Canode the maximum temperature excursion due to ac ohmic heating (assuming the 
current flow is radial) is approximately 

AT p  I     anode 
max     64K 

= 6x10" 
fC      , AV\2 

anode (ac heating of anode) 

where f is the driving frequency, AV is the ac voltage swing and the second equality follows for 
molybdenum with f in GHz, Canode in pF> AV in volts and h in p.m. This is generally small unless the 
anode is very thin or the voltage swing is overly large. A similar conclusion holds for gates 
associated with individual tips. And lastly, for an FEA gate structure the approximate maximum 
temperature excursion is 

AT 
OK (nfC AVh.\2 /fCt AVh.\2 

g'      tg       ll =36.1 —£- 
Kf d2 

tip 
d2 

tip 

(ac heating of FEA gate) 

where Ctg is the tip-to-gate capacitance of a single tip and again the second equality follows for 
molybdenum with f in GHz, Ctg in pF, AV in volts and the distances in pm. This too is almost always 
small. 

MECHANICAL RESULTS 

The minimal temperature rises that occur in operating field emitters (see above) mean that 
thermal stresses in the tips will be small (typically more than two orders of magnitude below the yield 
strength). We also ignore possibly large intrinsic stresses. Therefore, as in the field-ion microscope 
[15], the stress state in the field emitter is dominated by Maxwell (electrostatic) stresses produced by 
the extremely high electric fields. From a plot (Fig. 9) of these stresses (the on-axis tensile 
component at the tip apex is shown) as a function of the electric field (also at the apex) it is seen that 
when the electric field exceeds 1V/Ä the stress at the tip approaches the bulk yield strength of 
molybdenum. Since fields of this magnitude are seen in normal operation this figure suggests that 
Maxwell stress could impact reliability, possibly leading to improvement ("seasoning"), e.g., by field- 

0 0.5 1 1.5 2 

MAX ELECTRIC FIELD (V/Ä) 

Fig. 9.  Maximum tensile stress at the tip apex as 
a function of the electric field at the apex due to 
Maxwell forces. 

0.15      0.2      0.25     0.3     0.35     0.4      0.45      0.5 

z(|xm) 

Fig. 10.  Tensile stress profiles in a tip for various 
currents and with and without image force effects. 
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aided surface diffusion, or to mechanical failure. Unfortunately, firmer conclusions are impossible 
due to various uncertainties. First, mechanical properties are not well-known even in bulk materials 
(the bulk tensile strength varies from 4.4-13.8 x 109 dynes/cm2 [2]) and are sensitively dependent on 
defects, impurities and temperature [16]. And secondly the electric fields actually present at the tip 
apex are strongly-dependent on details of Fowler-Nordheim theory [17]. In this regard, whether or 
not an image force should be included in the analysis [18] can have a significant impact on the stress 
as shown in Fig. 10. Finally, we note that since both temperatures and electric fields are relatively low 
at anodes and gates the stresses in these structures (apart from intrinsic stresses) will be relatively low. 
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