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The High-Temperature Effective Work Function of 
Chemically.Vapor Deposited Rhenium on a 

Polycrystalline Molybdenum Substrate 
D.R. Bosch and D.L. Jacobson 

The  work function of chemically vapor deposited rhenium, with a (0001) preferred orientation, on a mo- 
lybdenum substrate was determined using the thermionic emission method. Data were  collected as a 
function of time and temperature on temperature ramps from 1800 to 2600 K in 100-K increments. The 
effect of pressure on effective work function was demonstrated by introducing oxygen,  nitrogen, and 
carbon dioxide through a precision leak valve into the vacuum emission vehicle. The effect of introducing 
various gasses was negligible. Also, no significant time or temperature dependence was  observed. The 
sample yielded the maximum average effective work function, 5.08 eV, at 2100 K. The overall  average ef- 
fective work function was determined to be 5.02 eV. 
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1. Introduction 

THE thermionic energy converter has emerged as a leading can- 
didate for generating electrical power for space-based appl ica-  
tions. The effective work function of  a potential emit ter  
material is a cri t ical  parameter in this method of  energy conver-  
sion. A mater ia l  with desirable physical  properties is one that 
exhibits a high bare (i.e., clean uncessiated surface) work func-  
tion. This ar t ic le  presents the effective work function data f rom 
a molybdenum-rhenium composite. This material combinat ion 
takes advantage  of the favorable electron emission charac-  
teristics of  rhenium while using molybdenum for base emit ter  
support, thus minimizing the required quantity of the more ex- 
pensive rhenium.  The effects of  time, temperature, and various 
gasses on the effective work function of this composite were 
determined. 

2. Sample Fabrication and Preparation 

The molybdenum substrate/chemically vapor deposi ted  
(CVD) rhenium sample was provided by LORAL Electro-Op- 
tical Systems (300 North Halstead Street, Pasadena, Califor-  
nia). A thick f i lm  of rhenium approximately 0.2 mm thick was 
deposited by Ultramet from the decomposition of  rhenium 
chloride vapor on  the molybdenum substrate. The diameter  and 
length of  the sample were 9.3 and 5.5 mm, respectively.  A 
hohlraum (i.e., black body hole) with a depth-to-diameter rat io  
of at least ten w a s  electron discharge machined radial ly into the 
sample for accurate temperature measurements with a micro-  
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optical disappearing filament pyrometer. The pyrometer  was 
calibrated routinely to a Nat ional  Institute of Standards and 
Technology standard tungsten s t r ip  lamp to ensure precise tem- 
perature measurements. The sample  was tested in the as-depos- 
ited condition following a light grinding to remove excessive 
surface roughness. The CVD rhenium was assumed to approxi- 
mate a (0001) preferred orientation.[  1,2] 

3. Experimental Procedure 

The bare work function was obtained from high-tempera- 
ture electron emission measurements taken with a guard- 
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Fig. 1 Schematic of vacuum emission vehicle. [3] 
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Fig. 2 Experimental configuration for leaking a known gas 
into the vacuum emission vehicle. TM 
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Fig. 3 Effective work function of molybdenum/CVD rhen ium 
A and the total  pressure during data acquisition. 

Table 1 Effect ive Work Funct ion o f  T w o  Tests on a M o l y b d e n u m / C V D  R h e n i u m  Compos i t e  (_+0.05 eV)  

Temperature, q~E, 
K eV 

1800 ................................................................. 4.93 
1900 ................................................................. 5.03 
2000 ................................................................. 5.06 
2100 ................................................................. 5.02 
2200 ................................................................. 4.99 
2300 ................................................................. 5.02 
24(X) ................................................................. 5.00 
2500 ................................................................. 5.04 

Experiment A Experiment B 
Pressure, CpE, Pressure, 

torr eV torr 

8.04 • 10 -9 4.95 4.03 x 10 -9 
1.19 x 10 -9 5.04 5.83 x 10 -9 
2.04 x 10 -9 5.07 9.30 x 10 -9 
3.80 x 10 -8 5.08 1,59 x 10 -8 
6.06 • 10 -8 5.01 3.29 • 10 -8 
1.12x 10 -7 4.98 7.09• 10 -8 
2.68x 10 7 5.01 1.51• 7 
3.78 x 10 -7 5.03 2.25 x 10 7 

r inged v a c u u m  emiss ion  veh ic le  ( V E V ) ,  as s h o w n  in Fig. 1. 
The col lec tor  d i ame te r  was 3.5 m m  w i t h  a 0 .15- ram gap  be-  
tween it and the  guard  ring. T he  g u a r d  ring d i ame te r  was  ap- 
proximate ly  25 cm.  The  ef fec t ive  c o l l e c t o r  area  was t aken  as 
the actual  co l l ec to r  area plus one  h a l f  o f  the area of the co l lec-  
tor-guard r ing gap.  

T h e  Richardson ,  D u s h m a n  e q u a t i o n  was u sed  to ca lcu la te  
the effect ive  work  funct ion:  

I-~PE / 
Jo=AT2exp ~ -  [1] 

where  Jo is the zero-f ie ld  sa tura t ion  c u r r e n t  dens i ty  (A/cm2);  A 
is a cons tan t  (120.4  A/cm2K2);  T is the  t empera tu re  (K); q)E is 

the ef fec t ive  work  funct ion (eV);  and  K is the B o l t z m a n n  con-  

stant (0.861 x 10 4 eV/K).  However ,  t h e  current  Js tha t  was  
measured  wi th  the vacuum e m i s s i o n  veh ic l e  was  not the zero-  

field current  densi ty ,  Jo" To ob ta in  Jo, t h e  wel l -known Scho t tky  
equat ion was app l ied  to c o m p e n s a t e  fo r  t he  applied field effect:  

(F0.5"~ 
In Js = In Jo + 4.403 [ ~ - J  [2] 

~ J  

w h e r e  Js is t h e  e lectron saturat ion cur ren t  dens i ty  ( A / c m 2 ) ,  and 
E is the  a p p l i e d  field (V/cm).  Equa t ion  1 and 2 were  c o m b i n e d  
to yield:  

( a T 2 "] E0.5 q)E=kTln(--f f-sJ+ 3 . 7 9 x  10 -4  13] 

The  e f f ec t i ve  work func t ion  as a func t ion  of t ime  and  t e m p e r a -  
ture was ca lcu la ted  f r o m  Eq 3. 

The  e f f ec t  o f  residual  gasses  was ascer ta ined  by p r ec i s i on  
l eak ing  ind iv idua l  gasses  into  the v a c u u m  e m i s s i o n  veh i c l e  
wi th  the  appa ra tu s  s h o w n  in Fig. 2. The  work func t ion  w a s  de- 
t e rmined  in t h e  presence  of oxygen ,  n i t rogen,  and  c a r b o n  diox-  

r 7 9 ide at par t ia l  p essures be tween  10-  to 10-  torr. 

A po lyc rys t a l l ine  rhen ium sample  that  was f ab r i ca t ed  f rom 
a 0.5- in.  r h e n i u m  rod acqui red  f rom Sandv ick  R h e n i u m  Al loys ,  
Elyr ia ,  Oh io .  I t  served as a s tandard  to es tab l i sh  the a c c u r a c y  of 
the v a c u u m  emis s ion  vehicle  measurement s .  
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Fig. 5 Effective work function of molybdenum/CVD rhenium 
compared to experimental data. 
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Fig. 4 Effective work function of molybdenum/CVD rhenium 
B and the total pressure during data acquisition. 

fects of residual gasses. None of these gasses had an effect on 
the measured effective work function during either of the ex- 
periments. 

4. Error Analysis 

Temperature was the most critical of the measurements 
made in this high-temperature electron emission study. A small 
error in the measured temperature will result in a substantial er- 
ror in the calculated effective work function. It was estimated 
that with careful coatrol the temperature measurement was ac- 
curate within +5 K. The pyrometer and viewport combinat ion 
was calibrated before every fourth experiment to ensure accu- 
racy. The +_5 K uncertainty in the temperature measurement re- 
sulted in an error of approximately +0.03 eV. 

Uncertainty in  collector current and collector area measure- 
ments added about  +0.02 eV to the overall error. Thus, the re- 
ported effective work functions are estimated to be accurate 
within _+0.05 eV. An uncertainty analysis of this experimental 
apparatus is presented. The data reported in this work were re- 
producible to less than +0.01 eV. Thus, the precision of the ex- 
periment was much higher than the estimated accuracy. 

5. Results 

The results for the molybdenum/chemically vapor depos- 
ited rhenium sample are listed in Table 1 and plotted in Fig,  3. 
The first experiment on the molybdenum/chemically vapor de- 
posited rhenium sample, signified as Mo-CVD Re A in Fig,  3, 
yielded effective work functions that were mostly constant 
throughout the temperature range. However, the total pressure 
was considered rather high compared to some earlier studies. It 
is known that high gas pressures can significantly effect the 
high-temperature work function behavior of some materials. [ 1] 
Consequently, another experiment was conducted fol lowing a 
more extensive bake-out procedure. The results of the second 
experiment, signified as Mo-CVD Re B, are shown in Fig. 4. 

Oxygen, nitrogen, and carbon dioxide were introduced 
through a precision leak valve to explore and understand the el- 

6. Discussion 

The work function values obtained in Experiment I (Fig. 3) 
and Experiment 2 (Fig. 4) were identical. Pressure data ob- 
tained during the two experiments indicated that there was a 
slight reduction in total pressure throughout the temperature 
range. Furthermore, inputting gasses did not affect the effec- 
tive work function measurements in these experiments. 

Evidence of molybdenum substrate sublimation was ob- 
served. A thin film of molybdenum was noted on the observa- 
tion viewport and on the internal stainless steel surfaces of the 
vacuum containment chamber. This  sublimation was attributed 
to the sample having been operated at excessive temperature 
with respect to the level of vacuum within the vacuum emission 
vehicle. The sublimation most certainly occurred during the 
extensive high-temperature, long-term bake-out procedure im- 
plemented prior to the experiments. The vapor pressure versus 
temperature graph indicates that limiting the temperature to ap- 
proximately 2000 K would have been required to circumvent 
significant molybdenum sublimation at the vacuum level pro- 
duced within the vacuum emission vehicle. [2] It should be 
noted that the work done on pure polycrystalline molybdenum 
by Wall resulted in no noticeable molybdenum sublimation 
even though the samples were tested at a maximum tempera- 
ture of 2500 K. [3] This was attributed to the significantly re- 
duced high-temperature anneal ing time. 

Figure 5 presents a comparison between the data that were 
obtained during these two experiments and tests by Camp- 
bell [4] of chemically vapor deposited rhenium on a rhenium 
substrate and tests by Wall [5] of  chemically vapor deposited 
rhenium on a tungsten substrate. The differences between the 
two sets of data were attributed by Wall to greater total residual 
gas pressures. It was assumed that the differences in bare work 
functions in this study and in Campbell 's  were also at least par- 
tially attributable to residual gas pressure. Additionally, the dif- 
ferences in experimental error between the two experimental 
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configurations may have been a contributing factor in the ob- 
served dissimilarities. 

7. Conclusion 

The effective work function of chemically vapor deposited 
rhenium on a substrate of polycrystalline molybdenum was 
studied. The work function results were reported for two ex- 
periments over a temperature range from 1800 to 2600 K. The 
reported bare work functions were greater than the values for 
polycrystalline rhenium. [6] Also, the work function values for 
chemically vapor deposited rhenium on a polycrystalline mo- 
lybdenum substrate were observed to be similar to the reported 
values for chemically vapor deposited rhenium on substrates of 
rhenium and tungsten. 

An extensive bake-out procedure was followed to minimize 
residual gas effects during testing. The effect of pressure on ef- 
fective work function was established by introducing oxygen, 
nitrogen, and carbon dioxide through a precision leak valve 
into the vacuum emission vehicle. No  effect was observed for 
any of the samples at partial pressures between 10 -9 and 10 -7 
torr. No significant time or temperature dependence was ob- 
served for any of the tests. [7] 
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