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ABSTRACT

To improve the efficiency of present thermionic converters, single crystal
silicon was investigmted as a low work function collector material. The

experiments were conducted in a test vehicle which resembled an actual
thermionic converter.

The test vehicle was constructed from standard stainless steel vacuum
components incorporating facilities to sputter clean the collector surﬁzge,
activate it and moniter the progress of activation. The (100) oriented
silicon single crystal wafers were diffusion bonded on molybdenum biocks t0
form collectors. The silicon surface was agtivated By cesium and oxygen
aftér careful in-situ prepafationﬁof the surface,

Work function as low as 1,0eV wae obtaipned with an n-type silicon. The
j N
stabilitles of the activated surfaces at elevatéd temperatures were tested by

raising the collector temperature up %o 829°K. By increasing the Cs arrival

rate, it was pessible to restore the originally activated low work function of

the surfaée at elevated surface temperatures. These results plotted in the

form of Rasor-Warner curve, have shown a behavior similar to that of metal
electrode except that the minimum work function was much lower with silicon than
with metals, It was also noted that the lowest work function reproduced at

elevated temperaturés was dependent upon the original work function values
obtained at room temperatures. :

8

vi

3

]

]
L
3

f

¥
0



I. Introduetion

‘ A aly81s of current state-of-the-art therm&onmc converters has indi-
nated( that further improvements in conversion efriciencies of thermionic
converters must arise from a decrease in collector work funcgtion and a re-
duction of the plasma voltage drop. The two plienomena are not totally in-
dépendent of each other, but in large part, the problems can be separated.

The problem of reducing the work function has been extensively pursued,
and values lower than 1.0 electron volts have been achieved in a number of
(2) (3, W)
However, in thermionic converters collector work function wvelues have been
larger than 1.5eV. '

metal-oxide-cesium systems and semiconductor-cesium-oxygen systems

Therefore, during the past few years, resear;h hes been in progress
to develop a low work function collector whlch would be usable in a thermionic
converter. If one can achieve a barrier indeﬁ\(sum‘of the collector work
function and the plasma drop) of 1l.2eV, a conveision efficiency at the elec-
trodes as high as 29% can be achieved at an emitter temperature T of lhOO K

as shown in Table I.

‘The purpose of the present study is to develop & low work function
collectorhwhose-work funetion is less than 1.2eV, by adopting the techniques
developed for photocathode meterials. Among e fev potential candidate me-
terials such as metal-oxide-cesium and semiconductor-cesium-oxygen systems,
silicon single crystals were chosen as the test collector material for investi-

. gation at JPL since the silicon (100) surface has already been successfully
activated to work functions lower than 1.0eV and has been tested at elevated
o temperatures elsewhere(?). Experimental results obtained from a number of

dellectorsgmade from both n- and p-type silicon are presented in this paper.

2
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Teble I. Caleulated Performance of High and Low

Temperature Thermionie Converters

High Advanced Tdeal
Variables Temp,., Conv. Conv. Conv.
Emitter Temp. T, (°K) 2000 - 1400 1hooJ§
Gh O "/ e e \.
Collectoy Temp. T, (°K) 1000 700 700
Cesiun Temp. T, (°K) 600 400 400
Emitter Work
Function - g (eV) 3.0 2.0 2.0
Collector Work | -
Plasma Drop ‘Vp (v) 0.6 0.2 0
Output Volt. v, (v) 0.6 0.8 1.0
Output Curr, 1 (4/cu) 12 14 1k /
Output Power : Py (W/cme) 8.4 | 11 1k
. , o ‘
Input Power ‘PIN (W/)pm ) 70 4o Lo
Efficiency n (%) 12 29 35
< B J
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- per minute or less.
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II. Experimggtal Apparatus

1. Test Vehicle /
y
!

A schematic drawing of the test vehicle is shown in Figure 1, The envelope

is mede of a standard Hracuum compone;t, 8 39-mm (1.5 inch) stainless steel

"eross". A pair of opposite ports of the cross are used for the emitter and
collector mountings; the remaining two-ports are used for the vacuum pLump
connection.and for an observation window. Two small tubes are welded at L45°
angles to fhe wall of the cross in order to provide a port for an optical
window and a poff with & valve for the cesium supply. In addiﬁion, oxygen and
argon supply lines are incorporated through'a double flange at the observation

window. The external view of the actual test vehicle is shown in Figure 2.

The emitter is made of 3690% transparent 100-mesh tungsten sheet screen,
p5um thick. An identical mesh, separated by 1.6mm, is provided so that it mey
be used as a grid electrode., Both the emitter and the grid can be directly
‘heated by passing currents. The reason for both electrodes being transparent
screens is that the sample collector surface must be in the line of sight from
the optical WlndOW' and the cesium tube for the 1ntroduct10n of cesium beam

during experiments. i i

The collector éssembly (Figuré 3) is made of a 0.25mm thick silicon wafer
bonded on é molybdenum block,_ahd this assembly is surrounded by & molybdenum
guard ring. The Si-Mo bonding was performed by heating them together in vacuum
to approximately 1150°O. The bonding temperature was below the Si-Mo eutectic
point (1400°C) and the Si surface visually maintained its original appearance
after the bonding. The stress due to the thermal expansion mismatch causes the

bond to bresk unle&s the rate of teﬁperature varietion is maintained at 10°C

11111

7
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The cesium reservoir is connected to the main chamber through a stainless
‘pteel valve, NUPRO Model 6BS-SW. fThe valve is open only during the period of
cesiation. A lester wire is brazed onto thc>reservoir to control the cesium
arrival rate at the Si electrode surface.'*”

Reagent grade oxygen and argon sources ar%}also”incqrporatgd in the test
system.  Oxygen iz used a5 an activating agent for the test eiectrode; argon is
used as the source of ions for sputter cleaning., These gases are contained in
two gless flé%ks at one atnmosphere pressure and are introduced to the system
via.preciSJOn flow control vaelves. The valve for the oxygen~is a variable leak
valve havlng a minimtn leak rate of 1.3 x 10~ N/m. liter per sec (1 x 10 ~LOrorr-
liter/sec). The valve for argon is a micrometer controlled needle valve.

4 A sorption pump is provided for roughing the %est Vehicle and a 200 1/s
fon pump is used to attein ultrahigh vacuum in a range of Cp N/m (10" =10 Torr).
The pressure in the test chamber is sstimated by reading the 1on pump eurrent

e

. o
and correcting for the conductance of the connecting tube.
2. Optical Monochromator %, - I

7 Ll

Iy

A simplie and compsct optical monochromator was designed for this experiment,
It con, isted of a 100 watt quartz-~iodine tungsten lamp and a series of inter-
changéhble interference filters. The optical desigpn of tHe monochromator is
~shown in Figure 4, The lens Ll is & condensor lens;'Which helps to form a
uniform brightness distribution over the rectangula{
are a palr of matched lenses whose focal lengthg aré{;qual to d, the distarnce

The optical rays which pass through

aperture ares. La‘and L3

between the rectangular aperture and L2

the 1nterference filter F perpendicularly form the image of the aperture on

Al
the target plane. ‘#

The light output of the monochrometor was calibrated‘by‘using an Epply %\\
thermopile (SN #22489) in connection with & Keithley 149 millimiero voﬂ%meter}\
A quartz window was used/in front of the thermopile to reduce the noise due to

air turbulence.

\}hnical Memorandum 33-TT5
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The transmission coefficients of the interference filters, procured from
Optical Industries, Inc., Costa Mesa, Calirornia, vere 50-65% with approximately

lOOA pass bands.

The light output through a rectangular aperture of 0.282 cmF (4. bkmm x

' 6.35mm) was 279.5 uW at the emission’ paahAVaVelength X = 0,95 p? and 30.2 ¥

\,/

at A = 0.42 um.

P

When the interference filter was removed, the monochromator worked as a

white light source. 7>
l

£
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III. Experiments and Resulis

1, Si-Mo Bondin

A single crystal wafer of silicon was diffusion: bonded on & molybdenum
substrate without destroying the crystallinity of silicon. Molybdenum was
chosen as the substrate because its thermal expansion coefficient matched
closely with that of silicon and it wes easily machinable. However a small
mismetch between the thermel expansion coefficients of silizon single crjstal
and molybdenum(s) necessitated an extreme care during temperature cyeling after
fhe pond was sccomplished., Figure 5 shows the photograph of a silicon wafer
bonded on & molybdenum base, A scanning electron microscope view of the bonded
edge is shown in Figure 6. In the figure, the grey sponge-like area is silicon,
and the lighter ares with many wavy lines is the molybdenum surface, Notice
that the boundary between the two areas does not show any detectatle gap at
neerly 10,000 magnification despite the fact that the molybdenum surface is not
mirror smooth., The micrograph also shows no sign o@}alloying between silicon and
molybdenum. The bonding was accomplished by diffusion of silicon into molybdenum
as an electron beam microprobe analysis indicated.

To prepare for the final bonding, an approximately 7 x T x 0.25mm3 size
 gilicon wafer, polished on one side, was first boiled in acetbone, then dipped
in HF for 10 seconds prior to the final rinse in deionized water. The molybdenum
was caréfully mechined to insure its surface flatness and treated anodically in
concentrated Hesoh followed by 20 minutes of boiling in deiqnized water. ‘

To bond the silicon to the molybdenum, the unpolished side of the silicon
wafer was laid on top of the ﬁélybdenum block, and the block was heated to
1100-1200°C by electron beam bombardment in an oil diffusion-pump vacuum system
whose pressure during the bonding was at about 1.3 x lO-hN/m? (lobsTorr). The
bonding initiated at one point, which beceme brighter than the rest of the

silicon surface, and the bright area increased as the bonding spread over

¢ o JPL Technical Memorandum 33775
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the entire surface in about 15 minutes, A slight pressure, barely enough to
hold the wafer in place was helpful in initiating the bond. To avoid the
erscking of Lrys“al during the cooling period, & cooling rate of less than 10°C
per minute was necessary.,

A further development ¢f this technique ip considered necessary to produce
more reliable bonding of silicon,

2. Surfece Activation

The activation procedure described in the literabure(h)
our experiment. After the pressure in'the test vehicle stabilized in the

was adapted for

lO-SN/m? (v10™10 Torr) range, the silicon surface wes sputier cleaned by argon

ion bombardment (J mﬂ’cm , 15 minutes &t 600-700 volts) and subsequently anealed
% 1000°C for n%e~ B #our, The ion bombardment was achieved by connecting a

;floating de.Co hign voltage power suppli across the mesh electrodes and the

, colléetor"electrode. During the anealing, ‘which lasted several hours, the

pressure ingide the test vehicle rose to 10~ -6 - 10~ N/m . The pressure rise

was mainlj'due to the heating of the chamber wall and other parts, After

the colgé;tov was cooled to nearly room temperature, the cesium valve was open
to thefcesium reservoir which was kept at 65°C. During the cesiation, the

: hitéﬂlight from the monochromator was introduced on the collector and photoemis-
sidn from it was continuously monitored. The surface was slightly over cesiated
at first (more than one monolayer coverage), and oxygen wes added afterward to
complete the activation. The progress of activation monitored by the photoemis-

sion current is s@;Wn in Figure 7.

It was noted that when fhe collector was. treated only with cesium, the
surface work function showed very poor stdbility even at room temperatures.
The photoemission would decrease to about 10% of the original value within
10~20 minutes after the cesium beam was shut off. Bub when the oxygen treatment
was givén immediately following the cesiation, the surface maintained its low
work function for several days without an aﬁpreciable degradatidg:in photo-
emission. After a prolonged period (vl month), the photoemission decreased butb

- JPL Technical Memorandum 33-775 7
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could be restored easily by heating it slightly (500100°C) and adding small
amounts of cesium on the surface, |

iy

3.  Work Function Measurements Q
The work function of the act;vated surface was’measured by three different
methods: (i) Spectral photoemlsnion measurements, (ii) I—V characteristics‘and

[¥]

(1ii) Thermionic emission.

During the activation process, the continuoﬁé lowering of the work function
was monitored by white light photoemission &hich repidly incregsed as the work
function decreased. At the end of each sctivation process, the spectral
photoemigsion measurements were conducted to determine the work function of the
activated surface. In Figure 8, ‘the results of such measurement are shown for
an n- +vne and a p-type samples. The work funetion of the n-type Bi was less
than 1.2 eV as the curve indicates and it was estimated to be 1.0 eV considering
the fact that the curve could have been extended if appropriate filters had been
aveilsble. The work function of the p-type sample was determined to be 1.35 eV

from the knee of the curve. 4

After the activation was combiéted, I-vV charéﬁteristics were used to deter-
mine the dmfference of +he work functions of collector and emitter. Therefore,
if the work functlon og cne electrode is known, the work function of the other is
determined. ‘ ' o . Q

In Gur experiments, the white light phét;emissiﬁn current from the sample
collector was used as the source of current. The emitter (not heated) and
the grid (with biss voltage Vg) both were used as the collector of photo
electron current from theisample collector electrode. The circuit for this
measurement is. shown in Figure 9. This method produced two sharp knees
*"g" and "b"i(Figure 10). The wprx function of grid, which was fully cesiated
‘ during the cesiation of the colIector, wag determined to be 1.65eV from
its spectral photoemlss1on threshold Knowing the work function of the grid, Qﬁ

thO*collector work function is determlned from the relation:

$ = ¢g + vg -V, (;)

4]
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where V_ is the voltage at the saturatior current knee Ma" in Pigure 10, V
is the grid blas voltage, ¢ and ¢ are collector and grid work functions
 respectively. Similarly, the voltage v, at "' i related to the collector

work function by the equation:

&

x

b = % = Wy (2) -

In this equation, however, the emitter work function ¢e was not predetermined
because the work function of the bare tungsten is too high to induce photo-
emission by the visible spectrum light source. Instead the collector work
function determined from equation (1) was used to derive the emitter wéik

_ function to gain confidence in the megsurements. The emitter work function

determined by equation (2) was L.65eV..

Considering the fact thet the emitter is & polycrystalline tungsten and the
surface might be covered with thin oxide l%yer. the value ¢e = L,65eV is very
reasoneble. And “Jor each measurement, the voltage separation between the
points "a" and "b" were examined, because it is independent of ¢ and remains

constant as long as ¢e and<$g stay unchanged, as shown by the relation,

V=V, = (b - 0,) + Y (3)

which can be readily obtained from equations (1) and (2).

G

4]

The agpurac1es of the?e measurements are considered to be within +0.05eV.
The uncertalnty arises mootly from the uncerteinty in determining the precise
position of the "knee."
) L )
:When the thermionic emission became consigarable at elevated temperatures,
the work function ¢ was computed from the Richér%gon equation:

e ‘ it (,) - ¢ = -}LT_ ln “J-'- .

I e ar?

oy
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.2 was used for the Richardson constant A, We

The value of 120 A/cm>~C°K
have not made any attempt to obtain an exact value of A for silicon or make
a distinction between n- and p-types. However, according to Martinelli(a)
thermlonlc enlssion properties of activated n- and p~type silicon surfaces
were identical., This was explained by noting that most of the thermionic
emlssion originated frgy,uhe activated surface layer rather than the bulk
material. The work functlon measured by this method and by the I~V character=-

istics agreed very well where both methods were appligd.

The leakage currents had to be diseriminated very carefully for thermionic
emission measurements because the leeskage increased rapidly as the collector
temperature and the cesium arrival rate increased. Figure 1l shows the
thermionic emission current from the collector as a func%&on of the collecting
electrode mgsﬁ voltage. The curve shows a definite slope due to the leakageD
currents, In this figure, the leakage can be discriminated by extrapolating
the portion of saturation current to the voltage zero axis, which gives the
zero field safuration current, IO from vhich the current density J was determined.

p In agtual experiments the leakages were discriminated by measuring the currents
at two different voltages, 23V and 47V (see Figure 12) for all measurements.
The zero field saturation current I was then calculated from<mhe following

relation, Q 7
X P
.Io = Gv23 - I23 > ) \\\J_@///z/ N
2 §
(i ‘ »
W I :
G =- _23—_—.\?&1
V23 =

bsubscripts 23 and 47 identifyifwo values measured at corresponding voltages.

F i - J
Y Y

The results of the work function measurements from the activated silicon

_collectors are summarized in Téble~T

10 : S e o ~JPLVTechnical/MEmcrandum 33-775
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Table II. Work Functions of the Activated
Silicon Collectors
Collector ¢ ~ Work Function
Ldentification : ¢c’ eV Remarks “
51 (n) #L — Si Cracked during enealing
o ;
Si (n) #2 1.0 Spectral photoemission, I~V
(Initial result) characteristics
1.2 9 b V8 T/TCS was determined,
(Subsequent 8i became unbonded from Mo. -
results)
<
Si (n) #3 e == Thermocouple failed and Si cracked,
si (n) #b4 l.2 Buccessful ¢, vs T/Tgg plot
. obtained.
Si (p) #5 S Bonding failure.
Isi (p) #6 1.35 Successful ¢, ‘vs T/T 5 Plot i\
/ - As the table shows, a collector work function as low as 1.0eV has been
achieved. The value agrees with the reported work function of activated

silicon (100) surface

to simulate a thermionic cénverter,;a work function of 1.2eV wes more frequently

obtained.

(5, 7,°8)

The Si°(p) #6 sample shows & work function of 1.35eV.

However, in our test vehicle, which was made
{e

Because of

repeated pumping on Cs vapor, which made the ion pump inefficient, the #6

collector was activated when the pressure in the test vehicle was in the order
of 10™° N/mg'(NlO-T Torr).

erature

- L. Work Function Varistion With Respect to Temp

During the experiments the collector temperature, TC,'was meagured by(Ej

W(5%), Re - W (26%),

Re ‘thermocouple.’

The spot welded tip of the thermocouple

‘was inserted in a thermocouple well drilled into the molybdenum body approx-

imately 1lmm below the

- surface of the Si wafer.

The collector heating was

accomplished by eled%fon bombardment during the anealing at 1000°C, and by

'radiat@on heating during the work function variationimeasurements»at high

JPL, Techhical Memorandum 33-775
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collector temperatures, The radiation heafing cowld bring the collector K
temperature up to 500°Cs During the radiation heating, the heater £41ament
was biased pbsitively:ﬁith respect to the collector so that no electrons from
the heater could arrive at the collector.

The equivalent cesium tempersature, Tc » Which determines the{eqnilibrium
cesium arrival rate on the collector surface was determined as follows: First,
the~temperature Tés of the reservoir, was measured by a chromel-alumel thermo-
couple which was attached to the tip of the reservoir using high thermal
conductivity epoxy. Then the cesium molecular flux on the Si surface was
computéld by using the vapor pressure data of cesium and by calculating the
conductance of the 25cm long tubing, which separated the reservoir and the Si
surface., Finally, the equivalent cesium temperature TCs vwhich produces thiefkr
arrival rate was determined by using the vapor pressure data again. To avoid
any condensation of Cs on the trensporting tube wall, the temperature of the
tubing was kept higher than the Cs reservoir at all times during experiments,

The result of this computation was plotteé in Figure 13. From this curve, the
measured cesium temperature T! was readily converted to an effective Cs tempera~-

) Cs
ture T, . An experimental verification of this correlation was accomplished

duringczhe activation procedure. Assuming the sticking coefficiept of cesium on
8i is unity at sub-moholayer coverage, the time it takes to activate the 8i can
be converted to the Cs vapor temperature by correlating it with the arrival

rate of Cs atomg. The agreement between the calculated values (Figure 13) and
the experimentaily derived values was excellent. If the calculations and

the assumptions carried an uncertainty factor of 2 in the arrival rates,

the resulting temperature uncertainty is lO degrees at 300°K, and 20 degrees

at 470°K, less than 5%.

Figure 1l shows the results of the work function measurements at eleVated
collecﬁor temperatures. These curves areuplotted in the ferm}of Rasor-Warner
plots using an effective cesium temperature T . Curve (1) shows the results
of an n~-type collector (Si (n) #4) which had been activated to 1. 2eV curve

(2) shows the results from a p-type collector (Si (p) #6) which hed been

activated to 1.35eV and curve (3) for tungsten polyecrystalline surface for
comparison purposes. Table IIT shows the parameters assoclated with these ’
curves. |

12 ~ JPL Technical Memorandwn 33-775
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Table IITI. Parameters Associated with ¢ vs. T/7Cs

Megsurements
_ . ‘ Highest Temperature
Curve # Identification Temperature Range for Lowest ¢ )
(1) 8i (n) #4 _311°%K € Te < 812°K Te = L09°K
: j 278°%K < < TCs < 3359K TCs = 326°K
(2) \ 8L () #6\< b9g°K < Te < 829°K Te = 5559
N 288°K < TCs < 410°K ) T0s = 410°K

Within the temperature range of our experiments, the curves follow the pat-
tern of the Rasor-Warner curves except that lower minimum work function is
achieved at lower T/TCS value than with tungsten. The shape of curves suggests
that the work function variation is controlled by the balance between the
thermal desorption of cesium from, end the arrival to the surfece. However, our
results are in disagreement with the reported dbservatlon by Goldstein(S) ho
obsegggd that the thermel desorption of cesium did not teke place until the

silicon was heated to TOO0°K.
- [ ¢

It is noted that the minimum work functions in the figure are appoxihately
the same as the originally activated values. The return of the work functions
to their initial values even after the heating to higher than 800°K suggests
that the adsorbed oxygen stays intact on the surface gt these temperatures.

In fact Goldsteln(s) reported that the oxygen adsorbed on silicon remained
intact up to nearly 1000°K Therefore, his result 1§l1n agreement withoouL

observations with respect to oxygen effects.

Figure 14 also shows work function difference of 0.2-0.3eV between the
curves (1) and (2) at high T/Tds values. Although the reason for the difference

- is not known at this time, the difference might be due to differences of

dopants in two samples, and also in the details of the activation processes.

)
4
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IV. Conclusions .

The surface of several (100) oriented single crystal silicon wafers, which
were diffusion bonded to & molybdenum substrate,was successfully activated to
achieve work functions desirable for thermionic collector electrodes at low
tgmperatures. The activation of sample electrodes was made in a simulated
thermionic converter using beams of cesium and oxygen. The degree of activation
was determined from the photo-electron emission measurements performed with the
electrode at room.temperature. The lowest work function bf¢ii6\ev was achieved
with an n-=type silicon sample. In contrast & p~type silicon achieved a lowest
work function of 1.35 eV according to the photoemission yield threshold, although
the net photo emission was larger with p-type than with n-type. The work |
function of 1.35 eV should not be considered to be the representative value
for an activated p-type silicon since the cleanliness of the test vehicle was
somewhat in doubt during this activation. Also it was found that work function
betweén 1.2 and 1.4 eV can be readily obtained regardless of the sample type
(n or.p), without requiring rigorous activation procedures. ‘

f

The stability of activated surfaces was determined by measuring surface
work functions at elevated temperatures up to 829°K. Since the purpose of
this experiment was to determine the ability of such surfaces in maintaining
low work functions at elevated temperabures by replenishing the desorbing
cesium using an increased arrival of cesiuh gtoms, the work function was
measured as & function of T/TCs in which TCS was calculated from the cesium
arrivel rate. The results indicated that the same work function could be
achieved at an elevated temperatgre T as long as T/TCs was kept constant by
proportionately increasing TCs' Thus the relatiggj@fp between the work function
¢ and ’l’/‘l‘Cs was found analogus to that of metal. \
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Figure 3. Collector Assembly.
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Figure 5. Silicon Wafer Bonded on Molybdenum Base.
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Figure 5, Spectral Photoemission Quantum Efficiencies.
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Figure 9, Circuit Diagram for the J-V Characteristics Measurements,
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Figure 1ll. Thermionic Emission I-V Characteristicse.
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13. Effective Cs Vapor Temperature vs. Reservoir Temperature.
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