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process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
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THERMIONIC EMISSION FROM PLANAR MONOCRYSTALLINE TUNGSTEN

Sheldon Ira Schreiner

Inorganic Materials Research Division, of
' Lawrence Radiation laboratory,
University of California,
Berkeley, California

ABSTRACT

June 1, 1966

A thermionic diode and a vacuum system to test it were constructed

to investigate the bare work function of (110) and (111) planar mono-

‘crystalline tungsten. The collector wasﬁ(lOO) monocrystalline copper
" held at constant temperature. The work function for (110) tungsten

IWaé'found to be 5.22t0,01 V over the temperature range 2163 to 1697°K.

For (111) tungsten the work function was found to be L.74%0.15 V over
the range 2237 to 2013°K. At lower temperatures effects attributed to

adsorption on,the (111) surface were observed. The (100) copper work

‘function was found to be 4.07 and 4.43 V for the two runs made but neither

value is representative of a truly bare (clean) surface. The system

T -10 -
pressure throughout the runs varied from 5x10 1 to-8x10 ? torr.



L INTRODUCTION T
Y .i.- Thermlonlc emission is the phenomenon assoclated wlth ‘the impartlng
'{v“'of suff1c1ent thermal energy to. some electrons in a metal cathode. to
N ' -dlplvenable them to overcome retardlng forces at the surface of the metul and

T /
 .thus be emltted. A thermlonlc emission diode is formed by collecting d

: the electrons on an ‘anode.
The thermionic parameter of 1mportance is the bare work functlon.c
.tIt 15 the energy,dlfference an electron experiences in 301ng-from'the :
'fl_fermi level ln a metal to a position at rest in field free space.. It is
. .?fimportant-to realize‘that‘the work function ds dependent upon the surface'
i% {vpropertles as well as “the 1nter10r propertles of the lattlce.::‘. ‘ |
“T 1nvestigated the bare work functlon of (llO) and (111) s1ng1e-:

fAércrystal tungsten emltting surfaces, u81ng a temperature-controlled (lOO)

fs1ngle-crystal copper collector.‘ A lot of work has .been done on s1ngle -~;"f

‘ufon planar crystals.8f9 My experlments were motivated, in part, by un-"
R 'fcertalntles arlslng from the work of Koenlg on 81ngle-crystal tungsten
f7rem1tters w1th a polycrystal copper collector. Aside from determining

~i;gthe respectlve 81ngle-crystal bare work funct1ons of tungsten and

%'57;"copper, I hoped that these experlments Wlll better explaln thermlonlc

-crystal wire and hemlspherlcal crystals -7 but very llttle has been done - .

V“:ﬂ;emission observed when the collector is malntalned at a constant tempcra-'f-ﬁ

';ffldhl;;f'f;”ture. This should allow us to dec;de what effects are due to a change .

th;ln emltter work functxon with temperature.

E

. ) The theory needed to analyZe these experlments 1s presented in
A o f‘f',Chapter II. Chapter-III descrlbes‘the experimental setup’end the elect

'vtrode‘preparation.eﬁChapter IV describes the experimentallprocedurc-undl'




- -

“the circuitry employed.’ Tﬁe results are presented and discussed in
Chapter v and the conclusions given in Chapter Vi: The appendices con-
“tain g/liSt‘of symbols and their definitions, a more complete discussion
of the ecollector preparation, and a discussion of the THERM code used in

all data reduction.

>
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Ut'Where e is the charge on the electron and 10

“motive, diagram as shown in Fig. 1.

-3.
IT. THEORY

The three regions of interest in a thermionic diode are: the

Lemitting cgthode, the interelectrode gap, and the collecting anode. Let

us restrict our éttention to them and closely examine the phyéics of
thermionic'emissioﬁ diodes. We will then be in a position to see héw a
proper analysis of the experimental data will yield the desired parameters
of interest; |

The.process‘of thermionic emission from metals involves the relative
positiqns.of three electronic energy levels, namely, according tb the
Somméffeld model, the bottom of the.conductiqn band, the-Fermi level,
apd fﬁée space. Tﬁe bottom of the conduction band, EC, is defined as
the io?est égefgjithat a free elﬂctrOn can, have in phe metal. If we
éhoose this energy;lévél as our reference; Ec = 0, tﬁen'thé.energy level
bf an'electfon ét;rest in the field free space is W, Wwhere w is the height

of the potential barrier at the surface of the metal.. The Fermi level .

of the metal, F, is defined as the‘eﬁergy state, relative to the bottom
~of the conduction band, having a 50% probability-of.bccupancy. The work

function, ¢, assd¢iated with a metal and its interface_with free space .

is definea as the change in energy that an electron experiences in going

from the Fermi level in the metal to aﬁpOSition at rest in field free

space, an infinite distance from the surface, that is

i e =W -TF, | (1)

7

meters constitutes an

“infinite distance. Because this distance is so small,‘the surface of the

metal is often'cﬁaracterized by a step change in a potential energy, or

11



presence of adsorbed layers of foreign matter on the surface, so the ex-

~ha

For'crystalline solids, W and F are functions of the crystallographic

o -
>

orientation; so in order to define the work function, one must specify

the crystallographic orientation of the surface through which the electron

passes. In addition,”the work function is inf{luenced strongly by the

L)

tént of surface contamination must be described also.
An electron travelling from the emitter to the collector encounters
a field due to all of the electrons in the space between the electrodes

and the'potential difference between the eléctrodes. If the electron

density in this space is high enough, the current that reaches the collec-

tor will be determined by these charges rather than by the work_functioh'

and tgmperature of the emitter. Thé current is then said to be limited

by spacélchargé.ﬁ,There are three ways to eliminate space charge: de-

crease the gap size, apply an acceleratiﬁg potential across the gap, or

reduéeythe~currents t0" very small amounts.
When the current is limited by‘space‘éharég, the .charges in the

space increase the height of the potential barrier surrounding the

emitter which the electrons must cross in travelling to the collecﬁor.

"The smaller the gap between the-eiectrodes, the smaller thé distance

the space charge has to build up in and ﬁhus the smaller the effect on

.:saturated emission. If an‘accelerating potential of sufficient stréngth ,

is applied to the collector, the current is no longer limiteé by the

" ‘charges in the épace but is determined by the work function and temperaé .

* ture of the emitﬁer. The current is then. said to be séturated or emission

il

limited. If the accelerating potential is not strong enough, then we do
not-geﬁ'Satuxatéd emission and we cannot make any statements about the

emitter parameters. In practice, however, it is possible to extrapolate
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‘the data to give the saturated emission situation. The snuller the effect

of space charge, the more reliable the extrapolation.

When assimilated by the collector, the electrons give up a binding

energy e¢é in the metal (where ®C is the work function of the collector

metél) and a voltage V when they pass through én external load.

Fﬁndamentglito;bhe understanding of vacuum diode performance is the

wconcept of the moﬁivé diagram put forward by Langmuir (see'Fig. 1). The

changes in potential eﬁergy of the electron depehd on all the forces
acting upon it. The'motiVe dlagram shows graphically the potential
energy of anvéleCtronvas it goes from the interior of the emitter, through

the interelectrode gap, to the interior of the collegtor.12 Figure la

corresponds to the retarded region where those emitted electrons with

v

'enefgy less. than v, do not reach the collector. In Fig. 1b the electrons
. haVé Just enough energy for all of them to getvto the collector, pro-
‘dﬁcing a saturaﬁed cﬁrrent. Superimposed on the diagram is the reéarded
potential distriﬁution (5) the electrbn wo@ld have to overcome in the
presence of’Spaée cﬁérge. And, in Fig..ic we have superimposed the
;{ é§ce1gr3ting potential, Vé, measured with respect to the grounded

lgmiﬁtér onto Fig. 1b to increase the electron collection by the anode

and overcome space-charge effects.

In Fig. 1, & - Space charge barrier
¢é’¢c - Emitter and collector work function
Vg - Contact potential voltage = ¢¢ - ¢e

V - External voltage measured between electrodes
V_ - Interelectrode voltage

EFmitter and colléctor Fermi level

e
.

=
]
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~ MUB-10639

" Fig. 1. Motive diagram. (a) Retarded fegion, Va = V+V_o;

(b) critical point, V = - Vs (¢) saturated region,

Vo=V -V,
a 0

|
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. . .~ We are now in a position to give a guantitative analysis of thermionic
emiss{gn and to show how the VariousAconstanfsvofwinterest.are detefmined
" | ©  experimentally. . First a plot is prepared in the manner shown in Fig. 2
"to record the logarithm of the current density, J, as a function of the -
. applied voltage, V, for different values of the emitter temperature, Tem‘
Over many orders of magnitude of current dehsity? this logérithm'will be
a linear function of the applied voltage; this is the "retarded region".
-.At a.critical value of the applied voltage, VO, this linear plot joins
tangentially to a curve characteristic of thé "saturated current region'.
(ﬁIn Fié; 2 we see how the current and voltage thave experimentally to -
>ﬁ ‘  correspond with the physics in Fig. l. . - |
From the slopé of the‘iine‘in tge retarded.region the true electron
témperatu;e df ﬁﬂé emitter is determinéé. This is true only in the

absence of space charge and if both electrodes have. uniform work func-

. tions. The equation for this line is

; o I =9, explev/xm), - (@)
where 2 J = current dengity
: ; i i |
JO;= saturated emission current density corresponding to
v b =d, | | o
j 'V = measured volﬁage
"k ‘= Boltzmann constant
T = absolute temperaturerdffélectrons

Any two points; on the line will enable us to determine the electron
temperature. Theoretically the electrbn temperature and the emitter
temperature shouyd be equal, but in practice the electron temperature is

_greater. This difference can be explained by TFig. 2., Any departure
- \1‘ .. . { . :
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InJ
,'Qn Jo

Retarded TIncreasinq

region

Te

| Saturated:
region

Fig. 2

dn A

| / l Decreasing’
JSO -.-/ ) Te

Experimental values

‘Fig. 2.
 Fig. 3.
Fig. 4.

vMU'B'v-1064‘0

Current-voltage‘charécterisﬁics.
Richardson plot.
Schottky plot.
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from ideal emisﬁipn will result in a rounding of the cur&e at VO. This
will produce & more shallow slope of the line in tpe.retarded region énd
.. thus give rise to a greater electron temﬁerature. This is ekactiy what
‘occurs in the presence of space charge. As mentioned earlier,vit is
possible to extrabolate the two lines to their point of intersection, if
the curve is*rounded; and thus caliculate a theoretical Vb.

The above cqnclusion about the physical significance of T requires
6ne basic assumption -- constant collector work function. The work func-
tion can change ffbm température variations of the collector.or Trom
‘ 13-15

collector surface heterogeneity. In our experiment the collector

was 'cooled in order to maintain it at a constant temperature.
' l { ‘ - ' . - .
We have shown that the bare work function -- i,e., emission from

clean surfaées -- 1s quite différenf for different faces of a metal
crystal.8’16 Yet, iq tbe foregoing discussion we have tacitly assumed
thatAthe emitting surface has a uniform wgrk function, implying that
~only a singlé‘crystél face is exposed on'tﬁe electrode surface. In a
métallic.crysta15 the center of gravity'of the electroq cloud in eachv

celI;coincides with the atomic nucleus, and therefore'thé‘dipole moment

of these cells is equal to zero. For cells at the surface of the metal,

€

the situation is §ifferent. Here, the electron cloud is not symmetric

with resbect‘to the atomic nucleus; it éxténds'towérds the -exteridr by.v'

S a distaﬁce about equal to the difference -in the atomic fédii in a gasé

like state and in the crystal lattice. Therefbre, each cell of the crystal
has a dipole moment and all the surfacevcélls form a double electric
-1ayer. The moment of a single cell depends on the Qtructurc of‘thc
Boundary surface oflthe given crystal, and hence the moments of the

.double 1ayers on thead;fferent faces of a single crystal are not identical.
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This accounts for the nonuniformity of the work function of a polyéry--‘
stalline surface. Theréfore, to ensure.a uniform colléctOr work‘function,i
a single cfystal of copper with a (100) orientation was.used for.the,
collecting elecfrode.

The critical condition at the knee of the curve corresponds to the

situation in Fig. 1b, which gives us the relation

V=g - . - (3)

o] C €
This value of the voltage is known as fhe contact potenﬁial. Knowing
Vb and one of the work functions, we can directly calculate the other.
The expression that relates thé saturated emission current drawn
I7 e from an emittingvsurface with the work function and température is the.

'Richardson-DuShman equationlu

1

- 2 N :
= - - = L
J o = A1-T) T exp( e¢e/kTe),>v ()
where J = saturated current density (amperes/cmE) at zero
. % SO . . . . B N
applied field '
T = the average reflection coefficieht for electrons
at the emitter surface -
' )—Fﬂ'em;kg 2 o, .
A = Richardson constant =‘———3—— = 120 amperes/cm -°K,
theoretically, ' b |
m = mass of electron
h = Planck constant
e T, = temperature of emitter (°K)
¢, = vork function of emitter (Volt). | o n

"The average reflection coefficient has been shown to be neéligibly
o 15 . o 2 . _
- small and is taken as zero. it we plotvln(Jco/Te-)Aas a function of

l/Te, we get the Richardson plot

1n(JSO/T82) =‘15(A§ - e /KT _. - - (5)
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The slope of thié line is -eée/k and the intercept with the ordinate axis,
is 1n(A), as shown in Fig. 3.

The Richardson-Dushman equdtion was derived on the bLasis of a rero
applied field, a_pondition not experimentally satisfied. Also, we cannot
tell if the A %e get from a Richardson plot is temperature‘dependent or
not. A.further4discussion on evaluating A is given below.

Experimentally and theoretically it is found that the emission current
increases with increasing field strength at the emitter. This effect,
kndwn as the Schottky effect, indicates that the work function of the
' cathode depends upon the surface field strength. This is caused by the
electron in front of the surface beingfactéd upon by its‘own; electrical

L7

.image in the metal.
| .
| .
It can be shown that the current in the presence of a small field,

L 17
Fd’ is given by - oF
e /2 S
B 2 ¥ Teg . ' '
Js = JSO exp< T ), ) v (6)

where fo is fhe field and Js is the emission current denéity for nonzero
field strenéth. Hence, plotting 1n Js versus,J%g should give us a
straight liné whosg intercept at FO =0 is_JSO. This plot is knowﬁ as a
Schottky‘plot as shown in Fig. 4. The Schottky effect is observed most ;
clearly at relatively low temperatures because of the 1/T depéndehce of .
tbe eiponent. The experimental points fall off at low fields due, to
‘spécé chérée and field inhomogeneities.

THérefére, in ordei.to properly analyze our data to get ¢, we should
first make a number of_échottky plots for djffefént femperaﬁures,‘detefmine
JSO for each‘plot by ektrapolatinﬁ to 7zero field, and then plot.ln(Jso/Tee)’

versus 1/Te. The value of A and @e we get out of this plot we will call



A and‘¢R.
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R
However, we still have to take accounf of temperature dependence on

R . . o .. . o
AR and ¢R. This is accomplished by making a Shelton plot, 8 it is essen-

tially a Richardson plot of ln(J/Tee) versus l‘/Te for the collector work

function, ¢C, made by plotting the data from the current-voltage character- |

istics of Fig. 2 in the retarded region for a constant applied voltage,

. i.e., a constant retarded potential barrier. Therefore, if the collector‘

work function is maintained at a constant temperature, a straight line

o %
. will result where the intercept gives the true value of A denoted by A:,

the;ﬁthough, that this is true only when the Boltzmann temperature cal-

culated from‘thejﬁlope of the retarded region equals the temperature of -
. . L 1 ol o ’ N ] .

 the emitter, determined by the pyrometer.
T . ; N )

S YA _— : : )
Finally, 'we can now take A from the Shelton plot, and»Jso from the

' Schottky plot,(and recalculate ¢e from the Richardson equation. What we .

now get is the "true work function" for the emitter. By this is meant
the work function that corresponds with our definition in Eq. (1). If o

itvagrees'with ¢R then we knowd)R is tempe;ature independent; if it

‘differs then we knowL¢R is temperature dependeﬁt and we can calculate

" this depeﬁdence_ﬁo first order by aseumiﬁé the first two terms in .a

Taylor series expansion.
Ex?erimentaily, it is known that the dependence of the work function

upon temperature'is very small. This allows us to express it in the

- simplest.way, assuming a linear dependence of the form- - _" -
= + - : '
¢g = by, + T, - T), | @
~ where ¢e = the temperature-dependent emitter work function
¢eo = the emitter work function at the temperature of )

reference TO
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o = d¢e/dTe is the temperature dependence of ¢e

Te’= the emitter temperature.

Putting Eq. (9) into Richardson's equation we can write

Jeoo = A3 exp(—e(,beo/k‘l‘), | - . (10)

LT * ; * ’ .
| where A, = A exp(~edt/k), A is known from the Shelton plot, and we

have taken To = 0°K. Thus we see that from the initial Richardson
equation we could not determine the true Richardson constant and emitter
work function because of possible temperature dependence. The ¢R'we

calculated was really ¢eo'

Since experimenters are having trouble getting the Richardson A, a

convention has been taking hold of putting A equal to 120 amperes/cm2-°K?

" into the Richardsog equation and calculating a work function at each

H

temperature. Ths‘work function is then called the "effective work func-

eff’ i O

In summary, then, we (a) draw the current-voltage characteristics

tion," ¢

in order to get the true electron temperature and the contact potential,

(b) draw a Schottky plot to get the saturated current density at zero

' applied field, (c) draw a Shelton plot to get the true value of the

Richardsdn constant and the collector work function, (d) using the Richard-

son constant from the Shelton plot and the saturated. current density from.

the Schottky’blot we can then get the true emitter work function from the.

K

Richardson equation and finally (e) assuming a linear tempera%ure dependence
for the -emitter work function we can calcﬁlate itS'temperature dependence -

Rk

to first order.
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III. EXPERIMENTAL SETUP AND ELECTRODE-PREPARATION

Wefbuilt a vacuum system in which to conduct the experiments. It .
is mounted on a movable instrumentation stand. The{diode, resting on a

stainless steel support stand inside the bell jar, is positioned s0 thet

DA N S IR T Y

the gap between the electrodes can be viewed from two ports positioned .

,ig 90° apart.

The vacuum system pictured in Figs. 5 and 6 is madefof 3/16-inch-
g fj o --h thick stainless steel. The bell jar is 12 inches in diameter and 15

inches high. 'BelOW'the main flanges is another 4 inches and theﬁ_the

chamber {s pinched to a neck 10 inches high. This is welded to a section

b

6 1nches in. dlameter ‘and 3 inches hlgh whlch in turn, is ma%ed:to.au o

- if; , t*?“UltexllOO llters/sec Vacion pump. At the top of the bell»jai is a Vefian '

; nude ion gauge and a 1—1/2 inch viewing port. Attached to the bell jar "

'% | ».;-" u-_,_are two'6-ihch diameter blanked-off access ports, 90° apart, and two

: L-inch viewing ports, also 90° apa;t. All ports have metal-to-metal seeis;'

j“ o _J : ‘ BeloWQ around the circumference of the bell jar, are four high—power léeds,
two water 1eads,‘and two multiple-pinnec.feedthroughs.‘ In the lO-inch.
-dlameter section is located, horlzontally, a Varian titanium subllmatlon
pump rated at BOOO liters/sec, and a roughing port closed off with a

- hlgh-vacuum metal-to—metal valve l-inch ;p.dlameter and made by Granvxiie-

Philiips.- On the low-vacuum side of the valve are two Viton;o-ring-:

sealed bali'valves. One leads to the initial rougnlng system, which in
our. case was. the house vacuum system,‘and the other to a Varlan Sorpt10nt
pump chilled in liquid nltrogen. |

The whole high—uacuum part of the syétém was baked out at u00°c for(

about 3 days. Ultimate pressure without the sublimation pump was

;
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Fig. 5. Schematic of vacuum system.
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10 torr. With the sublimation pump the pressure was less than

fé%;é_ll torr,‘the.lower limit of the ion gauge. These values are for the
vvaéuum system‘without the diode. , : .
Also picturedin Fig. 6 is the micro-optical pyrometer used to deter-
mine éﬁe emitter temperature. t was calibrated against a secondary
standard of the National Bureau of Standagds. Readings were also taken
@ith ;nd without the window in place to'ﬁetefmine a co?rection for it.
'iﬁe composite calibration curve giving true temperatures from brightnéss
_%eadings is éh&ﬁn in Fig. 7.
The ‘diode was supported on a pedestal inside the bell jar. A'
schematic of the diode is shown in Fig. 8. Above the fiiément is a
"_fanalum‘cup’with thé tungsten_cr&stél brazed'dnté iﬁ. Above are the
‘Tg;pper ér&stéls bfazed onté theirJrespec£ive!mountings. Theyguérd riﬁg_
‘and cdilectqr are electrically insulated from one another and the whole
'icélleétor assenbly is water cooled, not shown, to maintain a coﬁstant
temperature. Aroﬁnd the base of ﬁhe tantalum cup is a éeramic pedgstal
. for positioning the three tungsten heat shields. After:cold'&etérmina;

tion bf the electrode spacing, the ceramic_ngraised aqd %he stainlecss
steel blocks"posifioned, also not shown. The gap is mgésu;ed to,within
Ofbl:mm with a Gaértner cathetometer.

The single-crystal collector andfguard ring were prepared from a (100)
oriented éopper rod réted as 99.9% pure from- Semi Elements, Inc. Wufefs
apprdximateiy 5/16—inch thick were cut off with a Servbmet spgrk cutter.. ?% -
-The%faces-were then lapped flat and parallel, and x-ray pictures weré N

taken to ensure the proper orientmtiqn.l The wafers were thenfch¢mically

polished, and finally electropolished. They were then cut into their

respective parts and vacuum brazed to their mountings in an auxiliary
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Vacuum system, using nicusil 3 as the braze alloy. The final k-ray
picture of the copper (100) crystal is shown in Fig. 9. For further
details see Appendix B.

The (110) and (111) tungsten emitiers used in this experiment were

_prepared by Daniel Koenig. The Tollowing is a brief description of their =

pfepardtioh. For more détailé see Reférence 10.

'-:Both the (110) aﬁd‘(lll) crystals were cut from-f@ﬁghly cylindrical
single-crystél stock 5/8 to 3/M in. in diameter and several inches long,
ori¢nted ﬁith the (llO)'direction wi hih.5° of the £od axis. The crystal

: e . L

stock was manufactured by Linde Co., Crystal Products Division.

A l-in. section of thé stock  erystal was ground on a lathe to a fingl

_diameter of 0.524 in. All subsequeht cgtting of the crystal, including

dfilling the blackbody hole, was done under kerosene with the spark

cutter to minimize surface deformations. Several wafers of each orienta-
SE ' R . T
tion were cut and then ground optically {lat on a precision ceramic lapping
: i

wheel with a suspension of’AIQO_'powder in 0oil. The faces of each wafer.

- were made parallel to within 0.0001 in. One face of'th wafers was

eléctropolishedﬁfpr 20 to 30 minutes, which was sufficient to remove

several mils of metal® Great care was taken to maintain the flatness

of the crystal face being electropoiished. To this end,‘dfbolycrystailiné

tungsten annulus acting as a guard ring was cemented arcund the wafer.

This procedure results in a very well polished, flat surface, although

not optically flat. The surface has an "orange-peel” fifiish character- .

istic of the eleétropolishing process. The crystals then were brazed

¥

to their tantalum support by insertineg » 2- to h-mil thick molybdenum -
foil between the two and heabine tihe eryvatal in vacuum Lo 2750°C.  The .

1 .
crystals were again generally clcetrepolished to eliminnte the slight
‘ S ST ‘ _ . R ‘ »

+
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Fig. 9. Laue pattern of (100) copper single crystal.



surface ﬂeformations which sometimes occurred during drouing.

The orientation of the crystals was measured and adjusted at’
various stages of the process described sbove. The orientation
ccrystal lattice relative to the surface normal was measied by takiing
x~-ray Laue patterns. Tigures 30 and 11 show the Laue pauterns of the
(;lO) and (111) emitters, respegtively taxen normal to their surface jus
prior to theirlinsertion in‘the diode., For both, the surface normals

lie within less than 1° of the desired lattice orientation.

L2

t
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ZN=55TT

Fig. 10. Laue pattern of (110) tungsten single crystal.
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ZN=-55T78

Fig. 11. Laue pattern of (111) tungsten single crystal.
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IV, EXPERIMEINTAL PROCEDURE AND CIRCUITRY

"Prior to the actual data run, the emitter was brought up to full power

/)

(apprgximately 1960°¢) and allowed 1o outgas for one hour. -This resulted
in a base pfessure in the system of about 5x10 torr. The water coolant
was not run at this time to allow the collector and gusard ring to heat up
to 250°C and BOOOC, respectively.

A1l electronics ﬁere left on overnight to stabilize. For the actual
run the emitter was brought up to full power, °gaih vith no coolant flowing
The coolantvwas then turned on and varied during the éntiré run to maintain
the coliector temperature constant to within 30°¢C. t full power the press

ure rose to approximately 8x10™7 torr. Data was taken as the emitter tem-

peratufe Was:lowered. At éach Settiné the temperature was allowed to

"f Lo ! . ‘ .
stabilize for 25 minutes. Gap thickness, emitter temperature, system

18

pressure, and thermocouple readings of various parts of the system were

‘taken, i.e., collector and guard ring. Current~voltage feadipgs were taken

and at the eﬁd of the run the emitter temperature was again taken. The

"emitter was then lowered to the next temperature and the procedure repeated

Before and after the entire run.a zero-power-leakage current check was

’_made té correct all the.data for leakage currents.

As shown in Fig. 6, the electronics consisted of three power supplies,

a digital voltmeter, a precision resistor switching box, and an amplifier

unit .

'~ A power supply, NJE model CR-36~20, heated the fi;amehﬁ to 10.5 amperc

*~atﬂ7.l Vol@s. The filament heated up the emitter by electron bombardment.

‘The NJI was coupled to a Regatron powver supply, model No. 2093, vhich was

used as an accelerating voltas~ between the filament and the grounded

emitter. At full power the power supply put oub GOO’Vfandvapproximutely
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SR | v_k . 290 mAdeepénding on the gap between the‘filament_aﬁ& the téﬁtaluﬁ sﬁpﬁo;ﬁ
cup fgrrﬁhe emitter)i The third power suppiy, a progrémable Régatfon,
mddel.255AMK, sgppiied‘a=potential between the emittér and coilector.

A digiﬁal voltmeter (Dana model 5603)? was used for reading the
Voltages across the dibde; it is accuratevto 0.0l%.  The currenrtt was
calculated by reading the voltage across precision resistors éccurate to

0.05b.

The colléqtor'and guard ring vere maintained at the same potential.
by a separate amplifier which sensed the voltagezdifference between the
guard ring and collector and kept this difference to ‘less than 500 V.

A schematic of the circuit is shown im Fig. 12.

L
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V. PRESENTATION AND DISCUSSION OF RESULTS
A set of,vacuum-current—voltage curves was obtained for the’(llO) and

’the (}ll) crystallographic orientations of tungsten. Fach sct of data
’consieted of I-V curves taken as the emitter temperature was lowered from
its maximum value. For illustration we include here thé log I-V curve for
the (110) crystal at an emitter temperature of 2060°K. vFigure 13 shows
theldata for the entire voltage range, -5 to 50 Volts. TFigure 14 is an
~expanded plot of the =5 to 1 Volt range. '
Seyerel features of these curves are indicative of all the data ob-
- taihed. They are the deviations of rhe data points;from the lines drawn
iﬁ the retarded potential region, the sldpe of thie‘line, the position pf
the saturatlon line relative to the data p01nts, the sharpness of the
.tran31t10n (the knee) relative to the data points, and the shift of the
' cehtact potential with temperature.
| For large negative voltages the currents appear to be greater Lhan

' they really are because the noise level of the instruments was 10 9
I_ The 1nstrument noise is probably due to leakage current between the guard

' ring.ang'the»collector_through,the operetional amplifler. In calculatnng '

-the'slqpe of the retarded region iniparticular, and all ealculations in
'.general, we used the THERM code,bdiscussed“in Appendixec._ In'the retarded
region,'we did a leaet-squares analysis'over the stra;ght.pbrtiqnfof the'”
- curves Ebo#e.the-regioﬁ where the_noisevievel eould‘ﬁavefeny:effect;'rFor.r
the high;temperature.runs where>the currente_were'brderé_of;magnitude‘
. greater than the noise level, the least-squares analy51s encompasuedb
nearly all of the retarded reglon.

From the slope of the 11ne" in Lhe retarded region, the thooretlcal

’o]eotron tomporafureq wore (u|<u1xtod : Tn all cas 90 ihoy woro rtv%1vl
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. Fig. 13 (110) tungsten I-V curve for 2060°K.
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by 2 to 95°K :ror the (110) and 6% to 115°K for the (111) than tvhe experis
‘mentally determined temperatures. These Slopeé were calculated within
0.5 forlthe (110) and. 0.4% for the (111). We believe that this tempera-
ture difference is greater than any reasonable systematic error in the
absolute values of the temperature measurements or in the measurements of
currents and voltages.. Two possible explanations can account for these
differences. One is the nonuniformity of both the|¢mitter and collector
work functions. The second is the cooling effect accoﬁpanying thermionic
emission from a uniform surface.lu Hence, we will be able to rely. only
on the saturation currents to calculate the emitter work function and
Richardson constdhthw The:Shelton plot is valid only when the two -

' temperatu;es are equal dnd for these runs is not applicable.

Figure 15§is a Schottky plot fof the ébbve I-V curve. It more clearly
shows the deviation of the data from a straight line close to the knee.
Aside from the dfop-éff‘of the data points at véry low fields due to space
- charge and field inhomogeﬁeities, the small variation at low fieldé ree=
sembles Bragg reflection; is sensitive to e#act surface,'and-remains un-
‘vexplained.l8 In drawing the saturation line on the Schottky plot, we made
a least-squareé‘analysis, using data far enough away ffom the knee to
repreéent purely éaturaﬁion effects. o

Space charge is dependent on both the spécing of the inﬁerelectrode
gap and -the mag;itude of the emission current. For very low tempefature
emission, th; currents are very small but the gap size is greater. Forv
very‘high température emission, the currents are very large but the gap
size is smaller due to thermal expansion of the tantalum cup. TFor the
two runs taken, the gap varied by 5 milé, being U4 miis at its smllest

‘point (the highest temperatures). The magnitude of the gaps is enohgh“
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tOfQCCount for_soﬁe rounding of the knees throughout the run. And the
other two competing effects explain the greater degree of rounding at
both extrgmes of emission.

vFér the.(110) crystal the shift of the knee with temperature. was not
observed, within experimental achﬁrac#, as séeﬁ from Tablé I; however,
for the‘(lll) crystal the shift of the kneé was morc pronounced, as seen
in Table II. This is explainable by é tembérature dependence of the (111)

+ * lxlO-h V/°K. This value was calculated from

work function of =2x10~
V= -Vo = d¢c +_¢eo + OTe; Ey plotting Vo vgrsus Te and determining. the
slope. Here a is on the order of the values quoted in the literature.

Fine et,al.l9’quoté.a value of --1.)»(10"1‘L V/°K for the (110) orientation

and comment that it is onvfhe order of »ik, O.86x10-u V/°K, as predicted

by Héfring and Nichols.'1h Though temperature dependences vary with
'cnystallographic orientation,.qagnitudeé are roughly the same’

The Richardson ploﬁs shown in Fig. 16 were constructed with the
séturafed current densities found from the Schottky plot and the experi-
mgntally determined temperatures. The.THERM éode caiculated Ap and ¢e0
and their respective standard deviations. For the (110) data all points
were used in the calculation, but for the (111) data the regions above and
below the transition temperaturé'were anélyzed independently. The data
are tabﬁlafed'in Tébie ITI. Note that the Standard:deviations were
calculated on the basis of 1/(N:2), wheré N is the number of points and .
2 was the number of free parameters fitted. For small populations such ‘
| as ours,'this ratio yields fairly conservative estimntes of the stanqard
deviation, | ‘

The (110) daté wérevquite goéd and.¢éo wns calculated withinlO.Q% to

| | o _ 5
be 5.219 * 0.01 V; AR was calculated within 8% to be 86 = 7 amperes/cm -°K2.

s
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Table I. Tungsten (110) work function calculated from Richardson
equation with A = 120 A/cm2-°K2 and copper (100) work

function calculated from the contact potential and ¢eff'

Temperature (°K) @0 (V) Uy (V) b epr (V)

2163 5.28 1.21 | 4,07
2113 - 5.28 ,‘ 1.21 | L.o7
2060 5,28 1.20 14,08
2006 - ,: 5,28 1.1 - ko7
19?3 5.28 S l.21 | k.ot
1900 5.27 IR o 4,06
1850 - 528 ., . 1.l B h.07

1798 ’ 5.8 . 1.21 » h.o7‘

1697 B 5.27 ~L.20° .. kot
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Table ITI. Tugnstén (111) work function calculated from Richardson
equation with A = 120 A/cm2-°K2 and copper (100) work

function calculated from the contact poténtial and ¢eff'

Temperature (°K)  ¢_.. (V) v (V) Oy ope (V)
2237 b.6h 0.20 BN
2155 - L.62 0.20 L, 2

211k 4.63 . 0.21 , 4 k2
206L° b6y -~ o.21 b.b3
2013 o - h.65 . 0.23 - y,hev

| 1963 :. . 4.69 o 0.27 : u;&z
918 '5 L.73 o 0.30 L. 43,
1868 L6 o 032 b
1816 4,77 0.35 : ’A.uev
767 b7 ok S ks
1717  | k9 0.35 : bl




Table IIT. Thermionic parameters calculated from THERM code

by means of Richardson plot.

Crystal : ¢ (V) - Al(amperes/cme-cKz)
. . eo R :
Orientation
(110) - 5.219 + 0.01 .86 £ 7
B L+ 2hh
(111)  above h,o7h £ 0,15 21k oy,
. transition o
(111) below 5,28 + 0.11 ' 3062 + 3262
transition

As pointed out by Koenig}o the error quoted for ¢eo is reasonable be=
cause the evaluation of ¢eo is practically independent of a systematic
error in the measurement of Te arising frém uncertainties. in the effec=
ti&e emissiyity of the hohlraum and the adsorptivity of the wiﬁdows. .It
is aléo independent of a sysﬁematic error in the current measurement B
that is directly proportionai to the value of the current. On the other
hand,vthé evaluation of AR-is very sensitiVe-tovfhese two types of errors.:
- However, the voltmeter and the pfecision resistors were well calibrated
and any error in AR resulting from a systematic error in the current
measurément was small. For AR a third possible error is the detérminatioh'
of the surfacevarea’of the'colleétor. Since there ié also a 10-mil. gap
‘between the coilector aﬁd the guard ring, half the gap was added to the.i
collector area. » - |
Tor the (111) run a transition occurred at about 2000°K (Fig;>i6)\‘
'@f This phenomenon has been reported by Kochia,]o Sytd&n;9 and Becker and

20 . : . : .
Brandes ~ and is attributed to adsorption on the tungsten emitter. The
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most likely cause ‘is oxygen. Sytaya concluded that the threshold of oxygen
adsorption on the (100) surface is 2100°K; that for the (110) surface about

2000°K. HoWever, according to Becker and Brandes, axygen adsorption starts

around 1600°K for the (100) surface, and roughly 1800°K for both the (110)

and the (111) surfaces. Althaugh the maénitudes of the results from the
two authors differs, the order of which surface will adsorb first is re—~‘
versed. The importan% thing is that oxygen does adsorb onto tungsten ahd'
this adsorption does increase the work function. In vieﬁ of this, aﬁd
followiﬁg.fhe example of Koenig, the (111) data were analyzed in two parts,
with the‘high-temperature'part above the transition yialding the pertinent

(lll) tungsten data. .Table I shows thé data for both regions; for the

(111) crystal b, Was calculated within 3 1% to be L.7h * 0. 15 v/ and AR
v +2Lh

'within‘llh% to be 21k ; I amperes/cm - K2 for above the tran51tlon,

. The sensitive dependence of AR on various factors is reflected in the

‘uncertalnty with Whlch it was calculated.

Flnally, & Shelton plot was made (Flg 17) w1th the calculations from

k -thefTHERM;code. These values are given in Table IV. As can be seen, not

only didntha ﬁbrk function of the collector vary with greater negative
Voltages, but the A*‘valgas.also changed quite radically, showing its
senSitiVify. Data for the (111) crysﬁal are for above the transition
temperature.  The temperature dependence on ¢e could not be calculated
from A* and AR because the proper A* to use was not known.

Ianables I and IT the effectiye emitter work function, ¢eff’ for

both crystals are based on the experimentally determined currents and an

A of 120 amperes/cmg-ng. Also listed are the contact potentials and the

effecﬁive collector work functions calculated_from'the given data. For

these calculations the full range of values was given for the (111) crystal.
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Table IV. Thermionic parameters calculated from THERM code by
means of Shelton plot.

v (V)  (111) ¢ '(111) N :(110) ¢ (110) A* )
| E FVblts)‘c (amperes/en?-"k2)  (Volts) (amperes /cmt ~°K)
Jb.ev  h.os b7 . -

0.3 hoos by - | -

0.k k4,20 | 39 | - | -

0.5 14,18 | Y -

0.6 = k.16~ 32 | - e | -

0.7 h.1k 29 . .

0.8 ;Wi 6 L
1.0 . ko8 2 e o
1.3 - | . - -".‘h.01 A 90

1 3.9 I U R -
‘1.6 - | - 3.8 R
 2.0 | 3,86 8 - -

‘The:rise i9:¢eff for the (lll) crystal is indicative of a'con£aminated Sur-
face and w#g expected in view of the above discussions. For. the (110) cry-
sta%, ¢e£%iremains essentially constant over‘the entire temperatﬁfe range.
As.ean be‘seeh, the ¢c5eff remained essentially constant for egch run. This

is due té the water cooling of the collector assembly. A possibl¢ expiaha;
tion why’the ¢c;eff of the (lll)'run is different than that for the (110)

is that the colleétor was not touched between runs and thus sfarted'out

with a different surface condition. The bare work function for (iOO)vcopper.is

5.61. V; as found by Underwood in 1935.21 'Our‘valués are 4.07 and L.43 v. .



T

The difference in our values for the two runs is easily explained by
surface contamination. Tt is interesting, though, that the only refer=
ence on the work function of (100) copper found in the literature is

Ref. 21, and the measurement is photoelectric, not thermionic.
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VI. CONCLUSTONS

fhe (110) tungsten bare work function was found to be

| 5.219 + 0.01V, |
with a cerrespending‘Richardson constantvofv

) 86 + 7 amperes/cm2-°K2.
The (111) tungsten bare work function was found to be
hoth £ 0.15 v,
with a corresponding Richardson constant of
| 214+ Dk amperes/cme-éKg ‘

and a temperafﬁre dependence of

L

~2x10" " 1><10')* V/°K.

. A bend in the (111) Richardson plot. could be explained by oxygen

] ‘

_ ddsorption at a thresheld.temperature of about’ 2000°K.

#

No temperature dependence or gaseous adsorption effects were observed

" " on the (110) surface of tungsten.

The work function of (100) copper was found to be 4.07 and 4.43 v,
but neither value is felt to be the true bare work function of (100)

copper becauée’of contamination of the collector surface.
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APPENDICES

A. Nomenclature

Symbol : A Usage . | .

A : - theoretical Richardson constant = 120 amperes/cm2-°K
'AR _ Richardson constant calculated from Richardson pldt" *
.A* | trﬁe temperature=~dependent A'calculated from Shelton piot
e ' - charge on electron | |
- F | . Fermi level
f.FC, Fe ‘Fermi level in collector and emitter, respectively
Fé - applied field at emitter surface
Jy JS, so éurrent density,:satﬁrated current density? saturated
- - gurrent density at zero applied field
k' Boltzmann constant |
T : aVefdge reflection coefficient for electrons at emitter.}v”
VIIT; Te- { ~ temperature and emitter temperature.in.oK - E
v, Va ,’ f_.' -externally appliéd, inferélectrode voltége
LVVo B contact éotential voltage = ¢c -‘¢e
 W ' 11 height of potential barrier at surface of a metal .
'“”':a : : ,j 'postulated temperature dependence of ¢e' = d¢e/dTef
”5_‘. : sjace charge barrier |
ﬂ¢c,f¢e, P work_functidn of cblléctor% emitter, and emitter at OéK, f

: frespectively

'.¢v s @ effective work function of emitter aﬁd:collector calculated
eff’ Tec,eff _ "5 o ‘
— ~ on the basis of A = 120 amperes/cm” - K-

e
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B. .Preparatioﬁ of Single-Crystal Copper Collector and Guara Ring -
The (100) oriehted single erystal of copper, obtained from Semi~’

Elements Inc., is rated as 99.9% pure.‘ It comes in a l-inch diameter

rod 4 inches long, oriented with the glOO) direction within 2° of the

rod axis. YA wafer 15/6h—inchv€hick.w;s cut off with a qurk cutter

(Metals Research Ltd.,"Servomet) fo minimize surface defofmations. The
wafer was then ground optically flat on a precislon ceramic wheel with
. a suspension. of Al 2% powder in.oil. The wafer was washed iﬁ a‘S§oddard
solvent sonic bath to dislodge any suspension from the surface. An x-ra&,ﬁ
Laue pattern was taken and the orientation of the cryetal lattice relative
to the .surface anmal of ehe ground face determined fo lie within 1° of .
the desiredvorientation. The rough side of the wafer was then ground
parallel to the reverse face to within 0.0001 1nch ‘and the wafer reduced
to a thlckness of 0. 170 inch. The wafer was again washed in the Stoddard
solvent sonlc bath and then chemically polished for one minute in a solu-
tion of 1 part nitric acid, 1 pa&t acetic acid, and 1 part orthophosphoric
acid, leav1ng a flat reflectlng flnlsh. |
| One face of the wafer was electropollshed for 50 minutes, which was
'eufflcleni to remove several mlls of metal. Copper was used for the nega—;
R tive eleétrode; The electropol#ehing solution was at room temperature and
consisted of 50 mls distilled Wa‘ter, 100 mls orthophosphoric acid, and a |
few drops of molaéses. Molasseé?was found to aid_in forming the surface
7filﬁ:on;the wafer face, thus reﬁarding the current and producing a more
‘lluhlfofm polish. Best results occurred for an applled voltage of 1.8 Volts

Vlat a current of about 0.19 ampero /(m . This procedure resulted in a very
“'well pollshed, flat surface, althouph not optlcally flat. The surfacc had

an orange-peel type of finish characterlstlc of’ the electropolluhlng proceSs.
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The-0.36h-inch diameter collector cr&stal was then sparke-cut out‘of
the wafer with a circular brass cutting tool with a 30-mil wall. For the
guafd ring, the brass cutting tool coosisted of two concentric 30-mil

‘.walls cuttlng out the guard ring to a 0.524-inch outside diameter and a
O.38h-1nch inside diameter. This leaves a 10—mll ‘&ap between the. collector -
and the guard ring.

The crystals were then brazed to their respective OFHC copper mountings
in an auxiliary vacuum system. The braze allow was nicusil 3(71.15% Ag,

“5 ) _ 'j.vif_ 28.10% Cu,v0.75% Ni); which‘has a meltiné point of 795°C. The melting
- boint of the collector was visuaily noted. However, the tempefature of

'w“f;-‘ : efﬂf the guard ring was monitored with a thermocouple to determine whether or '

R no£ the_nicusil had‘melted. The latter techniquebwas.necessitafed by the
| desigﬂ of the guard ring‘mounting as shown in Fig. 8.’

‘ Fioaliy,-the erystals were re=electropolished for 10 minutes each to

: . . lf o compenSate for the'dﬁlling of Fhe polish from the spark cutting ahd the .

P ) ; e'-f' brazing; |

A flnal Laue pattern was taken of the collector, Fig. 9, just before

f;lt was mounted in the dlode to ensure that the data would correspond to

':¥;Ithe_deslred orientation.

During the bakeout of the entire vacuum system, the collector tem-

:“perature reached a high of about 290°C. During the actual run the emitter

was'brought'up’to fullﬁpower and the collectof temperature reached:a high -

: ) of about 250°C with no coolant flowing through fhe collector aséembiy. a
é? ¥; 'h g;;}f; f}Comparable readings for the guard ring were 325°C and 300°C. That theee
i;temperatures, however, are not nearly hlgh enough to clean off the collec-:'
fvtor is shoﬁn”by the collector work functlon calculated}for the various

emitters. ‘To properly ciean off the collector would have fequired ourv4;

reaching temperatures comparable to the melting point of'copper.

T e e A
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C. THERM Code and Random Errors

A computer code, written by Edna Williams (LRL), took thermionic

emission data as input and printed out all essential thermionic con-

stants with their respective standard deviations. The code was originally

written for the IBM 7094, but has been converted for the CDC 6600. 1In its
present form the code is known by THERM 75. Provision is also made for

having the data graphically shown by Cal-comp plotter.

Ingut:

Card 1: DNumber of Shelton plots to be made; up to 10.
Card 2: Retarded region potentials used for Shelton plots.

Card 3: Temperature of emitter, noise resistance, maximum and
© minimum voltage values used for plotting I-V curves, area
of collector; and number of vertical grid lines on I-V plot.

Card hﬁ Minimum and maximum retarded region potentials for I-V plot,
and minimum and maximum saturated region potentials for
I—V and Schottky plots. ,

, A » . .
Card 5:~ Voltage across known resistor, voltage, and resistance.

Card 4 specified the range of values needed to compute a least-squares

-analysis_for the retarded region, the saturated region, and the Schottky

plots. idard 5 sets down the vertical grid for the I-V plots. The program

sets the horizontal grid by decades of 10 (In plot) by reading the input

and starting the plot one decade below the lowest value and one decade

above the highest value.

The program then performs a least-squares analysis over the retarded re-

gion and computes the electron temperature from the slope along with 'its

v standard~dev1at10n. The program also does’ ‘a least squares fit for the satura—

ted reglon and solves the two calculated ]1nes for the 1ntercept V B and an
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'accompahying deviation. The Schottky plot is then drawn with the re=-
"speCtiVétcalculatéd Vo’ and a least-squares fit is made to it. The inter-
-cept is then given, Jso’ and an accompanying deviation. The respective

Jso's are then used to calculate a Richardson plot. A least-squares fit

is also made and the slope and intercept given with their deviations.

Finally the program uses the camputed retarded region curves to plot a

_Sheltoﬁ plbt. A least-squares analysis here also gives the slope, ¢C, and

the intercept, A*, and their accompanying deviations.

A1l standard deviations are done on the basis of 1/(N-M) where N is

'_ the number of boints and M is the number ofvparameters fitted. In our

“case M was always equal to 2. Thus all randem errors in‘the data, and

thus in the calculations, were accounted for in every significant para=-

meter éomputed.
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FIGURE CAPTTONS

Motive diagram: (a) retarded region, v, =V + Vs (h)

-eritical point, V =.-Voj {c) saturated region, Vq»z v - VO.

s

Current-voltage characteristics. (above).:
Richardson plot. (middle).

Schottky plot. (below).

"Schematic of vacuum system.

.- Thermionic emission diode and instrumentation stand.

Brightness temperature (as measured with pyrometer) versus

true emitter temperature, which contains calibration correc-

tions for the pyrometer and a.correction for the Pyrex
windowgthrough‘which the emitter was observed.
Schematic. of the thennionic‘diode.

Laue pattern of (1L0O0) copper sihgle crystal.

Laue pattern of (110) tungsten single crystal.

Laue pattern of (lll> tungsten single crystal.

Schematic of (a) meter’positionSvand.(b).the_eléctronic

circuit. .

(110) tungsten I-V curve for 2060°K.

Expanded (110) tungsten I-V curve for 2060°K.

~ (110) tungsten Schottky plot for 2060°K.
‘Richardson plots for (110) and (111) tungsten.

Shelton plots for (110) tungsten.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report. :

As used in the above, "person acting on behalf of the

Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
_of such contractor prepares, disseminates, or provides access

to, any information pursuant to his employment or contract

with the Commission, or his employment with such contractor.








