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PHOTOFLECTRIC TROFERTIES
OF EVAPORATED ANTIMONY FIT.MS
AS A FUNCTION OF TH1CKNESS

I. INTRODUCTION

The discovery and explanation of the photoelectric effect standsg
out not only as one of the most important verifications of the quantum
theory but as a tribute to the persistence and determination of the
early physicists. Today the field remains a broad and penetrating
study in its own right as well as an increasingly valnable tool in
the investigation of electronic band shtructure in solids, electron
collision phenomena, and surface physics.

Since the first evidences of the photoelectric effect were
noticed in 1987 when Hertz found lowered sparking potentials between
illuminated spheres, hundreds of workers have studied its effects
and ramifications. The most notable, of course, was A. Einstein (10)
whose successful explanation of the linear relation between photo-
electron energy and incident light frequency set the physics world
agog with its revolutionary assumptions.

Suppose we shine some light on a metallic conductor in a vacuum.
By the total absorption of a single prhoton of radiation, an electron
may acquire kinetic energy equal to the photon energy and then pro-
ceed to lose this energy by various types of collisions and in over-
coming the potential barrier at the metal surface. Using the Fermi-
Dirac distribution of initial electron energies as a starting point
with semi-quantum-mechanical models of the mechanics of excitation

and potential barrier transmission, various workers developed theories
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of the process of emission. These seemingly ~rude mo2le gave remark-
able agreement with experiment. Among the mosh sucrersful were the
theories of Fowler (11), Tves (1)), and DuBridge (9). These theories
relafe 'he energv and spectral distributions of the <lectrons to the
emitter temperature near the threshold frequency.

The complicating e=ffects of a variety of collision phenomena, the
special potentinrls within and at the boundary of the metal as well as
the state of polarization and monochromaticity of the light, and the
structure of real surfaces demand the sophisticated techniques of a
fﬁlly quantum mechanical treatment.

Examination of the special properties of the photoelectric effect
from thin films is attractive since the problem is somewhat simplified
by control of a spatial dimension of the same order as the electron
mean free path, optical wavelengths, and optical absorption length.
For the long history of thin film photoelectric research see the book
by Hughes and DuBridge (13). PReyond this, thin film techniques are
particularly important in their application to closely related electro-
optic and electromagnetic phenomens.

Because of the necessarily limited theoretical scope of this paper
the problem was approached rather cauticusly from a semiclassical point
of view. Thus, an emphasis has been placed on the development of cer-
tain experimental techniques for the study of photoelectric propertigs

in ultra pure thin meteal films. In particular these include:



1)

2)

3)

k)

5)

Control of film thickness, temperature, end rste of film
deposition.

The measurement of optical film transmission by a sensitive
double pass method.

Determinations of the external work function, photoemission
energy distribtution snd threshold, and the total photocurrent
as a function of thickness.

Monitoring the film's optical properties at photoemission
wavelengths.

Qualitative measurement of the film's resistivity obtained by

a parallel plate capacitance technique.



IT. THEORY

INTRODUCTION

To get an overall view let us review firsht an elementary theory of
photoemission from conducting solids.

Einstein, in his 1905 paper (10), proposed that under proper con-
ditions an electron could totally absorb a single quantum of radiant
energy which appeared ss an increase in the ¥inetic energy of the
electron. If the electron was initially in the interior of a metallic
conductor this added kinetic energy might be sufficient to ~nable the
electron to escape the potential barrier at the metal surface and be
detected.

Later il was shown that the photon-electron interaction must hake
place in the field of & third body such as a nucCleus, crystal lattice,
or the surface potentisl field to conserve momentum. This can be shown
intuitively by a classical inequality or more precisely by a quantwum
mechanical analysis of the interaction. Since we will use a semi -
classical approach in discussing the effect in terms of the free-
electron theory of metals we will assume for this discussion that the
surface potential field enables momentum to be conserved but claims s

negligible portion of the photon's energy.
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ELEMENTARY THEORY -

THE ELECTRON ENERGY DISTRIBUTITON

In most theories of photoemission it is a well founded and murh
used assumption that the energy distribution of electrons in a metal
before intersction is isotropic and is given by the Fermi-Dirac statis-

tiecs:

1 1
INF 5
8m(2m” )" E24E (1)

n(E)dE - h" exp[(E - Ef7/kw] + 1

where the usual symbolism holds and Ef is a constant called the Fermi
energy. In Figure la, n(E) is shown for T = 0%k and 300%K. It is

quite evident that the influence of temperature is strong only at higher
energies, but these are the very electrons which are available for
photoemission.

If we choose to excite an electron with initial energy Ef whose
velocity is directed normal to the metal surface both before and after
interaction with the photon, Einstein's equation applies to relate the
external energy (EX) of the emitted electron with the height of the
surface potentisl barrier (ge):

hv - g‘e = (2)

ol
=]
c
il
e

This relationship is expressed graphically in Figure lb.



4

|
Ey
|
VACUUM LEVEL 1 .
hy
'T
— Wa
E
__ y
~———n (E)
FIGURE la, FERMI-DIRAC FIGURE 1b ENER(‘Y
. Y LEVEL
DISTRIBUTION (Properties DIAGRAM '

at 300° K are exaggerated)

Since the work function, yf, is defined by ;ée = Wa— Ef (where Wa is
the total height of the potential barrier) at T = OOK the threshold
frequency, Vo = ‘%e- (which is the lowest light frequency capable of
causing photoemission) is precisely defined only at 0%K. At any higher
temperature the number of electrons per energy interval tends to zero
asymtotically with increasing E. For the frequencies of light commonly
obtainable experimentally the electrons available for photoemission lie

in a rather narrow band at the high end of the distribution where

temperature dependence is strong.



Experimentally it is ususl to determine the energy distributinn
of the emitted electron by =sdjusting an external retarding field so
that only those electrons with energy eVR will reach the ccllertor

(VR = collector - emitter potential difference). If the resulting
curve relating current and retarding voltage is differentiated an

energy distribution curve can be obtained (see Figure 2 for exsmple).

Proper attention must be given to geometrical factors of course.

Ip

SATURATION

CURRENT n

300°K

0’k \\\

<\

') S
vy — /
eV = hlv - 15)

. r———

Photocurrent Versus Retarding Energy Distribution
Potential

(Properties at 300°K are exaggerated)

FIGURE 2. EXPERIMENTAL PHOTOEMISSION CURVES

¢

Parallel plate geometry will yield a distribution of normal energies
but for a total energy distribution a concentric sphere arrangenent is
required.

Let us hypothesize a function, F, which completely specifies the
numbers and velocities of the emitted electrons. Th:n F is a function
of (a) the intensity, direction of incidence, state of polarizaticn,

and frequency of the incident light, and (b) the work function and



Fermi energy of the metal as well as its temperature and microscopie
gtructure.

Letting all other variables be constant then:

dn = F(v, u, T)dvdh (%)

Integration over the electron velocity, G, givet 8 spectral distribu-
tion while integration with respect to the light frequency, V, pives a
velocity distribution.

Attempts to derive such expressions have a long history but none
were really successful until Sommerfeld's free electron theory in 1027
gave the needed basis. Notable theories were advanced by Rjoharﬂsonl,
Nordheim, Wentzel, Frohlich, and Tamm and Schubin. The most successful
and generally useful of the semiclassical theories were thrse of Fowler
(11) and DuBridge (8). Here we call semiclassical theories thore in
which the excitation mechanism is not treated as a wave mechanical
interaction but as a simple addition of kinetic energy to the electron.
These theories used quantum mechanical treatments of the excited
electron's barrier penetration however. The theory of DuBridge for
parallel plate geometry will be used for snalysis of the data of this

work.

1. Richardson's theory relates total emission to emitter temperature
and is based on thermodynamic arguments. It was derived before
1927 and was substantiated by the Sommerfeld theory. These thoories
are comparatively described in reference 13, page 195



THE_FOWLER-DUBRIDGE_THEORY

Fowler's intent was to predict the photo-current, 1p’ as &
function of V and T in order to obtain accurste valurs of Vo at T >>0K.
DuBridge then extended the treatment to make use of measured retarding
potential -photocurrent curves at constant v and T to oblain the same
information. (We will discuss the theory of Fowler as modified by
DuBridge.)

In outline the method consists of:

1) FEvpressing the distribution of initial electron velocities,
ugs using the Fermi-Dirac statistics.

2) Computing the probability, P(v, uo), that an electron will
absorb a photon.

3) Writing the normal velocity distribution for the flux of

electrons to the metal surface where their new energy is

given by

4h)  Multiplying this by the transmission coefficient,
D(En, Vor W, S), for the boundary (where S includes shape
factors for the boundary and En is the portion of the
electron's energy direrted normal to the boundary).

5) Integrating the result over all values of normal energy to

obtain the desired spectral distribution.
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Fowler and DuBridge made the following simplifying assumptions

which are reasonable for the experimental ronge of Vv < 1.5 Vo
Q

(a) The free electron theory holds within the metal with no
potential variation save at the toundary.

(b) The range of initial energies is within a few percent of
Ef so any probebility factors P which depend or a gmall
rower of V will be considered constant.

(¢) Feactors in (Vv - Vo) will make factors in (V) unimportant.

(1) Assume that D=1 for E, *hv >w,
(5)

D=2 for En + hv < Wa
(Although this assumption is actually quile good, it
deserves later discvssion).
(e) Implicitly assumed are a smooth surface from which the
electrons escape and that they suffer no collisions within

the metal.

Then Na’ the number of electrons available for emission (wvhich
is proportional to emission current since P is constant), can be
obtained by integration of n(En), the number of electrons emerging
with normal energy En- (Na is the number of electrons per unit time

per unit area.)

o0
Na fwa-hu n(En)dEn (€)
E.-FE)
YrmkT , (f n -
N, = 3 [Wa-hv Inll + exp 5 | &, (7)
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This may be integrated to yield:

Lk 2r2
Na[T) v, (Ef- wa)J = ‘—*}‘]“"__ ?‘(X) (8)
where
E.- (wa-hv)
X = e B
kT
and
¢(X) = g(x) for x <0
A(x) = %; + %; - g(-x) for x>0
X 3
g(x) = [e"- S5 4 S5 - ... ]

-

Then if we let O = the probability of an electron absorption of a

photon we expect

I, - OAT?d (%) (9)

for the saturation current. (A includes all constant factors).2

Implicit in this derivation is the assumption that the entire
energy of the interacting photon will be added in a direction normal
to the photoemitting surface. This is a good approximation for this
energy range--see page 95. Also implied is that the effect is a sur-
face phenomenon since we considered the flux of unexcited electrons to
the surface where we selected those of appropriate energy as being

available for photoemission.

2. It is of interest to note that if Vv = 0 Equation (9) reduces to
the Richardson Equation with the same constant A.



At absolute zero Equation (9) reduces to:
= v - F
Ip 0 hv< (wa Ff)

- - 2 - )]
(hv -(w_-E.)]% for (W, Be) < hv (10]

v =2 1 - (11)

which is just the apparent threshold we sought. Although Vo does not
exist as a sharply defined threshold at T > 0%k it is convenient to
define it as a characteristic frequency by Equation (11). (Also x = O
here.)

Fowler devised a beautifully ingenious graphical method by which

VO could be found easily be rewriting Equation (8):
In £ = B+ o(x) (12)

Since B is a constant independent of Vv and T and &(x) = Lng(x) is a
universal function of x (the same for all metals) any experimental curve
should be superposable on the theoretical curve by simple transletion.
If Ln(1/T2) is plotted against %% the horizontal translation will give
vo. Experimental agreement with the theory is very good to photon

energies as much as 1.3 volts from the threshold.
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The DuBridge modification of the Fowler theory is based on the
assumphtion that the external electri~ field is the =ame 3in its effect
as the surface potential barrier. Thus if the total potr~ntisl barrier

is Wa we can write for parallel plate geometry
_— -
Woo= W Ve (13)

where Wé is a new, effective total potential barrier and Vr is the
external retarding potential. Then the expression for the flux of
electrons to the photoemissive surface with energy suUfficient to reach

the collector becomes

o0

' pa—
VO = Jy by e ony®
8 r

(En)dEn (1h)
Integration of Equation (14) yields a form like Equalion (8)

except that x is replaced everywhere by x':

' hv-(wa+ ve - Ef) (vm-vr)e )
x' = = (15)
KT kT

(Here Vm corresponds to the threshold on the current-voltage curve at

OOK-) Then the rate at which electrons reach the collector is given by

N ) - TR gl (16)

The electron energy distribution (normally obtained from the experi-

mental Ip- Vr curve by differentiation) is the differential of

} (17)

Equation (16):
~-W+ Ve -hv
a T

kT

E
n(V. ) =M—’I—‘Ln{l+ expl f
r h3
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The graphical analysis of Fowler can be used unchanged except for inclu-
sion of the variable Vr' So far the assumptions are as before with the
additional assumption that the w; potent,ial barrler's effect is Lhe

same as that corresponding tc wn.

The Fowler-DuBridge thecory for parallel plete geometry given above
looks good experimentally esperislly near Vm where the barrier trans-
mission assumption should hold more exactly.

Fowler and DuBridge go on to derive similar but more general
expressions for the concentric sphere geometry where the total evergy
distribution of the electron is desired. In this their assumption is
that the velocity acquired by the electrons from the phot: excitation
is in the same direction as the electron's original velocity. (The
originnl velocities are isotropinc.) Thigs theory gives the normal energy
result as a special case. An experimental verification of the con-
centric sphere theory for the special case of thin films was made by

Brady (1) who found good agreement for © > 3 or % atomic layers.

THE SURFACE POTENTIAL BARRTER

Since the transmission coefficient for the potential barrier is a
function of its shape and height as well as the electron energy it will
be of interest to further discuss this point. The simplest assumption
of course is that of the rectangular barrier for which D can be readily

b

calculated. (See Figure %a.) It will be observed that for En ~ Wa

D is a rapid function of En- Perhaps a more realistic model is the

image field barrier for which Nordheim (20) made calculations indicating
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FIGURE 3b. RECTANGULAR BARRIER TRANSMISSION COEFFICIENT

D= 0.935 for En = wa (see Figure 7b). More complex barrier shapes give
rise to resonance penetration with one of several maxima in the D(En)
relation. Indeed the most simple deviation from the simple step function
model introduces enormous complications as the number of adjustable
parameters is increased.

The model assumed for the Fowler-DuBridge theory (D=0, B <W.;

D-1,E > Wa) seems quite satisfactory considering the fact that we
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are dealing with frequencies sufficiently removed from the threshold to
insure that D ®* 1. This is especially true in view of Nordheim's renult-§
In the MuBridge modification the retarding field extends the step
barrier but again the major portion of the current which we are analyz-
ing consists of electrons for which En-(w& + Vr) is large enough to
make D ® 1.

1t is obvious that the development of a complete theory of phnto-
emission critically depends on a satisfactory specification of the
surface potential barrier. This is especially true when one considers
the actual three dimensional configuration of a real metal surface (17).
The periodic potential conditions within the metal influence the exci-
tation process and thus a complete theory must include consideration of

a volure photoeffect.

THE THIN FILM EFFECT

After the electron has been excited within a bulk material it may
suffer certain collisions on its way to the surface. These include
electron-electron and electron-lattice collisions (elastic and inelastic)
in a regular crystalline conducting solid. If the solid is of amorphous
character or exists as a thin film, collisions involving the surface

potential barrier become important. Two modern, comprehensive articles

by Bergland and Spicer are recommended (2, 2).

3. However, if we are measuring V_ by actually varying V, the value of
D becomes quite important for En Y Wa.
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Since specific collision theory is beyond the scope of this paper
we will speak only of a "total average mean free path," ke, which
presumably would be chiefly due to inelastic elentron-lattice colli-
sions. We will assume that Re is independent of electron energy over
our range and that the electrons do not have sufficient energy to escape
after one collision.

The depth from which electrons are emitied is a most important
aspect of the problem which must be considered in detail in this con-
nection. It is the assumption of this paper that emission near the
threshold energy is a surface process taking place within the portion
of the surface potential barrier for which the gradient is relatively
large. Although there are potentiasl conditions within the metal which
permit photon-electron interaschtion it is believed that bthe threchold
for this type of excitation is higher and that yields are smaller (1s).

Since a portion of the electrons will always be emitted without
collision the straightforward determination of threshold (near TfrOOK)
will not be affected although the energy distribution may be. Brady
(4) has found that the energy distribution from potassium films on a
silver backing is not appreciable affected by film thickness (for films
greater than three atoms thick) in light incident geometry. Experi-
mental data was a good fil to the Fowler-DuBridge theory.

By the investigation of thin film emitters the assumptions con-
cerning electron mean free path and surface versus volume photoemission
may be explored providing something of the structure and optical

properties of the film material are known.
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IIT. EXPERIMENTAL APPARATUS

In the construction of spparatus the following measurements were

consldered:

Film thickness

Film temperature

Photocurrent

Work function

Opticel transmission and reflection

Illumination quality and intensity

Metal purity and deposition rate

In order to design a proper euvironment the experiment was divided

into five general subsystems each imposing particular requirements on
the system as a whole. There are ocutlined below:

Optics. To measure the transmission and reflection coef-
ficients of the film in vacuo at two distinct wavelengths an opticel
system was designed which utilized a double pass of light through the
film. This made possible the use of a single quartz window and a
single, rigidly mounted detector. Since optical transmission was the
principal means of film thickness determination, accuracy of this sys-
tem was a most important consideration. The same system supplied a

beam of ultraviolet light of monitored intensity for photoemission.

Metal Source. After exhaustive experimental work a shutter-

controlled molecular beam from a radio-frequency induction heated oven
was found to be the best source under consideration of purity, ease of

control, and reliability.
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Photocurrent Measurement. Although the use of a direct-

reading vibrating reed electrometer simplified the measurement of the

- to 1077 nmps.) there were numerous problems

minute photocurrent (10
involving shielding and stability.

Contact Potential Measurement. A freshly eveaporated gold film

was used as a work function reference with a vibrating capacitor tech-
nique for measurement of variations in work function of the film. Inter-
electrode capacitances and an approximate measure of film resistivity
were also obtained with this system.

General Experimental Set-up. The remaining considerations

such as substrate temperature control, production of ultra~high vacuum

conditions, and the external electrical circuits are discussed here.

With this outline as an introduction each system will be discussed
with reference to theory, design criteria, and the experimental problems
of the final configuration. Photos of the experimentel layout and a

general schematic follow (Figures 4, 5, 6 and 7).

OPTICAL SYSTEM

In a sense this experimental method was made possible by the work
of G. A. Condas at LRL (6) who related optical transmission and surface
density of similar high-purity antimony films and made it practical to

use this method of film thickness determinsation.
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It was decided to use an arrangement by which a light beam would
pass throungh the film twice by entering and being reflected cut of the
vacuum envelope along the same path. Since the ontput then depends on
the square of the transmission the thickness measuremer:t is more
sensitive for the low absorption characteristic of the thickness inter-
val with the most interesting properties. The opticael system is =hown

schematically in Figure 8.

MONOCHROMATOR

=
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N
N
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CILis
CITLz
il

P - APERTURE
N X « SHUTTER
. M = MIRROR
W~ WINDOW
S - SUBSTRATE

—QUARTZ LENSES

Hg ARC PHOTOMULTIPLIER

FIGURE 8. EXPERIMENTAL TUBE OPTICAL SYSTEM

As an introduction to optical system theory we will write first
order approximations for the important quantities. We let tn and r
symbolize the transmission and reflection coefficients of a surface
and I, the light intensity (which will generally expréssed in terms of

photomultiplier current).
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In order to measure the light intensity incident on the tube, 10,

mirror M- is put in place. The background current, 1, , due to dAnrk

b
current and stray light is read with shutter X in place and is of

course subtracted from all other readings. We can Immediately wrilte:

I = Igrary + I (19)

When Mo and My are removed as is the case during photocurrent
measurement, the photomultiplier output, IB’ is a monitor of the film
illumination. Including first order terms only we can approximate the
light intensity on the film, If, by the following equation:

If = twtslo

In this case the monitoring detector will see a signal given hy:

2 2

I_ = (tw toor + Ié)IQr (19)

f 3

which should be constant for each particular film thickness provided
the source is of constant intensity. Here the small amount of light
reflected from the window and substrate is symbolized by Ié. Fgua-
tion (19) gives the necessary information to normelize the photo-
current should the input light intensity vary during a photoemission
run.

The measurement of film transmission is accomplished by utilizing

two conditions--that with Mo in place and that with Mo removed from the
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light beam. The expression for the signal, IA, with Mo in place is:
Ta = T3l systen Ty

or:

With Mo removed the r, in the final term is replaced by r , the reflec-
tion coefficient of the end of the tube, and the signal is called IB-
Then subtraction of the two signals gives:

_ - 2422
I,-I_ = rJIO(rO rl)tw t7 s

_ _ 2
I I,=2C Iotf

Since Cl can be determined from initial conditions tf may be chtained
in this approximation. Note that Te does not appear in this express-
ion but both it and the absorption coefficient can be determined from
IB-

This rather simple idea serves as a bhasis for an exact expression
involving infinite multiple reflections within the system.

At this point it is desirable to make firm definitions of the
optical terms involved. Considering the antimony film a surface of
negligible thickness (interference effects can be neglected) we can
write:

Ttotal = Ltrans.t Trer.” Tabs.
l=t+r+ta (20)

or:
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Note that eccording to Equation (20) the absorptance of a highly
reflective surface will always be small since we are interested in the
light absorbed in comparison with incident light. This definition
seems most applicable for generalization to systems of surfaces.
Now consider a quartz flat of internal transmittance, tq, as

gshown in Figure 9.

'i"l 'q 2 "2
FIGURE 9. QUARTZ FLAT SCHEMATIC

Then the transmitted light, It’ is given by:

. 2.2
Ty = Tobataby + I rrbibt + I frft bt +

Now if we sum this geometrical series we can write the composite

transmittance, for the system, Tp, and similarly the reflectance, Ro:

t.t. t

1 2
TZ = _——i'? (ZL)
1l - rlrztq
23 2
rztl t
R, = +r) (22)

2 2
1 - rlrztq
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If tq =1, tl =%t;=1~-r,andr, = r, =r for the quartz flat

these equations simplify to:

l-r

Tz = 777
2r

Rz = l1+r

We may proceed in this manner to find such coefficients for
systems of surfaces but, in general (when a # o, tq 4 1) the egua-
tions are quite cumbersome and approximations are necessary. The
problem’could perhaps be handled more elegantly by transmission-
reflection matrix for each surface but simplifications are easier in
this straightforward method.

Since we will be making at least one approximation at the outset
it may be well to tabulate the optical constants involved (Table 1).
For the thickness determination a wave length of 4358 & was used while
photoemission was measured at 2&82J§, both of which are strong, clear
lines from a mercur& arc source.

TAELE 1. OPTICAL CONSTANTS OF FUSED QUARTZ

ILA n r tq

%.p 2482 1.5077 0.0L4097 0.959
A 4258 1.4677 0.03591 0.90%

Index of refraction

1
té Internal transmittance+

4. Values given are for a 1/16 inch thick, type 101 quartz disc
and are taken from the General Electric Fused Quartz Catalog,

QTA.
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The method of approach for a system of surfaces consists of writ-
ing a set of general equations for two surfaces and then considering
the set as one surface having the derived cecefficlents. Thias can be
extended to three surfaces by reapplication of the basic formu!a.

Since internal transmission is quite different for the two wave-
lengths we are allowed different approximations and hence will separsate
the derivations into two different problems identified by the symbols

%t and %p-

DERIVATION OF At EQUATIONS In order to show in an intuitive way that

we may neglect the absorption of quartz for kt let us consider the
exact expressions for transmission and reflection of two surfaces.
Our approximation to Equation (22) is:

tfrs

R2 = Iy + l_-E (25)

The error is using this approximation is given by:

2
1 t
- =
AR 1 - r,r, 1 - rlrztq
"Rz 1
=
1 - tq r,r,

Since the maximum velue of r r_, *1 - té3= 0.00%2

AR,
Ro

I T téB = 0.00%2

By similar reasoning:
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P

A,

T2

.

Z 0.0016

It can be seen that the denominators of the exact equations (21) and
(22) which express the effect of infinite multiple reflections are
affected almost infinitesimally by the value of tq- 1t is then reason-
able to expect that since the bulk of the light output from the tube

mekes four transits of quartz discs the error can be approximated by:

AR 2 (L -1t*= 0.0064
tube !

We will then use the followin.g relations for the cases shown in

Figure 10.
CASE I CASE I
/ 2 / 2
Io I, -
I -— 1,
I I, -

FIGURE 10, SURFACE CONFIGURATIO'NS



21

For Case I:

2
+ tor,
R2 B rl 1l - riro
T tltz
271 - r,r,
For Case I1:
ryt,
R! =
2 1 - r,r,
T *2
2 7 1 - r.r,

By following the light path through the complete system (shown
again schematically in Figure 11) we can write the final composite
reflection of the system, RA, by inspection. We have let T1i,2,3=

Fquartz = T and t; 5 5= (1 - r).

WINDOW SUBSTRATE SHUTTER MIRROR
I 2 3 4 o

FILM

NN

fz»'z r3o'3 . r4v'4 fo

FIGURE 11, TUBE OPTICAL SYSTEM SCHEMATIC



22

R - rb(1or)d I LT ltr (-r)re
A 14r  14r J14+2r = lter (l+2r-5rrf)

(1+er)t,, r (1-r)tg |
+ \
(l+2r"5rrf) l+2r-5rrf-rorf(1+2r)+ Brro(rga"bg) s

On combining terms we have:

or 5t 2r

f f o
R, = 7 + + - (24)
A 1-yr - - 2 +2) .
e (1 7rf)[(l 7rf)+ 7ro(rf tf) rre
where for convenience we have written:
) S
Y = 1557 0.100
for )‘t
(1-r)%
6 = (1-21')2 = O 808

Now if we move the shutter (Mo) out of the light path we replace ro
everywhere with r, in equation (24) and call the composite coefficient
obtained RB-

If ideal conditions prevailed it would now be a simple matter to

find the desired quantities from the measurable quantitites.

rJIORA + Ib

H
1}

rJIORB + Ib



In determining the reflection coefficients for single mirrors
censiderable difficulty was experienced (and a great d--pening of
appreciation for "ideal conditions"). It is obvious that if the light
beam is spatially uniform placement of. an aperture before the pboto-
multiplier will allow a certain amonnt of latitude in beam position
without change in measured intensity. This is true no matter how non-
uniform the sensitivity of the detector is. With the long optical
levers in the system such latitude in aligmment is almost a necessity.

Although the beam from the monochromator could be collimated
satisfactorily, its projection was quite non-uniform st all usable
slit settings. After refining the experimental system as much as
possible it was finally necessary to define a collection coefficient,
K, for each function of the system which expressed the relative amount
of 1light finding its way to the detector. Thus we must rewrite

Equation (25):

I, =r KIR
3 o

A Ao A
I = r,KgI Ry (26)
Il = rJrZKoIo

Dividing by Equation (26) and substituting a new set of coefficients

we have: I K R
A AA
A:—: :aR
Il r2K A
o]
(27)
po B L BA_ o
"1 T rKkK B
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OPTICAL SYSTEM CALIBRATION By using the theoretical reflectance of

the quartz flats we can, by blocking various portions of the optical
system, calculate the constants «, B, T » Ty and r, . The rptical

system was set up as in Figure 12. (For the shutters X, and X,,

r = t = O.)
M2 X2 X3 M
N
M s w S M,
1 ] ] i
I 1 [ y ) (N
L o e I I | [} 1 (]
Io 1] ' é ! ) | E
Tg TO PHOTOMULTIPLIER

FIGURE 12. OPTICAL SYSTEM DURING INITIAL CALIBRATION

We can immediately write the following expressions using Equations
(24 and (27):
1. With shutter X5 in place (before film deposition--

hence r = rf) we have:

r

£
Bl:B ’)’+-i——:—7-r—ft— ‘ (28)

From this we can calculate B = 1.96 using experimental

values.

2. With shutter X2 in place we can write:

.. f er
o = { )



Experiment shows B' = 1.95 using measured values. Since
FEquation (28) is supported by better dats we will use
p = 1.96. If it is now assumed that KO and KB are close

to unity then r, = 0.51.

3. With only the tube reflection, r,, in effect the equation
is:
_a)2
D br_ rl(l r)
[ (1+3r)[1ter-brr ]

By =

and we find r, = 0.0031.

4. With M_ in place we have;
:Cx i =
A RA and since To r and
te= (1-r) this reduces to:

2
Sp ro(l r)

A = al? + l-yr ¥ (l+5r)(l+5r—hrro) ‘ (29)

Now if we set @ = P we find r_ = 0.635, a value which is
consistant with preliminary reflection measurements.
Since dro £ 0.37 & and @ should be within a few percent of f3 the
possible error in ry is quite small. Note that we cannot find r, and
¢ independently with the calibration techniques used here. 1In effect
we have calibrated the system at both maximum and minimum transmission
(Equations (28) and (29)) so it is quite appropriate to set @ = B.
In order to permit quick evaluation of film thickness during the
progress of the experiment we wish to simplify the computations leading
to tf and rf as much as possible. The output data is A and B as defined

by Equation (27) and we form the difference after introducing the

following variables:



= 2 = - _ 2_4 2y_
x=87, y=1-9r, 2= 7(rf b ) T,
R 1 rl(l + zro/y)

B = —_

yg(lnzro/y) Iro_ 1+ zro/y s
Since -0.3 > 5 r, > 0 the factor of r is less than uniby and the

maximum error in neglecting the last term in the brackets is:

1 0.003
—_— ° - !
ro,_6—.3-5-5_.0,00;7

Zr
Over most of the range of film thickness —59 z -0.1 so if we simply

use (ro-rl) in place of r_ the error is reduced to about 0.1%.

Qur difference expression is now:

2
A-B by

ﬂ?‘)iro- r) - (l-7rf)[(l—7rf)+ 7ro(rf‘2— tf‘g) - rorf]

Expanding the left side of this equation we have the terms listed in
Table 2. In this table we have used film number as & convenient
parameter expressing film thickness. Forty-one thickness increments
were used in building up a film approximately 500 K thick. The
important variations are slow enough so that five term maximums are

adequate for error analysis.



TABLE 2, MAXIMUM TFRM VALUES FOR EQUATION (30)

Film Number 0 10 20 30 40
rf 0.04 0,02 0.03 0.18 0.50
tf 0.96 0.81 0.63 0.22 0
Numer ator term
tgf 0.92 0.66 0.63 0.22 0
Denominator terms
1 1 1 1 1 1
—Zyrf 0,008 0.004 0.006 0.036 0.10
+27r ri 00,0002 0,.00005 0,00011 0.0011 0,032
o]
2
r 0,058 0.042 0.02 00,0032 0
Y 0tf 5 3
—rorf 0,025 0,012 0.019 0.11 0,32
+H°r r t° 0.00023  0.00008 0.00008  0,00005 0
of f
2 .2 -5 -5 -5
r ~10 ~10 ~10 0.0032 00,0025
o 3
~"r r’ ~1078 ~10 © ~1078 0.00004  0.0008
o f

Since the last three terms may be neglected with < 0.3% error in
the denominator, we are left with:

t2
A-B b (31)

ﬁé(ro—rl) 1—(2-y+r0)rf + Zyror? - yroti

c

Rearranging we have:
f(r.) = 1-(2y + r )r_ + (2yr )r". = 2 { 1, yr }
£ YT e LAY SR R o
Then solving for ﬁi we can write: -

o]
t2 = f(r Y {i——} = r(r)) g(C) (32)
f f 1+0er A f

37
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It remains to show the procedure for determination of rf from

2
dr tfrl

P= Byt =+ —
£ (l*7rf)[(l-7rf)+ 7rl(rf'—tf )~ r,r

iy

When the denominator of the last term is expanded it is clear that

we can neglect all terms except 1-2yr_ and B is given to good

f

accuracy by:

or 8t-Fr
b r 1
B=pyt l-7rf * 1—271'f (33)

We must now show that the error involved in neglecting the last term

involving t 2 is small. (An iterative scheme to calculate r exactly

f f
involving Eqautions (32) and (33) might have been used to advantage
had experimental precision warranted it.)

Letting x symbolize the last term in Equation (33) we find the

first derivative approximation for the change in e due to neglect

of x:
dr (l-7rf)2

f
dx ®

Since the maximum value of r_ is 0.02 the error in r_ is given

f f
o= 4%5 = 0.0034 . Following this error through

the expression for film transmission we find a change of around 0.1% .

approximately by Ar
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Finslly Equation (33) can be written:

r - BB (7))
By + 8 - »%p

The functions developed above (Equations (Z1), (32), and (34)) are
plotted against the measurable quantitites, A and B, and the film trans-
mission can be quickly computed.

In order to make use of the transmission data we must look at the
methods used in Condas' experiment (6). His procedure was to compare
the transmitted light through a blank substrate with that through a

film coated substrate. Then his transmission coefficient, tc, is given

by :

where r is the reflection coefficient of the quartz.

Condas' data was given for three wavelengths: hﬂX)X, 55&Dx,and
663)2- Inspection of the mercury arc spectrum shows the h558X line
to be a logical choice because of its isolation, intensity, and
proximity to the data curve of Condas'. Plots were made of tc against
A and the value of t, at A = 1&558.8 was obtained by extrapolation-
The final plot of tc against film thickness is shown in Figure 13.

The anomalous behavior of the amorphous film (7 < llﬁ%X) is shown
dramatically in a &ztc plot in the same figure. Following this are
Figures 14 and 15 showing reduction of the data obtained. Discussion

of the final conversion to film thickness will be appropriate in the



metal source section because of certain adjustments to be made
there.

Because of the complicated natuvre of the system no strictly
analytical error treatment was attempted. Inntead it is appropriate
to list the sources of error, using experience with the apparatus to

fix their approximate magnitudes (see Table 3).
TABLE 3. ERROR ESTIMATE FOR OPTICAL SYSTEM (A, AND )

Approximate Magnitude
(Effect on tf)

Error A A
t P
Errors from theory
Neglect of tq -0.%% -—
Indeterminacy of O $0.8% 1 %
Neglect of r, term $0.2% +0.2%
Neglect of denominator terms of A +0.3% +0.3
Neglect of téa term of B -0.1% -0.1%

Instrument Errors

Photomultiplier nonlinearity

and variation in sensitivity <1l % <1l %
Chart recorder 10.5% +0.5%
Light intensity variation Compensated

Fundamental system errors
Lack of reproducibility due to M 1 % 12 %
Light scattering error (estimated) ~3 % ~3 %

Variable absorption in UV due. to
surface films on quartz flats
and mirrors - <L %
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DERIVATION OF %p EQUATTIONS The measurement of optical coefficients

at the photoemission wavelength is necessary to establish how much
light was absorbed in the film. Except for some complicrtions intro-
duced by the absorption »f the quartz flats, the derivations and evrror
treatment for the photoemission wavelength follow the same general
plan as those for %t above. Using the equations for the composite
coefficients for two surfaces (Equations (£1), (22)) as a starting
point it is clear that the most inclusive reflection and transmission
coefficients which do not depend on variable parameters are those for
the first three surfaces, Ry ﬁa’ and T,, so the final expressions
will be written in terms of these. Note that while R2 is symmetrical
with respect to direction of light travel R, is not and so the
coefficient for left-ward traveling light is denoted ﬁa (sce Figure 11).

These expressions are:

2 4

r(L+t%-2rt") (1 -1r)rt?

_ q q q
RB - o 2 + 2 2 a o 2 3 2
(1 -1rt7) L-rt" )1 ~2r"t “"-r#42rt")
q q q q

r(2 - 2r +t°- brt> + 3r7%2 )
R = 9 q q
3

2
(1 -1 -2rt +art”)
q q

3
(1L -1r)t
Ty = 5 s
(L -r"-2rt +2rt )
q q
On making the following substitutions the equation for RA can be -

written in a familiar form:



2,2 - 5 42
= R 6=Tt =Rt

4 3 3 4 3'q

2
dr r b
£ £
Ry = y+———— - — — (35)
L -, (L - 7rf)[l - Ter rfro+7tqro(rf -t )]

On replacing T by r, this becomes the expression for RB. At this
point the expressions are exact.

A calibration procedure much like that for A, (see page 34 and

t
Figure 12) gives B = 2.69 and B' = 2.63 for the two determinations of
collection coefficient and is an indication of system consistancy.
Finally r o= 0.0024 and setting @ = B gives ro = 0.376 for the shutter-
mirror reflectance.

With the system parameters determined we are ready to simplify

the equations for computation. Setting & = B as before we form the

difference, R,~- R

A~ °B°
5t °
R - R = & f ro
A B~ = - 2, 2 2
1-or, (1 -9rs rfrdfyrotq(rf -tf)
Ty

- 2, 2 2,
(1 —7rf-rfr£+7rltq(rf-tf)]

In order to neglect the last term above we note that its maximum value
is approximately 0.008 and if we simply change ro from 0.376 to 0.375

in the first term only a small loss in accuracy (< 0.1%) will result

from the simplification.
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2

£ to a product

Using %t type developments we can again equate t
of single variable functions making rapid anslysis possible. The error
estimate is shown in Table 3.

The plot of optical parameters versus film number (Figure 16) shows

less quality than that for %t principally because of the variation of

the reflectance of Mo over its surface.

FILM ILLUMINATION In order to determine the amount of light inci-

dent on the film, I let us first consider an approximation made

f)

earlier in terms of incident intensity:

If ~ twtsIo

This quantity is perturbed slightly by the changing reflectance of the
film iteslf since a portion of the light undergoing multiple reflec-
tions is re-incident on the film.

During photoemission, the optical system is as shown in Figure 17.
The major difference between this and the system during measurement of
opticel parameters is the beam size; en aperture, F_, (1/2 inch
diameter) is replaced by P, which limits the incident beam to a
diemeter of 1-1/8 inches. In order to reduce the sensitivity of the
detector system a 1/2 inch aperture, P,, and an absorber (a quartz

flat with ground finish on one side), Al, is placed immediately before

the collecting lens for the photomultiplier.
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Since intensity is standardized by placement of M2 in the beam,

giving a signal Ilf,5

the film illumination is dependent on the con-
stancy of photomultiplier sensitivity. We expect this to remain con-
stant enough for the purposes of this experiment in view of stability
tests run previously.

During photoemission we are monitoring the value of If (indirectly
by observation of IBf) in order to apply corrections to the photo-

current which is simultaneously being recorded. An approximation to

this monitor signal 1s given below:

2 2
IBf = KBfranRBf = KBfran(twtsr'f+ IB)

where Ié includes window reflections, etc.

5. We will subscript quantities pertaining to film illumination
- measurements with an f.
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Ideally we would expect the detector system collection coefficients,
Ko and KB’ defined earlier, to be of nearly the same values as those
measured and the solution for If to follow directly by the use of the

measured value of r_.. On computing B for this function of

£ i IBf/Ilf

the system however it was found to be considerably different than the
B computed during the At transmittance run (see Figure 18). Comparison
of data taken with both beam sizes shows a small difference in the
ratios of A to B and Af to Bf (~ 3%) but a large change in the value
of B(Bf = 2B); therefore we can attribute most of the change to the
value of the collection coefficient,6 Ko’ or more generally Korsrz.
However the consistant disagreement in the interval between films 2
and 20 must be due to an ra dependent effect which in turn must occur
either within the function RBf(rf) or be the result of scattering
which is dependent on film thickness.

We are interested in an order-of-magnitude approximation for If

based on photomultiplier sensitivity and an accurate ratio by which to

normalize photocurrent for changes in I Because the photocurrent

£
correction is small it is given to sufficient accuracy by a function
of r, as measured previously. The reference intensity is given by:

I = &

£ rI = CI (56)

r
of 27370 0 0

where & is the coefficient of the attenuators A] and P2- By methods

outlined before it is a simple matter to calculate the infinite

6 K is the collection coefficient for the standardizing mirror

finction (M3 in position).
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re-reflection expression for If:

It T L)
I - (o] ks - (o]
£ 1 - tqri,Rs 1 - r

Then using Equation (36) we have:

Vi) I, 420 I,

Ip = 7 (1/7 - tp) - (98-1;)

using experimental values for evaluation. In terms of recorder output

this is:
If, pwatts/cm2*12.6 X 10—5(Ilf ymV)

which means the approximate film illumination was 2.3 x lo-uliwatts/cmz.

The correction to be applied to If consists of adjustment to the

reference level and use of the factor shown below:

9.76
0.998 < 9—-5—__% <1.04

where the denominator is chosen to make the factor unity at the most

common value of rf.

EXPERIMENTAIL, PROBLEMS Thus far we have only casually mentioned

experimental (or technical) aspects of the optical system. Now in
order are some comments about the special problems involved with the
stability and spatial uniformity of the light source and detector and

the reliability of the mirror system.



The time stability of both the light source and detector were
investigated in order to determine the feasibility of comparison of
intensities with a single detector. The test set-up shown in Figure

19 is essentially the same as that used during the experiment.

1 P28
MONOCHROMATOR \"‘\r[ \ Pﬂgggggu
' SUPPLY
Hg ARC
—M\V-e 10K
BALL AST : %
CONST. VOLTAGE
RECORDER TRANSFORMER

LINE

FIGURE 19. OPTICAL SYSTEM INSTRUMENTATION

After the mercury arc and detector power supply were warmed up
~ 10 hours a stability run was made using the 56&0.2 mercury line.
With the photomultiplier output at about 90 pamps it was found that
the output decayed at a rate of 1/L% per minute. Noise of about 2%
amplitude and random period and waveshape was also noticed (0.05 sec
<10 sec). On switching the photomultiplier high voltage supply some
recovery was noted for on and off periods as short as 20 seconds.

Moderate vibration of system parts did not affect output appreciably.
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A second test uring a continuous, tungsten filament light source
powered by two large, well -charged storage batteries showed that most
of the noise was inherent in the mercury arc light source and that the
decay observed was due to high photomultiplier current. A change to
10 pamp anode current resulted in g very uniform and stable trace for
the tungsten source.

Adjustment of the Hg arc image on the monochromator input slit
improved conditions and indicated that the source of part of the noise
was due to actual movement of the arc within its envelope. With the
system adjusted carefully the noise amplitude was about one percent and
a capacitor of suitable time constant across the recorder terminals
gave a stable trace.

Data for various signals (i.e., I, I, IB) were taken by adjacent

1’ 7o

comparison which permitted accurate measurements despite changes in
light intensity and detector sensitivity. Two intensities were com-
pared from 5 to 15 times, each being recorded for ~ 10 seconds. A
representative record is shown in Figure 20.

During construction of the apparatus it was rather naively assumed
that the spatial uniformity of the light beam and detector system was
well behaved enough to allow minor misalignments in the optical system.
This proved to be one of the most exasperating difficulties of the
experiment.

After many first-thought attempts of a quick solution of the

problem an exhaustive investigation seemed the only anawer. Removal of
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the exit lens of the monochromator (which partially collimates the out-

put) showed an easily visible star-shaped intensity pattern at all

A new, larger monochromator proved more non-

reasonable slit settings.

Removal of the exit lens allowed only the mcre

uniform than the first.

:rn to fall on the final collimating

uniform central portion of the patts

lens and improved things somewhat giving a variation of something like

30% across the beam (sacrificing intensity in the process however) .

Placement of a diffuser at a focal point might have been a possible

solution if the loss in intensity could have been tolerated.
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The extreme non-uniformity of the photomultiplier effectively
sampled the remaining variation in light intensity much like a pin
hole swept across the beam- Most of the difficulty originated with 1he
nonregistry of the reflection of Mo since the optical lever involved
here was 53 cm. Due to the construction of the stops and pivot for
the mirror it would not reproduce its position exactly and a mis-
alignment of only five seconds of arc seriously affected the output
signal.

When adjusting the photomultiplier to the position of maximum
response proved inadequate a quartz collecting lons was used to focus
the light into a small spot. However the grid wires bvefore the photo-
sensitive surface in the photomultiplier were now able to contribute
to the trouble since the best spot size was now comparable to the grid
spacing (0.5 mm). Despite this the collecting lens method gave better
results. An end window photomultiplier would have solved the difficulty
with the existing setup but the required ultra-violet sensitivity made
such a tube prohibitively expensive.

In order to determine the spatial sensitivity of the 1P28 photo-
multiplier cathode and to make precise alignment possible the photo-
multiplier was scanned with a one millimeter beam on two axes with
the results shown in Figure 21. To do this the phototube was mounted
on two micrometer movements meking precise axial and transverse
positioning possible (X, along the cylindrical axis of the photo-
multiplier and Y transverse). These were driven by a slow synchronous
motor while flashes of light on exact revolutions of the micrometer

barrel provided reference marks for the chart record. The mounting
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was such that the photomultiplier could also be moved relatife to the
collecting lens (called the Z direction hefe) by a manual adjustment
thus providing different spot sizes.

The optimization of position consisted of preliminary scanning in
the X direction at various Z settings to get the best spot size at the
grill. Then scanning in the Y and finally X directions ylelded repro-
ducible readings. At this point the photomultiplier was clamped
rigidly.

In order to further increase the accuracy of the system it was
decided to actuate the mirror, Mo’ with a motorized magnet traverse

mechanism to insure that the details of its movement were exactly the

same each time-.
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In general the reflection of the shutter-mirror (I the worst offender,

A)}
was reproducible to approximately 0.5% rms deviation.
The reproducibility for the 2&82§i line was not as good but this

was to be expected since reflectance and transmittance are more easily

influenced by surface films and bulk inhomogeneity of the quartz flats.

METAL SOURCE

MOLECULAR BEAM OVEN The second basic system of apparatus was the

metal source which consisted of a tantalum oven flinging a beam of
antimony molecules at the quartz substrate. Perhaps the best develop-
ment of choice of evaporation technique lies in describing the methods
available.

The most obvious choice is evaporation from a heated filament.
Although this has the advantages of ease of construction and operation
plus negligible outgassing, the metal capacity is small and the flux of
molecules is unpredictably nonuniform. Accurate incremental control
of evaporation rate 1s extremely difficult. The use of a boat source
eliminates most of these disadvantages but requires a vertically
oriented system and heavy current vacuum feed-throughs leads.

The oven source finally used seemed most practical since it
combined the advantages of all of the above methods with the capacity
of a relatively enormous quantity of metal and the convenient use of an
rf induction heater as a power source. The output flux of this device
is well known (a Knudsen or cosine distribution) and can be made quite

constant in time with careful temperature control.
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A fourth alternative was the electron beasm evaporator which prom-
ised to eliminate the last disadvantage of the other systems, the
possible introduction of impurities from the cricible material. Also
there is the possitility of greater control of evaporation rate. All
this must be paid for in complexity, difficulty, and expense of con-
struction however. Considerable experimental work (including the
design and construction of a Pierce electron gun) was done on this
method but problems of beam intensity, focus, and current stability
did not permit its use.

Purity of the film was perhaps the most important consideration
other than system practicality and included two aspects: 1) the main-
tainence of the highest possible vacuum and 2) source purity.

Comparison of simple evaporation rates shows the impurities intro-
duced by the tantalum oven to be negligible since at the operating
temperature (about‘600oC) the vapor pressures differ by a factor of
~ 10-29. To my knowledge this does not preclude the possiblity of
lower evaporation temperatures for inter-metallic compounds. No
attack on the tantalum was observed during extended operation of the
oven however.

Uniformity of film thickness requires increasing the effective
source-film distance to a sufficient value of using various extended
source methods which do not lend themselves to the use of a large
quantity of metal or incremental control of thickness. The conditions
for optimum oven operation demand a small aperture (~ three-mm dia-)

which is essentially a point source. Construction details dictated a
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film-source distance of ~ 38 cm which results in a calculated thick-
ness variation of ~ 1/8% but also demands a large quantity of evapor-
ant. A limiting aperture in the path kept the system clean by defin-
ing the beam on an area slightly larger than the size of the quartz
flat.

The use of an oven or any beam source with considerable thermal
inertia requires the use of a shutter to define evaporation time. The
shutter also served to isolate the source during outgassing and trial
runs. The forward and back motion of the shutter used produced & non-
uniformity in thickness of the film proportional to ratio of the time
of shutter travel to the time required to produce a thickness incre-
ment. For a typical build-up rate of 0.5 X per second and a film incre-
ment of 5 X this produces a nonuniformity of about 2%.

If the mean free path of molecules inside an oven is large com-
pared to the radius of the aperture, r, and the area of evaporant is
> 10 mr®, molecular flow conditions are satisfied. For low pressures

the efflux is a Knudsen distribution given by:

1

I' » Sec. s%éradian - chP(%)zcos 0 (27)
where C = 5.85x 107

r = aperture radius, cm

M = molecular weight

P = wvapor pressure in microns at To, K.

6 = ©polar angle

-3

1l micron = 10 Torr
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The vapor pressure in microns at T° X is given by:

B
Log]op = -T+A'

Dushman gives the following values: A = 11.15 and B = 8.6% x 10°
degree Kelvin for antimony (9). As the vapor pressure is increased
by rai:ir g the temperature the mean free path is rapidly decreased
requiring a smaller aperture and hence tending to decrease output flux
under the molecular flow restriction.

Computations made for the design of the oven were based on vapor

Pressure data taken from the Handbook of Chemistry and Physics (llst

Edition), but this data was found to be in error by over an order of
magnitude (determined by film build-up rates and verified in reference
(9)). TFortunately the system still worked but at a much lower tem-
perature than expected.

Figure 22 is a schematic of the oven design. Note that the thermo-

couple leads are brought out to a rather long stem which could easily be

APERTURE (3.25 mm)

\ﬂﬁﬂ A.a.10 ﬂﬂ//

THERMOCOUPLE JUNCTION

FPRESS SEAL
FOR LEADS

PYREX
TANTALUM OVEN

RF INDUCTION
HEATING COIL

FIGURE 22. MOLECULAR BEAM OVEN
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kept at room temperature to avoid unkiown emf's at the glass to metal
seals. Thermocouple calibration was checked against a pyrometer at
somewhat higher temperatures than those used (700°C - 950°C) and the
thermocouple was consistantly ~ 67, lower. Film build-up rates seem to
indicate the correctness of the pyrometer. The reason for this was
probably slight evaporation of the thermocouple alloy constituents
during high temperature tests and outgassing.

The oven was tested and outgassed on a separate high vacuum system
where evaporation rates were estimaied visually by opique film build-up
times. Put on the experimental tube with a 10 gram charge of 3b (as a
coarse powder), the oven required some 50 hours of outgassing at slightly
below evaporation temperatures. The evaporation rate used varied from
0.2 to 0.9 Angstroms per second. Tube pressure during evaporation was

-7
less than 10 Torr.

FILM THICKNESS DETERMINATION On the optical transmission (t) versus

film thickness (1) curve (sce Figure 13) there are two areas of greater
reliubility since: 1) The first portions of the curve near T = O are
sensitive to zeroing corrections and nonuniform tube operation, 2) the
central portion from 1 = 802 to 71 = 1&03 has two possible thickness
values depending on the film's structure and %) the final portion for

T > EMOK is very insensitive to thickness changes since t2 < 0.0l.
Because of these intervals of uncertainty in the thickness data as
derived from optical parameters, it was decided to use evaporation rate

data to extrapolate through these areas.



62

At film No. 30 the substrate was raised to room temperature and
there were various indications that the crystalline form had been
obtained. It was decided to use film No. 36 (71 = 2052) as an absolute
value of film thickness. The extrapolation was made to join the other
reliable portion of the optical parameter curve by a linear adjustment
of the thermocouple voltage-temperature relation. Using a trial
evaporation rate from the optical curve slope around film No. 36 the
evaporation equations give a temperature, Te, which was used to adjust

the termocouple reading by the use of

(€ -¢&)
T = TE;:_E;7 T, - (28)

(Here a thermocouple emf & girses a temperature To, C. where 60 is the
emf at the ice-point and ie is the emf for the trial temperature Te)-
The "theoretical' evaporation curve was then used with experimental
oven parameters and the derived temperature to numerically integrate
film thickness to the region MOX <1< 602 on the optical parameter
curve.

After several trials this extrapolation provided a remarkable fit
to the optical data as shown in Figure 25. In view of the resulting
curve, the structure transformation of film No. 30 seems quite well
based. The evaporation rate values were used as final thickness--
film number relations in all regions except the first seven films

where oven operation was not regular enough to yield reliable values.
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For a thermocouple reading of 22 mv. the handbook temperature is
560°C and the pyrometer temperature was 615°C. Since the temperature
would have to be known to ~ 0.06% for 1%-thickness knowledge, it is
clear that the use of temperature data alone would be quite inaccurate.
Chemical methods (polarographic techniques and colorimetry) can be
used to determine the final thickness to t 1% with careful analysis

(18).

PHOTOCURRENT MEASUREMENT

To measure the minute photocurrent from the antimony film (on the
order of 107" ampi a vibrating reed electrometer was used. This
instrument makes an essentially infinite impedance measurement of the
voltage across a specially constructed capacitor yielding a recorder
output which can be differentiated to obtain the current desired.

In the simplified circuit below (Figure 2k) C, is the measuring
capacitor (10 puf.), Cv is the vibrating reed capacitor whose capacity
is changed at 435 cycles/sec, and C, is a coupling capacitor to the
feedback circuit. Any voltage across Cv acts through the feedback
amplifier to adjust V in such a way that the voltage across Cv is
reduced to zero. Then V is essentially the voltage across the measur-

ing capacitor and Q = CCV-



65

(V—
ot
INPUT TERM!MAL Ce W J
N G f o i X 1
. ' _T__ n/ 1‘ ==

Co
I
SHORTING =" ¢ Cy I
SWITCH |
- FEEDBACK | _}J
- CiRCUIT

FIGURE 24, SIMPLIFIED ELECTROMETER CIRCUIT

The electrometer input connection and substrate support were built
into a dewar arrangement in order td maintain the film at liquid
nitrogen temperatures (Figure 25). The lead-in was supported at its
lower end by a guarded uranium glass insulator and shielded by é
coaxial nickel tube which was insulated from it by é pyrex tube. To
mechanically isolate the electrometer input terminal a fine wire spring
was used to connect the upper end of the lead-in. The lead itself had
sufficient length above the coolant level for thermal insulation.

The stem was evacuated, baked-out at L420°¢ and then re-evacuated
and sealed to eliminate moisture films on the insulatofs. At this
point the measured resistance was about 10'® ohms at room temperature.

Due to the extreme sensitivity and low impedance of the electro-
meter, elaborate care was neceéSary to electrically shield all sensi-

.

tive parts and to prevent extraneous charge movement.. In the final
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version of the tube this was accomplished by coating as much of the
inside of the tube as possible with Aquadag.7 This also eliminated
accumulation of charge on the glass surface. (Trouble with internal
charge movement was experienced during the first run when the tube
was externally shielded.) The Aquadag coating and all retal parts
within the tube were connected to external grounds.

To prevent polarization of the substrate support insulator a
guard ring of nickel wire and Aquadag surrounded it and was connected
to ground. Thus the voltage across this insulator was essentially the
contact potential existing across the vibrating reed capscitor of the
electrometer)(about 30 mv. ).

A steady background or drift current due to contact differences
of potential, thermoelectric emfs, dielectric absorption currents, and
insulator stresses (induced thermally or mechanically) is measured by
the electrometer. Before installation on the tube a drift (id) current
of 2 x 1077 amp. (with the input terminal shielded) indicated proper
operation. Normal drift current on the tube was quite high but upon
cooling the stém it reduced to about 1071° amp. Using the exisrting
contact potential across CV this indicates an insulation resistance of
~ 3 x 10'° ohms.

To collect the photocurrent a ring anode 4.5 cm in diameter of

0.040 inch nickel wire was positioned coaxially 3 cm from the cathode

7. Acheson Colloids Company's water dispersed colloidal graphite.
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surface. It was held at 55 volts during current measurements. For
the parailel plate energy distributions the A@ standard was used as
an anode. TIn this case the interelectrode distance was 1.85 rm. The
ip measurement usually consisted of a charge accumulation over 3-4

‘ginutes preceded and followed by a drift current accumulation of the

same length.

WORK FUNCTION MEASUREMENT

The work function measurement might be thought of as a slow-
moving vibrating capacitor electrometer controlled by human feedback.
If we form a capacitor from the antimony film and a standard gold film
a contact potential egual to the difference in work functions for the
two metals exists across the shorted capacitor. By varying the inter-
film distance periodically8 a charge wave whose amplitude is propor-
tional to contact potential (Ag@ and the change in capacitance is seen
by the electrometer connected across the films. A series voltage
source was introduced to null out the charge variation and the work
function difference could be read directly (see Figure 26).

Plotting charge variation amplitudes against various external

nulling voltages to obtain a null graphically was found to be more

8. Interfilm distance = 2.85 + 1.05 mm.
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accurate as well as saving precious time during the experiment. The
actual null amplitude did nob reduce to zero until the final films
were laid down, an effect which is presumed to arise from the resis-
tivity of the film.

By varying the voltage between the film and any other tube elec-
trode interelectrode capacitances could easily be determined. With the

gold film in closest position the capacitance between it and the sub-

strate served as a measure of film resistivity. (Initially Cf = 5.1 pf.
and finally C, = 6.9 pf.)

MISCELLANEQUS ASPECTS

VOLTAGE SUPPLIES Measurement of work function differences required

a one Volt voltage source of good precision while for photoemission a
fifty-five volt source of excellent stability was required. The two

sources were "overlapped" in the final voltage supply circuit (see

Figure 27).
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VOLTAGE SUPPLY CIRCUIT

A1l critical leads were shielded and short-term fluctuations were

shorted to‘'ground by a large capacitor.

Since the film and collector

form a capacitance couple it was essential that the supply voltage be

very stable. Ty using large storage batteries e drift of less than

10°® volt/second was obtained.

Voltage standardization was done using a standard cell potenti-

ometer circuit.

Since it was intended for thermocouple use its maxi-

mum was 80 mv and it was used in connection with a precision voltage

divider.



e

SUBSTRATE An optically polished fused quartz disc 3.8 cm. ip

diameter by 0.16 cm. thick was mounted on a dewar as shown in Figure 25
where it could be msintained at constant temperature.

Aft a detergent wash the disc was soaked in hot chromic acid, then
a thirty-econd rinse in 25% HF and many rinses in double ‘listilled
water followed. The flat was baked to 85000 in an electric muifle
furnace in air and finally inserted in its holder a nickel wire ring
with metal tabs, to hold it securely. After ringing the flat with
Aquadag several times to insure good contact the assembly was baked
again at 5OOOC in air to volatize as many impurities in the Aguadag
as possible. A black breath figure9 was evident at all times follow-
ing the water rinses.

The holder was inserted in the tube through a side port and
aligned by its optical reflection. Tightening the setscrew and test-
ing for conductivity (< 500 ohms to a point contact) completed the

installation.

GOLD STANDARD FILM In order to place a gold standard film before

the substrate, vibrate it and then remove it from the light patlh, a
slide pivot arrangement was built (Figure 28). Slides were of
tungsten rod lubricated with Aquadag moving in stainless steel tubing.
Pivots were of the same materials and the arrangement was constructed
of pyrex rod and various sealing glasses. A glass encapsulated iron
slug provided means of moving the slide magnetically and glass bellows

provided the flexibility to vibrate the gold film.

9. A microscopically clean surface, free of oil films, will not fog
when breathed upon since condensed moisture forms a continuous film.
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FIGURE 28. Ayf STANDARD MOVEMENT

The gold film was evaporated on a quartz flat identical with the
substrate using a tungsten filament source which faced the flat in its
retracted position. This evaporation was carried out just prior to
the beginning of each film series at pressures in the 10”7 Torr range..

A motor driven, variable stroke eccentric was used to drive the
film capacitor at a constant rate. It was adjusted to give a film

separation of 0.39 cm. maximum and 0.18 cm. minimum.

ENVELOPE AND VACUUM SYSTEM Despite the danger of breakage and the

difficulty of assembly, pyrex construction was considered the best
because of the ease of producing vacuum seals and relatively inexpen-
sive construction.

All glass parts were annealed at > SOOOC in air before final
assembly giving quite clean surfaces. A filtered argon flush provided
a slight positive pressure to prevent flame from entering joints dur-

ing sealing.
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To produce a clean, oil-free vacuum in the 0—9 Torr range a
VacIonlO pump (8 liters/sec) plus a liquid nitro =1 trap was used.
Pressure as indicated by pump current showed good sgreement with a
standard ion gauge in a pre-experiment test. After the tube was rough-
pumped through two liquid nitrogen traps it was sealed off with a
glass-blown seal. All joints except the copper gasketed flange at the
pump were glass-blown seals.

Since the entire tube was baked-out at 420°C before the Tirst run
it was constructed on an iroen frame so that it was semil-portable and
could be placed inside the annealing oven used for bake-out. Although
the bake-out did not substantially change the ultimate vacuum attain-
able, a huge amount of water vapor was removed from the tube. This
appeared as ice in the cold trap and almost 14 hours of pumping at
around 107* Torr (the maximum continuous pumping pressure to avoid
overheating the pump) were required to clear the trap. Because of the

danger of breakage involved in oven bake-out it was decided to use

heating tapes at around 200°C for later runs.

10. Varian Associates trademark for their sputter-ion pump.
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VI. RESULTS AND CONCLUSICNS

For small film thicknesses the high resistivity of the film made
unambijucus measurements impossible so that only a qualitative analysis
could be made. At higher film conductivities quantitative photo-
current and contact potential data was taken and energy distributions
were determined and compared with the Fowler-DuBridge theory - A
theory for the total photocurrent as a function of film thickness (for
light emergent geometry) is advanced and compared with experimental

data.

TUBE OPERATION AND DATA

Most aspects of tube operation have been covered individvally
under the heading of apparatus. The remaining topics will be Ji:-
cussed here as they are related to the tube's operaiicn schedule. On
a typical numbered .ilm (particular film thickness) the following
operations were done:

Fquipment check - Zeroing of recorders, init.al data.

Evaporation - According to oven preheating sequence.

A ¢ measurement - Including potentiometer standardization ard

battery voltage measurement.

Interelectrode capacitance measurement

Optical properties - Reflection and transmission coefficients at

kt and kp .
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Photoemission measurement - Determined with and without light

incident. (Drift current)

Brief analysis - Calculation of approximate Agﬁ, 7, and photo-

current. Adjustment of oven heating sequence.

Most of the 41 film thicknesses of the final run followed this
schedule which took about an hour to complete. However, occasional
reruns of parts of the sequence were done when long time lapses and/or
temperature changes occurred. Many extra photocurrent determinations
were done to determine stability and decay rate. After a stable photo-
current was obtained several energy distributions were done using both
the ring anode (at constant voltage for all photocurrent versus film
thickness data) and the Ag§ standard film as an anode (a good approxi-
mation to plane-parallel plate geome®ry). Over the whrle series the
average time per run was around two hours.

Although the first series of 34 films yielded no usable quantita-
tive data it did show that the film remained highly resistive for
thicknesses of at least 70 to 80 X- Several modifications of the exper-

imenital tube were indicated and nre summerized below:

Photocurrent measuremrnt - The high and unstable electrometer

drift current suggested that an internal electrostatic shield was
necessary to prevent accumulation of static charges on the glass sur-
face. Incident light intensity was increased for a more favorable

signal to noise ratio.
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A$ measurement - The graphical interp»lation method for null

determination (see apparutus sec'imm) and the measurement of inter-
electrode (film-Au standard) capncitance were developed during the
first run. Various tests were run to chock the operation and linearity
of the contact potential system with an inserted continuvous film tefore
the final run.

Abnormal Ag voltages of +6 to -6 volts indicated the presence
of large static charges and further demonstrated the high resistivity

of the film.

Thickness measurement - In order to improve reproducibility of the

internal mirror response an automated mirror movement was constructed

and installed.

Metal source - The molecular beam's erratic behavior suggested that

the evaporant temperature was not stabilized during the evaporation

period. A longer preheat cycle was instituted.

Prinr to the second series of films all the recommended modifi.ca-
tions were accomplished. The inside of the tube was carefhildly coated
with Aquadag in several layers until the resistance to the external
connection was < LOO ohms to a point contact placed anywhere on the
shield (coating indicated in Figure 2L). At atmospheric pressure the
drift current, id’ ranged up to 12 fa.ll with the shield and electrodes

grounded. Upon evacuation to 200 Torr this went to -2 fa. and behaved

11. One femptoamp = 10~1" amp.
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quite erratically. Moisture and NH,0H in the Aquadag coating seemed
responsible. Using a trapped forepump to reduce the pressure to
< 0.0L Torr stahilized the drift current ever when the collechtor volt-
age was varied from ~54 to +54% volts.

Cooling the tube dewar with dry ice again caused instability and
great sensitivity fo vibration. Finally time, and a better vacuum,
cured this and the drift current became stabilized with l,O<<id<<l.2fa.
(This value is still large compared with a capped head electrometer
drift current of 0.06 fa.)

To test the Agﬂ measurement an Aquadag covered substrate was
mounted in the tube yielding a Ag of 64 + 1 mv (with the Au film
positive) at room temperature. This test was run with a makeshift sub-
strate whose alignment with the Au standard was poor 'awever and there

was some sensitivity to shield voltage (10 mv/volt).

Series Two Results. The data obtained in series two were in most

respects more stable and are felt to reflect more accurately the
properties of the film. In Figure 29 is presented data on ip, Ag§, and
C in terms of film number drawn so as to indicate changes occurring
between thickness increments and those occurring during measurements and.
those occurring during measurements on one film. Figure Zb shows Ag{
and ip plotted versus film thickness.

From the second film onward it was evident that the observed ip
was decaying with time but since the system behaved well the experiment

6]
was continued even when ip dropped to zero near film No. 13 (50A).
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Prior to film No. 8 the dry ice coolant was replaced with liquid

nitrozen (supersatursticn of €O, in the ncat we-lry ice mixture made

2
toil-overs frequent). Although the 1 .te of deray of photoemission with
film thickuess increased slightly no wther changes were notad an thae
temperature change.

During the 13th film the electrometer drift current abruptly be-
came erratic, reversing in sign and increasing to ~ 15 fa. With the
addition of coolant it became positive again but soon went more than
175 fa. negative. During the next 48 hours the equipment was thoroughly
checked. No consistant pattern could be found in its chaotic behavior.
The substrate was raised to near room temperature inadvertantly but
even this produced no permanent improvement. Charges of more than 600
picocoulombs were being transferred. After some ice was removed from
the dewar the id became more normal. Because of the time correlation
it is probable that piezoelactric currents due to ice expansion in the
dewar caused the instability. The drift current remained erratic on
a smaller scale through film No. 20 (~ 702) with values ranging from
-0.1 to +1..k4 fa.

At film No. 29 there was measurable photoemission but it decayed
rapidly to zero. During No. 50 the film was raised to room temperature
for a short time to silver the inside of the dewar. This reduced the
rapid boil-off of liquid nitrogen and improved drift current stability

by additional shielding. At this thickness Ag§ changed sign and the
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photocurrent, ip’ decayed to a nonzero value. After film No..57 room
temperature data was obtained for the remainder of the experiment.

At the termination of series 2 experiments it was spparent that
rather extensive modificatious would be necessary if the work was to

be continued in a meaningful direction:

a) The glass blown seal on the substrate changing port
could safely permit only one more seal »ff which was
reserved for the installation of a demountable metal gasket
seal. (Each time a sealing operation is done a certain

amount of devitrification of the pyrex takes place.)

b) In order to obtain energy distribution data of sufficient
accuracy the photocurrent to drift current ratio wouid

have to be improved.

c) The problems involved with building up a conductive film
would have to be surmounted in order to make low thick-

ness measurements.

INTERPRETATION AND ANALYSIS OF RESULTS

NON CONDUCTIVE REGION The expected increase in photocurrent from

zero is shown by the first two films due to increasing absorption of
light. Although it is probable that the film's growth is by way of
agglomeration into small patches it is impossible to be more specific
about the details of structure from these data. However, some decay of
pPhotoemission with time indicative of a nonconductive film is already

evident in the first two films.
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Examination of the consistant pattern of decay of photocurrent (i)
with both time and film number during the next eleven film thicknesses
indicates that ip is a function of tlie amount of charge leaving the
substrate rather than an explicit film thickness ef‘fect-l'2 This 1is

deduced from the following:

a) A plot of ip vs. /Epdt yislis a zood fit to an exponential
decay curve with a discontinuity in slope at film No. 7
when the temperature was changed from 200°%K to 77OK.

b) The major portion of decay of ip for a particular film
takes place during photoemission.

c) A plot of ip vs. T Sshows no simple relationship.

The initial contact potential measurement indicated an ins redible
7.15 volts (before the first fim)15 with the substrate charged
negatively (favoring photoemission). During the first thirteen £ilms
photoemission reduces this negative charge to a degree which depends
on the external electric field used for electron collection. This

change in the charge distribution on the nonconducting film finally

reduces photoemission to zero.

12. An effect based on change of structure or thickness.

1%. The A¢ value was essentially the same as 2L hours before the
beginning of series 2.
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If the film is nonconducting, the electrometer dnes not record
photoemission currm's but rather charge flow to grovnd from the
periphery of the substrate resulting from change in charge distribution
on the substrate. Note thatl the elactrometer is conneched to an Aquadag
ring on the substrate surface (Figure 25). This makes more plausible
the seemingly contradictory situation in which the Agﬁ measurement
indicates a negative charge on the substrate while photoemission is
inhibited completely.

Although the work function measurement is a rather involved
electrostatics problem under these circumstances it can be intuitively
explained as follows: The substrate consists of a conductive ring
surrounding an insulated disc upon which the Sb iz deposited. A con-
ductive plane (the Au standard film) is moved up to 3.4 mm of it and
wiggled. (See Figure 25 and the section on work function measurement,
p. 68.) Ordinarily, the constant voltage across conductive capacitor
pPlates produces a charge displacoment in the electrometer circuit as
electric field is varied by the capacitance change. When this field
is nulled out we know A{ .

In the nonconductive film situation however, the major portion of
the film plane is insulated so charge displacement in the electrometer
circuit must be accomplished by a redistribution of charge on the ring
surrounding the insulated portion. Nulling then becomes a process of

minimizing the effect of plate separation on the electric field
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configuration between the plates. This is poussible because the field

shape is highly dependent on the voltage impressed on the éxé standard .
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FIGURE 3l. EQUIPOTENTIAL MAP FOR Ao MEASUREMENT

From a charge conservation standpoint it is apparent that for
situation a) in Figure %1 charge flows fr&m both Cl and C2 by increas-
ing the plate separation. Also in situation c¢) charge flows from both
Cl and 02 when plate separation is increased. For some Au film voltage
(substrate ring at ground potential) there will be a field configura-
tion (b) such that the charge flow from the ring is balanced by the
charge flow from the Sb film - Au film system. BSince the ring is

capacitively coupled to the Sb film (05) a relative null is exhibited



in the electrometer reading at iuis point. Additional support for gL
the preceding hypothesis comes from the reduction of pull amplitudn
exhibited after the film becowes conductive.

The electric field configuration is quite different during photo-
emission and the problem is to explnin the degradation o photcamission
from an apparently negatively charged subctrate. At his point the
situation may Le summarized by these statements:

1) The substrate appeas's to be highly negatively charged

initially.

2) The anomalous contact potential measurement can be

explained as a field configuration dependent phenomena.

3) We have assumed that the film's saturated photoemission is
not affected by electric fields of the magnitude
encountered here (i.e., a Schottky type effect is not in

operation here.)

a
4)  The decay of ip is ultimately d-pendent on .jipdt, the
photocharge, but the causal relatidnship of the magni-

tude of Ag is not obvious.

The problem then reduces to one of reconciling the ip decay and
the Ap measurement. Photocurrent decay as a result of electric
field dependence of the properties of the film (i.e., a change in the
effective work function or tunneling effects between patches is un-
likely with the fields involved (5, 12)). The inhibition of photo-
emission by a structure dependent threshold whose proximity to the
exciting wave length makes emission highly sensitive to external field
conditions is ruled out since the major portion of ip decay occurred

not between films but during emission.
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From the above discussion it is anparent that ip decay and the
anomalous A$ measurement are the direst result of £ilm resistivity.
Electrons emitted from isolated patches of antimony ~an veach the
collector until the patchli:s becone positive enough to irhibit photc-
emission. Measured photocurrent is due to electric field redistribii-
tion around the ring surrounding the film. This hypothesis is supporied
by the interelectrode capacitance measurement which indicates a radical
change in film resistivity which coincides with appearance of o non-
decaying ip and stable, normsl A@ values (see Figure 29). Although
the prtches are po~i‘ively charpud, the quartz substrate may be

negatively charied enough to give a negative Aqé indication.

TRANSITION Further indicatiorns of photoemission sppeir2:d during the
next seventeen films (before stable euls:ion was obtained) particularly
in the region around BOX film thickness but emission decayed r:pidly

to zero in all cases. Other workers (7, 22) have reported a phase
transition from amorphous to crystalline structure for Sb‘at BSX and
150-5002 with dependence on the rate of deposition and substrate
temperature. Optical data suggest that such a transition ocecurred
around lSOX for this film. There ls, however, optical evidence of
anomalous behavior around 60—802- Certainly we can say that at film
No. 30 (raised to ~ 2700 for dewar silvering) that some crystallization

must have taken place.
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For films No. 30 thrcugh No. 32 the deposition epproached bulk
conductivity quite rapidlv-as indicated by reasoinable Aqﬁ values, a
atable ip’ and o definite Jj-mp i Sb-Au filtm dintarelectrode capaci-
tance-~&all of which quickly assumed ciable and pred.ociail s vaiucs.

)
Stable-property f£ilm thickness was around 165A. Although the heall

wa

of the Jayer to room temperature ducing 7ilm No. 50 preoably irit a
the onset of stable behavior this approach «ontinued after the film
was reduced to 77OK and was not completed until f£ilm No. 52 several.
hours later.

During this interval the Aqé indication qhanged to an abnormal
negative value (~ 2.% volts with the substrate posi.ively charged)
which is the expected behavior for a highly resistive but continuous
film. The charge step for the interelectrode capacitance measurcment
became somewhat rounded in this thickness reglon which is also indica-
tive of lowered resictivity enabling the film to pliy a part (aLthough
sluggishly) in the capacitance measurement. FPhotocurrent decayed to

a nonzero value for the first time since film No. 13.

PROPERTIES OF THE CONDUCTIVE I'ITLM For the remaining films (Ne.32

through No. 41) all measurements were quite well behaved with photo-
current decreasing quite rapidly with increasing film thickness and

A¢ remained quite stable.
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When the film became conductive enough for a stable photocurrent
energy distributions were taken on film No. 32 at 77OK and film No. 39
at BOOOK using the Au filn as a collector to approximate parallel
Mate geometry. TFigure %% shows the ohtained Phebtocurrent curves an

a function of retarding voltage, Vr' The reverse photocurrent from
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FIGURE 32. EXPERIMENTAL PHOTOCURRENT CORRECTIONS

the Au film was subtracted on the ip versus Vr curve over the range
on interest as shown in Figure %2. The obtained curves were trans-
lated by a voltage zxé and then normalized by division by the saturated
photocurrent. Slopes of these curves gave the energy distributions
shown in Figure ?k.

Appropriate portions of the ip versus Vr curve were plotted
(Figure 35) following the Fowler-DuBridge grapiical method ouslined in
the theory sectlion to yield values the work function which are shown

in Table 4 (Vme = hV - de = maximum energy of emission at 0°K).
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TABLE 4. WORK FUNCTION DATA FOR FILMS NO. 32 AND NO. 39

Film No. 32 39

T, % 77 - ~ 300

V> volts 0.647+0.016 0.613+0.025
ge, voltst 4.36 4.40

In the Fowler-DuBridge data reduction the ;p~Vréurves were
shifted by an amount, Zkﬁ , (the observed value) which includes the
real difference in work funétion, Ag' , plus thermoelectric fotentials
and the contact potential in the electrometer (~ 33 mv) so that the
data plotted in Figurew 34 and 35 are completely corrected. |

While the distribution curves appeared sensibly different in form
for the two temperatures the work functions derived are essentially
the same within experimental error but somewhat below handbook values
(4.60 volts, reference 1).

While it is clear that more data would be required to fully
define the energy distribution curves above there appears to be an
interesting bump near Vr = 0.31 volts on both curves which may be due

to band structure effects which have been observed by other workers

().

1h. %; = 5.0l volts.
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PHOTOCURRENT - THICKNESS ANALYSIS Using certain assumptions about

the opticel transmission and the electron mean-free-~path within the

metal it is possible to make an approximate model for the saturated

photocurrent as a function of f£ilm thickness. This is a macroscopic

theory, however, since it makes few assumptions about the actual

crystal structure of the film or about the specific nature of electron

scattering within the film.

Assume the following:

a)

c)

The film is two dimensional and is bounded by smooth,
parallel planes. Although this assumption is poor for
very thin films, we will be dealing With films greater
than 1608 in thickness.

The probability of escape of an electron traveling a

distance, x, to the film surface is given by:

Px) = 2/t

The electron mean-free-path, L, is considered constant
over the narrow energy range involved and is assumed

isotropic.

All photoelectrons have their velocities directed
nearly normal to the surface. Since the velocity
vector of most electrons must fall within a cone

defined by apex angle, 6, defined by

u E, + ge
-l {™n -1 j°¢f ,
6 < cos (_ﬁ-) = CO8 m (39)




ok

where u is the normal component of velocity
necessary to overcome the work function, this
approximation is good for this energy range

(cos 6 > 0.977) -

If we assume photoemission to be a volume effect (using e_x/S to
approximate the optical transmission of the film for convenience in
integration over the film volume) then the current density, Jv’ from
the film (in light emergent geometry) is given by:

i, = alexp(-1/s)- exp(-7/1)]
where a, is a constant, T is film thickness, and s is the optical
absorption length. On the other hand, if we assume photoemission to

be a surface effect the current density, js’ for light emergent

geometry is given by:

i, = az[exp(-r/x)+ exp (-7/L)]
In principle it would be possible to distinguish between a
surface and volume effect from the shaﬁe of the photocurrent versus

film thickness curves. However, for film thicknesses greater than
about six electron mean-free-paths the curves given by the above
expressions are experimentally indistinguishable (assuming L = 10 to
208 and s = lOOX). Thus the late onset of conductivity (at a film -

o]
thickness of 165A) so limits the range of data as to make such a

determination impossible for this experiment.
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Therefore we assume a surface effect in accord with th- Fuwler-DuBridge
theory.
Using & more accurate expression for the optical transmission of

the f£ilm the surface effect current density is:

ig = aaloexp(-r/s)+ a,I T, (40)
vwhere a, and a, are the emission coefficients for first and second
sides of the film, I0 is incident light intensity, and Tf is the

optical transmission of the fiim. Since we expect this expression to
apply only at larger film thickness the contribution from the first
surface becomes quite small for accepted values of electron mean-free-
path (10-202) so photoemission should be proportional to optical trans-
mission for relatively thick films. A plot of photocurrent versus
optical transmission (A = 2&822) gives a good fit to such a relation-
ship in the range 1673 and 2192 (in the range of stable properties at
77°K) . When the film was raised to room temperature (No. 38) the
situation clearly changes but data is insufficient to determine if
Equation 40 no longer holds or if only a, has changed. (See Figure 36.)
The latter assumption is plausible since the surface work function has

changed with the temperature.
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FIGURE 36, PHOTOCURRENT VERSUS OPTICAL TRANSMISSION
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SUMMARY

Thé data of this experiment have demonstrated that the onset of
electrical conductivity for antimony films deposited at 770K occurs
over a range of film thickness from 145 to 1652, finally reaching a
bulk value at 1652. Three independent measurements indicated the

onset of conductivity:

a) the increase in capacitance between the antimony and
gold films,

b) the approach of contact potential values to reasonable,

stable values, and

c) the onset of a stable, nonzero photocurrent.
All three measurements were in excellent agreement with each other and
with the results of other workers (7, 22). By observing the transient
charge transfer response to a voltage step the interelectrode capaci-
tance method could, in principle, be used to obtain'quantitative\
conductivity information.

The impetus provided by warming the film to room temperaturé
makes 1t highly probable that a structural change began at film
No. 50 changing the form from an amorphous, grainy state to a rela-
tively smooth surfaced crystalline structure (16). The persistence
of the amorphous structure to the large number of atomic layers

indicated is reasonable considering the low deposition rate and the

low surface energy at the substrate temperature used.
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The photoemission and contact potential data analyzed by the
Fowler-DuBridge method yielded 4.36 and k.40 eV for the values of the
work function at TTOK and at 5OOOK, respectively.

A macroscopic model for the variation of photocurrent with thick-

ness (assuming a surface effect) fits the TTOK data well. The theory

o
permits an electron mean-free-path of < 4OA using the available data.
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