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ABSTRACT
Muscovite mica, cleaving every 10£, provides a crystalline
insulator with uniformly parallel surfaces of well known separa-
tion ideally suited to the study of electron transport phenomena.
Using a micro-splitting technique similar to that developed by
F oote and Kazan, muscovite was cleaved in a vacuum of 10-6 Torr
and metal electrodes evaporated, aluminum on one side, gold on
the other. The current through 30 and 404 films was measured
as a function of voltage and temperature and analyzed in terms of
the tunneling theory ol Stratton. Using the actual image-force
barrier shape, the approximately symmetrical volt-ampere data
gave barrier heights of P, = 0.95 and 0.93eV for the 40 and 308
filmsg, respectively, for an effective mass ratio of m*/m =0.92.
The theoretical temperature dependence was observed in the 40K
film from room temperature down to liquid nitrogen temperature
(77°K). Thicker films 50 to 10, 000£, exhibited temperature
dependent volt-ampere curves linear in log I versus vV ;)ver a factor
of 10:1 in voltage and a thermal activation energy of U. 55eV,
lower than he barrier height above possibly because of injection
into polaron states. Preliminary photoelectric response data
yielded o = 0.8eV, raising some question as to the real meaning

of the P, found from tunneling theory.
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1
INTRODUCTION

The mechanism of electrons tunneling through insulating
films has received considerable attention in the last few
years as a result of both the device possibilities utilizing
‘cu.nneling1 and also the success of tunneling in the study of
superconductivity. 2 Until the recent paper by Hartman3 using
aluminum oxide, there has been no reported successful quanti-
tative experimental fit to the theory. Even in this case however,
much is left to be desired. The method of fabrication resulted
in a polycrystalline insulator, the stoichiometry of which is non-
uniform from one side to the other. This would produce a non-
uniform dielectric constant which could mean the actual barrier
shape is much different from that calculated from image forces.
Different barrier heights were measured at each interface of
Lthe Al—AlZO3—A1 diode, although not necessarily as a result of
the non-uniform dielectric constant itself.

Muscovite mica being split as a thin film from a bulk
sample not only overcomes these disadvantages but also provides
an insulating thin film whose physical properties such as its
dielectric constant, trapping levels and their density, forbidden
energy gap, etc. are identical to the easily measurable bulk
values. Furthermore, it is a single crystal insulator whose
cleavage planes 108 apart4 (see Fig. L) provide uniformly
parallel surfaces of well known separation ideally suited to the

study of electron transport phenomena.



. ' : 4
Fig. 1. Crystal structure of muscovite (after Hlckel ).
Cleavage occurs in the potassium plane. ,FOr a more’
comprehensive configuration see Norton.



Von Hippe15 using a 6. 54 thick sample was the first to ob-
serve the high field conductivity (~ 5 x 106V/cm) of mica. No
attempt at an empirical formula was made but Von Hippel felt
from intuitive arguments that the current was being space-charge
limited by trapped electrons. Maftp.eaé has made a more recent
investigation at high fields and observed a dependence of the
conductivity ¢ on the field F of the form g = 0, eXP B/F. This
dependence was attributed to the Frenkel effect, 7 a Schottky type
of emission from filled traps. No mention in the English abstract
was made of the thicknesses of his samples nor, and more impor-
tantly, of how well the value of B fits Frenkel's theory. In 1962
Foote and Kazan8 developed a technique for splitting mica down to
less than 1008 and observed a dependence of the current density
J on the field of the form J= J_ exp B/F on a thin sample thought
to be 408 thick. Assuming that this was a Schottky emission pro-
cess and that the appropriatc diclecctric constant for such a mechanism
would be closer to a low frequency value of 7.6, they calculated from
B an independent thickness of the mica of 36&. No further investiga-
tion was made of the phenomenon. However, the work being reported
in this thesis would indicate that the film measured by Foote and
Kazan was probably 608 thick, the error arising from the measure-
ment of the very émall metal-insulator-metal diode areas that
were used along with the diode capacitance and dielectric constant

to calculate the thickness,



In the research reported in this th.esis Foote and Kazan's
technique was modified to cleave muscovite in a vacuum of 10-6 Torr,
after which metal electrodes were evaporated creating Au-mica-Al
diodes. The aluminum was chosen because of its strong adhesion
to mica, as necessitated by the cleaving process, and the gold be-
cause contact could be made easily mechanically, The volt-ampere
and temperature characteristics of the 30 and 404 films were
successfully analyzed in terms of Straﬂ:ton‘s9 tunneling theory
for voltages less than 0.5 volts using a new and very accurate
approximation to the image-force barrier shape. For voltages great-
er than the metal-insulator work function, the theory breaks
down completely,but the data provide insight into the nature of the
conduction band in muscovite. Temperature dependence for thicker
films is discussed in terms of polaron injection. And finally, the
preliminary photoelectric data suggest that further theoretical

considerations must be included in the theory on tunneling,



CHAPTER I

THZORY

1.1 Emission Into a Thick Insulator

The mechanisms of thermionic and cold emission of elec-
trons from a metal surface into a vacuum are well understood and
have been analyzed from a general viewpoint by Murphy and Goodolo
For the experiments performed in this thesis one needs a solution
to the similar situation where the vacuum is replaced by an insula-
tor of dielectric constant K and an effective mass rn*, which the
electron exhibits while traveling through the insulator. The
treatment below parallels that found in Murphy and Good.

The free-electron theory of metals gives the following for
the supply function or the number of electrons per second pexr

2. . . .
cm incident on the barrier whose x-directed component of energy,

W, lies within 4dW

3

N(T, ¢, W)aw = 2T2KT 1,1 +exp(-W_:_§—)J aw (1)
o kT,

where m, k, T, h and { are the electron mass, Boltzmann's
constant, absolute temperature, Planck's constant and the energy
of the Fermi level respectively. As shown in Fig. 2, all energies
will be referred to the bottom of the conduction band far inside the
insulator with no applied field. Then the work function ©y becomes
-{. In addition the energy W is the sum of the kinetic and poten-

tial energies



Bottom of Conduction
.Bond, No Applied

Fip’l’d/
;o 2 — X

Bottom of Conduction
"Bond with Applied
Field

v ¢

0

Metal insulator

Fig. 2. Potential energy diagram of an electron in an
‘insulator near a metal surface.
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w=2& iy (2)

2m

where m is the effective mass in the insulator. Assuming the
image field and applied field F in the insulator of dielectric
constant K effectively account for the forces on an electron in

the insulator

Vix) = -

- eFx forx>0 (3)
4Kx

and

Vix) = -W for x<0 (4)

where —Wa is the effective constant potential energy inside the
metal, Near the metal-insulator interface V(x) is assumed to

connect smoothly with the functions in equations 3 and 4 as shown

in Fig. 2.
Murphy and Good found that x . -1
. 2
2
D(F, W) = [1 rew (- 2 [T o da)] (5)
: "} «
1

is a good approximation for the probability, D(F, W), that an inci-
dent electron is transmitted iﬁto the conduction band of the insulator,
As illustrated in Fig. 2, x) and x, are the classical turning
points for an energy W. Irom cquations 2 and 3

2

* e 1/2’ .
plx) = [2111 (W + + eFx) ] (6)
4Kx '




from which

3F 11/2
x, = (-W/2eF) [1 (1 - £F (7)
KWZ‘
3F 11/2
xzz(—W/ZeF)[l—(l- ° 5 (8)
. KW L
The exponent in equation 5 may be rewritten
X, ) 3.4 -1/4
2 plgjar =+ M2 | ZEA | RE,
3 * 5
3 (m ) e
- where
3 1/2
- (e"F/K}) (10)
|wl
14 (1 - y2)1/2
iy = -2 f (p-2 +v2 o 1124, ()
4/2 2.1/2
1 -1 -y} "~
or
1/2 1/2
-1/2 . 1/2(a[(2a) ~ [ (2a)
wiy) = 2712 (14a) E[—-—7] _ (- )K[ ]‘5 (12)
: { (1+a)/2 * (14a)1/2
where
a=( 1—y2')1/2' (13)

and K and E are complete elliptic integrals of the first and
second kind respectively,

Substituting equation 9 into 5
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3.4

D(F, W) =Sl 1 Cxp[ 4/2 (FK h ) -1/4 Y-3/2_ V(y)“l} (14)
3 %2.5

{m ) e

One might expect this equation to have no meaning for values of
3 1/2

W greater than W=7V = -(e"F/K) because x, and x
max 1 2
then become complex numbers. However Murphy and Good
explain that even though the validity of equation 14 does in fact
deteriorate above this point, it turns out that the current contribution
at these energies is unimportant.

Hence the total electric current density is found from
equations 1 and 14.

(e8]
j(F; T, g) = € D(F, W)N(T: ga W)dw

(15)

4umkTe In{1+exp [-(W - ¢)/kT]} dW

3.4 -1/4
B W, Lep®BEER )T 3 2y

3 (m*)ZeS
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At this point it is convenient to introduce Hartree units defined

in Table I.
Table I
One Hartree unit Equivalent to
of
current density j m"l)egjh_7 or 2.37 x 1014 A/crnz'
electric field F mze5 -4 or 5.15x 109 V/cm
4. -2
energy {, kT, W meh =~ or 27.2eV

In these new units equation 15 becomes,

QO

. . il -W - k d
iF, T, C) = kTZ In {l +exp[-W - £)/kT]} aw —
e -W 1+ expﬂm 1/2 (K3F)-l/4y_J/{'\»(y)
a 3 T
| . (1)
where m =

r

Equation 16 is now approximated in closed form by means of three

separate approximations to the integrand which lead to three dis-
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tinct regions of operation: thermionic emission, field emission,

and a narrow intermediate region between the two.

l.1a Thermionic Emission

The approximations used here are valid under the condi-
tions that the peak in the current density integrand in equation 16
occurs when W lies close to Vmax’ and its low energy tail has
fallen off appreciably for energies a few kT above the Fermi
level., Under these conditions one may expand v(y) around

1/2
W = Vmax z -(F/K)

4/2 1/2 (K3F)-1/4 Y—B/Z V(y) = -mm 1/2 (K3F71/4 c
3 7 * (18)
¥ é__ T m 1/2(’K3F-)1/4€ +...
16 t
where
e=1+wE) /2
K
(19)
= (y-1)/y
and
In[1 +exp (- W—g)]=eXp(- W-g)
kT kT
(20)
1 -
- EeXP[ 2 W6y,

kT
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Taking only the first term in each expansion one arrives at

8

KT exp [ -(W - £)/KT1dW
1/2 -1/4

(21)

o’ Ly L rexp{-mm 1/ 2&3E)  H1aw(E k) )

from equation 16. Clearly -Wa may be replaced by -oco and

this integration leads to

F \1/2
2 2, - (=)
is= (kT,) TE exp I—— ° K -] (22)
2w ¢ sinmwg L kT J
where
1/4_3/4
g = —“m”“K F (23)
ﬂmr kT

The conditions that equation 22 be a valid approximation are

1/2

In( 18 . ! > -rm 1/2'1<‘1/4F'3/4[q>

g g(l-g) T o F /K]

1(24)

and

(25)



13

Restrictions 24 and 25 are a result of the first term approxima-
tions of 20 and 18 respectively and include the necessary condition
that g must be less than unity, i.e., low fields or high tempera-
tﬁres,

Note that equation 22 differs from the well known Schottky
equation only by the factor wg/sinwg, which approaches unity for

small g,

1.1b Field Emission

The requirement for field emission is essentially that
the peak in the current density integrand be centered around the
Fermi level and that its tail for higher energy electrons has
fallen off appreciably at W = VmaX" In the approximation of
equation 16 used here the exponent in the denominator is much
larger than unity, i.e.,

-1
{1 + exp 42 mrl/2 (K3F)'1/4 y—3/2 V(Y)J

3
(26)
& exp - f}ﬁ— mrl/z(K?JF)
3

'1/4\/—3/2'\'(3')

and the latter argument in turn is expanded about the Fermi level,

retaining only the first two terms:
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=73 mr”Z(K?’F)“”‘L v 3% ly) = b ke (W =€) - §(W - )4 (27)

where
' 1/2
b = 3J2 mrl/Z-F-lr 03/2‘ V((F/K) ) (28)
Py
1/2
c=2/2 mrl/'Z pl cpol/z t(——-—-———-—(F/K) > (29)
o
. J2 m I/ZF'1~ 3/2.( 2 F/K)'l (F/K)I/z 30)
= 7 r %o ®o T ViT—T
%
and where
2 d
t{y) = v(y) - -y aviy) (31)
3 dy
Making these substitutions into equation 16
)
j= kT g exp [-b + c(W-C)11n 71+ exp [-(W-£)/kT1}dW (32)
2n
-W
a
Again replacing - Wa by -oo and intcgrating,
2 1/2 3/2
. F kT ¢
i= r ) e (- 22 Pe_$o ) (33)
F

2
lémrTr r;pot
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The restrictions this time being

v, (F/E)2 s v'lmrl/z‘K1/4F3/4 + KT(1 - ckT)" (34)
1 - ekt > (20 % kT (35)
1/2 .
The arguments of v and t are —(—F——/—-IE)— . Equation 34 places
o

a maximum on the field and states that equation 33 is no longer
valid when Vmax approaches the Ferfni level. The wvalidity of
the two term expansion is contained in equation 35, a restriction
appropriate for low fields which in turn means that ckT <1,
Equation 33 differs from the temperature independent
Fowler-Nordheim 1 formula by the factor wckT/sin (wckT},

which again approaches unity for small ckT. Egquation 33 becomes

somewhat more tractable if one introduces the approximations:

vy m 1-y® = 1- 21X (36)
on
ty) ~ 1 (37)

which are good to about 10% for the fields usually encountered.

1.1lc Intermediate Region

A solution to the region in between the above can be obtained

by use of the first term approximations of equations 20 and 26.
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~Equation 16 then becomes
oo
1/%
. kT exp {_ W-¢ 42 m_ vi{vy) J aw (38)

:
27 LW KT 5 g3p)1/2,3/2

In this region the integrand of equation 38 must be appreciable only
for energies which lie between the Fermi energy and Vmax°
Expanding the second term in the exponent to three terms around
the energy 7, at which the integrand is at its maximum value, and

evaluating it by means of the saddle point method, the current

density becomes

. 2
. 2 s
e e Le e ] -
2 2rm kT 24m (kT)
T r
where
@ =3t"% 2yt (40)
2
-F
n= —— (41)
8mr(kT)2t2
and the arguments of v and 't are _(E‘_/_E)_
=M

The conditions for equation 39 to be a good solution are
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1_~1/2,3/4.1/4__g

i 1 +n° 42
——17— > 1+ (42)
(F/K) ' ’ g-1

and
2
-F 1
>~ +kT (43)
A o - 172 172 -1
8mr(kT) ' 1-F(2,2 m_ ®, thCP)

1/2 1/2
where t =1t (._.F_/_.K.)__._ and t =t M_)_____ . The first
© n -
®s yl
condition comes from considering only the first term approximation
of equation 20 and is concerned with energies near the Fermi level.
As an example of the fields required at room temperature for

these regions to be obtained, Table II illustrates the case for ¢ =1eV,
o

mrzl and K= 2.5.
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Table il
¥

V/cm Region

5 x 105 Thermionic
1.0 x 106 Thermionic
1.5 x lO6
2.0x 106 Intermediate
2.5 x 106 Intermediate
3.0 x 10°
3.5 x 10° Field
4,0 x 106 Field
4.5 x 10° Field
5.0 x 10° Field

1.2 Tunneling Through Thin Insulating Films

For a thin insulator sandwiched between two identical metal
electrodes the effect of the additional electrode is to change both
the supply function and the potential barrier. Figure 3 illustrates
the geometry of the situation where V is the voltage applied
across the diode.

Harrison13 showed the effect of the second electrode on the
supply function (given in equation 1 for one electrode only) was
essentially to include a reverse current whose supply function was

identical to the first except the Fermi level of the second is eV less
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than for the first electrode:

N(T, ¢, W) aW = —72kT 1nz l+exp | -(w-()/kT] }dW (44)

h3
Hexp[ -~(w-L+eV)/kT]

in cgs units for a symmetrical function.
Stratton'9 used an approach to this problem very similar

to that used by Murphy and Good. 10 (See preceding chapter.)

3

2
InD(F, W)= -2 (2m™) g o(x) - W dx (45)
h

*1
Here o(x) represents not only the potential of the applied field
and the first image of the electron in metal but cpi(x), the sum
of the potentials of the image charges necesesary to establish

the electrode planes as equipotentials:

~ x (46)
d
Expanding equation 45 around the Fermi level

2

InD(F, W) = - (bl +C + flex S P | (47)

lex

where

e_= W-( (48)

and the subscript 1 refers to metal 1. From equations 45, 47
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and 48 it follows

%2

by = a[ [oolx) - €147 ax (49)
*1
x2

¢ = “5 [otx) - ¢171/% ax (50)
*1

%2
a 1 [ 1 i 1] ( ' dx
1 4 (x - x cp'(Xl) (:{)'(XZT] . [CP(X) _ (;]l/z
*1

where

Keeping only the first two terms in equation 47, equations 44, 47,
and 15 yield

Aexp (-b1) TE1KT

[1 - exp(—clV)j (53)

(ClkT)Z Sin(‘!TClkT)
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Z_Acm'z; This is identical in

where A = 4'n'me(kT)2/h3 = 1207
form to equation 33 except for the inclusion of the reverse current
arising from the inclusion of the supply function of the second
electrode. Now, however, b and c are given by equations 49 and
50. The restrictions on equation 53 are

1 - ¢ kT > kT(2£)) /2 (54)

me-g—kT(l—clkT)-l>0, D) = e} (55)

where P is the maximum value of wp(x}.

Stratton now expands byand ¢ in powers of V;

b, =b

2
1 10-b11V+b12V ... (56)

2
clxclo—cllV +012V S S (57)

and to terms of the order of V2 inbl

wc, kT
10 V)] (58)

L. 2
i=Jig [exp (bllV-blzv L1 - exp(-c10

sin(mc 1 OkT)

where

i1o = Ale;okT) ™ exp (-b) ) (59)
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For a symmetrical diode however as shown by Stratton

1
b z —c (60)
11 2 10
and
. 3.1 2
i=G(T)[V+V (= ¢ -b12)+.,,] (61)
24 '
where
TrclokT
G(T) = leClo (62)
sinwclokT

The last two are the desired equations for making experimental
parameter adjustments at low voltages.
Sommerfeld and Bethel3 have shown the image force

correction is

2

px) = —2— [ - Z) 4+ 4(=- 1) - 24(0)] (63)
: 4Kd d d

where

q% = 14.4 eVR (64)



24

and

l‘i’(z) = din !\Zl: S’ (65)
dz
14

is Gauss's psi function and is tabulated in Jahnke and Emde.

Figure 4 shows cpi(x) plotted along with the approximate functions

2

py(x) = - m%(__ : 0 < 3;- <1/4 (66)
q2 1 x,2 l x

0. (%) = -5 [4 m2+20(=-D7;, Z=<Zx<1/2 (67)
! 4Kd 2 d 4 4

These approximationg which have not appearcd in the literature
before fit the actual image potential exactly at the extremes
x/d =0 and 1/2 and are only in error 4% at x/d = 1/4. From

these, blO and cio can be expressed analytically as

2 1/2 1/2 1/2 ,\1/2
_ q  \1/2{(s - 4 1 NE: + (87 7-4)
bro = 2adizgy) { : " I72 ln[ }}
2
2 1/2
5q7,1/2 (8;-.0625) . =1, 1
+ad (+) [ L ~ + 8, sin (4——7—@ 73 )_] (68)

1



(4Kd/q?) $; (x)

25

Fig. 4. Normalized image=-force
potential. The solid and dotted lines
refer to the actual and approximate
image-force potentials, respectively,
discussed in the text.

| | I |

0.0 020 030 0.40 0.50

X /d.
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10 7 4Kd 4 172
o ? 2
(69)
Kd ,1/2 . -1 1
tad (| —) sin (—-———7— )
5 2 49 172
q 1
where
5= 2Kd ® (70)
2 o}
q9
2
8, = Eﬂz_cpo _1nc (71)
, 5
5q

and ®q is the work function. Figure 5 is a plot of blO’ g0
and b, /¢ as a function of @, for K= 2.5. These values

should be accurate to better than 1%.

1.3 Ionic Crystals and the Polaron

The energy band scheme for crystals is a result of the
interaction between the electron and the electrostatic field of a
perfectly rigid crystal lattice. If the crystal is ionic, however, the
polarization displacement of the ions surrounding the electron's
coulomb field produces a potential well which must be considered.,
This description of an electron moving in a potential produced by the

induced ionic polarization is called a polaron. This section will in-
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clude only a qualitative derivation of its self energy as given by

Fr8hlich. L5

The energy of an electric field in an isotropic dielectric me-

dj.urn of dielectric constant K 1is

1 2

in terms of the displacement D', Figure 6 shows thc assumecd
potential for the electron. Outside a critical distance ry the
potential is essentially a classical Coulomb potential, but inside
for simplicity it is taken as constant. From equation 72 the self

energy of the electron is
W=._S (73)

The static dielectric constant Ko is defined by

D

Ko- E {74)

where

D

H

E+4rP (75)

The total polarization field P can be split up into two components,

the electronic polarization Pe andthe ionic polarization PI;
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&
Fig. 6. Assumed potential energy diagram of
an electron in an ionic insulator.
KA .
< Electronic=—s]
<+——Jonic——]
Ko o
|
I
|
ne | ’V_/'
1.0T | ———
; -

Frequencies
Fig. 7. Schematic diagram of the dielectric constant as

a function of frequency. The value n is the optical
index of refraction,
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P:Pe~l-PI (76)

Pe and PI correspond to optical andinfrared resonances res-
pectively,as shown schematically in Fig. 7, where K is plotted
aé a function of frequency. If by some agency the electron was not
interacting with the ions, the dielectric constant used in equation 73
would be nz. Therefore the ionic contribution alone to the self

energy is

1 1 ez'
AW = - (—5 - ) (77)
n K r
o] o
The critical distance or polaron radius Ty is found by the un-
certainty principle
- 2th
o (78)
mv
or
AW = _62( l2 o1 ) mv (79)
n K, 2rh

This implies that the potential lowering increases with the velocity
of the electron. However, above a certain limiting velocity the ions
will not be able to respond.
Spatially the ions that contributc thec most to AW are the
ones closest to the electron. An ion a distance r, away witnesses
an angular velocity due to the electrons motion of approximately V/roo

This must be less than its highest ionic resonance or reststrahlen
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frequency « in order that these ions will be able to respond to

the moving electron. Taking g as the order of magnitude

VAT W (80)

or from equation 78

v = ’_ﬁ?‘fﬁ‘_"_ (81)
m

T =/ erh (82)
m

Equation 79 becomes

and

2, 1 1 mey
AW = -e ( ——Z -~ 74 ) (83)
n o 2wh
Quantum mechanical field theory gives for AW16
: @ L2
AW = -l +b ()" +...]hw (84)
10
for
a <6
where o= eZ ( ! - m”*
| 22 K_ V2480 (85)

1 1, [m* . .
:3.,69(112 - Ko) mh{dm ; hw in eV units
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a 1s a dimensionless coupling constant and b varies slightly
with the method of computation but can be taken here as unity.

The effective mass of the polaron is

m* @ o 2
B =1+ 2 +0(2) (85. a)
m 6 10

In light of the above, the conduction band in an ionic
crystal will be considered the band in which an electron can exist
in a highly excited state or is traveling at a sufficient velocity
so as to produce no localized distortion of the crystal, consistent
with non-polar crystal theory., For sufficiently slow electrons,
allowed states exist below the band, or in other terms, the
polaron conduction band is displaced downward by an amount IAW|
from the electron conduction band.

A second deviation from non-polar crystals can be seen
in the energy level diagram of NaCl shown in Fig. 8,17 The
energy levels are best described in terms of the individual
ions with the splitting into bands as a perturbation. That is, when

requiring the peri odic Bloch wave functions

x(2) = 7(®) exp i?( . 7 (86)

to be solutions, w(7) is the dominant factor and exp ik * ¥ is a
perturbation., This leads to narrow allowed bands and high effective

masses. 18 If this were the case for the conduction band under
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the ions are taken into account. The ordinate is in units of elec-
tron volts. The abscissa represents the distance between the

ions, \yith (b) occurring at the equilibrium separation r_(after
Sau:hs1 Yo o

W, CONDUCTION BAND

'
W _
= W, —— DONOR_ GROUND LEVEL _

FORBIDDEN GAP
W, — —ACGEPTOR GROUND LEVEL

o) ' ' 1
VALENCE BAND
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study, the WKB plane-wave approach used inthe analysis

of metal-insulator injection would be in serious error and metal-to-
metal tunneling in some doubt, in particular when computing the
imaginary momentum (equation 6) the energies miight be referenced
to some other level rather than the bottom of the insulator conduc-~

tion band.

1.4 Frenkel Effect

Frenke17 has proposed a conduction mechanism in which
free electrons are created by thermal ionization of deep traps
in high electric fields. This mechanism could be called a
Schottky bulk mechanism because it is very similar to the reduc-
tton of the work function at a metal surface by the image force.
Here, however, the electron is escaping [rom a localized atom,
and the positively charged ion left behind is immobile. This gives

rise to a thermal activation energy lowering of

3F 1/2
Ao = 2(22) Frenkel (87)

° K

Whereas in the first section of this chapter, it was shown the lower-

ing at an electrode is

) Schottky (88)

Assuming one knows K, these competing mechanisms would be
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cxperimentally discernible if the location of the Fermi level
with respect to the trapping level or levels were known. This
problem is discussed by Kittel19 in the following manner.

Figure 9 shows the energy level diagram where zero energy
is now taken at the top of the valence band. Let Ny and Na be
the concentrations of the donor and acceptor atoms, respectively, and
the superscript "o'" designate the unionized, + or - the ionized

donors and acceptors; i.e.,

o +
Ng=N; +Ny (89)
o -
N =N~ +N (90)
a a a
then
N
N, = d (91)
1 + exp(W, - WF)/kT
N
N, %= = (92)
1+ exp -(Wl - WF)/kT
and
N
N =N - NS = d (93)
L +exp -(W,-Wg,/kT
- o] Na
N =N -N = (94)
a a a

1+ exp (Wl - WF)/kT
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Charge neutrality requires
+N T =n+N_ " (95)
PTNg = a
where p and n are the hole and electron concentrations in the

valence and conduction band respectively. Considering the holes

and electrons in their respective bands behaving as if they were

free,
p=n,exp -W./kT (96)
n=n_° exp (Wg- W) kT (97)
where
n, © = Z(anhkT/h2)3/2’ (98)
n %= 2(2wmekT/h2)3/2 (99)

are the effective density of states in the valence and conduction

band. At room temperature and for m

electron, n+0 = n_0 =2.5x 1019 cm—3e Equations 93 through 99

= m = mass of a free
h e

determine the Fermi energy level W

P
Assuming for the moment there are no acceptors present,

Na = 0, Furthermore for
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exp (W - Wg)/kT> > exp -Wo/kT (100)

that is, for W_, above Wg/Z, n >>p by equations 67 and 68. Under

these assumptions equations 93, 95 and 97 combine to

N
d _ o
T¥exp (W, - Wo)/kT - ™. P (Wg - W /KT (101)
from which WF is found by rewriting as
[1+ 4(Nd/n_o)exp (W _ - V‘I'Z‘)/k'l‘fll/Z -1
expWF/kT = g — - (102)
Zexp(-WZ/kT)
WF may be found in two limits. If
Nc1 w_o-Ww,
4( 5) exp g )<< 1 (103)
n_ kT
then
Ng
W_.~ W _ +kT In (104)
F g
n—
which means from equation 97 that
(105)

or that the number of conduction electrons is equal to the number

of donors. This is normally the case for semiconductors at room

temperature. The second limit
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N
4( __5'1.0) exp (W, - W,)/KT >> 1 (106)
n .

corresponds to an insulator wih a large number of deep traps.
That is,

Wy=W - W, (107)

is the donor ionization or activation energy and is large with respect

to kT. Now
W 4+ W N
Wpa —8 2 o4 kL, d (108)
o
2 2 n_
and
o 1/2
n={n_ Nd) exp —Wd/ZkT (109)

This is the result given by most authors, see for instance Spenke. 20
Kittel feels that it is an artificial one because of the assumption
that the number of acceptor atoms can be neglected when talking
about so few conduction electrons. These acceptors are filled up

from the donor atoms and move the Fermi level down to W2 whereby

ne exp —Wd/kT (110)
The result is that there are two possibilities for the
Frenkel effect; one
e3F
0 =g_exp| (——)
K

where there are only donor levels and these are essentially full;

1/2
/kT] (111)



and the other,

7 =0, eXp[Z( e ¥ )l/Z/kT] (112)

where there are acceptors present also.
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CHAPTER 1II

EXPERIMENTAL RESULTS

The diodes were constructed by first depositing aluminum
on a sheet of mica that has been cleaved in the vacuum just prior
to the evaporation. After removal from the vacuum system, copper
leads were soldered to the aluminum surface and a glass block
onded to the surface as a backing for support. The sample was
then returned to the vacuum system andthe mica stripped off the
glass block leaving behind a thin film of mica on the aluminum.
Gold dots were then immediately deposited on this freshly
cleaved mica surface. This procedure resulted in an Al-mica-
Au sandwich in which both mica interfaces were produced at
cleavage planes never exposed to the atmosphere. Because the
thickness of the mica was not the same over the entire sample but
uniform only over relatively small and irregular patches, small
dots of the order of 10.4 cm2 in area were chosen so that several
diodes of the same thickness were available. This made it possible
not only to have many diodes of the same thickness to work with
in case one was destroyed, but it also insured that some part of
a dot was not straddling a step in the mica; that is, no volt-
ampere data was taken unless a diode was completely surrounded
by diodes of the same volt-ampere characteristics. Electrical

contact was made mechanically to the dots by means of a fine gold
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‘Wire. The thicknéss of the mica was computed from the dicde's
capacitance, as measured on a bridge, andfrom the area of the
dot, measured either directly by means of a probe attached to a
micromanipulator or from photographs taken through a micro-
scope. The volt-ampere data was taken at dc for temperatures
between 77 and 373°K and for thicknesses from 30 to 11, 60054,

The photoelectric response was measured using larger
areas of thin gold through which chopped monochromatic light
of known intensily was beamed. The resultant current was then
synchronously detected with the diode under bias.

The dependence of the current on voltage and temperature
can be classified by the thickness of the mica films. The 30 and
408 volt-ampere curves showed tunneling current with the voltage
dependence of equation 61, j= G(T)[V + (0102/24 - blZ)V3], and
the weak temperature dependence to be expected of this mechanism.
However, for thicknesses of 504 and greater at room temperature
the current was proportional to expB/F and strongly temperature
dependent as in Schottky emission. Only at lower temperatures

did the current become temperature independent.

2,1 Metal-to-Metal Tunneling, Very Thin Films
It will now be shown that the current as a function of voltage
and temperature for the 30 and 40X films can be fitted quite closely

to equations 61 and 62 for voltages less than ©,s in which case
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clectrons tunnel from near the Fermi level of one metal directly

to unoccupied states just above the Fermi level of the second metal.
Figure 10 shows the volt-ampere characteristic at room temperature
for a 408 green muscovite sample. Since the diode has so little
asymmetry, one can attempt to analyze this data in terms of the
symmetrical diode equations derived in Chapter I. The data of

Fig. 10 show a linear characteristic at low voltages or a

"tunneling resistance' R = V/I of 2,31 x 1080, With this value,

Fig. 12 is constructed for the aluminum-positive data by subtracting
out the ohmic dependence. As shown, (I-V/R) has a cubic depen-
dence on voltage over a wide range, departing only at larger values
as higher powers of V become important. The cubic dependence
yields

2

-b,, =21.1

1
—c
24 10 12
from equation 6l. From considerations of the temperature data
discussed later it will be shown b12, is negligible in comparison

to 0102/24, and thus

¢i1g = 22.5

Using equations 59 and 62,

b10 = 31.1
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and hence from Fig. 5e the barrier height is
o = 0.95eVv
o)

which yields

¥4
4

m*

=0.92

!

from Figs. 5a or 5b., The forward and reverse characteristics
of a diode having two different metal-insulator barrier heights
would have a V2 term in equation 61. ? Instead of this appearing
in the volt-ampere data for both biases, an anomalous V3' 49
term replaces the expected cubic power in V for the gold side
positively biased as shown in Fig. 13. The reasons for this
behavior are not understood, but it would appear that the asymmetry
of the data does not arise {rom any significant difference in

barrier heights at the two interfaces. However, forcing a slope of
three in Fig. 13 results in ¢, = 19.1 ¥ 3.2 versus the 22.5 obtain-
ed from the aluminum-positive data.

The temperature variation as expressed in the cefficient
(TrclokT)/sin(TrclOkT) of equation 62 allows one to calculate an inde-
pendent value of cip° Experimentally the value of R at 77.4°K is
larger than the room temperature (Z95°K) value by a factor of 1.77.

This factor yields the same value of c¢ 0= 22.5, confirming that

1

b12 is negligible. On the other hand the current at 373°K is a factor

of 1.98 too large so that one might conclude that the condition of
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equation 54 1s not being satisfied at this higher temperature, This
corresponds to a valie of f1 greater than 37.5, a value unobtainable
from equation 51 for a pure image-force barrier shape. Hartman
ha§ observed data on Al-AlZO3-A1 structures which suggest that the
classical turning points x, and x, are anomalously closer
to the metallic faces and the image force weaker, such that both
fl and b12 are larger than anticipated. 21 This situation
may also be the case here.

Similar curves for 30X green muscovite are shown in Figs.

14 and 15, Temperature data yield 12,6 for c{g. However from

Fig. 15
1 2
—_—C -b = 0,76
24 10 12

which means b, , is not negligible here, whereas it was for the
40K film.. A departure from the true image-force barrier shape
near the electrodes would be more important for a thinner film
and may explain this difference. On the other hand substituting
the experimental tunheling conductance G(295°K) = 0. 549Qcm—2'

and ¢4 = 12. 6 into equation 59 and 62, one obtains byg=21.7.
This would imply ©_= 1.2eV and m*/m = 0,65, which is unreason-
able. However, taking m*/m = 0,92 as in the 404 film and

bin= 21.7,

10
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('.po = 0.93eV

in good agreement with 0. 95eV found for the 404 film. On the
other harnd these values mean that 10 should be 17.5 which is in
considerable disagreement with 12, 6. Because, however, the
V-I curves of the 30A films had a more rapid drift rate than the
408 data (noticeable in hours rather than months, rcspcctively),
particularly in the non-ohmic region, they can only be considered
an approximate check on the 40K results.

Thicknesses of 10 and 204 presumably were encountered
but appeared as dead shorts on the capacitance bridge because of
their very low impedance. Also several samples of thin ruby
muscovite were tested and, although no analysis of the above type
was attempted, their lower tunneling resistance would indicate
they had a slightly lower barrier height than the green muscovite.

The above effective mass ratio being close: to unity is to be
expected in a large forbidden gap, 22 such as the 4eV gap found in
muscovite., 23 The argument is briefly that the form of the wave
vector near the center of a wide conduction band24 is similar to
that of its imaginary counterpart in a wide forbidden gap. Table III
compares the values of Do and m*/m calculated from b, =31.1

10

and b 1= 11, 26 using the barrier shapes suggested by Stratton to

1

those using the actual image-force potential. Of the three approxima-

tions, the rectangular barrier appears to fit the actual image-force



barrier shape the hest.

Table III
d =404 K=2.5 bio=3L.1 by =11.26
Shape cpo(eV) m /m
image-force 0.95 0.92
parabolic 1.48 0. 746
triangular 2,17 0,668
rectangular 0.79 1.025

In Table IV, p, is calculated for d = 308 and by, = 2L.7
using the effective mass ratio arrived at in Table III for its

respective barrier shape.

Table IV
d =308 K=2.5 byo = 2L.7
Shape v, (eV) using m*/m
image-force 0.93 0.92
parabolic 1.39 0.746
triangular 2.00 0.668
rectangular 0.77 1,025

It can be seen by comparing Table 1V with ‘T'able III, that this
procedure is not a sensitive method for the determination of the

harrier shape. With mica there is no reason to suspect that the
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true image-force barrier shape is not the correct one.

2.2 Metal-to-Insulator Injection for Thick Films; Temperature
Dependent Current

Thicker films of green muscovite at room temperature have
linear 1ln I versus /V curves highly suggestive of Schottky
emission as shown in Figs. 16 and 17. From the slopes of Fig. 17
(drawn with the aid of the thicknesses dc computed from capacitance
measurements) the dielectric constant K can be calculated using
equation 22. However, when this is attempted K turns out to be
a function of thickness indicating that ds, the thickness computed
for a constant K from the Schottky slopes by means of equation 22,
is not equal to dc' Rather than using this approach to the problem,
Fig. 18 was constructed wherein dS has been set equal to adc+b,
which is the simplest functional relationship that one could attempt
to satisfy the experimental measurements, and K determined from
the condition that a = 1. This procedure results in K being a con-
stant equal to 3.28. Furthermore, the current density at a given
temperature is essentially a function only of the field V/d as
shown in Fig. 19 and 20, and expressed in equation 22. However,
the reasons for the failure of the straight lines of Figs. 18,
19, and 20 to pass through the origin are not known at the present

time. Finally, the barrier height computed from room temperature and

) Figs. 18, 19 and 20 have been constructed from gold-positive data.
Aluminum-positive data are very similar and offer nothing new.
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100°C data using equation 22 approaches 0,55eV as shown in Fig, 21,
The fact that it is not a constant may possibly be associated with
the non-zero intercept problems.

With the exception of these discrepancies, the picture
is consistent with Schottky emisd on into a polaron conduction
band since the dielectric constant K is above its optical value
of n2= 2.5 and the energy of the injected electron is apparently
0.4eV below the bottom of the electron conduction band found from
the quick transition process of metal-to-metal tunneling,
In equations 84 and 85 with [AW] = 0.4eV, K_=3.28, n? = 2, 5,
and hw = 0,10eV (the reststrahlen vibration energy of the Si04
group26), the effective mass ratio in the polaron conduction band
would be 13. However, further analysis of the data taken at
100°C sheds more light on this process and shows that this calcula-
tion must be somewhat refined.

The only essential difference in the data taken at 100°C is the
polaron dielectric constant decreased to 2.83 from 3,28 due to
the higher average velocity of the electrons. This is a large
en‘ough change to have an important effect in the lowering of the
polaron conduction band and more detailed temperature measuremens
should be taken. However, if the polaron model is correct, the

situation is as shown in Fig. 22. Here
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P22 = Po 'KAszl

P100~ o " \Awmo‘
and from equation 84, neglecting the higher order terms which

are negligible,

1 1
AW \=( - e = 0.095e
[ 22 2.5 3.28 “
AW od = ( L .1 ye =0.0467e
2.5 2.83 W W
- o.,49z,\AW22\

where

Then at zero voltage
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2 |
cfho0’Tio ) 1Pz “‘Hoo)
2
12/T5,° kN T2 Tioo
T, -T T T
100" T22 100 2
R (‘Aszl'T“ AW 100d
22T 100 10022 100
T -T
100" T22
= 20 22 (g - 2.92 |aW,,|)
kT55T100

If K were not a function of temperature,the above would be

Tyqn - T
100 ~ 22 (0 - |AW )

kT;5>T 00

Taking 2.92 lAWZZ‘: 0.40eV, the effective mass ratio becomes 1.53.
Since K is a function of temperature, the resulting tem-

perature dependence of IAW ‘ should be reflected in the curve of

In I/'I‘2 versus Thll. However, if the polaron model is correct,

the polaron effective mass ratio computed from the value of ’AW i

at any temperature should yield this same value of 1.53, Therefore

to test this theory one needs a complete set of Schottky curves over

a wide range of temperature in order to obtain the detailed tempera-

ture dependence of K, the actual shape of the In I/T2 versus T-l
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curve, and the corresponding calculation of the effective mass.
Two important restrictions are placed upon injectioninto
a polaron state. First, tunneling into such a state would be
truly a second order effect. That ig, an electron musat actually
be i:'a the crystal to form its own potential well. As a result,
electrons can only go over the barrier, and the high field condi-
tions of equations 24 and 25 are no longer applicable. Second,
- not only must the x-directed velocity of the electron be large
enough to go over the barrier, but its tofal velocity while
attempting to pass over the barrier must be small enough so that
the electron can polarize the ions. This puts a restriction on the
total current, since thosc electrons whose velocitics parallel
to the interface exceed approximately 107cm/sec cannot be injected
into a polaron state. In other words, the polaron current results
from electrons that approached the surface in a small cone of
velocities whose axis is perpendicular to the surface. Electrons
with larger components of velocity parallel to the surface outside
this cone cannot be injected into a polaron state. However, these
electrons might be injected into the electron conduction band since
they experience a smaller dielectric constant which results in a larger
Schottky lowering of the barrier due to a larger image force. The
question as to which contribution predominates can be found

approximately by determining whether |[AW| or /e”V/d (n_l—Knl/Z)
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is larger. For the values of 'AW ‘ » K, and 10 to be encountered in
mica 1AW| predominates and the electrons enter the crystal

in a polaron state. The question still remains as to why, at these
high fielde, tunneling into the 0.95eV level does not dominate as
dépicted in Table II, This will be deferred to the next section on
injection at low temperatures.

The samples of ruby muscovite tested lend additional
strength to the above model of barrier injection although not at
first glance. That is, a higher field was necessary for the same
current density even though they have a lower metal-insulator
barrier height as discussed in the last section. Thelower work

function of the ruby muscovite is more than compensated by a
smaller Schottky lowering at.the barrier due to its higher dielectric
constant. Both the Schottky slopes and the data shown in Fig. 27
indicatc that at very high frecquencics, specifically the 1.5 to
2,0 u range in Fig. 27, the dielectric constant of ruby muscovite
is larger than that of the green by approximately 10% even though

their values differ by less than 2% at 50cps. 21

2.3 Metal-to-Insulator Injection for Thick Films; Temperature
Independent Current
For the thicker films at a tcmpecraturc of 77.4°K  the
current was foundto be more or less independeﬁt of temperature

. o, . .
in the sense that a 10 K increase in temperature caused less thana
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6% increase in current. This suggests the mechanism of current
flow in this temperature range is field emission. To inwestigate
this, Fowler-Nordheim plots of the data were made as shown in
Figs. 23 and 24. Thve dashed line shown in Fig. .24 was constructed
frém the information contained in ¥ig. 25 wherein the current
density was discovered not to be strictly dependent on the field
V/dC but rather a function of (V + Z)/dc. * When F is replaced
by (V + Z)/dc all the curves fall on the dashed line indicated in
Fig. 24. Aside fromthis "bias'' two important discrepancies
stand out in these curves.

Equation 33 first of all predicts straight lines in Figs. 23 and
24 the slope of which would give an independent value of the barrier
height. Even the dotted F = (V + 2)/dc line in F g. 24 has a curvature
over its entire length. Secondly, the magnitude of the current density
j is lower than theoretically predicted for a P, = 0.95eV by a factor
of approximately 109, This reduction in magnitude is not only
prevalent in this temperature independent region but also in the
temperature dependent region discussed earlier where the factor

7
was approximately 10 and also in the case of the 40K diodes for

* Although Fig. 25 has been constructed from aluminum-positive
data, the same result is obtained for the opposite polarity; that is,
irrespective of the direction of current flow a two volt ""bias!'' aids
the process, '
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voltages greater than 0.95 volts where the factor is about 103,
Stated briefly metal-to-metal tunneling follows the theory of Chap-
ter I but metal-to-insulator tunneling does not. This situation
was hinted at in the discussion of polar crystals in Chapter L
Apiaarently the insulator's conduction band is quite narrow and
the wave functions applicable are quite localized. Since localized
states are nearly orthogonal to incident plane waves in the metal,
the crystal presents to these electrons an abrupt discontinuity,
and they are for the most part reflected, although they wouldn't
be by energy considerations alone. From a theoretical standpo’
this problem remains to be solved and considering that a wi’
conduction band was assumed in Stratton's tunneling theory, tnis new

outlook puts some doubt into the existence of an electron conduction

band at exactly 0.95eV.

2.4 Photoelectric Respmse

In order to obtain an independent measure of the barrier height,
a photoelectric effect experiment was attempted. Unfortunately, the
result can only be considered a preliminary one since prior to the
vacuum evaporation of the gold the mica was cleaved in air and
hence exposed to possible contamination. The experiment consisted
of shining chopped monochromatic light onto an cxtra thin gold
film which was negatively biased with respect to the aluminum. The

resulting photoelectric current was then synchronously detected.
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Shown in Fig. 26 is a plot of the photocurrent through

the diode per incident photon flux versus incident photon

energy hv. The intercept on the photon energy axis at 0.8eV
indicates that this would he the value of the photoelectric ‘barrier
height if the effect of air contamination were unimportant. If it
is unimportént then it is the author's judgment that the photoelec-
tric barrier height is the actual one and the tunneling value of
0.95eV is in error due to an untrue energy-momentum relation in
the forbidden band which was used in equation 22. If this is the
case the separation between the band edges of the polaron and
electronic conduction bands is only 0.25eV, from which 2. 921AW22J=
0.25eV, and which in turn means the effective mass ratio at the

bottom of the polaron conduction band is 0. 60,

2.5 Other Observations and Possible Mechanisms

The Frenkel effect discussed in Chapter I depends on the
existence of traps in the insulator. Figure 27 shows the optical
absorption data taken on samples of green and ruby mica. The
absorption maximum at 2. 72y has been verified in the literature
as being an OH reststrahlen band,2'3’ 25 and most likely the
dips at 2.40y and 2.154 are cémbination bands of this and other
resonances. However, even under the extreme assumption that the
traps in muscovite are masked out by these vibration spectra, an

upper limit can be found for their concentration. The maximum in the

, is related to the number of traps

abgsorption coefficient, y max
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per cm3, N, by2'8

Nf =~ 1017 .

= (113)
(n™ + 2.)2

vl

max

where n is the refractive index, U the width of the absorption
curve at half-maximum,and f is the oscillator strength, typically

1 5

of the order of 0.5. At 2,724, Moax = 57.lem ~, U=1.1x 10 "cm,

n= 1.58 and for f= 0.5,

N<103 em™3

or less than 1000 traps within the diode area for a 1004 thick film.
Such a small number would have difficulty in supporting a current

of 10—'7 amps. On the other hand, if the traps were present but for
the most part empty because of the presence of acceptors and thus
do not show up in the absorption data, the temperature dependence of

the conductivity would be by equation 112
e3F 172
K

o=o.expl2( /kT]

as discussed in Chapter I. Therefore, for the Frenkel effect to be

the correct explanation of the experimental results

K = 4(3.28) = 13.1
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which is impossible as this value is above the value at 50cps of 8. 27

Space-charge-limited current is ruled out as a possibility
because of the linear relation between the voltage required for a
constant current density and the thickness. 29 Furthermore, no
depéndence of the capacitance upon frequency in the range of 1000
to 100, 000 cps or a bias of up to 5 x 106 volts/cm as is generally
observed, 30 was seen. In addition a 10ysec long voltage pulse indicated
no initial surge in current, at least notbeyond the natural 8usec charg-
ing time of the diode's capacitance.

The effect of geometry alone on the diode's characteristic
proved to be unimportant since the volt-ampere data on an aluminum-
mica-aluminum structure was symmetrical.

The possibility of a diffusion of aluminum into the mica during
the 200°C anneal (see Appendix I) having an effect on the results is
ruled out because a 400°C anneal for 2 hours produced no change.

The non-zero intercept of the plot of the voltage necessary for
a constant current density versus thickness computed from capacitance
measurements was first erroneously thought to be an indication of
field penetration into fhe metal. 31 That is, it was thought that only
capacitance measurements wuuld be sensitive to the penetration, i.e.,

d
=< (114)

¢ KA
o

4
C
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for

6 (115)

where d is the actual thickness of the insulator, & is the sum
total of the effective penetration distances into both metals, and

K and Km are the dielectric constants of the insulator and metal,
respectively; whereas the field across the insulator would be

strictly V/d. The latter is not the case, however, as the field across
the insulator would be V/dc. Therefore, a plot of dC {or C_1 as in
reference 31) versus V for a constant current density would be a
straight line through the origin and hence have no non-zero intercept.
Even though the intercept method is not satisfactory for the investiga-
tion of field penetration into a metal, the concept of field penetration
is still an interesting one and should be observable from two other
standpoints. First the fact that mica can only be cleaved in 108

) 4 . .
increments allows one a direct measure of K{SIKm from capaci-

tance measurements and equations 114 and 115. " Applying this

e

" This method presupposes an accurate knowledge of K at the signal
frequency (100kc) of the capacitance bridge. The value of K of 7.6
that was used was experimentally determined from the capacitance

of several bulk sheets of mica that were aluminized on both sides and
whose thicknesses could be measured directly with a micrometer.
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technique to the 304 films it was pussible to place an upper limit
oﬁ K(S/Km of 31?, this figure being the result of a I 10% accuracy
in measuring the very small areas of the gold dots. This value is
not nearly as large as the 25 8 reported by Meyerhofer and Ochs,zz'
who. inferred their value from tunneling data taken on BeO and
AlZO3 thin films. Secondly, field penetration could be expected to
lower the entire band structure of the metal near the surface and
thus make ¢ a function of field, or

o (V)~ o (o) - g 6 (116)
C

o
as shown in Fig. 28. This would introduce an upward concaveness
to the ln I versus /V curves and their excellent linearity can also

establish an upper limit of

K §<0.18

K

m

since the currents at the largest fields were at least within 20% of the
straight Schottky line.

The change in-the characteristics of the 30 and 40K films with
time has already been mentioned. For the most part their tunnel
resistances, R, drifted downwards by as much as a factor of two
in six months. Some did increase slightly. The reproducibility of R
on the same sample was within th% and within tZS% from sample to

sample. Similar variations from sample to sample on the thicker
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- X

Metal Insulator

Fig. 28. Illustrating the effect of field penetra-
tion on the barrier height, neglecting image forces.
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diodes did not occur and might have been masked out because of the

exponential dependence of current on voltage.
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CHAPTER III

CONCLUSIONS

Tunneling theory provides a self-consistent quantitative
description to explain the metal-to-metal tunneling across the mica
but was completely inadequate in both magnitude and functional
dependence for voltages much larger than the barrier height, where
injection is into the conductim band of the insulator itself, This
apparent inconsistency would be resolved if the correct wave func-
tion for the electron in the conduction band of muscovite were of
the localized or tight binding variety. That is, the WKB approxima-
tion used in the derivation is a plane wave type of solution and
could only be correctly applied to the loose binding situation in metals.

Furthermore, tunneling into this narrow tight-binding band
is depressed to such a degree that at room temperature injection
into polaron states, whose conductionband is necessarily lowesy
would explain the anomalous temperature dependence and if correct
would predict a temperature dependent barrier height.

These experiments also show that, although the tunneling
theory gives a value of P, consistent with the results of two
different thicknesses, the preliminary photoresponse data suggest
that this is larger than the actual distance to the bottom of the

conduction band.
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Finally, an upper limit to the anomalous capacitancg consider-
ably smaller than previously thought is suggested by the extreme

linearity of the Schottky slopes.
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APPENDIX I

FABRICATION AND MEASUREMENT TECHNIQUES

A. Fabrication
The technique for making these diodes was developed by

Foote and Kazan8 and consists essentially of evaporating a metal
on one side of a sheet of mica, attaching this side to a flat surface
. and then stripping the remainder of the sheet off leaving only a thin
film of mica on the surface. A matrix of metal dots are then
evaporated making a large number of kdiodes on each sample. This
procedure was modified only in that the cleaving was done inside
the vacuum chamber in such a manner that the surface of the mica
was never exposed to the atmosphere. Details of the procedure
are as follows:

1. Freshly cleave mica on both sides leaving it scratch free
and approximately 0.001 inch thick. The mica was
supplied by Mica Products Company of Los Angeles and
consisted of clear green and ruby muscovite of Grades
NMF and NMC.

2. This. mica sheet is then bonded between two glass microscope
slides as shown in Flg 29, the top slide having been cut
down to a 3/4 inch square. The top 1/8 inch aluminum
block has been drilled and tapped. Torr-Seal (made by

Varian Associates of Palo Alto, California) was the epoxy
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used for the bonding.

3. This glass-mica-glass sandwich is then mounted in the
vacuum system as shown in Fig. 30. The bottom slide
is clamped down and the fop slide attached to the arm.
Cleavage can now be done at a high vacuum (10_6 Torr)
by applying a torque to the arm by means of magnets as
shown and aluminum evaporated on the bottom sheet.

The vacuum system used was a 2 inch oil diffusion system
with a Zeolite trap designed to prevent oil-creep.

4. Anneal the aluminum in air at 200°C for 2 hours. An
attempt to avoid this step resulted in the gold dots bubbling
up and falling off over a period of 24 to 48 hours.

5. Indium solder copper leads to the aluminum surface and epoxy
on the blocks as shown in Fig. 31.

6. Cleave as in (3) and rotate the arm over to a mask which in
this case was composed of 5 x 5 mil holes spaced 10 mils
apart and evaporate the second electrode.

Usually the sample will consist of patches of different
thicknesses ranging tlypically from 1004 or less up to several
microns. If not thin enough, recleave. The one requirement on the
first metal is that its adhesion to the mica be stronger than the force
required for cleavage. Aluminum is satisfactory, chromium and

. 8
cobalt unsatisfactory.
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B. Measurement Techniques
Thickness measurements were calculated from the diode's

capacitance and area. That is

wherein a K of 7.6 was used, a value calculated in turn from the
capacitance, thickﬁess, and area of several bulk sheets of mica
which were aluminized on both sides and whose thicknesses could
be measured directly with a micrometer to three significant figures,
Capacitance was meésured using a Boonton Electronics Corporation
Capacitance Bridge Model 74C-S8, whose signal frequency was 100
kc and which had the added capability that allowcd one to apply
an adjustable dc bias across the diode while measuring its
capacitance.

Currents were measured using both the Hewlett Packard
Model 425A microvolt-ammeter and the Cary Electrometer Model 31
made by Applied Physics Corporation. No diode was given any con-
sideration unless it was completely surrounded by dots of identical
characteristics.

Measurements at 100°C ‘were performed in a cryoflask made
by Texas Instruments, Model No. CLF 1/2, in which the sample is
in a vacuum chamber but in thermal contact through a copper plate

to a slowly boiling bath of water. The dewar was fitted with a
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micro-positioner so as to maltc contact to morc than onc dot while
at this temperature. Measurements at 77 and 87°K were more
conveniently taken directly in baths. of liquid nitrogen and argon,
respectively.

| All optical data was taken with the use of a Gaertner
prism monochrometer Model L119 using tungsten and Xenon light
sources where applicable. A thermocouple made by Charles M. Reeder
Company of Detroit was used to obtain the transmittance data of
Fig. 28. The photoelectric response data was taken with the light
incident on an extra thin (NZOOX ) gold film negatively biased and

the pickup current synchronously detected to the 50cps chopped light

source.
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