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ABSTRACT

Thin flm str*uct'ur‘es. involving Aluminurh as the base
electrode, Aluminurm Nitride as the insulating layer, Magnesium,
Aiu.minum or Gold as the counterelectrodes were fabricated by
nitriding a freshly deposited Aluminum film in a MNitrogen glow
discharge with the thickness of the insulator varying from some
thirty to ninety Angstroms with the express purpose of studying
currents arising from the tunneling of electrons through the for-
bidden band of the insulator, €urrents understood on the basis
of the presently existing tunneling theory were observed for
siructures having thinner insulating regions, For siructures
having thicker insulating regions a temperature independent
excess current was observed which could not be accounted for
by the present tunneling theory.

The usual analysis of tunneling assumes the energy momen-
tum relation of the insulator forbidden band to be parabolic and
the shape of the barrier separating the two metal electrodes to be
trapezoidal. Any deviation from the current voltage characteris-
tic predicted by this model is normally attributed to the lack of
validity in the assumption concerning the barrier shape. Data
obtained in this research indicated that the barriers of the
structures investigated were trapezoidal but that the insulator ...
energy momentum relationship was non-parabolic, Consequently,

the analysis was extended to cover the case of a trapezoidal
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barrier with a semi—ar‘bitrar')./ energy momentum relationship.
Greater freedom was obtained for the éur*r*ent volitage charac-
teristics but cer;tain relations between these characteristics and
the insQIator‘ thickness were retained which could be used to
determine whether or not the barrier of a particular siructurc
was trapezoidal. These same relations also suggested a means
of experimentally determining the insulator energy momentum
relationship if the barrier could be considered trapezoidal.

The analysis was applied to the experimental data and a
complete seli consistent model for electron tunneling through thin

insulating layers of Aluminum Nitride was obtained,



v

TABLE OF CONTENTS

F N T LYo S G eeeeald
AcCKkNowledaementS. . . vt s it e seeseeneessenseeasneaasl
It odUCt ON, s s sttt st st e e et eenneenanennanannssl
Models for electron tunneling through thin film struc-

B S, i it ittt assoaenaesassoneessiseeanennssensanes 3
I.I Tunneling equatioNs. ... ...ttt inenstsensnnnseass B
l.1.1 Tunneling probability. . ........viviivvreen. 6
1.1.2  Tunneling CUPPent. . ...ttt etenesnnsonsenssas D

It

1.2 Barrier Shape..useseeeeeeeetenoeesoeeosensoonsenas
3 Trapezoidal barrier with parabolic energy momen-
UM relatlionship. o vt ittt i it s i e v nasessnanassss IB
[.3.1 Integration of tunneling equation,............. |7
f.3.2 Current voltage characteristics for a trap-
ezoidal barrier. ... it iiieennneennnneese 2l
.4 Trapezoidal barrier with arbitrary eneray momen-
tum relationship. .. ... ittt iii ittt einenen. 27
l.4.1 Tunneling current equalioN. .. ....voveeereesa. 28
I.4.2 Coeefflejents B(V), C(V), D(V),.......... 30
1.4.3 Dependence of ‘characteristics on insulator
thickness., ... .o ittt it ieerenenanneeess 36
108 Conclusion, s it vt e e tn ot st s oo snnmsorsannneenss 40

Sample preparation and measurement procedures,..... 43
2,1 Sample preparalion. s v e s e e rsoneeeeasarseas 44
2.1.1 Substrate preparation........eeeeieeeese.. 44
2.1.2 Ewvaporation of base electrode., . ............ 45
2.1.3 Nitridization of the base electrode.......... 45
2.1.4 Counterelectrodes.......vviveeureeeensanas 5l
2.2 Measurement pProCeduUresS. . v vv.u e eseieannosseessess 56

Presentation of experimental results, ... .ttt eeeee.. 58
3.1 Properties of structures with Magnesium counter-
Lo e T T - P 1<
3.1.1 Current voltage characteristics. . ............59
3.1.2 Barrier geometry and insulator energy
momentum relationship.... ..o ereeeeeanas. 758
3.2 Properties of siructures with Aluminum counter-
ClE I rOUeS . s i it h sttt sttt e s et ea. 92
3.2, Barrier geometry and insulator energy ;
momentum relationship.......... . e venase. 93
3.2,2 Excess current voltage characteristics...... 97
3.3 Properties of siructures with Gold counterelec-
Lo o L |



INTRODUCTION

At suff.ic'iently low témper*atur*es, the current transier
through a suffiéiently thin insulating film sandwiched between
metal electrodes will be primarily by electron tunneling. The
tunneling current voltage characteristic of a thin film structure,
as it is determined by the tunneling probability of electrons
within the metals incident upon the barrier presented by the
insulator, is related to the forms of the wave solutions within
the insulator forbidden band and thus to the insulator eneray
momentum relationship and the shape of the barrier.

Recent experimental investigations of tunneling through a
variety of insulating materials sandwiched between various
metal electrodes have been based on a model assuming a para-
bolic energy momentum relationship for the insulator and a
trapezoidal barrier shape modified by the effects of image forces.
It has been found in some cases that relatively poor agreement
exists between current voltage characteristics observed ex-
perimentally and those expected on the basis of this model, The
discrepancy has becen attributed to a barrier deviating from a
trapezoidal shape to an exteﬁt greater than that expected from
the effect of image forces.

This work is a report of an experimental investigation of

electron tunneling through thin insulating films of Aluminum Nitride
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baséd on the possibility that the model appropriate to the thin
film structures involves an essentially trapezoidal barrier chara-
cterized by a éemi—arbitbary energy momentum relationship.

In Chapter !, the technique introduced by Stratton for the
determination of current voltage characteristics of thin film
structures based on a model assuming a parabolic energy momen-—
tum relationship for the insulator will be reproduced. This
technique will be expanded to cover the case of a trapezoidal
barrier wih a semi-arbitrary energy momentum relationship. [t
will be seen that even though the tunneling current volltage chara-
cteristics acquire greater freedom certain relations between the
insulator thickness and the shape of these characteristics are
retained. These relations can be used to determine experi-
mentatly whether or not the barriers of particular structures
can be considered trapezoidal, It will also be seen lhal once
the barrier has been determined as trapezoidal, certain pro-
cedures exist which allow the determination of the barrier
.heights at the metal insulator interfaces and the energy momen-
tum relationship characterizing the insulator forbidden band,

Chapter l describes the procedures used for the fabrica-
tion of thin film structures with AIN insulating films, Chapter
il presenis the resulis relevant to the anlysls carried out in
Chapter | obtained from the experimental investigation of the

structures Al-AIN-Mg; Al; Au.



CHAPTER |
MODEI_S FOR ELECTRQN TUNNELING IN THIN FILLM
STRUCTURES

Current flow through thin film structures is limited by a
barrier separating the electrons within the conduction bands of
the two metals, This barrier is the result of the conduction
band edye of the fnsulqlur lying above the fermi level of the
structure. Transport of electrons can take place in either one
of two ways, (see Figure I.1). Electrons having sufficient
energy to overcome the barrier can propagate through the con-
duction band of the insulator, whereas less energetic electrons
have a finite probability of tunneling through the forbidden band.
The first process is commonly referred to as thermionic emis-
sion; the second process Is known as tunnellng, When the Insul-
ating region of a thin film structure is sufficiently thin, tunneling
is expected to predominate,

The pr‘obabiiity of an electron making a tunneling transition
is related to the transmission of an electron wave through the
forbidden band of the insulator and consequently to the form of the
wave solutions within this band. Any atiempt to predict the
tunneling current voltage characteristics of a thin fllm structure
must involve some assumption concerning the form of these wave

solutions, In this work it will be assumed that the structure of
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the i.nsulator‘ is uniform throUghc_:ut its width-and that as a resuli
thé wave solutions in the forbidden band are characterized by
the energy momentum relationship of the insulator material. This
aésumption of stiructure uniformity also implies that the only factors
governing the shape of the barrier presenied by the insulator are .
‘the contact potentials at the two metal interfaces, the efiect of
imagé forces, and the possible existence of appreciable space
charge wilthin the Tnsulator,

The tunneling current voltage characteristics based on
) a trapezoidal barrier wth a parabolic energy momentum rela-
tionship, and 2) a trapezoidal barrier with a semi-arbitrary
energy momentim relationship will he presentiad in this chapter.
The first model leads to a definite characteristic which in prin-
ciple can be fitted to an experimental result to yield the r‘eievam
parameters associated with the model, It is presented mainly
for historical reasons. An observed characieristic which can
not be thus fitted can be the result of either a deviation of the
barrier from a trapezoidal shape, a non-parabolic energy mom-
entum relationship within the insulator forbidden band, or a
combination of these two possibilities. The first possibility was
found not to be applicable to the resulis obtained in the author's
research and thus will nhot be considered. The second possi-
bility was applicable; consequently the relations between the

characteristics and a semi-arbitrary energy momentum relation-
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ship f_or‘ the case of a tr‘apeZoidal barrier.will be developed. It
will be seen _that even though the second model gives the current
vo!tage charactéristics gr‘eater freedom, certain relations between
these characteristics and their dependence upon the insulator
thickness are retained which can be used to experimentally deter—
mine whether the barrier of a particular structure can be con-
sidered trapezoidal. Furthermore, these same relations allow
the experimental determination of the energy momenium relation-
ship characterizing the insulator forbijdden band of a particular
structure,

The following discussion will be based on the energy band
representation of the thin {ilm structure given in I:_.igure (I Lin—
less it is specified otherwise all expressions leading towards
current voltage relationships will correspond to a positive volit-

age applied to metal 2,

. TUNNELING EQUATIONS

1.1 Tunneling Probability

An electron wave propagating in the conduction band of the
first metal towards the insulator will be partially reflected at the
metal insulator interface and par‘lially41r‘ar15n’1illed to the conduclion
band of the opposite metal or the conduction band of the insula-
for., If the incident wave can be rep.r‘esented by the function

A exp (_-'ﬁ- Bi -7) and the transmitted wave by the function
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i = > . . . . . .
1 exp (‘H pz'r‘), the transmission coefficient, given by the ratio

I .2 o | R
(?Y); represents the probability that an electron incident on the
barrier with a momentum P will make a tunneling transition,
assuming -that there is an unoccupied state available for transi-
- ) - . ) & - - -
tion. In the notation just used r is a vector denoting spatial
i > . .
position, p a vector denoting electron momentum and h is
Planck's constant divided by 2T . Relating the tunneling pro-
bability to the transmission coefficient is justified in view of the
2> >

fact that the function A exp (i %L) can be considered to represent
a stream of electrons flowing in the direction given by pI with a
density proporticnal to A ,

The transmission coefficient can be determined by obtaining
with the use of the W K .B. approximation the forms of the wave
solutions within the metals and Insulator which correspond io a
particular incident wawve and by relating the amplitudes of these
waves to the amplitude of the incident wave with the use of the

|
W.K.B. connection formulae . Continuity considerations require
that the. component of the wave momentum parallel 1o the metal
insulator interfaces be equal for the wave solutions in all three
regions. Conservation of energy requires that the energies
associated with the wave solutions also be equal.

For an.incident wawve within the first metal given by

i
= + + i -
A. exp (& (ptxx' PlyY p!zZ))’ the corresponding wave solu

tions within all three regions of the thin film structure are:
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representing the reflected wave within the conduction band of the

first metal,
X
Gaspf IR e T 2, o 222
‘ Y 1 {1.2)
s L F T LAy )
2

representing the incident and reflected waves within the torbidden

band of the insulator and

fi,v//f‘:-/,g*_x ’@ﬂ’}‘?zz// (1.3)

representing the transmitted wave within the conduction band of
the opposite metal, The integral representation of the waves
within the forbidden band (equation (1.2) ) are the result of
the W.K.,B. approximation; the limits on this integral, X, and
X, represent the turning points of the barrier, A constant
energy level in the forbidden band does nhot necessarily in-
volve a constant value of Pins? this parameter, in general
complex, is a function of position in that the forbidden band is
normally distorted as a result of the existence of a macroscopic
potential variation within the insulator arising from image forces,

space charge, and internal or applied fields.
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The W.K, B, conhectic;ﬁ formulae r*elat.e to each other the
amplftudes.of the wave séiutions within all three regions of the
thin film siructure and thus allow the determination of the trans-
miséion coefficient, As a result, the probability that an electron
incident on the barrier will make a tunneling transition, assuming
that there is an unoccupied state available for the transition, can

be expressed as

¥
/@,5/:@;&/2%@/ /,r/://»/

k2 X

=y~ E ryn)lme

if the absolute value of the exponent in the exponential is much

(1.4)

Ao
d o
reater than unit nd where _g =
9 Yy a € j:WzA’//VJ /\’2-/\’/ )?/{-/—M .//V,—-/X/A

The tunneling probability is a function of the transverse momen-
tum and energy & of the incident electron and the shape of the
barrier presented by the insulator in as much as Im Pins is
obtained from the energy momentum relationship characierizing
the for‘bidden band with the conditions that transverse mamentum

and energy be conserved during a transition,

1.1.2  Tunneling Current,

The expression for the current resulting fraom the tunneling
of electrons between conduction region | and conduction region
2 which are separated by a forbidden band can be arrived at
in a straightiorward manner. The number of electrons incident

on the barrier in conduction region | per unit second per unit
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area with momentum components within the usual infinitesimal

limits and with unoccupied states awvailable for transition is given

by

o, = /234/ / /2 Z//’/g////fj_)? (1.5)

where | (E) and fZ(E) are the Fermi -~ Dirac distribution func-
| .
tions in conducting reflons | and 2, An analogous expression

holds for incident electrons in conducting region 2.,

2 = é.? /52%//? gf/ﬁf///ﬁsz‘, (1.6)

Multiplying (1.5) and (. 6) by the tunneling probability and the
electron charge, subtracting (1.6) from (1.5}, and integrating
over all possibie momenta ylelds the tunneling current density
in the direction corresponding to flow of electrons from region
I. to region 2, The integration over p and. pxé can be replaced

x|

by an integration over energy as a result of the velocity factors

yo)
aJf:-amd =—. Thus the current is more conveniently expressed
2 2

% e

as

T 55 SIS re g p ) s fAE )

where the integration within the second bracketed term is car-
ried out with energy E kept constant, The limits in the integra-
tions are defined by the conditions that the transverse momenta

and energy be conserved during a tunneling transition. A
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more rigorous derivation of thls result can be found in the paper
. 2 - : :
presented by Harrison ., Throughout the remainder of this work
current density will be referred to as current,
Before (1.7) can be used for predicting current voltage

characteristics of a thin film structure the energy momentum re-
lationships within the metal and insulator regions and the distor-

tion of the forbidden band (barrier shape) must be postulated.

I:Z BARRIER SHAPE
li the effects of image forces and space charge can be neg-

lected, the barrier will be trapezoidal and characterized hy the
barrier energies (contact potentials) at the two metal insulator
interiaces. Barrier energies at metal insulator interfaces can

In sc;me cases be related to the difference between the work
function or electronegativity of the metal and the electron affinity
of the insulator depending on whether the bonding within the

3
insulator is predominantly covalent or ionic’', On the other hand

3
the existence of.high densities of surface states at the metal in-
sulator interface can result in an effective shielding of the insul-
ator leading to a barrier energy independent of the metal used

for contactg. The important point is that the use of different
metals for counterelectrodes may lead to different barrier energles

at one of the metal insulator interfaces of a thin iim structure.

A positive potential applied to the second metal electrode
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Will depress the fermi level of this electrode with respect to
that of the first electrode by an ehergyl. eV, The energy of the
insulator COﬁdQction band edge referenced to the conduction band

of the first metal can then be expressed as
X (1.8)
%(X} % (ﬁ)’ )Xo fV 7/;,

where )d, and ,é. are the barrier energies at the metal insula-
tor interfaces and E“ is the fermi energy of metal I,

An electron within the insulator will induce charge on the
two metal electrodes and thus experience a force resulting from
the eleciric field generated by the induced charge. Use of
image methods leads to a series solution for the potential lower—

§

Ing expected from this effect .

-,ez 20en+r) _ REoe i/
A% f//"'/f" /Z’K?/»#-Z: L 95K -5 45,‘;{" (t.9)

In the above expression &, represents the permitivity of free
space and A, the optical dielectric constant of the insulator,
The series is awkward to handle and can be approximated by a
function which upon expansion has coefficients very near In

value to those of the series

3‘1,422,42 (2% 1)" f (1.10)

“4/%4 == 5’%« &, X, /-2 2%,-1)%
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The classical ejectrosiatic sofulion is expecied io be vaild oniy
for distances away from ithe metal electrodes greater than those

€,7
of the order of atomic spacings (a few Angstroms), Thus
the infinite potential lowering at the metal insulator interfaces
predicted by ( {,9}) can be ighored., The usual procedure for
describing the potential near the Interfaces involves joining the
barrier height, which includes the effects of the image forces,
to a line which then leads the barrier height to the bottom of

7.

the conduction band of the metal or to the fermi level of the

b
metal .

The effect of image forces Is to lower the barrier and to
decrease its width; the effect becomes more ppohounced for
lower insulator thicknesses and barrier heights, It must be
pointed out that for values of insulator thicknesses and barrier
heights encountered in this particular investigation of tunneling,
the potential lowering resulting from image forces can be con-
sidered as a very small second order effect. The value for
the optical dielectric constant of Aluminum Nitride as reported
in the literature is 4.4l ; the thinnest insulating region for the

. O
structures experimentally investigated was in excess of 30 A,
For the purpose of showing the magnitude of the effect of image
forces,the shape of a rectangular barrier of height |.5 e\/ and
(o]

thickness 30 A is given in Figure .2 with and without the image

potential lowering. There it can be seen that the barrier
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Figure 1.2 Rectangular barrpjer with barrier energy
of |,5 eV and thickness 30 A with and without potential
lowering expected from image forces. The value of the
optical dielectric constant is assumed io be 4, 4]
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essentially retains its trapezoidai shape; the potential Iovyer*ihg mid-
way between the counterelectrodes is ar.;ppnx'imately 37 millivolts
the reduction in barrier thickhess at the fermi level of the structure
is approximately 2 ,g\ .

The inclusion of the fimage force potentiai lowering in the
equations describing the funneling current leads to expressions
which can only be solved numerically. This last consideration,
the essentially zero order nature of the tunneling theory, and the
magnitude of the Image force potential lowering as shown in
Figure 1.2 lead to the conclusion that a detailed analysis of the
effect of image forces on the current voltage characteristics
is not warranted,

Appreciable space charge within the insulator will also dis—
tort the shape of the barrier, Negative charge in acceptor type
states below the fermi level will tend to raise the barrier; posi-
tive charge resulting from empty donor type states abhove the

fermi level will tend to lower the barrier, If the space charge
density throughout the insulator is uniform and independent of

applied vuoltaye, the barrier shape becomes

= L _yr, K" x, 5 (1.1)
%= 4 rE ST, Tk e W TR /AL, '
where kg is the static dielectric constant of the Insulator. This

expression is valid only if the fermi fevel lies at least a few kT

above or below the energy levels of the acceptor or donor type
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states responsible for the spaée charge. (k represents
Boltzmann's constant and T absolute temperature}.
For t.he potential lowering or increase midway between the

two metal electrodes resulting from a uniformiy distributed space
charge to be comparable to the magnitude of the barrier heights,
in the order of 1eV) for an insulator thickness of 50&, Ns would
have to be in the order of IOzo/cm3 assuming a siatic dielectric
constant of 8.5 for the insulator. (This value of. the static dielec—
tric constant is the one reported in the literature for bulk Aluminum

9
Nitride.) The density of states just obtained is high, but of course
not entirely out of the realm of possibility when it is realized that
most insulators used in thin film structures are essentially amorphous,

The conclusion to be reached from the preceeding discussion

is that if the thin film structures investigated in this research can
be separated into three physically separate regions, the shape of
the barrier separating the electrons in the conduction bands of the
two metals is expected to be essentially trapezoidal if the space
charge denhsity within the insulator is less than |0|9/cm3.
1.3 TRAPEZOIDAL. BARRIER WITH A PARABOLIC ENERGY

MOMENTUM RELATIONSHIP.

Relatively simple expressions can be obtained for the tunnel-

ing current if the energy momentum relationship within all three

regions of a thin film structure is assumed to be parabolic, that
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A (1

.12)
Tz

£k =

wﬁ\é_re E. is the energy of the conduction band edge of either of

;ihe"ﬁ'tetals or the insulator depending on the region of the thin

*

fllm structure under consideration and m* is an effective mass.

For E—EC, p will be equal to zero; for EXE_, p will be imag-
inary.
I.3.1 Integration of Tunneling Equation

If the insulator conduction band edge referenced to the
bottom of the conduction band of metal | is given by ﬁcfx), the

imaginary value of p_ . becomes
X ins

Y
fmﬂy;/”/:fzwﬁ/;é/%ﬁ/-[f%é (1.13)

i and the tunneling probability

AL, e, ) =L, -—_éu;o_/_"Z/Z’”z /_f/,d(x}-f/ i]“

where E represents the x component of the energy of the inci-
x

dent electron. The form of (1.14) allows a change of variables

from dpy d;az to dE>< in the tunneling current equation (1.7} which

becomes

> o
7= L S )4 /f/fffz%f,bé; Fole )
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Integrating by parts leads to the simpler expression

7= Lt S St TR S

S Al - f R

where V represents the positive voltage applied lo metal 2.
_ 10
Stratton points out that a similar result is obtained ii the effective

) o - - - -
mass mi"‘ characterizing the parabolic energy momentum relation-

ship of the insulator is smaller than the effective mass m¥*

m appro-

priate to the energy momentum relationships of the metals. The

current is given by an expression identical to {1.16) with the ex-

%

ception that m* is replaced by m?

Exact integration of {1.16) is nol possible even for the simplest
10,11

barrier shapes, Two approximate techniques are available, The
one reproduced here will be that first applied to this particular
problem by Stratton, The bracketed term in {1.16), commonly
referred to as the supply function, has the major part of its
distiribution below the fermi level of the first metal. For the
purpose -of visulaizing its form, the supply function can be

- approximated by the sum of two simple dislributions, one temperam

ture dependent and one temperature independent.

NG Z, rle A ALRTT ()
(b )* Lo, A7) = o )

where



0 Aor (L-£)<T

5 G ) =y £y ) /a'm O< (2,5, )< P (1.18)
.?7— %Df‘ f}}"f}(}f?

G (G, KT)E AT e fegp ) A f )T 110)
et Ly -7 s J?

Since the exponent of the tunneling probability rapidly becomes
more negative with increasing (Eﬂ-Ex) it is expected that for
sufficiently low temperatures the majority of the integrand of (I,i2)
will be in the vicinity of the fermi energy E“. This suggests the
expansion of the exponent of ;the tunneling probability in powers
of x directed energy about this fermi tevel. Using the notation of

Stratton, the expansion is glven as

~ /9/:}) = A’f:,/@_.fk_//%_é;)é.. (1.20)

If the temperature is sufficiently low, ckT& [, and the wvariation
of the tunneling probability exponent with (E”-EX} sufficiently
rapid, then only the first two terms of the expansion are necess-
ary for a satisfactory ewvaluation of (1.12), The integration can

be carried out to yield
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T= meﬁe_ Ze KT Lo/

7 G el | o epor871 20

The temperature dependent term may be represented by only the
first two terms of ah expansion in powers of ckT since (l1.17) is

only wvalid for ckT <1,

= %&2 (f' /ﬁ;—”,?i,e—r/? £ "éz”/zf 2 W,e,y/,a’/ (1.22)
The tunneling current resulting from the application of a
positive wvoltage to metal [, under appropriate conditions, is seen
to be proportional to the product of the tunneling probability cor-
responding to an incident electron with zero transverse momen-
tum and an energy equal to the fermi energy of metal | and an
effective number of tunneling electrons incident on the first metal
insulator interface per unit area per second. The increase in
current with increasing wvoliage is Pelafed to the wvarlation of the
two terms of this product, Al low voltages, ceV<«l, the effec-
tive number of tunneling electrons is limited by the number of
unoccupied states within the conduction band of the opposite metal
available for transition. The effective number of tunneling electrons
increases linearly with voltage while the tunneling probability re-

mains essentially constant, Thus for ceV<« |
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2T

J A V/Z’;?'ﬂwzzf},...__ /‘-,(,/,./ff,y [j/ﬁ_y] {1.23)

For ceVV2 | an increase in Qoltage effects an increase in the
number of available states only for incident electrons with x
directed energies too far below the fermi energy of metal | to
lead to a significant increase in the tunneling current, Conse-
quently , the effective number of tunneling electrons is determined
by the rate of variation of the tunneling probability with (E -E )

X

and the current is approximately given by

: S fz z
J o= %T[/%fo /:/é‘/’j‘é;,z.y/‘l,ﬁ/zf/] (1.24)

3.2 Current Voltage Characteristics for a Trapezoidal Barrier,

FFor an arbitrary barrier shape, lhe coellicients b(Vv) and

c(V) are defined by the following relations

* 7
ﬁij:mf}ﬁ'g/g W—%]/“g(( (1.25)
P |

and
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| Az -
fﬁf/=z&’rf[,@;m;7//-z§;j/2afr (1.286)

_ : : . _
where o = "Z_‘é' VE 72, =/JZJ_,/W_2% L2277 W} <

and m = free electron mass.
For the trapezoidal barrier given by (I,8), the integrals in (1.25)
and (1.26) can be solved exactly to yield
z %
-

%{(/%/2_/%{! “e? F 74::;7«,@51

% Fz
_A/'_ (7/):-&-‘3-&)9 42 (1.28)
: G Pe? Az,
fﬁl/z%//dzz_jwjéf
QJ,N//’-"U& - ! (1.29)
/pé/.z"/ﬁzu,z*-frf /4/',27’?/421
45
¢ /W: & X i (1.30)
37 gz".%j%/f /9/,27},@2?1
where the subscripts "+ and '-" are used to designate the co-

efficients corresponding to positive voltages applied to metals |
and’2 respectively and X, is the insulating region thickness,

The tunneling current has two characteristic regions. The
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first of these correspoﬁds to électron tunneling from the wvicinity
of the fermi level of one of the metals to the conduction band of
the other metal which cccurs for volitages smaller than ;?Zor*_g’
depending on whether the positive voltage is applied to metal 2
ar .metal | respectively; the second region corresponds to
tunneling of electrons from the vicinity of the fermi level of one
of thé metals te the conduction band of the insulator which occurs
for veoltages grealer than % or _gi depending on the polér‘lty of
applied voltage.

As has already been mentioned, for ceV«k ly,the current
varies linearly with voltage. For higher applied voitages, or

ceVy |, the increase In current becomes essentially proportional

to the increase in tunneling probability since the wvariation of the

normalized coefiicient 2&/); is small when compared to the
variation of the tunneling probability ii b(O) is sufficiently large,

The coefficient b(\V) is a slowly decreasing function of voltage
with a negative seconhd derivative for voltages corresponding to
electrode to electrode tunneling. Consequently, for ceV2 | and
v < #.g/e, the current wiill rise with voltage more rapidly than at

a constant exponential rate, For V3 %,#e,b(V) continues to
decrease but its second derivative with respect to voltage becomes
positive and the current increases with volitage at a slower than
exponential rate,

" In asymmetric barriers the current is also asymmetric,
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_<,€2_,_L , the current will be greater for a

For wvoltages V.,
- ] e

positive vol.tage applied to the metal having the lower barrier
energy when cohpared to the current resulting from the same
voiltage applied to the metal with the higher barrier energy. For
voitages effecting eleclrode to insulator tunneling the current a-
symmetry becomes opposite to that at lower voitages,

The general features of the current voltage characteristic
predicted by a trapezoidal barrier with a parabolic energy momen-
tum relationship are shown in Figure 1,3 where the barrier para-
meters chosen are barrier energies of |I.5 and 2 eV and an in-
sulator thickness and effective mass defined by the product
mxo = 25,

The applicability of the model involving a trapezoidal barrier
with a parabolic energy momentum relationship to a thin film
structure is judged as to how well an observed current voltage
characteristic fits that predicted on the basis of three arbitrary
parameters (?,/ .,p./z and the product &x,} and as to the
pla'usibili'ty of the magnitudes of the parameters., Further wveri-
fication of the modef is also provided if the observed temperature
dependence of a tunneling current has the form predicted by
(1.22) and as to whether the coefficient c{V) experimentally
obtained in this manner agrees with that expected on the basis

of the values for the barrier energies and the product & x,

deduced from the observed tunneling current voltage characteristic,
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Inspection of relations (1.29) and (1.30) will show that the co-
efficient e¢(\/) has a behavior which in p.i"l'hCI'p|e allows the iden-
tification of the bér*r‘ier‘ heights associated with a trapezoidal bar-
rier. For V< é,, C+,—(V) is a slowly increasing function of

vollage while for v>/af
rl

% 1 0 c+’_(\/) s a decreasing function of

voltage., The resuliing cusps in the coefficient C+,—(V) occurr-
ing at wvoltages equal to % and % allow a wverification of the
barrier energies deduced from current voltage characteristics
by measurement of the tunneiing current temperature dependence.
Agreement with the model just described has been claimed
for structures using Aluminum Oxide as the insulating layer; the
basis of the agreement was the fitting oi ltheorelical and experi-
mental current voltage characteristics over a limited range of
applied voltage with the use of plausible values for barrier ener-
12
gies, insulator thickness, and insulator effective mass. Depar-
tures from agreement have also been observed in these same
structures; barrier energies deduced from temperature measure-
ments were not consistent with the observed current voltage
_ 13
characteristics., The discrepancies have been interpreted as the
result of the barrier deviating from a trapezoidal shape to an
extent greater than that expected on the basis of image forces,
Thus the coefficients ¢c(V) and b(V}, determined experimentally

from the dependence of tunneling current on voltage and tempera-

ture, have been presented with the implication that some par-
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ticular barrier shap.e couid.possibly account for the detailed dep-
13

endence ol these coefficienis on wvoliage.

The model invelving a trapezoidal .bar‘r“ier* characterized by
a parabolic energy moméntum relationship was found not to be
applicable to the thin film structures invesiigated Tn the authorls
research., The data obtained imp.liecl that the inapplicability of
the model was not the result of the barrier deviating from a

trapezoidal shape but that of the energy momentum relationshlip

within the [nsulator forbidden band being nonparabolic,

.4 TRAPEZOIDAL BARRIER WITH ARBITRARY ENERGY

MOMENTULM RELATIONSHIP a

The iunneling current voltage characteristic as it is deter-
mined by the tunneling probability is extremely sensitive to the
insulator energy momentum relationship. In this section the im-
plications of a semi-arbitrary but well behaved energy momentum
relationship will be considered. It will be shown that even
though current veliage characierisiics acquire greater itreedom
certain relations between these characteristics and the insuiator
thickness are retained which provide a basis for determining
whether or not a barrier is trapezoidal, Furthermore, these
same relations provide a means for the experimental determina-

tion of the insulator energy momentum relationship once the bar-

rier has been found to be trapezoidal,
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[.4.1 Tunneling Current Equation,

The assumption of a parabolic energy momentum relation-
ship defined by an effective mass m* within both of the metals
is retained. A well behaved and in this sense semi-arbitrary
energy momentum relationship is assumed for the insulating re-

gion,

._/i": -9/# / (1.31)

LY s = /?'??24*_7/4?[‘7/%/-[2772 (1.32)

This is to say that the function g(g&—E) does not depart too
greatly from the usual (gD:,_—E); it will be positive for QﬁyE,
negative for §é< E, and equal to zéro for ﬁ;= E. As a result,

the expression for the tunneling current (I1.7} beccomes

T dof o >

where EJ_ is the transverse energy of the electrons incident wi-
thin the metals. Aagain closed form integration is out of the ques—
tion; thus the assumption is made that the tunneling probability
drops off at a sufficiently rapid rate with increasing values ofi

(Ef;_E) and E.L so that for sufficiently low temperatures only
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‘elecirons with energies in thé vicinity of the fermi level of the
appropriate metal and with transverse momenta essentially equal
to zero need be considered in the Integration of the expression
foﬁ the tunneling cur'lﬂent; and that the exponent of the itunneling

probabllity need only be represented by the first two terms of an _

expansion about E=Eﬂ and B =

e P £y) = L <DL (1.34)

Integrating {1.33) with respect to energy E and transverse

energy £, , a very familiar expression is obtained,

7= yf%zﬁf7/(f/7j/£’w/&7) X/a/,g) (1.35)

if the inequalities (C-D)eV + DEH» I, (C-D}KTE ! and ckTK |
are valid, The only difference between (1,35) and (}.21) is the
existence of a new voltage dependent coefficient D(V). If the
energy momentum relationship is parabolic, it can be easily shown

that D(V) becomes equal to m*m/rn* C(V) and that this newly

i
obtained expression becomes identical to that given by (1.21}.
The only reason for the use of different notation is to emphasize
the fact that one set of coefficients corresponds to a parabolic

energy momentum relationship while the other set corresponds

to a semi-arbitrary energy momentum relationship.
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1.4,2  The Coelficients B(V), C(V), D(V)

For an arbitrarily shaped barrier the coefficients are de-

ﬂned by

X2 p
Brv) = ac_f{j(g’(w—é;/_j?/ea/x (1.36)
X,

= %
(’/f’7=24‘-’—’ff/'§:‘i_2 f/j/ﬂ/(x/'f’;i % (1.37)
A

E:,—:Z

7

s ¥ e ~%
o) = Fa ”f:*f(‘}(@'(x/-—%f #x  (1.38)
!

where X, and x, are the turning points of the barrier. If the

barrier is trapezoidal, the coefficients can be simply related to

Im p; (¢ -Z). For if a_/i-('uis independent of position with-
ns © aX

in the insulator, the tunneling probability for E.L = 0 may be re-

written as
# h)-£&
,& 2 4‘}7{1—2”"/;/1 f%dfj%d‘-‘é/
_ ﬁ/éjé:}’/ = = () FE (1.39)
o Fex)= fon,v)

where the integral over position has been replaced by an integral
over energyv referenced to the conduction band edge of the insul-
ator, The exponent of the tunneling probability is seen to be pro-

portional to the product of the tunneiing path length and the aver-
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age value of Im p, encountered along a tunneling path, the
ins

average being taken over energy r*efer*énced to the conduction
band edge of the insulatqr. When the tunneling path extends

from the conduction band of one metal to the conduction of the
opposite metal then the tunneling path length is equal to the in-

sulator thickness and (1.39) becomes

Frg -~
2 o _f"w,w/ﬂ & el i)
-&//‘;@7/— = "o ;2,’-—,@:#.97/' (1.40)

when E <gf+ E, and E +2V< 53;+ E

fl fl°

The variation of the tunneling probability with voltage is seen to
be the result of Im pins being averaged over different ranges of
energy referenced to the insulator conduction band edge. When
the tunneling path connects the conduction band of one of the

metals to the conduction band of the insulator, it is the tunneling

path length which varies with voltage while Tm Pine remains
constant
/ré ~
- £ M/#J(%'Eja/ﬁ/éj
e M= 07‘/ x % Q’%V / ol
B sy £

when E < E_ +g and E +2V-> & + E

fl °

Setting E = Eﬂ in (1.40) and (1,41}, the coefflicient B(V) is

obtained
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Z

‘ fm/’y_ff &) - '
5/7’733-%'7‘2 fd‘é’z sid //5/ (1.42)
/d ﬁr‘eV
7‘£/“ 17{2{
and

/g/ COILT

_ Zimp AL KL
Lrr) = }f &,@'é’fﬂ’. = P (1,43)

B(\V) can be directly related to Im P

Z m?’/d’(y/
Q/Vf é /‘@”m /f%/g_{%um) |
7‘5/ .gV(Pé

Taking the derivative of (1,40) and (I.41) with respect o E
x

and then setting E, = E the coefficient C (V) is obtained,.

(1.45)

C/}//: -Z?-—Xa :/_;:2 /A’J/g/';ﬁﬂ/&/”_’_/g_f?//
| #ores Aor &7 <

and C'/V/“ X/;j ,@’MV// mﬂ”f/%// (1.46)

For eV (é , C(V) is seen to be directly related to the energy

momentum relationship of the insulator. In a similar way il can
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.be éhown that D(V) is given by _
T (F)

z P L2 GEY s
= — —_—e <€ Zyre (1 L47)
i//’/ 7 % ,@;'?ﬁ/r‘-zr 2[%}%%:)7 ’”’/’”/:.

lorired, | TV

and

- — /
orr) = 2 zrs ) (1.48)
A

Sor o PN Z,
The relationships between B(V), C(V), and Im Pins are illus-
trated in Figure [.4, There it can be seen that C(V) is pro-
portional to the difference between the initial and final values of
Im P;hs ©Ncountered along the tunneling path appropriate to an
incident electron with zero transverse momentum and energy
equal to Efi divided by the difference in initial and final energies
referenced to the conduction band edge of the insulator. As long

as the efiective mass, defined by the reciprocal of the second

derivative of energy with respect to momentum, is positive with-

in the forbidden band, C{V) will increase with voltage until
Vo= ﬂz/e at which point the difference between initial and final
values of Im Py ins Pecomes constant. For higher voltages

C(V) becomes proportional to the decreasing tunneling path
length., For more complicated energy momentum relationships,
Figure 1.4 can be used for a geometrical interpretation of the

dependence of C{V) on voltage. However, in view of the fact
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that the effective mass will certainly bé positive in the vicinity oi
the insulator conduction band, C(V) will be an increasing function
of voltége for voltages just below -é/e’. Consequently, - C(V)
will have Cusps at voltages equal to the barrier energies divided
by the electron charge independent of the energy momentum rela-.
tionship characterizing the forbidden band; the cusps are simply
the reffect of a transition from tunneling of electrons between the
two metals fo tunneling of electrons from a metal to the con-
duction band of the. insulator.

The voltage dependence of the coefficient B(V}, for volt-
ages in excess of the barrier heights, \/)Q;for‘ E’»_}_(\/} and
V }é for B_(\/), is in a sense independent of the ensargy
mqmentum relationship, For these wvoltages the average value
of Im bins is constant and the wvariation of the coefficient is re-
lated to the wvariation ot the tunneling path length which has only
to do with the geometry of the trapezoidal barrier .,

For voltages smaller than those of the barrier energies
_divided-b:y the electron charge, the probability coefficient B(V)
will have a negative second derivative with respect ta voltage if
the effective mass is positive over the ranges of energy (referen-
ced to the conduction band edge of the insulator) covered by the
refevant tunneling paths. For more . complicated energy momen-

tum relationships all that can be said is that B{(V) is defined by

(1.42).
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Thus the current voltage characteristic corresponding to
a traperoidal bharrier with an ar'-thaitr*ar'y- energy momentum rela-
tiqnship can be summarized irn the following way. The current’
inérease, for voltages smaller than the energy spread of the
tunneling electrons defined by the variation of the tunneling pro-

bability with energy, is approximately linear. This range of

voltage is defined by CeV& |, For higher voltage, or C(V)eV
% |, the current will increase in the way dictated by the
energy momentum relationship until vV = éz/e. Further in-

crease in the current will then be determined by the wvariation
of  the tunneling path length,

1.4.3 Dependence of Characteristics on Insulator Thickness.

Once the thickness of the insulator is known it is possible
in principle to construct an eneray momentum relationship for
the forbidden band of the insulator if it can be assumed that the
barrier is indeed trapezoidal. This can be done with the use
of temperature measurements, measurements of current at vari-
ous voltages as a function of insulator thickness, and measure-
menl of currenlt voltage characteristics, Dut how is one assur-
ed that the characteristics of a particular structure are the
effect of a non-parabolic energy momentum relationship or of a
non-trapezoidal barrier? The dependence of the current volt-
age characteristics on insulator thickness serves as a means

of removing this ambiguity.
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For a trapezoidal bar*r"i.er' the aver*age' value of the Tmagin-
ary component of X rhomemum encountered along a tunneling path
is Independent o.f. the insulator thickness and oniy a function of
voltage. Similarly, the wvariation of the tunneling path length fo
insulator thickness ratio for electrode to insulator tunneling is also
independent o.f insulator thicknhess and oniy a function of voltage,
Consequently, B(\V) is proportional to the insulator thickness as
are botH the coelfficients C(V) and D(V), The effect of this cir-
cumstance may be seen by rewriting the tunneling current for low
temperatures in terms of three new coefficients; B* (V) = B(\/)/xo,

C*¥(V) = C(\/)/xo, and D*(V) = D(V)/xo.

| ' _ S £ L0520~ RPN >
L f—,%zf 53 AT fgxp (1.49)

//6?5(9/%7“ << Z

For wvoltages approaching zero, C{V)ev >0, it is easily shown
that
A 2z = ~& 70/ % (1.50)
76 ot 02 ‘
crheng é,‘ = ?2’:_”__
and that

. = -& %5/ (1.51)

For higher voltages, C(V)eV % I, the current is given by
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_ a _ - |
,4 g = VN, (1.52)

_ _ 9002, 2
whoee G = L Tr o)

and consequently

i
2[&42 5'5 _ "f ﬁ/'yy
X, (1.53)

lIf the derivatives defined by (1.47) and (l.5]) are observed to be
independent of thickness, then the conclusion can he made that
the barrier is essentially trapezoidal. It is true that this thick-
ness independence only guarantees a barrier describable by a
specific function of the ratio x/x_ but the argument used Iis

that the only physically plausible reasens for a barrier to de-
viate from a trapezoidal shape are edge effecis at the metal in-
sulator interfaces, for example image forces or physically non-
abrupt transitions from metal to insulator. Edge effects certainly
do not lead to arbitrary barrier shapes describable by specific
functions of x/xo. It is also to be noted that (.51} and (1,53}
provide a direct way of experimentally determining the coeflicient
B*(\v) which, with the knowledge of the insulator thickness and
with (1.44), can be used to obtain the insulator energy momen-
tum relationship appropriate to a particular structure., One more

approximate relation is given which emphasizes the fact that even though
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the current voltage charactebisti_cs for wvoltages correSppnding to
electrode.t'o elecirode tuhneling are ar*b;t_rar‘y in the sense that the
insulator ener‘gy.momehtum relationship may be arbitrary, certain
r‘elétions- exist. between thé shape of the current voltage character-
istice and the insulator thickness., It ean be shown that for CeVayd
the current at a given voltage for a structure having a particular
insulator thickness can be simply related to the current at the
same voltage for a structure with a different insulator thickness If
the variation of log CHF(V)ID* (V) with voltage is negligible in
comparison to the variation of B*(\/)xo with voltage.

Consider the differential of the logarithm of the currents
JI(V) and Jz(\/) for two structures having different insulator
thicknesses x_, and X0 for voltages such that C(V)eV,; | and

low temperatures such that CkT ¢¢ |.

o2 __ Ao o/ *
25 oy v == 2 Ly ¢ ot 1)
~ Yoz Qj /7///7

d&J/V/:Aﬂ%K?///"/{//// (1.55)
i) L5

2-X%0, 2D Jobp¥
Ll J 1) S o ‘7'/%7‘_/{/,‘/ et 2 // 7 o)
| 4;J/7//
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For regions of volfage Wh.er"e the second teew in the parentheses
is smaller thanlunity-orﬂ where the variation of the tunneling pro-
bability with voltage gr*eéﬂy exceeds the variation of the effective
number 6f tunneling electrons with voltage, the current flow
through structure 2 may be related to the current flow through

structure | in the following simple way

bp G (7)) = consiess %ﬁ\ffr/ - (1.57)

The current for a structure with a thicker insulator when com-
pared to the current through a structure with a thinner insula-

tor is lower but its rate of increase with voltage is greater.

.5 CONCLUSION

When it has been deter‘minedr that the barrier appropriate
to a thin film structure is trapezoidal by observing current ex-
ponentially dependent on insulator thickness as given by {l.51)
and {1.53) and/or current voltage characteristics related to in-
sulator thickness as by (1.57)}, there are in principle three
methods of experimentally determining the barrier heights at the
metal insulator interfaces and the insulator energy momentum re-
lationship. I the temperature variation of the observed tunneling
current can be atiributed solely to the temperature variation of the

Fermi-Dirac distribution within the metals then C(V) can be ob-
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tained directly from temperature measurements (see .35), The
cusps in C({V) definé therbalr*r*ier' energies while the actual varia-
tion of C{\V} with voltage defines the energy momentum relation-
ship (see 1.45).

The second method involves the use of the observed current
voltage characteristic. The coefficients B(V)}, C(V), and D(V)
are all interreldted and in principle an energy momentum rela-
tionship and barrier geometry can be found which will corres-
pond to the obserwved current voltage characteristic.

The last method involves the experimental dependence of
current on insulator thickness. As can be seen from (I.5]) and
(1.53), this dependence leads directly to the coefficients B¥ (V)
émd éf(\/) . Differentiation of these experimentally determined
coefficients with respect to voltage as by (l.44) leads to the
energy momentum relationship. The difference between the
barrier heights ?‘L and 94, is that which allows D_}_(V) and
B _ (V) to lead to the same energy momentum relationship. The
actual values of c;% and ¢& are given by those voltages \/I and
\/2 multiplied by the electron charge for which Im pins(%-evi)
and Im p, _( CA_—eVz) are equal to zero.

i is concluded that an experimental investigation of electron
tunneling in thin film structures r‘equir;es the observation of

currents not only as a function of veltage and tcmpératur‘e but
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also as a function of insulato.r- thickness, Such measurements
allow the construction ot a complete self-consistent model directly
from experimental data, . Measurement of current voltage chara-
cteristics for structures with only one particular insulator thick-
ness can only lead to the verification or refutation of a proposed

madel
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CHAPTER il

SAMPLE PREPARATION ANLD MEASUREMENT BPRO-
' CEDURES

Thin film str-uctur*es- composed of Aluminum as the base
electrode, Aluminum Nitride as the insulating layer, and either
Magnesium, Aluminum, or Gold as the counterelectrode were
fabricated with the thickness of the insulating layver in the order
of tens of Angstroms, This was the range of instlating layer
thicknesses where the current density resuliing from the tunnel-
ing of electrons was expected to be sufficiently large for experi-
merntal observation, The slructures were obtalned by the niiri-
dizalion of a freshly vacuum deposited Aluminum film in a
nitrogen glow discharge. Subsequent evaporation of counter
electrodes completed the sandwich siructures,

The technique of reacting the surface of a film in a plasma
Was chosen in that it allowed a fairly accurate control of the
insulator thickness, Varliation of the barrier height at the counter-
electrode insulator interface was attempted by using Magnesium,
Aluminum, and Gold as counterelectrodes, These metals, listed
in the above order, have successively higher work functions and
values of electronegativity . i Is the purpose of this chapter to
describe in detail the .procedur‘es used in the fabrication of these

structures and in the measurement of their properties.
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2. SAMPLE PREPARATION

2.1.1 Substrate Pr"épar‘ation.

Microscobe cover slides and commercially available cer-
amics having surfaces much smoother than that of the glass
slides were tried as substrates, It was found that the chara-
cteristics of the samples were independent of the type of sub-
sirate used, This observation and the fact that betier control
over the thicknesses of the base and counierelectrodes could
be achieved by wvisual observation of the optical transparency of
the films during evaporation led to the dominant use of the micro-
scope cover slides,

Several procedures for cleaning the substrates were corm-
pared. The simplest of these gave the best resuits., The aib-
strate was dipped into an ordinary scap solution which was then
rubbed over the surface by hand and finally removed by holding
the substrate with a palr of tweezers under a running stream of
distilied water, The remaining film of water was evaporated off
by holding the slide in a stream of hot air. The corner used
for hoiding the slide with the tweezers invariably had some
residue left on it; this corner was broken off when the slide
was placed into the vacuum system. Further cleaning was
carried oul In the vacuum system by initlating a nitrogen glow

discharge over the substrate for a period of a few minutes,
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This procedure also allowed a cleanup of the discharge cathode,

2.1.2 Ewvaporation of Base Elecirode.

Following the cleaﬁup provided by the glow discharge, ihe
system was pumped down to a pressure of the order of IO"6
Torr and a film of Aluminum of the order of 1000 Angstroms was
deposited onto the substrate., The purity of the Aluminum used
for the evaporation was 99,.99%. The geometry of the deposited
film in r*elatl'on‘to the geometry of the substrate is shown in
Figure 2. Ib, A mask was used to create an edge so that after
nitridization of the Aluminum film counterelectrodes could be de—
posited which overlapped the film and the substrate. This pro-
cedure allowed soldered contacts to be made to the areas of
the couniereleclirodes over the clear substrate without causing
damage to the nitrided Aluminum film.,

Z2.1.3 Nitridization of the Base Electrode.

Immediately foliowing the evaporation of the base electrode,
the sys_tem was isolated from the diffusion pump and high purity
nitrogen was allowed to enter. A constant flow of the gas
through the system was established by the use of a zeolite
trapped roughing pump, When the pressure had stabllized at
some 200 microns of. mercury, a glow discharge was Initiated
by appiying a high voltage of approximately 000 volts across

lwo high purity Aluminum electrodes, the discharge cathode
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Figure 2.1 (a) Subsirate geometry, (b) Geometry of
deposited ‘base electrode with respect to that of the sub.
sirale, (c} Geomeiry of discharge calhode wilh respect

_tcj that of the base electrode.
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being In the vicinity of the Afuminum film té. be nitrided,

No éttempt was made to study the kiﬁetics of the surface
reaction taking' place at the film plasma interface. As a matter
of fact, it was not clear as to whether the layer of Aluminum
Nitride that was obtained was the result of Aluminum being
sputtered off the discharge calhode, reactlng wlth the nitrogen
plasma, and setiling finally on the recently deposited base ele-
ctrode or the result of a surface reaction., The geometry of the
discharge cathode with respect to the film to be nitrided, the
discharge voltage and current, the nitrogen pressure, and the
time allowed for nitridization were all interrelated factors affect-
ing the thickness of the layer of Aluminum Nitride obtained and
the electrical characteristics of the completed structures, A
great deal of time was spent in trying various combinations of
these factors and correlating them to the characteristics of the
structures so that an optimum nitridization procedure could be
developed. This is not to say that the characteristics were
taitlored to fit the predictions of the models described in Chapter
I. Rather, the range of results obtained with the structures
were extended so that a greater degree of confidence could be
placed in them,

It was noted in the early stages of this research that the

variation in thickness of the Aluminum Nitride layer along the
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su.rface of the base electrode could be correlated to the spatial
variation in Iintensity of the visible r‘a'ﬁ!iat-ion glven off by the
region of hegative glow of the discharge. This observation led
fo a.n'attempt at controlling the insulator thickness in a desired
manner, As a result, a siﬁgle nitrided film could be made to
yvield a large number bf sandwich structures covering the entire
range of desired insulator thicknesses. This method of studying
the effect of insulator thickness onthe characteristics of the
structures was cxpected to be superior to that of fabricating a
large number of samples each having a constant but different
.ihsulator* thickness in that the effects of small variations in the
procedures used in the preparation of different samples could be
avolded,

For reasons that will soon become apparent, it was desired
that the gradient in the thickness of the Aluminum Nitride lay in
the direction parallel to the edge of the base electrode. This
gradient was obtained by making the discharge intensity distribu-
tion essentially one dimentional along the surface of the substrate.
The geometry of the dis'char‘ge cathecde was that ot a long strip.
For distances away from the cathode small compared to the length
of the sirip and away from the ends of the strip the discharge in-
tensity distribution was radial. By positioning the substrate In
this _-r*e:gion with the edge of the base electrode perpendicular to

the discharge cathode the desired direction of the insulator
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thickness gradient could be obtai_ned. The geometry of the dis-
charge cathode with. respect to the base slectrode is shown in
Figure 2.lc,

" The dimentions of the substrate used limited the length of
the base electrode edge io abpr‘oximately one inch, Within this
distance the thickness of the nitrided layer of Ajuminum could
typically be made to vary by a factor of two, Deposition of smalil
area counter electrodes on this layer thus yielded a large num-
ber of sah_dWich structures with the thickness of the insulator
varying from one to three percent from structure to structure,

Many attempts were made at nitriding Aluminum films before
samples could be obtained which contained a relatively smalil num-
ber of faulty structures characterized by short circuits or by
current voltage characteristics with unusually high values of
current. The faults could be placed into two categories; those
which extended over very small areas of the nitrided film and
those which extended over fairly large areas of the nitrided film.

Fauits, when found to be randomly distributed, could be
attributed to ”pi‘nhole” imperfections usually arising from ex-
cessive Sputteé.‘r‘;ihg of the discharge cathode, sputtering of mat-
erial in the vic;inity of the glow discharge, or a dirty sub-
strate. Excessive sputtering from the discharge cathode was
evidenced by sparking and an erratic discharge current; it

could be controlled by setting a limit to the discharge current for
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the. nitrogen pressure u.sed. Sputtering frorm material in contact
with the glow discharge was reduced by exposing nothing but
Aluminum or gléss to the plasma and by keeping the surface
areas of these .mater*ials to a minimum,

Use of very low dischargye gur'r'erll:s, high nitrogen press-~
ures, and correspondingly long nitridization times, while minimiz-
ing the problems arising from sputtering, did not allow the forma-
tion of thinner layers of Aluminum Niiride in the region of the
- Aluminum film furthest away from the discharge cathode. This
effect was eQideﬂced by an unusual increase in current density
for structures located in the outer regions of the substrate in
plois of the lo'gar*it[hm of the current density at low applied volt-
ages (of the order of S‘O'mv‘) as a function of insulator thickness.
" The siructures located in the regions of the substrate closer to
_the discharge cathode defined an approximately linear dependence
of the logarithm (l)f the current density on insulator thickness which
was not followed by the siructures located in the outer regions of
the substrate, Uise of a higher discharge current, a lower nitro-
gen pressure, and a correspandingly shorter nitridization time,
not only tended to eliminate this inconsistency but also reduced
the c_Ur*r*ent density for all applied voltages in all of the structures.

Consequently, the lower limit on the thickness of a formed

layer of Aluminum Nitride which led to structures having
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current voltage char*acter*istiés consistent with each other over
the Whole.fahge of insulator thicknesses was set by the maxi-
mum discharge 'cur*r*ent that cduld be used without running into
the .pr*oblems a.ssociated with excessive sputtering.

The dischaf‘_ge cur;r‘ent .ﬂnally chosen for the nitridization of
the base electr‘lode was of the order of ten milliamperes; the
values of the surface area of the discharge cathode and the
nitragen pressure were approximately 43 c:rm2 and 200 microns of
mercury. Nitridization times ranging from two to three minutes,
depending on the exact area of the discharge cathode, the dis-
charge current, the nitrogen pressure, and the geometry of the
dischér*ge cathode in relation to that of the substrate, allowed
the formation of Aluminum Nitride layers having a minimum thick-
ness of approximately thirty Angstroms,

2.1.4 Counterelectrodes.

The thickness of the insulator separating the base and
counter electrodes was determined by the measurement of the
structure capacitance. The relationship used to obtain the in-
swator thickness is given below

Y W
Xo = (3 < | (2.1)

= Area of counter electrode
Permitivity of free space

Static dielectric constant of insulator
&’ = Structure capacitance

where:

A
€o
k

It
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Several co’nsiderations. were involved in the cheoice of a
pr‘acfic'al counterelectrode area: ) thé dimension of counter-
electr*@de has to be such as to cover only a small range of the
insufator thickness; 2‘) the area héd io be kept small enough so
that the probability of a counterelectr*ode encompassing a pinhole
imperfection remained at a reasonably low value; 3) the area
had to be large encugh to allow its accurate measurement. Use
of counlereleclrode areas of appr‘oximatel){ 5 x 50"’4 sz was
mainly the resuilt of the second consideration.

.A commercially avallable mesh having openings whose
areas varied less than | % about a nominal value was used as
a. mask for the deposition of counter*ele.ctr'odes thus eliminating the
need for measuring the variations in area from structure to
structure. As a result the values of insulator thickness for
structures of a particular sample were related to the inverse
capacitance of these structures by one proportionality constant,
The value of this proportionality constant involved the measured
area of the counterelectrodes on that sample and the use of 8.5
as the wvalue 6f‘the insulator static dielectric constant. Figure
2.2a shows the geometry of the depds_ited counterelectrodes,

Contact to the base electrode was made by soidering a
lead ta the Aluminum film with Indium., Contact to th§ counter—
electrodes having areas wholly on the nitrided film was _made

with' a probe consisting of a 3 mil copper wire mounted on a
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Figure 2.2 (a) Fabricated sample, {b) Cross-~
section of nitrided Aluminum film showing procedure
used for making contact to base and counterelectrodes,
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thfee dimensional micropositioner, This thickness of wire altow-
ed enough stiffness for thé penetration of the oxide layers forming
on the Magnesit;im and Aluminum counterelectrodes within a few
dayé after the fabrication:of the sample,

L.ow temperature measurements required that mechanically
rigid contacts be made to the counterelectrodes. Attachment of
a connection by soldering or by the use of a conductive epoxy
to an electrode wholly on the nitrided film always resulted in the
destruction of the structure, However, mechanically rigid con-
tacts to counterelectrodes overlapping the nitrided film and the
sﬁbstrate could be made. Low temperature solder was used to
run a conducting strip from the edge of the counterelectrode on
the clear substrate to somewhere in the middle of the substrate
where a wire could be attached to the strip by soldering with
Indium, This procedure is illustrated in Figure 2.db.

Measurement of the insulator thickness and counterelectrode
area of structures having an overlapping counterelectrode was
carried out in the foilowing manner, Because of the nitridization
procedure used, the thickness of the nitride layer did not vary
in the direction perpendicular to the film edge. Thus the insula-
tor thickness of a structure having an overlapping counterelectrode
was assumed to be the same as that of the structure having a
hon-overlapping counterelectrode next to it in the direction perpen-

dicular to the film edge. The ratio of the two structure capaci-
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tances multiplied by the area . of the non-overlapping counter-
electrode 4gavc thc area of the overlapping counterelectrode,
Th_is pr"ocedur‘e' was justified by using pairs of structures
for which the ratio of counterelectrode areas thus obtained was
approximately equal to the r*étio of currents observed for an
arbitrary applied voltage,

For some sémples the whole fabrication was carried out
in one vacuum system; following the nitridization of the Aluminum
film the flow of nitrogen was stopped and the system was evacuat-

-6

ed to a pressure of 10 Torr so that evaporation of the counter-—
electrodes could take place. This procedure was found to be
inconvenient In that it required a great deal of appér‘atus for
accurate positioning of masks. Furthermore, deposition of Gold
and Magnesium required removal of these metals from the struc-
tures supporting the discharge cathode and the substrate following
the preparation of each sample. Consequently, a procedire was
tried whereby after the nitridization of the base electrode the sub-
strate was removed from ohe system and placed into another
allowing the surface of the nitrided film lo come In contact with
room atmosphere for a time period of less than a minute, De-
position of counterelectrodes was then carried out in this second
system.. The characteristics of the samples prepared in this
manner did not vary from _those prepared completely within one

vacuum station. The greater simplicity associated with the use
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of one station for the de.posit.i.on and subsequent nitridization of
the base _électr*ode and a second one for the deposition of counler-
electrodes led fo the dominant use of this second procedure for

the fabrication of the thin film structures,

2.2 MEASUREMENT PROCEDOURES

" The current as a function of voltage, temperature, and
insulator thicikness was measured in the thin f{ilm structures. The
arrangement for the measurement of the current voltage chara-
cteristics involved a variable voltage supply and an ammeter in
series with the structure, For measurement of small current
variations (in the order of 10%) with temperature, the voltage
supp!y consisted of a battery and potentiometer made up of fixed
value resistors assuring the same wvalues of applied voltage for
measurements taken during different intervals of time.

Dewars were used for jow temperature measurements,
When placed in the ewvacuated region of a dewar, the sample
substrate assumed a temperature near that of the ligquid in the
dewar. Liguid Helium, Nitrogen, Methane, and kthylene were
used to achieve temperatures near 4OK, 77OK, IIIOK, and I690K.
A zecond dewar was used to achieve temperatures not obtainable
with liquids. The sample substrate was connected thermally tc a
reservoir of liquid nitrogen through a cylinder of teflon having a

length of approximately 1/4 inch. The heat flow through the



57
teflon cylinder which determined the temperature drop across the
length of t.he cylinder was controlled by .a heater situated at the
face of the cylin'd.er* nearest the sample., Nichrome wire wound
in siots at the face of the cylinder served as the heater.
Capacitance measurements were carried out with a bridge
providing a 100 KC sine wave of approximately B0 millivolts

amplitude to the structures,
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CCHAPRPTER I

PRESENTATION OF EXPERIMENTAL RESULTS

Currents through thfn film structures obtalned by the methods
described in Chapter Il were measured as a function of voltage,
temperature, and insulator thickness to determine whether these
currents could indeed be attributed to eleciron tunneling through
the forbidden band of a trapezoidal barrier with the exponent of
the tunneling probability proportional to the product of the tunnel-
ing path length and the average value of the x component of the
imaginary wvalue of momentum encountered along a tunneling path,

The currents observed were interpreted as the sum of two
independent currents both exponentially dependent on thickness
and independent of temperature. Only one of these currents
fitted the predictions of the models presented in Chapter { and
.corwsequent!y will be termed the tunneling current, The second
current will be referred to as the excess current,

I:o_r‘ structures with Magnesium counterelectrodes the tunnel-—
ing current was dominant over a sufficiently large range of Tn-
sulator thicknesses as to allow iis identification. The barrier
appropriate to these structures was féund to be approximately
r‘ecténgular*; the energy momentum r*e!_ationship was found not to
be parabolic over the energy range relevant to tunneling but was

consistent with the barrier energies being an appreciable fraction



59
of the forbidden energy .gap.“

The current through structurces with Afuminum and CGold
counter‘electr'odés could be identified as that resulting from electron
tunneling only for those structures with the thinnest insulating
regions, The current through structures with thicker insulating
regions could clearly be seen as a combination of a tunneling
current and an excess current.

3.1 PROPERTIES OF STRUCTURES WITH MAGNESIUM

COLINTERELECTRODES

Current wvoltage characteristics measured at various temp-
eratures for structures with Magnesium counterelectrodes and
various insulator thicknesses will be presented in this section, It
will be shown that for structures with the thinner insulating re-
gions, the observed current could be considered as that resulting
from electron tunneling through a trapezoidal barrier since the
dependence of this current on insulator thickness and wvoltage
could be inter‘pteted in terms of the second model in Chapter |.
The procedures used in determining the barrier energies and
the insuljator energy momentum relationship will be presented
along with the resulis obtiained therewith,

3.1.1 Current VVoltage Characteristics.

It has been shown in Chapter | that for low voltages, CeV &I,
the tunneling current is expected to wvary linearly with voltage.

Multiplying the low voltage resistance by the structure capacitance
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results in an expression which does not contain the insulator thick-
ness in the preexponential term and which is independent of counter-—

electirode area.

A & A% =, 2%
%/f’ Lee)- ﬁﬂ—%%*aﬂféy&(s.l)

where: A = counterelectrode area
R = low wvoltage resistance = —— as VWV 40
JA
C! = structure capacitance = Ak Co
>
Z = Z secondl <

The expected exponential dependence of the resistance capacitance
product on insulator thickness was observed., This dependence

is shown in Figure 3.1 where |09|0 RC! for structures picked at
random from a fabricated sample (sample A) is plotted as a
function of insulator thickness., The values of the insulator thick-
ness were deduced from the measurement of structure capacitance
and counterelectrode area assuming a static diclectiric constant of
8.5, The value of counierelectrode area was assumed to be the
same for all structures on a given sample; a deviation in this
area from structure to structure of approximately % from the
nominal vatue assumed accounts for the scaiter seen in Figure 3.l
The deviation seen for insulator thicknesses in excess of 50 /&
cannot be accounted for by wvariations in counterelectrode area;
howewver, at lower temperatures the low wvoliage resistance of the

structures with these thicker insulating regions increased and



6l

12)

(RC' in secor s

NOTE: AS xqg —= O
RC'——s 4 X |0 sec

30 40 o _50
INSULATOR THICKNESS x, (A)

Figurs 3,1 RCY of Al-AIN-Mg siruciures vers.s i°s bsior
sy O, . - ) 1
Hiekness ) 5 omeasured ar 3007, {sample Aj.,



62
RC! followed the same exponhential dependence on thickness as the
structures with thinner insulating regions,

The zero thickness intercept of log RC! versus x, is re-

{0
- lated to the energy momentum relationship within the insulator for-
bidden band through the coefficient D¥*{0), A comparison of the
experimentally observed value of the zero thickness intercept,

RC! = 4 x 107'° seconds, with ;hat based on the experimentally
determined insulator energy momentum relationship will be carried
out later in this section,

The current voltage characteristics for five structures taken
from one sample (sample B) with insulator thicknesses ranging
from some 32 to 48 Angstroms are shown in Figure 3.2. The
characteristics were measured at room temperature (300°K )} with
a positive voltage applied to the counterelectrode. It can be seen
that the characteristics have the general features expected from
an insulator cncrgy momentum relationship with a positive effec-
tive mass over the energy ranges relevant to tunneling. At low
voltages, the current is iinear-ly dependent on voltage, while at
higher voltages the curréht increases with voltage at a faster than
exponential rate. V\oltages greater than .gf: could not be applied
without causing damage to the structures evidenced by irreversible
changes in the current voltage characteristics.

It has bheen pointed out in Chapter | that independent of the
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Figure 3.2 300°%< J(V) versus V, counterelcctrode positive,
of Al-AIN-Mg structures with insulator thicknesses from 32 to
48 R {sample B).
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insulator energy momeﬁtum r.elationship, the current through a
structure with a particular insulator thickness can be related in
a simple way tci>. the current through a structure with a different
insulator thickﬁess if the barrier is indeed trapezoidal {see 1.56).
‘I:or‘ vollages where the voltage variation of the effective number
of tuhneling electrons is small when compared to the wvoltage
variation of the tunneling probability, the logarithm of the current
corresponding to a structure with insulator thickness xgz when
plotted against the logarithm of the current corresponding to a
structure with insulator thickness Xob for the same applied volit-
age should yield a straight line with the slope equal to the ratio
of the two insulator thicknesses oﬁ Xoa/xob- The current volt-
age characteristics shown in Figure 3.2 are thus compared in
Figure 3.3 using the logarithm of the current through structure
2 (!ogIO Jo(V}) ) as a reference, It can be seen that the ex-
pected linear relation between the logarithms of currents of
structures with different insulator thicknesses does indeed exist,
The slopes of these plots are correlated to the insulator thickness
#8 Figlure 3.4, It is evident that for voltages greater than some
0.3 wvolts all of the observed characteristics can be described by

a function

T < 2up - Er ] . (3.2)
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where B(V) is a decreasing function of voltage. This functional
depehdénce of current on insulator thTCkness. and wvoltage is wvery
strong evidencel that the observed currents were the result of
elec.tron tunneling through a trapezoidal barrier with the tunneling
probability proportional to the product of the tunneling path length
and the average wvalue of the x component of Imaginary momentum
encountered along a tunneling path.

Measurements carried out at room temperature allowed the
observation of currents for only a narrow range of applied wolt-
age. The maximum wvalue of positive and negative vocltages that
could be saifely applied to the counterelectrodes were .3 volits and
0.9 volts respectively. It was found that the structures could
sustain much higher voltages at low temperatures. Figﬁres 3.5
through 3.9, although involving structures from a different
sample, are essentially a repetition of Figures 3,1 through 3.4.
However, the information within them is broader in scope in that
it is based on 77°.|'< current voltage characteristics taken over
wider ranges of applied voltage of both polarities. Consequently,
the experimental determination of the geometrylof the trapezoidal
barrier and the. insulator energy momentum relationship appropri-
ate to thin film structures with Magnesium counterelectrodes will
be based on these low temperalture measuremenls,

Figure 3.5 relates iogm RC! of five structures (sample A)

to their insulator thickness with R measured at 77°K. Since the
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structures used for the plots given in Figures 3,1 and 3.5 came
from the same sample, the exponential dependence of the resis-
tance Capacitanée product or insulator thickness can be considered
valid at least over a six decade wvariation in RC!, It must be
added that good r‘epr‘oducibilit.y between structures was ohtained;
the zero thickness intercept of Iog!0 RC! was essentially the same
for all samples wifh the slope of the plot varying by no more than
5% from sample to sample. [t is felt that the major part of the
variation in slope could be accounted for by the undetectable varia-
tion of counterelectrode area from sample to sample leading to an
incorrect Identification of insulator thickness deduced from the
counterelectrode area and structure capacitance, Magnesium
was found to be a difficult metal to work with in that the deposited
areas did not necessarily correspond to those defined by the
‘geometry of the mask; apparently, Magnesium has a tendency to
travel over the surface of the substrate over which it is deposited.

The current at 77°K for the five structures used in Figure
3.5 is plotited as a functlon of applied voltage of both polarities in
Figure 3.6. The plots of loggd versus IogIOJ appr‘qpr‘iatc to
these current voltage characteristics are shown in Figures 3.7
and 3.8. It-can be seen that the current at intermediate voltages
for struciures with thicker insulating regions is greater than that

expected on the basis of currents in structiures with thinner in-
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Figure 3.6 77°K J(V) versus V for 5 Al-AIN—Mg struciures
with insulator thicknesses from 36 to 52 R (sample A). Mg+
corresponds to a positive voltage applied to counterelectrodes,
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sulating regions, | Furthermore there is sor;ne evidence to indicate
that for hiéher‘ applie-d vo.ltages the current for these thicker struc-
tures is equal <;>r* smaller than that expecied on this basis. (see

plots IogI0 J_ and log, J versus lo J_. in Figure 3.7).

5 4V o V3

These deviations irom expectied behavior are more prominent
in structures with Aluminum counterelcctrodes and will be con-
sidered in the seclion dealing with these structures,

It must be noted that the resulis obtained at a temperature of
v7°K are not in disagreement with those obtained at room temp-
erature, The deviations seen in Figures 3.7 and 3.8 are assoc-
iated with structures having thicker insulating regions than those
associated with Figure 3.4,

‘No roticeable change Iin the current voltage characteristics
was observed between 4°K and ’?7OK.

The slopes of the !oglo J versus log, . J plots shown in

10
Figures 3,7 and 3.8 are correlated to the insulator thickness in
Figure 3.9, The meager number of points in this correlation
is the main reason for the presentation of room temperature
characteristics,

It is evident from the data just presented that the current
through thin film structures with Magnesium counterelectrodes and

with insulator thicknesses smaller than 48 Angstroms is that ex-

pected on the basis of electron turnneling through the forbidden band



74

13
- L2 = COUNTER
= o I.] = . ELECTRODE
- |72 1
515 NEGATIVE
S e 10 -
519 COUNTER
o T A ELECTRODE
8 / POSITIVE .
/
2y
/4
V/4
/4
V/4
dﬁ'{"ﬁ?
V4
4
,f" .
0 4 | 1 | 1 1 1

10 20 30 40 50 60
INSULATOR THICKNESS xon  (A)

Figure 3.9 Slopes of L_ogm ‘Jn versus i_oglo .J2 3‘plo_ts shown
in Figures 3,7 and 3.8 as a function of insulato® thickness.




75

of a trapezoidal barrier, The current at all voltages is exponen-

tially dependent on insulator thickness; furthermore, the functional

dependence of the current on thickness and voltage at_higher volt-

ages is that given by (3.2). AlIl that remains now is the experi-

mental determination of the barrier geometry and the insulator
energy momentum relationship appropriate to thin film structures
Al-AIN-Mg from the data just presented.

3.1.2 Barrier Geometry and Insulator Energy Momentum Re-
lationship,

There are in principle three methods of obtaining the barrier
geometry or barrier heights ai the metal Insulator interfaces and
the energy momentum reiationship characterizing the insulator
for‘biddeﬁ band., The first two methods involve the determination
of the coefficient B(V) either from the dependence of current
on insulator thickness (see (i.51} and (1.53) )} or, from the
current volitage characteristic of a particular structure, and the
use of (I.44) which relates B(V)} to the insulator energy momen—
tuim .Pe|aﬁOI1Sth. The third method inveolves the determination of
the coefficients C(V) from measurement of the temperature dep-
endence of the tunneling current and the use of (1.45), The
application of these three methods will be considered in this
séction. The subscripts "+ and -l will be used to differen-
tiate the coefficjents and currents corresponding to positive and

negative voltages applied to the counterelectrodes.,
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3.1.2a Dependence of Current on Insulator Thickness.,
Consider the current voltage characteristic of structure 2,
sample A, with insulator thickness X5 e The low wvoltage con-

ductance per unit area is given by

Jz - 5//75»2,,:,5‘2
v A%,

21 p/~800) %2 T (3.3)

{ The temperature dependent component of the tunneling current
in the above and following expressions is ignored since the

current wveltage characteristics to which they will be applied

were found to be temperature independent). The low voltage
conductance per unit area for structure |, sample A, with in-
sulator thickhess xol is given by
O A
/. _{.___’/Z*-___ oL
N Ty LXBL =8 ) e ) (3.4)

Dividing (3.3) by (3.4) the following result is obtained,

Ay A/
o) = o £ ol "i/”'ﬁ/’*"? (3.5)
' 2 = Aos

It can be shown in.a similar way that for higher voltages,4CVJ |

SV = %fz—fz

(3.56)
Xaz"Xa/
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The relations between B_:"E(V), the insulator -energy momentum
relationship Im p; o ( ﬁc - E}, and the barrier heights §Z£ and
Q‘z_ were derived in Chapter | and for convenience will be re-

statéd here,

4 Q'/,;_%MV/ G OE T, cifer) 5.

BN EEAL) 51 F T 7] 3.0

The difference bhetween the barrier energies (?}’—;4) is
that value which when used with (3.7) and (3.8) allows BI (V)
and Bf(\/) to yleld identical energy momentum relationships.
The barrier heights ‘Pl/ and 7’2_ are given by the product of the
electron charge and those wvalues of voltage VI‘ and \/2 for
which Im p;_ (é neVI) and Im Pins { ;3/2, —e\/z) become equal
to zero.

The coefficients B*(0) and Bi_i"(\/) cbtained with the use of
(3.5) and (3.6) and the current voltage characteristics of

structures | and 2, sample A, are shown in Figure 3,10, The
differentiations  of Bi(\/)- required by {3.7)} and (3.8) were per-—
formed and the resulting energy momentum relationship is illustra-

_3_ Im

)2 f ti of
H Pins as a function

ted in Figure 3.l by a plot of (
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B*(v) (A

®. COUNTER ELECTRODE NEGATIVE
© COUNTER ELECTRODE POSITIVE

0.5 |-

0.5 w15
APPLIED VOLTAGE (volts) -

Figure 3,10 B*(V) for AI-AIN-Mg' structures obtained
from dependence of current on insulator thickness.
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Figure 3.l Insulétt;'r* ._Qn:er'gy_momentunﬁ relationship.. @ and

O represent relationships obtained from B*(V) and B} (V)
in Figure 3.10, Solid line is best fit of Franz's relationship.
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energy referred to the COI"IdL..I-C.ﬁOh band edge of the insulator.
. t'he barrier energies were found to be % = 1,77 eV and
le = E.64 e\/'.- It is evident that the energy momentum rela-
tfonéhip ovenr t.he ranges of eﬁergy relevant to tunneling is not

describable by a simple parabeolic equation of the form

o = 2w (E-AT (3.9)

The plot in Figure 3,H is not a straight fine.

Is this a surprising resuli? The answer is in the negative.
The energy momentum relationship is expected to be parabolic
only in the vicinity of the conduction and valence band edges.
Thus for energies near the valence band edge the following

expression should be valid.

2 o+
s T E fﬁ; -£7 (3.10)
where % is the wvalence band edge energy and m*iv is the
effective mass of holes with energies in the vicinity of this edge,
2 . . .
Consequently, (Im pmg) s expected to increase linearly with
decreasing energy referenced to the conduciion band edge, bend
over and linearly decrease towards zero al an energy corres-
ponding to the insulator valence band edge. Eqguation {3.9) is

expected to be useful in the determination of the tunneling probkabil-



8
ity only if the height of the barrier separating the two metal
electrodes is a very small fraction of the insulator forbidden
energy gap.

It is quite possible that Figure 3.1l represents an experimental
observation of the effeci of the insulator valence band on the
energy momentum relationship. The observed barrier height is
approximately 1.7 eV while the forbidden band gap of AIN is

15
reported in the literature as 4.2 e\,
16
Mranz has proposed an empdrical energy momentum rela-

tionship within the forbidden band of an insulator. For equal

effective masses near the valence and conduction band edges
2 -
Py = 2w L - T %ﬁ)j (3.11)

Here, Eg is the insulator forbidden energy gap. An attempt

to fit this relationship to the experimental result is shown in
Figure 3,11, Eq was assumed to equal 4,2 eVV. The best

fit. obtained was with the use of an effective mass to free electiron
mass ratio of 0.47. It is evident that (3.1l) describes the ob-
served energy momentum relationship. guite well down to some
1.5 eV below the insulator conduction band edge.

For a narrow range of energies near 1.7 eV below the

insulator conduction band edge, Im pins{ﬂé ~E) behaves as if
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the energy momeﬁtUm relatioﬁshi-p were parébolic with an effec-
tive rﬁass to free electron mass ratio of 0,215 and as if the barrier
energies were 'é, =2.36. eV and 9/,_ = 2.24 eV (see Figure 3.I1}.
This circumstance allows the calculation of D*{0} and thus the
expected value of the zero thickness intercept of RC!' (see 3.1},

The theoretical value of this zero thickness intercept becomes

3.3 % IO"15 seconds ahd compares favorably with the wvalue of

-15 . .
4 x 10 ! seconds deduced experimentally from the data shown in

Figure 3,1,

3.1.2b Current Voltage Characteristic.

The second method of obtaining the coefficient B*¥ (V) in-
volves the use of the current voltage characteristic of a particular
structure, Consider the current for structure 3, sample A, with

insulator thickness ><03 .

‘/Im ,’ﬁ ¥
= aded A 7
e b e TR e 2 )

_ ke ki ¥
4z C Ve e/ ~ ks &7/

For voltages approaching 0

¥,
A Ho) = & U;g/d/!%"” (3.13)
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For higher voltages CeV % I

4 L T & oty | |
pY =y e (3.14)
oo &1V ’gzvg ,fézlw/ﬂﬂ/

f"//"mz;" 2.
AL Vo) V) %%

where l{. -

Jo
J3TVv)°

Howewver, this term may not be neglected since it has some

The second term in (3.14) is small in comparison to Ioge

effect in the determination of the energy momentum relationship for
energies near the insulator conduction band edge.

The existence of the coefficient C*(0), D*(0)}, C*(Vv), and
D*(V) in (3.13) and {(3.14) is unfortunate in that knowledye of
their values implies knowledge of B¥(V). It is possible in prin-
ciple to obtain expressions involving only B*(V) and J4 with the
use of the relations connecting B*(V}, C*(V), and D*(V} deve-
loped in Chapter 1. Unfortunately these expressions are compli-
cated and considerable effort would be required for their solution.
Since the purpose of the following discussion is to show that the
current voltage characteristic of a particular structure is that ex-

pected on the basis of the current dependence on thickness, the

CH*{(Vv)D* (V)
clo)D*(0)

and O%v) obtained from the energy momentum relationship shown in

small correction term log, was computed using CY V)

Figure 3.Il. Figure 3,12 illusirates Bff(V) obtained with the use of the
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S Higure 3,12

‘B,(V) obtained from 77°K current voli-
age characier‘lstic of structure 3, sample A, Dashed
lines represent Iog J /J solid lines represent Bi(\/).
Circles reproduce E3+ i)

appropriate to fFigure 3.0,

APPLIED VOLTAGE (volts)
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current voltage characteristic of structure 3, sample A, and

‘ J
(3.13) and (3.14). The dashed lines represent the term Iogend—0
The difference between the dashed line and B_";(V) gives a
feeling for the magnitude of the term, [ogé Ci'(v) Di'(v) which
| | - Cc*(0)D*(0)
is independent of insulator thickness, Relatively good agreement

is seen to exist between the coefficients Bz(\/) obtained in this
manner and those obtained from. the dependence of current on in-
sulator thickness. The detailed discrepancy seen in this com-
parison can casily be attributed to a wvery small shift in the current
voltage characteristics of either structure | or 2, sample A,
oceurring during the measurement of current as a function of
appilied wvollage, Such a small shifit would have a negligible effect
in Bi_(\/) obtained from a particular current voliage characteristic.
The Insulator energy momentum relationship and barrier
geometry obtained from B;(V) corresponding to the current volt-
age characteristic of structure 3, sample A, is presented in
Figure 3.13 and is seen to be slightly different from that shown
in Figure 3.l1l. The barrier heights become ¢ = 1.68 eV and
935-1.. = 1.53 eV while thc best fit of Franz's empirical relation-
ship to the data assuming a forbidden energy gap of 4.2 e\/? re-
quires an effective mass to free electron mass ratio of 0,446,
Once again for energies more than | eV below the insulater con-
duction band edge the energy momentum relationship is seen to be

parabolic with an effective mass to free electron mass ratio of
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O
o

o FROM B—(V)
O FROM By(V)

—= FRANZ'S RELATIONSHIP

1.0 0
(bc—E) (eV)
Figure 3.13 Insulator energy momentum relationship obtained
from Bi(V) in Figure 3.12. Solid line represents best fit

of Franzs relationship; circles r‘epr‘esent experimentally det-
ermined relationship,
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The énergy -mof‘nentgm relationship shown in Figure 3.3
is undoubtedly more accurate than that shown in Figure 3.1,
The use of C¥{(\V) and D*(V) corresponding to the variation of
current on insulator thickness in the evaluation of the energy °
momentum relationship from the current voltage characteristic
introduces only a Hegligible error into the result obtained.

3.1.2c Tunneling Current Temperature Dependence.

The third method of experimenlally delermining the insulator
energy momentum relationship and barrier geometry appropriate
to a particular structure involves a measure of the temperature
dependence of the tunneling current, Réferring to (1.35) it can

be Séen that

T DTCHT) 2 (3.15)
7Ty DS ver2] L) %S 3.15

Restating (1.45), simple relations between C*{(V), the barrier
heights, and the insulator energy momentum relationship are seen

o exist,

FFm 5, )T AT )5 ) (o
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F I o g (e Ty 10

Use of (3.16) and (3.17) is greatly facilitated by the fact that the
barrier heights # and A should in principle be identifiable by the-
cusps generated hy the exparimentally determined coefficients
ij(\/). It must be added that this procedure for determining the
insulator energy momentum relationship is valid only as long as
ihe lemperalure dependence of the lunneling curreni can be aliri-
buted solely to the temperature variation of the Fermi-Dirac dis-
tributions within the metals.

Temperature measurements indicated that thé derivative of
current with respect to Tz was constant but only. up to tempera-
tures in the order of 200°K and only for structures with insulat-
ing regions thinner than 43 ,&

In Figure 3.14 ij(v), obtained experimentally with the use
of (3.!5), is plotted as a solid line and seen to be too large when
compared to Cf(V) expected on the basis of the energy momen-—
tum relationship shown in Figure 3.ll. However, CX(V) based
on temperature measuremenis has cusps at voltages close to
those of the barrier height %1 predicted by the current wvoltage
characteristics of AlI-AIN-Mg structures and the dependence of
current through these structures on insulator thickness. The

experimentally observed cusps in Figure 3,14 occur in the vicin-
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Figure 3.14 C¥(V) for two AI-AIN-Mg structures
obtained from current temperature dependence {solid
lines) compared to C¥(V) expected on basis of energy
momentum relationship in Figure 3.l (dashed line).

|.61volts

1.59 volts

Ve
4038— | // T

e —T 1.64 volts

05 i0 ' i.5
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ity of 1,60 wvolts while the values for the barrier height 54 assoc—

iated with Figures 3.1l and 3.13 are |.64 eV and 1.53 eV. A,

cusp for Ci‘(v) could not be obtained; samples with currents
which were stable with time at high negative voltages were not
available, Consequently, high negative voltage currenis for
different temperatures could not be compared. At lower values
of negative voltage applied to the counterelectrode, the tempera-
ture dependence was less pronounced than' that for positive
applied wvoltages,

It is very doubtful that the observed increase in current
with temperature can be attributed solely to the temperature
variation of the Fermi-Dirac distributions within the metals. it
is quite conceivable that the energy momentum relationship chara-
cterizing the forbidden band of the insulator varies in such a way
as to lead to increasing tunneling probabilities with increasing
temperatures. Measurements of barrier heights in thin film
structures using Aluminum Oxide insulating regions indicate a de-

17
crease of barrier height with increasing temperature . A similar
effect in the thin flim structures used in this research could explain
the obser vation that CX(V), obtained with {3.15) and the temp-
erature dependence of the tunneling current, was greater than
that expected on the basis of other data by a factor of approxi-

mately 2, The foliowing simple model illustrates this point.
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Consider a trapezoidal barrier with an energy momentum

relationship independent of temperature and barrier heighis given

by

?22’ ?;;-'7&272‘ (3.18)

As a result, the coefficients B*(V), C*(V), and D*{V) are all

dependent on temperature, The total current is thus given by

‘7(7/7311*/”/‘15’2’/)1] 4’/7/???:,1 &*ﬁi}g‘”&fijﬁﬁ"wfﬂﬁ’fjﬁzﬁj
3 AL

(3.19)
AfeW ) 0 2y7) 5"

If the temperature variation of the coefficient C* and D* in the
expressions defining the effective number of tunneling electrons is

ighored it can be shown that

/ 2 T 2
Tx2) c//w{/y/ = Frrwtyparn 7 pelaly (320

G L7+

The model vields a tunneling current which at low temperature
may be considered to have a temperature dependent compcnent
proportional to (kT)z. - Furthermore, the proportionality co-
efficient, equal to the expression on the right hand side of (3.20},
is expected to have a maximum at a positive voltage equal to fz?;é

or % depending on whether this voltage is applied to the



o2

counter or base electrode. It is of interest to note that for
AI_AIN_Mg structures with insulator thicknesses in the vicinity
of 35 R , ? Heéd only be equal to approximately Q(e\/)_I for the
contributions of the barrier height variations and the Fermi-
Dlrac distributlon variations to lhe lemperalure dependence of ihe
tunneiing current to be equal (? = 7-%— C’g‘(V,O)x0 ).

The low temperature wvariation of insulator forbidden energy

I8
gaps is known to foliow the following relation at low temperatures

é} /f/:é}a—g/,ﬁ?‘/z (3.21)

2 i

where &Z g is usually In the order of IO+2(eV)_|.. If I0+ (eV) ™
is a representative value for f{ in the above model 1t s not
surprising that the observed temperature dependence of the
tunneling current was greater than that expected on the basis of
the temperature variation of the Fermi-Dirac distributions within
the metals.
3.2 PROPERTIES OF STRUCTURES WITH ALUMINUM
COULINTERELECTRODES
The current voltage characteristics of Al-AIN-Al structures
with the thinnest insulating regions were consistent with the
insulator energy momentum relationship shown in Figure 3,13,

The currents through structures with thicker insulating regions

were complicated by the presence of an excess current, Even
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though this excess current was exponehtially- dependent on thick-
ness and essentially 'inde}:;endeht of temperature it could not be
interpreted as the result .of electron tunneling with the exponent
of the tunneling probability proportional to the product of m
and the tunneling path length.

3.2, Barrier Geometiry and Insulator Energy Momentum Re-

lationship. -

The 77°K current voltage characteristic of an Al-AlN-Al
structure with an insulator thickness of 39.5 AO\ was inserted in
(3.13) and (3.14) for the determination of the insulator energy
momentum relationship and barrier energies appropriate to these
siruciures,

The coefficients C*(V) and D*{V) inserted in (3.13)} and

(3.14) were those obtained from the energy momentum relation-

by this relationship at energies more than 1.0 eV below the in-
sulator conduction band edge was exirapolated towards lower
ener"gies and barrier energies ﬁ = 1,68 eV and 94_ = 2.0 eV
were arbitrarily assumed,

The resulting coefficients EB+(\/) based on the current

voltage characteristic of an AIl-AIN-AIl structure and the insula-
tor energy momentum relationship deduced from the current volt-

age characteristic of an Al-AIN-Mg siructure, are shown in

. J
Figure 3.15. |—°9e:70— are represented by dashed lines while
-+
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Figure 3.i15 B, (V) obtained from 77OK current volt—
age characterisiic of Al-AIN-A] structure with 39.5 A
“Insulator thickness., Solid lines represent B (V) ;
dashed lines represent log, Jo/J;. -
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B1+(V) are represented by solid lines, The presentation of these
| | o | c*(Vv)D*(v)
two terms allows a visualization of the magnitude of loge C*(0)D*(0) -
' ‘ as
The differentiation of the coefficients Bi(V)Aby (3.7) and

(3.8) led to the insulator energy momentum relationship shown in
Fligure 3.Ié. It Is seen that the energy momentum relationship
is the same .as that shown in Figure 3,13, Furthermore the
barrier heights determined by this procedure were g = 1,67 eV

and ¢z_ = 2,01 eVV. Thus the assumptions made in the evaluation

C*¥(V)D*(V)
e C*(0)D*(0)

of the term leg are justified.

The fact that the AI-AIN-Mg insulator energy momentum re-
lationship (Figure 3.13) had to be scaled down by a factor of
1.2 to match the AI-AIN-Al energy momentum relationship (Figure
3.16) is an insignificant discrepancy. The fabrication procedure
used guaranteed all structures on a given sample to have iden-
tical areas not necessarily equal to those on different sambles.
However, because of the diificulty inveolved in the definition of
counterelectrode "areas no attempt was made to measure the
sample to sample variations; structure areas on all samples were
assumed equal. Since Bi(v) for V(%ﬂinvolves the product of
the insulator thickness and Im p; ., an error in the assumed
struétur‘e area for a given sample results in an error in the
scale used for X, and thus in the scale used for Im p; .. The

necessity of scaling down the AI_AIN_Mg energy momentum re-
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Figure 3,16 Insulator energy momentum relation-

ship obtained from B, {(V} in Figure 3.15.
line represents energy momentum relationship for

Al-AIN-Mg structures shown in Figure 3,13 scal-
ed down by a factor of .2,
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lationship by a faétor‘ of 1.2 implies a difference of 5% in the

counterelectrode dimentions of the two samples used for the

determination of the energy momenium relationship,

The  important conclusions to be drawn from the data pre-

sented in ‘Figure 3.16 are:

1)

2)

3)

The insulator energy momentum relationship is valid in the

sense that it descr‘ibes the tunneling current voltage chara-
cteristics In both the structures AIl-AIN-Mg and AIl-AIN-A],
The barrier at the counterelectrode insulator interface is not
fixed by surface states since an increase in ﬁ was ob-
served in going from Magnesium to Aluminum counterelect-
rodes. The increase was approximately O.SIe\/; this
value agrees quite well with that expected from the difference
between the electronegativities or work functions of the two
metals,

Franz's emphlrical relationship accurately describes the ob-
served insulator energy momentum relationship only down

to some .5 eV below the insulator conduction band edge.

3.2.2 Excess Current Volitage Characterisiics.

The excess current was found to be an exponentially de-

creasing function of thickness; however, the dependence was less

pronounced than that of the tunneling currents., As a result, the

ohserved current in structures with thicker insulaiing regions was
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a combination of the tunneling current and the excess current
while that observed [n structures with the thickest insulating re-
gions was pr*imlarr‘ily the excess current.

The procedure used to separale the excess current from
the obser ved current in structures with thinher insulators will
be dgscr*ibed in this section. In addition the current wvoltage
characteristics obtained in this manner will be presented and
interpreted along with those appropriate to structures with the
thickest insulating regions.

77°K current voltage characteristics of six Al-AIN-A(
structures taken from one sample (sample C) and with insulator
thicknesses ranging from some 35 to 55 r-ps are shown in
Figure 3.17; the low voltage resistance capacitance product
associated with these structures is plotied as a function of in-
sulator thickness in Figure 3.18.

Examination of Figure 3.17 will show that the shapes of
the current voliage characteristics depart from those expected on
the basis of the insulator energy momentum relationship as the
insulator thickness of the structures increases: the logarithm of
the current for structures with thicker insulating regions acquires
a hegative second derivative with respect to voltage at higher
voltages., Plots of I?QIO dn(V) vet"§u-s 109|0 Jl(\/.) fo'und in
Figures 3.19 and 3.20 serve io emphasize this irregularity;

approximately straight lines expecied on the basis of the tunneling
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Figure 3,17 770K current voltage characteristics for six

Al-AIN-AL structures with insulator thicknesses rangling:”
from 36 to .54 X ' :
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Figure 3.190 log g (V) versus log,,J;{V) plots, countercice-
. n .. 1ot . .
trodes negative, for characteristics shown in Figure 3.17.
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Figure 3.20 Ioglodn(V) versus !leod (V) plots, counter-
electrode positive, for characteristics shown in Figure 3.17,
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theory are not obtained.

Two_ conclusions can be drawn fr“(;‘_»m the dala presented

in Figures 3.I7'1hr*ough 3.20:

1) At low voltages, the current in all six structures is the
result of electron tunneiing si_nce the low wvoltage resistance
capacitance product of these siructures follows an exponen-
tial dependence of insulator thickness with a zero thickness
intercept very close to that expected on the basis of the in-
sulator energy momentum relationship.

2) The current through the structure with the thinnest insulat-
ing region is the expected tunneling current for the range of
voltages considered.

‘Acceptance of these two conclusions leads to a simple pro-
cedure for obtaining an estimate of the expected tunneling current

at higher wvoliages for structures with thicker insulating regions,

This procedure, hased on {1.57) is illustrated in Figures 3.19
. X .
and 3.20. Straight lines with slopes °n were drawn in to
Xal

match the observed relations iOQm Jn(\/) versus log JI(\/) at
low wvoltages, The values of current defined by these siraighl
lines were considered to be those of the expected tunneling
cur‘r_‘énts. Subtraction of the currenis thus obtained from those
observed led to the excess current voltage characteristics shown

in Figures 3.21 and 3.22, Aliso shown in Figure 3.22 is the
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Figure 3.2l 77°K excess current in Al-AIN-Al struciures,
{counterelecirode negative).
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Figure 3.22 779K excess current in Al-AIN-Al structures.
{ counterelectrode positive),
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77°K current voltage characteristic for an Al-AIN.A| structure

with an_insuiator thickness of 70 A, This last characteristic,

obtained by direct measurement, is seen to be consistent with

those obtained by the substracting procedure,

The excess current at 77 K is seen to be related to applied

voltage by a power law

J u}”’ig,\;&/‘%ﬂzrj (3.22)

Cxodss

where n is independent of insulator thickness and equal to approxi-

mately 7.4 and 7.l for positive and negative voltages applied to
the counterelecirode,

The temperature dependence of the excess current was
found to be relatively smail beiﬁg more pronounced for low wvoli-
ages. [T'he current increase between 77°K and 300°K was in
the order of a few hundred percent while that between 4°K and
77°K was only in the or*deh of a few percent, At 300°K the
characteristic was found to have changed sufficiently so that it
could not bec accuratcly representied by a relation of the form
given by (3,22}, 300°K current voitage characteristics of struc-
tures with insulator thicknesses sufficiently large for the direct
observation of the excess current are shown in Figure 3.23. It
is seen that the current is accurately represented by the rela-

tion of the form given by
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Figure 3.23 300°K excess current in Al-AIN-Al structures
with various insulator thicknesses (counterelectrode positive).
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AV

o ens O 2 (3.23)

-
= Ay (rorts) P

where / is independent of insulator thickness,

The dependence of the excess current on thickness was
found to be exponential. Figure 3,24 contains a plot of the
current at 3OOOK and 77°K for .5 volts applied to the counter-
electrode as a function of insulator thickness,

The striking feature of the excess current is not ils de-
tailed dependence on applied volitage but its dependence on insula-

tor thickness. The current is describable by a relation.: of

~Sx, ALy
Tovcess ©%2 ® (3.24)

where df is independent of voltage. Thus the excess current

cannot be attributed to a tunneling process with the tunneling pro-

bability exponent proportional to the product of the tunneling path

length and Im p.

s since [obviously cannot be related to Im Pin .

S
Nor can the current be attributed to thermionic emission; this

process would require a current temperature dependence much

greater than that observed,
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Undoubtedly.- the excess current invoivés tunneling of electirons
through thé forbidden bahd since the observed temperature in-
sensitivity implies that non-thermal electrons are responsible for
the phbcess. However, the factors affecting the tunneling pro-
bability are not understood,

It is also doubtful that the excess current was the result of
a sudden wvariation in the barrier geometry for structures with
thicker insulating regicns. At sufficiently high voﬁages the tunnel-
ing current vwas agaln seen to exceed the excess current, The
tunneling current voltage relationship corresponding to N&“y&éﬁw
voltages applied to the counterelectrode such that eV >}é is re-
lated to the variation of the tunneling path length with voitage and
consequently is a sensitive measure of the barrier shape. The

expected relationship is

,&/J%—%W/z/z,é{f%!}g/ gef-e?"

rr w2
APy 7 L

The 77°K current voltage characteristic for an Al-AIN-A]

(3.25)
ahere |

structure with an insulator thickness of 5§ 4& for high u@-g?@'\:fwﬂ-
voltages applied to the counterelectrode in pulse form (pulse

width 50 us) is plotted in a manner appropriate to (3.25) in
Figure 3.25. The values used for Q// and Qé were those obtained

in the determination of the insulater energy momenium relation.
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Figure 3.25 770K current for high negative voltages applied to
the counterelectrode of an Al-AIN-AIl structure with insulator
thickness 55 A&, (¢, = 1,67 eV; gﬁz = 2,00 eV).
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It is evident that .(3-.11) doesuindeed describe the observed cur-
rent, The slope of the piot, proportioﬁal td B*(%)xo, agrees
quite well with 'that expected on the basis of the energy momen-
tum relationship; the extrapolated value for J‘;* is less
than a factor of ten smaller .than the value expected on this basis,

. Current voitage characteristics for high pesiftie: voltages
applied to the couﬁtere!ectrode could not be obtained. Indeed
the data presented in Figure 3.2% was not easily reproducible,
This is easily understood when it is realized that the voltages
used for these measurements led to fields within the insulator
appreoaching IO7 volts per centimeter,
3.3 PROPERTIES OF STRUCTURES WITH GOLD

COUNTERELECTRODES

The current voltage characteristics of Al-AIN-Au structiures
were consistent with those observed in structures having Magnes—
ium and Aluminum counterelectrodes. The tunneling current was
dominant in structures with the thinnest insulating regions; the
excess current was dominant in structures with thicker insulat-
ing regions,

However, a peculiar effect was observed. The capacitance
of the structures with the thinnest insulating regions decreased
with time. A change of approximately 20% occurred within an

hour after fabrication. Further decrease of the capacitance
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Was negligible. rThe effect could not be cérrelated to the wvaria-
tion of the inéulator* -thickness since the magnitude of the tunnei-
ihg currents through these siructures remained essentially con-
stant, Consequently, values of insulator thickness assigned to
these strﬁctur*es were rather arbitrary in that they were based

after f

on capacitance measuremants talken immediately

_ o
Figure 3.26 presents the 77 K current voltage character-

o)
istic for a structure with an insulator thickness of 52 A for

positive voltages applied to the counterelectrode., A power law
is evident
22
OZ 3,26
ZACess V ( )
where n = 7.4, It is to be noted that this is the same value of

n appropriate to the power law exhibited by excess currents in
Al-AIN-Al siructures,

The tunneling current voltage characteristics could certainly
not be interpreted in terms of a parabolic energy momentum rela-
tionship; the current was resistive up to applied voltages of
approximately | volt {see Figure 3.27). This behavior is,
however, consistent with the energy momentum relationship ex-
pected within a finite forbidden enehgy gap.

On the bLasis of previous data and the difference in work
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Figure 3.26 77°K excess current in Al-AIN-Al structures
with insulator thickness of 52 ,& (counterelectrode positive).




— D

o

£

O

™~

[N

=

[

=l

—=

-

o

oy -2

(=]

|
-5

s

OHMIC FIT

o .
Figure 3.27 300 K tunnsling current in an Al-AlN_
Au structure with an insulating region thickness of
approximately 30 Ag {counterelectrode positive),

———

L L. I L |

05 1.0 5 20 2.5 30
APPLIED VOLTAGE (voits)




He

functions and elecironegativities for Gold an.d Aluminum, ¢, is
expected ifo retaln Its value of 1.67 eV and ¢2 is expected to be
in the vicinity of 2.7 eV. = Thus the tunneling path corresponding

to {ow applied voltages covers energies ranging from 2.7 to |.67
eV below the insulator conduction band edge. Since the for-
bidden enebgy gap of AIN is 4.2 eV, Im Pins will at these energies.
be either independent of energy or decreasing towards a zero
value at the insulator valence band edge. The tunneling pro-
babhility, proportional to the tunneling path length and Im Py ins
encountered along a tunneling path, is thus expected to be in-
dependent of voltage uniil _the tunneling path starts to cover en-
ergy ranges where Im Pins decreases with Increasing energy.
The observation that the tunneling current was resistive

up to applied voltages of approximately | volt is consistent with

this picture.

3.4 CONCLUUSION

Currents through insulating layers of Aluminum Nitride were
identified as those resulting from electron tunneling not on the
basis of fitting experimentally observed current voltage character-
istice to thosc predicted on the basis. of some arbitrary model
but rather on the basis of the dependence of these characteristics
on insulator thickness. The characteristics themselves were

used to obtain some specific information about the energy momen-
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tum relationship Witﬁin the forbidden band of Aluminum Nitride,
It was found that the effective mass to fr;cc clectron mass ratio
at the conduction band edge was 0,40 + 10%. Evidence that
{Im p;ns)z_ became independent of energy below that halfway
between the wvalence and conductioh band edges indicated that
the effective mass to free eleciron mass ratic at the valence
band edge was gr‘éater* than that at the conduction band edge,
The different values for %z obtained with the use of various
counterelectrode metals indicated that surface states played a
minor role in determining the barrier energy at the counter-

electrode insulator interface,



118
REFERENCES

l. Morse and Feshbach, Methods of Theoretical Physics
( McGraw-Hill, New York, 1953 ), pp. 1092-(106,

2. W, A, Harrison, FPhys., Rev.,, 123, 85, ( 1961},

3. M, Aven,C.A Mead,App. Phys, Lett., Vol. 6 No, 6,
103, { 1965 ).

4, W,C.Spitzer, C.A, Mead, Phys. Rev. i34 A, 712, (1964},

5. W,.R. Smythe, Static and Dynamic Electricity (McGraw-
Hill, New York, 1950), Chapt.5.

6., H.K. Henisch, Rectifying Semiconductor Contacts {(Oxford
at the Clarendon Press, 1957) p.171,

7. W, Schottky, Z. Physik, 15, 872, (i914),
8. J. Lagrenaudie, J., Chim. Phys., 53, 222, (1956)

9. F. Keffer, A.M, Portis, Jour. Chem., Phys., 27, 675
(1957)

0. R.Stratton, J. Phys. Chem, Solids, 23 1177 (1962).
i, J.G. Simmons, J.App. Phys., 34, 258l, (4963).

12, D. Meyerhofer, S.A, Ochs, J. App. Phys., 34 2535,
13. J.E, Hartmann, J. App. Phys,., 35, 3283, (1964},

4., R, Stratton, G.W. Lewicki, C.A., Mead, J. Phys., & Chem.
Solids, ( To be published )

15. N. Sclar, J. App., Phys., 33, 2999, (1962).

16, W. Franz, Handbuch der Physik ( Edited by Flugge, S. )
Volume 17, p. 155., Springer, Berlin (1962).

7. Morris, Braunstein, J. App. Phys., ( To be published}.

18, Hannay, Semiconduciors ( Reinhold Publishing Corporation,




e

New York, [959), p.450,



