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Two different methods based on (a) the tunneling junction model and (b) the optical model are used 
to determine the metallic aluminum particle concentration in aluminum oxide thin films prepared by 
thermal evaporation o f pure aluminum under appropriate vacuum conditions. The concentration 
determined from these two models agree with each other at high concentrations and show 
considerable deviation at low concentrations.

I. INTRODUCTION
Electrical current-voltage characteristics of vacuum - 

evaporated aluminum oxide thin-film sandwiches show 
different non-Ohmic conduction behavior for various 
samples prepared by thermal evaporation of pure alumi­
num at different evaporation pressures.1 Variation of 
this non-Ohmic conduction behavior for various samples 
is attributed to the concentration of the metallic alumi­
num particles embedded in the oxide during the evapora­
tion process.

In this paper, two different methods are used to deter­
mine the metallic aluminum particle concentration in 
aluminum oxide thin films evaporated in vacuum. These 
are (a) the electrical resistivity based on the tunneling 
current produced between aluminum particles embedded 
in the oxide and (b) the equivalence of the optical prop­
erties of the aluminum-embedded aluminum oxide film 
to that of an effective pure metallic aluminum thin film.

II. TUNNELING JUNCTION MODEL (REF. 2)
It may be assumed that the evaporated film consists of 

a continuous amorphous aluminum oxide in which small 
crystallines of pure aluminum spheres are uniformly 
dispersed. A cube full of touching identical spheres 
will represent 74% of the total volume. For metallic 
concentration C higher than 74%, these spheres will be 
in contact with each other and the grain boundaries of 
the spheres are occupied by the oxide. For C less than 
74%, the spheres will be separated by the insulating 
barrier of amorphous oxide. The spacing between the 
metallic particles will thus depend on the diameter as 
well as the concentration of these particles. In these 
calculations, the radius of the spheres and their spac­
ing are assumed to be constant for a given sample.

Let L be the thickness of the film, S its cross section, 
a the radius of the spheres, D the spacing between the 
centers of the neighboring spheres, d=D -2a ,  the near­
est distance between the spheres, and r, the resistance 
of one tunneling junction.

The total resistance Rj of a given sample is assumed 
to be made up of L/D  resistors in series and S/D2 resis­
tors in parallel multiplied by the unit resistor rt be­
tween two neighboring particles and thus

Bi = rJ(L/J))(D*/S)=rJ(L/S)D. (1)
The resistance of a tunneling junction is proportional 

to exp\k{dJ(p)] and inversely proportional to the area of 
the junction. Hence, rs included between two spherical 
grains can be written
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rs = (A/tta2) exp[& (dJtp)\, (2)
where k is a constant, A is the proportionality constant 
taking into account the spherical shape of the electrodes, 
and <f> is the barrier height of the metal-oxide junction.

The parameters d and D are simply related to the 
volume concentration of crystallized aluminum concen­
tration C by the following equations:

d= 2a[(0.74/C)1/s -1 ] ,  (3)

D— 2a(0. 74/C)l/3. (4)

Using Eqs. (2)—(4), Eq. (1) can be written

Rj =R0(y + l)exp[k(2a'fcp)y], (5)

where R0 is the normalized resistance independent of 
the concentration and the particle size and

y = [(0.74/C)1/3 -1 ] ,  (6)

If a is expressed in Â and <p in eV, then k =  1.025 
A '1eV'1/2 and is taken to be unity for practical 
purposes.3

The total resistance Rt of a granular film can be 
written as the sum of RG, the total metallic grain resis­
tance, and Rj} the total barrier resistance, i . e . ,

Rt = RG+Rj (7)
Two limit cases can be considered:

(1) At high metal concentrations, the resistance of 
the film corresponds essentially to that of the continu­
ous paths of the metallic filaments, and Rt ~RC.

(2) At low metal concentrations, R} is several orders 
of magnitude higher than RG; hence, Rt ~R}.

In case (2), the total film resistance is due only to 
the barriers and depends on the concentration, grain 
size, barrier height and normalized resistance R0.

Keeping the evaporation rate constant and increasing 
the evaporation pressure, the radius of the metallic 
spheres a may decrease as the concentration decreases. 
The current-voltage characteristics of such sandwiches 
indicate that the aluminum particles act as trap centers 
in the oxide with the effective Fermi level moving up 
toward the conduction band and the barrier height <p de­
creases for increasing concentration. Thus, in the tun­
neling current calculations, the product 2a J<p may be 
assumed constant for a wide range of concentration val­
ues. Therefore, if Lnf? is plotted against the parameter 
y for y «  1, the slope and the y =  0 intercept of this curve 
will be equal to k(2aVy>) and R0, respectively.
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FIG. 1. Lnftin-v s -3; plot, i?in, initial low field resistance of the 
sample; y = Ö. 741/3-  1. Ct and Cop are the concentrations 
based on the tunneling and optical model , respectively.

Equation (5) may now be used to calculate the alumi­
num concentration Ct within the oxide using the low field 
resistance values ,Rin of the samples determined from 
the slope of the corresponding initial current-voltage 
characteristics. Ct is the concentration which is deter­
mined according to the tunneling model. Figure 1(a) is 
drawn with a slope equal to k(2aJcp) using 2a — 20 Â 2 
and <p~ 2.0 eV 4 with the y = 0 intercept of R 0=  1.2 ft 
which is found experimentally for a pure metallic alumi­
num thin film having the regular sample geometry.1 
From this curve, the concentration Ct is determined us­
ing the corresponding electrically measured R in values.

III. OPTICAL MODEL
The optical model for concentration determination of 

such films is based on the equivalence of an aluminum 
oxide thin film containing uniformly distributed metallic 
aluminum particles to that of a pure metallic aluminum 
thin film both having the same optical absorption 
characteristics.

The actual evaporated film is illustrated in Fig. 2(a).
It consists of a substrate having an index of refraction of 
1.5 coated with an amorphous aluminum oxide in which 
small crystallites of pure aluminum spheres are uni­
formly dispersed. The total reflectivity and transmissiv­
ity of such a sample are p and r, respectively.

We now assume that the optically equivalent structure 
of this sample can be represented as shown in Fig. 2(b). 
It consists of the same substrate on which there is an 
equivalent pure metallic thin film with a reflectivity pm 
and transmissivity rm. This metallic film is covered 
with a pure amorphous aluminurq oxide which has an 
index of refraction of 1.5.

If the interferometrically measured thickness of the 
original sample is Lin and that of the equivalent metallic 
film, having the same optical absorption characteristics 
as the original sample, is L m, the concentration of the 
metallic aluminum particles within the oxide can be cal­
culated from the following relation:

«VO-™  =  L m/ L in. (8)
Here, Cop is the concentration based on the optical 
model and the factor 0. 74 is due to the difference be­
tween the pure metallic film and the volume occupied by 
the touching spheres.

The optical equivalence of the evaporated oxide film 
and the metallic aluminum film is based on the following 
assumptions:

(a) The total optical absorption A t of the oxide is due 
only to the metallic absorption A m by the embedded 
aluminum particles and it is calculated from

p +t +4.=i-
The scattering loss is neglected.1

(b) The reflectivity is also assumed to be due only to 
the metallic particles, since the index of refraction of 
a pure aluminum oxide film is experimentally found to 
be equal to that of the glass substrate («=  1. 5). This 
agrees with the other measured values found in the 
literature.5

Thus, the change in the reflectivity and transmissiv­
ity of the films having different concentrations is due 
only to different corresponding metallic thicknesses.

The reflectivity p,  transmissivity r and interferome­
tric thickness L in of an evaporated aluminum oxide film 
are measured. The reflectivity pm and transmissivity 
t are also measured as a function of the thickness Lm m
of vacuum-evaporated pure aluminum thin film for vari­
ous metallic thicknesses. These data on metallic reflec­
tivity and absorption of pure aluminum film as a func-

FIG. 2. Optical model, (a) Aluminum-embedded aluminum ox­
ide film on a glass substrate with the reflectivity and transmis­
sivity p and r, respectively, (b) Optically equivalent film sys­
tem. Lm, equivalent metallic film thickness; (£m)N = 0.74Lm, 
normalized thickness. pm and rm are the reflectivity and trans­
missivity of the thin metallic aluminum film.
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TABLE I. Electrical and optical data on typical samples. L ln, interferometrically measured thickness; R la, initial resistance; p, 
reflectivity; r, transmissivity; Lm, equivalent pure metallic thickness Ct and Cop are concentrations due to tunneling and the 
optical models, respectively; d ,  the nearest separation distance between the A1 particles.

P  ( T o r r ) L ln (A) Rin  ( « > p ( % ) T < % ) £ m <A) C t (%) e »  (%> d  (A)
4 x l0 -3 1400 1 2  x io® 8 92 0 19.1 0 1380

1345 7X10® 19.3 78. 5 73 19.8 4 .0 349
Q) 1330 4.5X10® 46. 5 42 126 20.4 7.0 190
U
3 865 2.88X10® 55. 5 30. 5 140 21.1 12 103. 5
CO 770 2. 5 x i o 6 64 20 162 21.3 15.6 74.8
U 705 2 .28X106 68.7 10.3 179 21.5 18. 8 51.9

700 2.1 X106 71.7 8 197 21. 5 20.8 50.4
695 1.97x10® 71.8 6. 7 198 21.1 21.1 49 .8

a 685 1 .5  xlO® 72. 5 4. 8 206 22.3 22.2 46 .3
u
o 680 1.2 xlO® 73 4 .2 207 22.4 22.3 45. 8
<D
Q 670 0.167X10® 76. 5 2 236 25.8 25. 8 31.3

657 650 87. 5 0. 5 362 40. 7 40.7 16.3
653 82 90 0 428 48.4 48.4 10. 5

10-s 650 1.25 92 0 650 74 74 0

tion of thickness agrees with measurements found in the 
literature.6 All the optical data are taken using X= 6328 
Â radiation of a He-Ne gas laser.

For a sample with a thickness Lin, the absorption 
value Am is compared to that of a pure metallic thin 
film and the equivalent metal thickness Lm is found hav­
ing this same optical absorption. The concentration 
Cop, which is calculated from Eq. (8) is then used to find 
the equivalent parameter y01/ and these yop values are 
plotted as a function of the corresponding initial resis­
tance values ftin, as shown in Fig. 1(b).

As can be seen from Figs. 1(a), and 1(b), the two 
methods agree with each other at high concentrations 
up to C= 21% (y  =  0. 5) and the assumption of 2a'fip be­
ing a constant is thus verified for y «s 0. 5 by the optical 
model as well. The deviation of the two methods above 
C = 21% is attributed to the failure of the tunneling 
model which is effective up to metallic particle spac- 
ings of da 50 A 7 corresponding roughly to y «0. 5. The 
current-voltage characteristics of the samples having 
low concentration indicates that electrical transport 
properties besides tunneling phenomena should be con­
sidered above the particle spacing of ~ 50 A . 8 In addition 
to these, Eq. (5) cannot simply be represented by a 
straight line on a logarithmic scale for y > 0. 5. There­
fore, the optically determined concentration values are 
considered to be the true concentration for further study 
on the oxide films.

Various parameters which are electrically and opti­
cally measured are listed in Table I. The reflectivity of 
a pure oxide sample verifies assumption (b) made for 
the optical model, since p= 8% and t= 92% for a pure 
oxide film is the same as the reflectivity of the glass 
substrate.

The optical thickness measurements have ±10 A ac­
curacy at 50 A thickness.
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