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It is pointed out that the use of Vand's original equations for the evaluation of defect density
distribution in energy in as-grown thin films lead to results which are in error by at least 6% in the
case of thin films vacuum deposited at room temperature. Modified equations that can be applied
to thin films formed at any arbitrary temperature To K have been obtained. It is found that except
for one equation, the remaining three equations are identical to those of Vand. It has also been
shown that Vand's original equations can be applied in the case of thin films formed at an
arbitrary temperature if the actual time t in the original equation is replaced by a time to measured
as if heating had started at 0 K. Experimental plots of decay energy distribution of defect cluster
density [Fo(E) vs E plots] obtained using the modified equations and Vand's original equations in
the case of bismuth thin films deposited at different substrate temperatures (3@-450 K) are also
presented to show the extent of the errors and their substrate temperature dependence. These
errors are also compared with the errors inherent in the theory and the approximations made in
the derivation.

PACS numbers: 73.60.Dt, 68.55.

+ b, 61.70. -
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INTRODUCTION

It is well known that thin films prepared by the vacuum
deposition process contain a large number of lattice imperfections, owing to the very nature of the vacuum deposition
process, which are far in excess of the equilibrium concentration. These defects contribute significantly to the electrical
resistivity of a thin film. A majority of these defects can be
removed by aging and annealing treatments and, consequently, the electrical resistivity of the film will decrease. By
studying the nature of the variation of electrical resistivity
during the annealing/aging process, information can be obtained about the defects being removed. Vand has developed
a theory of resistivity changes associated with the annealing
of defects specifically applicable to thin films 1-4 by making
some assumptions. His theory has been applied by several
workers5- 2o to study the defects in as-grown thin films, and a
majority of workers have used the equations given in references. 2-4 However, these equations are valid only when the
thin films are prepared at or close to 0 K and heat treated
starting from that temperature. When the films are prepared
at much higher temperatures near or above room temperature ( - 300 K), the above equations give results which are in
error (by at least 5%) and give slightly distorted defect density distribution curves. The present paper arrives at modified equations which are applicable to any arbitrary, nonzero
temperature of film deposition. The equations are identical
to the original equations but for an extra term dependent on
the temperature of the film deposition in one of the equations.
MODIFIED EQUATIONS

Following Vand 1 we make the following assumptions in
arriving at the modified equations. In the fourth assumption
below we take into account the fact that the thin films are
prepared at any arbitrary temperature To K and hence the
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heating also starts at To K. Vand had assumed that the films
are formed at 0 K and the heating also starts at 0 K. Also, we
use the temperature of heating as the variable rather than the
time of heating, as was done by Vand. This is convenient and
simpler, as we shall see, to arrive at the equations.
(i) The defects which are annealed out at moderate temperatures of heating are of "combined type," that is, vacancies and interstitials in close proximity with each other, i.e.,
point defect clusters.
(ii) These point defect clusters require a characteristic
decay energy E to get annealed out by small scale diffusion
and the decay energy of the defects can vary from zero to the
activation energy for self-diffusion depending upon the number and the configuration of point defects constituting a cluster.
(iii) A defect of decay energy, E contributes to the resistivity of the film an amountp(E) and hence the contribution
to resistivity by all the defects is
Pi

=

So'" p(E)N (E )dE,

where N (E) is the density of defects of energy E.
(iv) The film is formed at To K and hence the heating
during the annealing process starts from To K. Also, the
heating rate dT /dt is uniform and is a K/s.
The starting decay equation ofVand l giving the rate of
change of defect density given by
dN(E, t) = _ CN(E, t )expl- ElkTI

(1)
dt
(where C = 4vmax n) can be written, by changing the variable
from time (t) to temperature (T), as
CN(E,~p T)
I-ElkTI
a dN(E, T) __
.
(2)
dT
Separating the variables and integrating from the initial tem-

0021-8979/84/041023-06$02.40

© 1984 American Institute of Physics

1023

[This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
142.157.129.62 On: Thu, 04 Dec 2014 23:59:57

perature To and defect density No to T and N, we get

cl

N

1
N"

- -dN -- N
a

Therefore, we can write the equation for PitT) as

T

exp (-ElkTldT.

(3)

Following Vand, if we put x = kT IE, the equation becomes
x

= --CEi
--

In{N I No)

ka

expl -

I/x)

dx,

(4)

x"

where Xo = kTolE.
Using the approximation valid for small x (i.e., temperatures much lower than Elk, which is indeed the case
because E -1-2 eV), viz.,
('" exp( )X11
we get

I/x)

dx

=

[XZ

exp( -

lx)]~",

(5)

-CE [x Zexp( - I/x) - x~ exp( - I/ "I]. (6)
ka
The approximation made in the solution of the integral
above amounts to about 2.5% at room temperature and
about 4% at 500 K. The function N (T) has an inflexion point
and at the latter we have, again assumingx« 1 and neglecting
x and x 2 in comparison to 1,
In{N I No)

(

1)

- ka) ( - -z-.

(7)

CE
x
Using a new variable u = l/x, we can write the above
equation as
exp( -

u)

au,
= -

(8)

CT
where we used E = kT Ix = ukT. Taking logarithms, we get
u

+ In u =

Now, as dT Idt

= a, we get

u

+ In u =

In

u

+ In u =

In 4vrnax nt + In [T I(T - To)),

(11)

f,

or
(12)

where we substituted C = 4vrnax n. We have

L"

p(E)N(E, T)dE=

L"

F(E, T)dE. (13)

It can be shown, following Vand,l that the first derivative at
the inflexion point ofthe function N (T) is

dN =
dT

-Nk ~
=
Z
E
X

-Nk u Z ,
E

(14)

which is very large in magnitude. [For example, if E = 1.5
eV, and u = 37, N changes by 8% for a 1° change in temperature.] Therefore, the function N (T) falls sharply at the inflexion temperature T;. Hence, we can replace the function
N(E, T) in the integral for PitT) by the function No(E), the
initial defect density for T> T; and, by N = 0 for T < T;.
1024

as, for E = Xi, No = O.
But, as we have seen, at the inflexion point of the function N(T)
exp

/_ l/x)

ka 1
=- 2.

(17)

CE x
Substituting back x = kT IE, and differentiating with respect to temperature T, we get, after some manipulation

dE; = ku(u+2) =kU, where U= u(u+2),(1S)
dT
u+1
u+1
and we used u = l/x = E IkT.
Substituting for dE;ldT from Eq. (IS) in Eq. (16), we

get
F. (E) =
a

- dp;ldT.

(19)

kU

The energy E is given from the relation

Therefore, upon substitution of the value of a in Eq. (9), we
get

pi{T)=

(16)

(10)

(T - To)lt = a.

(T-To)

(I5)

where E; is the lowest energy of the defects which are still
present in the film at temperature T;.
This implies that at any.temperature T there are two
groups of defects, one with energies E <E;(T) and the other
with E> E;(T) and only the latter group exists in the film at
the temperature T (in the initial concentration) and hence
contributes to resistivity. As temperature Tincreases, E; the
energy dividing the defects into two groups shifts to higher
energies, thus decreasing p; (T).
Differentiating the above equation with respect to temperature, we get,

(9)

In(CT la).

CT

(00 p(ElNo{E)dE= (00 Fo(E) dE,
JE,jTJ
JE,m

X

= --

exp(_ I/x) =

p;(T)=

1;,
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(20)

u = l/x =ElkT

by
E= ukT.

Using Eq. (12), the value of u for a given temperature T
(and time t) can be calculated and using this value of u, the
value of U can be calculated at the same temperature Tusing
Eq. (IS). Using these values of u and U and knowing the rate
of change of defect resistivity, dp; I dT at that temperature T
experimentally, the function Fo(E) and the decay energy E
can be calculated using Eqs. (19) and (20), respectively. Repeating this proceedure at different temperatures, a plot of
FoIE) vs E giving the defect density distribution in decay
energy can be drawn for the film in question.
Comparing Eqs. (12), and (18)-(20) with the corresponding Vand's equations I we find that while Eqs. (18)-(20)
are identical to those ofVand, Eq. (12) differs from the corresponding Vand's equation by an extra term on the right hand
side, viz., In [T I(T - To)] which is a function of the initial
temperature To and the temperature T. However, it should
be noted that because u is evaluated from this equation and
occurs in all the other three equations, the error occurring in
u due to the deletion ofthe term In [T I(T - To)] in Eq. (12)
gives values of U, Fo(E), and E [from Eqs. (18)-(20)] which
V. Oamodara Das
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To = 300 K, heating rate a = 3 K/min and maximum temperature of annealing 600 K. Then, In [T I(T - To)) has values between 2.0 and 0.3 for temperatures Tin the range 306600 K. As for the heating rate of 3 K/min, u will have values
around 37-38 for different temperatures, the error in the u
value in the above temperature range will be between 6%
and 1%. As U is very nearly equal to u the error in U will also
be nearly the same, and so also are the errors in Fo(E ) and E.
The Fo(E) value decreases by about 5.5%4).9% and the E
value increases by 6%-1 % for different temperatures in the
above range. The errors are larger at lower temperatures
(energies) and decrease as the temperature (energy) increases.
It should also be noted that as the deposition temperature To
increases, the errors in the plots become increasingly larger
as the term In [T I(T - Toll becomes larger.
Another important point to be noted is that the use of
the original equation for the evaluation of u leads to different
values of u at a given temperature (for a given heating rate)
for films deposited at different substrate temperatures and
hence gives different values of the decay energy for a given
temperature for the above films. This is basically wrong as
the energy associated with a given temperature should be
independent of the deposition temperature of the film. This
error which amounts to at least 6% is also eliminated by
using the modified equation because of the presence of the
additional term dependent on the temperature of deposition
in the equation.

are in error. It should be further noted that in the equation
for Fo(E), u occurs in the form U = u(u + 2)lu + 1 in the
denominator, while in the equation for E it occurs in the
numerator as u. Therefore, the errors occurring in Fo(E) and
E are of opposite sign and also of slightly different magnitudes [error in Fo(E) will be about 90% of that in E] and
hence the defect density decay energy plots [Fo(E) vs E plots]
will be slightly distorted.
The above error can be eliminated by the simple means
of measuring not the true time t, the time measured from the
start of heating, but the time to as if heating had started from
OK at a uniform rate of a K/s. This can be seen as follows.
We can write
In [T I(T - To)]

= In(T lat),

(21)

because T - To = at.
If to is the time taken to reach the temperature T from 0
K at a uniform rate of heating a K/s, then, T = ato.
Therefore, we get
In [T I(T - Toll

= In(tolt).

(22)

Therefore, Eq. (12) becomes

u

+ In u = In Ct + In(tolt),

or

(23)

u + In u = In Cto.
This equation is similar to Vand's original equation u +
In u = In Ct, but for the fact that the true time t required to
reach the temperature T is replaced by the time to measured
as if the heating had started from 0 K itself at the same
uniform rate of a K/s. Thus, in Vand's original equation if
we use to instead of t the error is eliminated and the value of u
evaluated will be correct. Hence, the errors in U, E, and Fo(E )
will also be eliminated and so also the slight distortion in
Fo(E) vs E plots.

COMPARISON OF CALCULATIONS FROM
EXPERIMENTAL DATA

MAGNITUDES OF THE ERRORS INVOLVED

Figures 1-5 show the plots of decay energy distribution
of defect cluster density [Fo(E) vs E plots] obtained by applying modified equations and Vand's original equations to the
experimental data on bismuth thin films vacuum deposited
at substrate temperatures 30, 70, 95, 120 and 170·C and
heated up to about 200 ·C at the rate of 3 K/min. It should be
noted from the figures that the lowest energy of the defects
whose information can be obtained is about 1.08 eV in the
case ofthe film deposited at room temperature (30 .C). This

To estimate the magnitudes of the errors involved let us
take the typical values of experimental parameters as

6O1~=-.
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• Modified Eqns
e Unmodified Eqns
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FIG. 1. Fo(£) vs £ plots obtained by applying
(a) modified equations (A) and (b) original
equations (e) to the experimental data during
annealing of a bismuth thin film deposited at
substrate temperature of 30 ·C. (See text.)

E
3
E

o
~m

@

;E
100
O,~

______
________ ______ ________ ________
tOO
1.10
1.20
1.30
1.40
1.50
~

~

~

~

~

Decay energy E (eV) 1025

J. Appl. Phys., Vol. 55, No.4, 15 February 1984

V. Oamodara Oas

1025

[This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
142.157.129.62 On: Thu, 04 Dec 2014 23:59:57

501r=:;-~

Substltlte temp 70°C

t 400
~30

•
•

Ma::Iified Eqns
Unma::lified E ns

>
FIG. 2. Fo(E) vs E plots obtained by applying
(a) modified equations (.) and (b) original
equations (e) to the experimental data during
annealing of a bismuth thin film deposited at
substrate temperature of 70 'C. (See text.)
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is so because at this temperature the defect clusters of decay
energy less than about 1 eV are already self-annealed before
the experimental measurements can be started and hence no
information about them can be got from the measurements.
As we go to higher substrate temperature of film deposition,
this lowest energy of defects whose information can be obtained shifts to higher energies. [For example, for the film
deposited at 170°C, this energy increases to 1.47 eV.] This is
understandable as the defects of still higher energies are selfannealed at this temperature.
An examination of the two curves in each of the figures
shows that the curves calculated from the modified equations shift to higher energies and to lower Fo(E) values compared to those calculated from the original equations. This
observation is in accordance with the discussion on the magnitudes of the errors involved.
Further, a careful examination of the plots shows the
following.
(i) The plots obtained by the modified equations shift by
larger and larger amounts from lower to higher decay energies from the plots obtained by the original equations as the
substrate temperature of deposition increases. [For example,
the shift at the lowest energy point for the deposition temperature of 30°C is 0.05 eV while for 170°C it is 0.15 eV.]

(ii) Similar dependence of the magnitude of the shift is
also observed in the case of Fo(E ) values which decrease by
increasing amounts as the deposition temperature is increased. [Because of the small scale on the vertical axis, this
is not readily apparent, but it is so.]
(iii) In a given figure, the magnitude of the shift due to
the modified equations [both in the decay energy and the
Fo(E) values] is larger at the lowest energy point of the plots
and smaller at the highest energy point. [For example, in Fig.
1 (substrate temperature 30°C) the shifts in energies at the
two points are 0.05 and 0.02 eV while in Fig. 5 (substrate
temperature 170°C) they are, respectively, 0.15 and 0.08
eV.]
All the above observations made from the plots obtained from the experimental data are in agreement with the
discussion on the magnitudes of the errors involved in the
use of the original equations.
COMPARISON OF THE ERRORS WITH THE
APPROXIMATIONS IN THE THEORY

It is interesting to compare the magnitudes of the errors
involved due to the deletion of the extra term in Eq. (12) with
those inherent in the approximations made in the derivation

FIG. 3. Fo(E) vs E plots obtained by applying
(a) modified equations (.) and (b) original
equations (e) to the experimental data during
annealing of a bismuth thin film deposited at
substrate temperature of 95 'C. (See text.)
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FIG. 4. Fo(E I vs E plots obtained by applying
(al modified equations (.&.I and (bl original
equations (-I to the experimental data during
annealing of a bismuth thin film deposited at a
substrate temperature 120 'C. (See text. I
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and the assumptions of the theory.
(i) In the solution of the integral in Eq. (5) the approximation made amounts to about 2.5% at room temperature
and about 4% at 500 K.
(ii) The error in finding the inflexion point of the curve
N (T) vs Tis also a function of temperature and is about 5% at
room temperature and increases with temperature to about
7.5% at 500 K.
(iii) The approximation of the function N (E) to a step
function in arriving at Eq. (15) leads to an error which is also
temperature dependent and increases from about 1.5% at
room temperature to 2.5% at 500 K.
(iv) A nearly constant value of n = 10 assumed for the
defects of all energies does not lead to a significant error in
the calculation, for in the term In eto = In 4vrnaxntO' to is of
the order of 5000-10 000 sand n is of the order of 10, so that
the former is 2-3 orders of magnitude larger than the latter
[vrnax is _10 12/s]. Hence, the error due to this assumption is
less than 1% of the present error.
(v) The experimental limitation of measurement and the
delay time involved in heating after the film is formed only
limits the lowest energy of the defects whose information can

501l~=-

_ _ _ _ _ _~

1.50

1.60

be got by the experiments as detailed earlier and does not
contribute to any error in the calculations.
A comparison of the errors in (i), (ii), and (iii) above with
the error involved due to the deletion of the term in Eq. (12)
in the case of the film deposited at room temperature shows
that the error in (i) is about 1/2 and 2.5 times, in (ii) is 1 and 5
times, and in (iii) is 1/4 and 1.5 times the error involved in the
deletion of the term, at temperatures 300 (lowest energy) and
500 K (highest energy), respectively.
In the case of films deposited at higher temperatures,
the error involved due to the deletion of the term in Eq. (12) is
much larger than the errors in (i), (ii), and (iii) for all temperatures (energies). For example, the former error in the case of
the film deposited at 170 ·C is, respectively 6, 3, and 10 times
larger at low energies (300 K) and 2, 1, and 3 times larger at
higher energies (500 K) compared to the errors in (i), (ii), and
(iii), respectively.
CONCLUSIONS

It is pointed out that the use of Vand's equations for the
evaluation of energy distribution of defects for the films

o
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FIG. 5. Fo(EI vs Ep10ts obtained by applying
(al modified equations (.&.I and (bl original
equations (-I to the experimental data during
annealing of a bismuth thin film deposited at
substrate temperature of 170 'C. (See text. I
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grown near or above room temperature using the annealing
method leads to errors of at least 6% and slightly distorted
energy distribution plots. Modified equations that can be
used for the films deposited at temperatures other than 0 K
have been obtained. It has been shown that Vand's original
equation can be used without error by simply replacing the
true time t by a time to measured as if heating starts from 0 K
at the same rate of heating. The calculations on experimental
data of bismuth films deposited at different substrate temperatures confirm the extent and the nature of the errors
involved. It is also found that these errors are much larger
than those inherent in the theory and the approximations
made, especially for films deposited at higher substrate temperatures.
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