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General expression for the temperature 
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After calculating the different contributions to the resistivity of a thin film, a general 
expression for the temperature coefficient of resistivity in a polycrystalline semi-metal 
film is derived by taking into consideration the influence of internal size effects on the 
film resistivity in terms of the Mayadas-Shatzkes function, thermal strains and the dif- 
ference in the thermal expansion coefficients between the film and its substrate. A 
comparison with experimental data, in the temperature range 77 to 500 K, over grain 
size range 30 to 200 nm, for antimony films, 200 nm thick, is made. Good agreement has 
been found between experiments and the theoretical equations we proposed. 

1. Introduction 
Polycrystalline thin films exhibit three kinds of 
electronic properties: bulk properties, properties 
that are induced by the surfaces, and properties 
that are connected with the crystal arrangement 
and the size of the aggregates. 

For a polycrystalline semi-metal film, the total 
resistivity, p~, including isotropic background 
scattering, grain-boundary scattering and external 
surfaces scattering, can be calculated from 
Matthiessen's rule [1]: 

Pf = P o + P D + P s  (1) 

where Po is the bulk resistivity,pD the contribution 
to the resistivity due to structure defects, and Ps 
the contribution to the resistivity due to surfaces. 

Calculation of the specularity parameter value, 
with the Fuchs-Sondheimer theory [2, 3] gives 
the external surfaces scattering contribution to the 
resistivity, Ps. This, for the grain-boundary scat- 
tering, calculated on the assumption that pg = 
Pf --Ps is connected to Po by the relation [4]: 

pg = poF(~)  -1, 
with 

x [6f(a)--  6(1 + a ) - '  + 3a(1 + a) -21, (3) 
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where f (a) is  the Mayadas-Shatzkes function [5], 
k the Boltzmann constant, and E~ the Fermi 
energy. 

In most experiments related to thin films, it is 
generally assumed that the thermal expansion 
coefficients of film thickness and grain diameter 
are negligible with respect to the bulk temperature 
coefficient of resistivity (TCR) /3o [6-8].  The 
validity of this assumption fails when/30 takes very 
low values, as happens for semi-metal films. When 
the film is attached to a substrate, thermal strains 
are operative if the expansion coefficients of the 
film and its substrate, Xf and Xs, respectively, differ. 
The difference between the TCR of supported and 
unsupported films is calculated. The general 
expression for the TCR, including the effects of 
thermal expansions of the film thickness of the 
grain diameter and of the electronic reflection coef- 
ficient, R at a grain-boundary, is given starting from 
the expression of Equation 2. 

Few comparisons with experimental data have 
been made up to now, only for some noble metals, 
but without variation of the structure (dimension (2) 
of crystallites). The influence of grain boundaries 
is all the more important, when the bulk mean free 
path (mfp) lo, is comparable to the dimensions of 
crystallites. 

A material such as antimony, which has an mfp 
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Figure I Thickness variation in the resis- 
tivity of antimony films deposited at 
different substrate temperatures. 

equal to 230nm at room temperature [9], is 
especially appropriate to judge the adequacy of  a 
grain-boundary model. 

2. Different contributions to the resistivity 
The first analysis of  electrical measurement data 
for thin films was carried out by Fuchs [2] and 
developed by Sondheimer [3], who proceeded 
from the solution of  the Boltzmann equation. 

Generally, to compare experimental data 
with the theoretical predictions of the F u c h s -  
Sondheimer model, it is usual to fit data with the 
limiting form of the resistivity: 

pf = pop [l+~(X--p) ~] ,  (4) 

pop and lop are, respectively, the resistivity and the 
mfp of  bulk metal having the same structure as the 
film, p is the specularity parameter. 

We have plotted, for different substrate tem- 
perature, the data in the form p~ against 1/d (Fig. 
1) and obtain straight lines. The ordinate intercept 
determines the infinitely thick film resistivity, pop, 
and the slope, i (1 --p) poolo=. We cannot deduce 
separately the values of  lop and p. We must evaluate 
l=o, according to the law p / =  constant (at room 
temperature, P0 = 46#~2cm; lo = 230nm [9], 
before calculating the specularity parameter. These 
results are given in Table I. p does not depend on 

1" A B L E I Results of size effects 

T s (~ C) p~ lop (nm) (1 -p)  lop p 
0~s2 cm) (10 -2 ~m) 

150 45 235 4 0.83 
Room 
temperature 69 153 2.6 0.83 
300 95 111.4 1.6 0.86 
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the structure of  the film. Its value shows that the 
surfaces appear to be largely specular for charge 
carriers, according to a recent paper of  Pariset [10]. 
po. is different and dependent on substrata tem- 
perature, Ts. 

These results are not surprising, since we have 
shown that the dimensions o f  crystallites are dif- 
ferent [11]. A general analysis including size effect 
and internal size effect is needed to describe the 
total resistivity. Estimating the contribution to the 
resistivity due to surfaces by: 

p~/~  
p, = ~ ( 1 - - p )  d (5) 

with the determinated value of  p ( p  = 0.83) and 
attributing the difference to defects (grain- 
boundaries). 

For antimony films, deposited by evaporation 
using an electron gun, in a vacuum of 10 -7 torr, on 
a fused quartz substrate at 150 ~ C, with a rate of  
deposition of  2.5 nm sec -1 ~< v ~< 3 nm sec -1 , the 
different contributions to the resistivity at room 
temperature as a function of thickness are sum- 
marized in Table II. 

3.  V a r i a t i o n  o f  g r a i n - b o u n d a r y  resist ivi ty 
w i t h  t e m p e r a t u r e  

To confirm the validity of the extended Mayadas 
and Shatzkes model to describe the grain-boundary 

T A B L E 11 Different contributions to the resistivity 

d (nm) 

50 100 150 200 300 400 

pf(gs2 cm) 180 112 87 73 69 66 
pD(/Z~2cm) 120.5 59.3  36.5 23.6 20.8 18.3 
ps ~ugz cm) 13.5 6.7 4.5 3.4 2.2 1.7 
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Figure 2 Variation of pg with temperature. 

effect, we have chosen to follow the experimental 
variations of  pg with temperature, see Fig. 2, for 
four samples of  antimony, 200 nm thick, with dif- 
ferent sized crystallites, whose fabrication con- 
ditions are summarized in Table 1II. 

4. General expression for the temperature 
coefficient of resistivity 

The film TCR/3g is defined by the usual relation: 

/3g = ~ do____gg (6) 
pg d T "  

we obtain: 

/3g --- /3o 1 + _-7--7. 1 + - -  
/3oD dT 

- - ~ 0 R ( 1  - -R)dT]  + 61-~F / F(a) 

T A B L E I I I Conditions of deposition 

an(s) L 1 dD 
x ~  I1 +/~oD d-'----~ --' og(1-R;dTIJ } 

zr2k2 T h(c0 (7) 

3Eb F ( a ) "  

We have to consider the thermal expansion coef- 
ficient of  the grain diameter 

1 dD 
X D = 

D d T '  

the average grain diameter corresponds to a 
dimension lying in the direction of  the long- 
itudinal electric field. I f  the width of  the grain 
boundary is significantly smaller than the grain 
diameter, then: 

L = nD 
and 

1 dL 1 d(nD) 1 dD 

L dT - nD dT D dT - Xf. (8) 

The parameter R is by its definition, a function 
of  energy. It follows that a thermal variation can 
exist. Experimental data of resistivity gives the 
value of  a,  verifying Equation 2, for all tempera- 
tures. We can then calculate R and 

1 dR 

R ( 1 - - R )  dT 

When the film is attached to a substrate, thermal 
strains are operative if the expansion coefficients 
of  the film and its substrate, X~ andxs, respectively, 
differ. To express the total effect of thermal strains 
on the TCR, it is convenient to introduce the 
mechanical strain coefficients e of  the film: (L = 
length, w = width, d = thickness) 

eL = ew = (1--p~)-~ (9) 

pf  being Poisson's ratio 

e d = -- [2p f / (1 - -p f ) ]  e (10) 

Sample 

1 2 3 4 

Method of deposition 

Substrate temperature (~ C) 
Rate of deposition (nm sec-' ) 
Annealing temperature (~ C) 
Dimension of erystallites (nm) 

Evaporation with Evaporation with Evaporation with 
electron gun electron gun electron gun 
150 250 20 150 

30 50 50 2 
250 250 250 250 
200 100 50 30 

R.F. Sputtering 
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e = ( 1 1 )  

The differential variation in resistivity due to 
thermal strains is then given by: 

dgf 
- -  = 3'Lu eL + 3'wuew, (12) 
Pf 

where 3'Lu and 7wu are the longitudinal and trans- 
verse strain coefficients of  resistivity of  unsup- 
ported films. The partial thermal variation in dot /  

p i which is exclusively due to thermal strains 
gives the difference between the TCR of supported 
and unsupported films [ 12]: 

3er~ aew (13) 
~ f s - ~  = VLu a - f - -+  v , ~  aT " 

The general expression for the TCR including the 
effects of  thermal expansions of  the film thickness, 
of  the grain diameter for a supported semi-metal 
film is: 

{ ~ [df(~) ( I+x--Af 
firs = flo I + F ~ [  da flo 

floR(1--R) dT +-C x E r  Go 

1 dR,I)  'k2r 
r  - ~ - ) ] j  3E~ F(a)  

+ (TL~ + 7w~)(X~--Xr --pr  (14) 

5. Comparison with experiments 
Experimental data on strain coefficients of 
antimony films have been reported by Thureau 
e t a l .  [13]. They give: 

7Lu = 1.2, 7wu = 2.3. 
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Figure 3 Temperature variation in the TCR of supported 
antimony films, with crystallites of 200nm. /// Theor- 
etical variation; * experimental points. 
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Figure 4 Temperature variation in the TCR of supported 
antimony films, with crystallites of 100nm. See Fig. 3 
for key. 

we have also [14-16]  

Xs = 4 x 10 -7 K -1, Xf = 10.23 x 10 .6 K -1, 

pf  = 0.33. 

We have then 

flfs--flf = 5 . 1 4 x 1 0  - s  IC 1. 

To calculate the polycrystalline semi-metal film 
TCR, we must know fl0. We have only the experi. 
mental values of  P0 as a function of temperature 
given by Oktu and Saunders [9]. We have deter- 
mined an analytical expression for Po, before cal- 
culating the theoretical value of flo. 

Po = a +  b T + c T  2 

with a = 4.9201, b = 0.1466, and c = 0,74 x 10 -4. 
We can now plot the theoretical curves of the tem- 
perature coefficient of  resistivity of  supported 
polycrystalline antimony films, takinginto account 
the error on D ( D = D m e a n  +-10nm) and corre- 
sponding experimental points (Figs. 3 to 6). 

The shape of the theoretical variation is the 
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Figure 5 Temperature variation in the TCR of supported 
antimony films, with crystallites of 50nm. See Fig. 3 
for key. 
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Figure 6 Temperature variation in the TCR of supported 
antimony films, with crystallites of 30nm. See Fig. 3 
for key. 

same as the experimental one. The inaccuracy of 
experimental determination of /32(15% if P is 
measured at 5%), shows that reasonable fits are 
obtained. 

6. Conclusion 
The thickness dependence of the electrical resis- 

tivity of thin ant imony has shown that the surfaces 

appear to be largely specular for charge carriers. 
To solve the influence of grain boundaries on the 

total resistivity, a study of the temperature vari- 

ation is needed. The effect of thermal strains on 

the TCR is not negligible, because of the very low 

values of/3g. A general expression for the tempera- 

ture coefficient of resistivity in a polycrystalline 
semi-metal film was derived, and good agreement 

has been found between experimental data, in the 
temperature range 77 to 500K over a grain size 

range 30 to 200nm,  for ant imony 200nm thick. 

These experimental results show the validity of 

internal size effect, and the adequacy of the 

Mayadas grain-boundary model. 

References 
1. L. MAISSEL, "Handbook of thin Film Technology" 

(McGraw Hill, New York, 1970) p. 13. 
2. K. FUCHS, Proc. Cambridge Philos. Soe. 34 (1938) 

100. 
3. E. SONDHEIMER, Adv. Phys. 1 (1952) 8. 
4. D. DESCHACHT, A. BOYER and E. GROUBERT, 

Thin Solid Films 70 (1980) 311. 
5. A. MAYADAS and M. SHATZKES, Phys. Rev. B 1 

(1970) 1382. 
6. J. THOMPSON, Thin SolidFilms 18 (1973) 77. 
7. E. MOLAand J. HERAS, ibid. 18(1973) 137. 
8. C. TELLIER and A. TOSSER, ibid. 43 (1977) 261. 
9. O. OKTU and G. SAUNDERS, Proc. Phys. Soe. 91 

(1967) 156. 
10. C. PARISET, Thin SolidFilms 91 (1982) 301. 
11. A. BOYER, D. DESCHACHT and E. GROUBERT, 

3rd International Congress on Cathodic Sputtering 
and Related Applications Nice 11-14 September 
1979 (Soci~t~ Frangaise du Vide, 1979). 

12. C. PICHARD, C. TELLIER and A. TOSSER, J. 
Phys. D Appl. Phys. 13 (1980) 1325. 

13. p. THUREAU, B. LANIEPCE and P. JOURDAIN, 
Rev. Franqaise de Mgeanique 10-11 (1964) 7. 

14. QUARTEX Documentation Soci~t~ pour l'appli- 
cation des hautes temperatures si~ice et quartz 
vitrifies, c&amiques 61ectroniques, Paris. 

15. C, HODGMAN, "Handbook of Chemistry and 
Physics" (The Chemical Rubber Publishing Co, 
Cleveland, Ohio, 1963). 

16. G. KUCZYNSKI, Phys. Rev. 94 (1954) 61. 

Received 23 January 

and accepted 10 April  1984 

811 


