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Optical properties of vanadium thin films 
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The optical constants of vanadium thin films of different thicknesses were determined in the 
spectral range of 2.5 to 8.5 gm. These optical constants were used to evaluate some 
microcharacteristics of vanadium thin films such as the free charge concentration, the 
relaxation time, the static conductivity, the electron velocity at the Fermi surface, the mean free 
path and the specularity parameter. 

The determination of the microcharacteristics were carried out in conjunction with Drude's 
theory of free charge carriers as well as with anomalous skin effect theory. 

1. I n t r o d u c t i o n  
Investigations of the optical properties of thin metal 
films are of great importance in studies of the proper- 
ties of solids. The optical constants in conjunction 
with either Drude's theory or the anomalous skin 
effect can be used as a sensitive tool in the determina- 
tion of some microcharacteristics of metals and semi- 
metals. 

The aim of this work is to determine the optical 
constants of vanadium thin films in the spectral range 
of ,2.5 to 8.5 gm. The obtained optical constants of 
vanadium thin films were used in conjunction with 
both Drude's theory of free carriers and anomalous 
skin effect theory to calculate the following micro- 
characteristics 

(i) the free charge concentration no. 
(ii) the relaxation time ~. 
(iii) the static conductivity c~. 
(iv) the electron velocity at Fermi surface vf and 
(v) the specularity parameter P. 

2. Experimental procedure and results 
In order to determine the optical constants n and k of 
polycrystalline vanadium thin films in the spectral 
range of 2.5 to 8.5 lain, some samples of different 
thicknesses (50 to 100 nm) were prepared in vacuum of 
10-5 Torr  by thermal evaporation on mica discs held 
at room temperature during the deposition process. 
The deposition rate was kept constant at 3 nms -1. 
Transmittance measurements for each sample were 
carried out at normal incidence using PYE UNICAM 
SP-300 Infrared Spectrophotometer. 

Fig. 1 illustrates the transmittance T as a function 
of wavenumber for four samples, as a representative 
example. Curves a, b, c and d correspond to the 
thicknesses 50, 57, 80 and 100 nm, respectively. 

2.1. The optical constants of V thin films 
Generally, the determination of optical constants 
(n and k) requires at least two physical measurable 

quantities which may be the transmittance (T) and the 
reflectance (R). For high absorbing thin metallic films, 
however, transmittance at normal incidence of some 
samples of different thicknesses can be used to deter- 
mine the absorption index k using the following rela- 
tion [1] 

X ln(1/T2) - ln(1/T1) 
k = - -  (1) 

41~ t 2 - -  t 1 

where ~ is the wavelength at which the transmittance 
7"2 and T 1 were measured for two samples of thick- 
nesses t z and tl, respectively. Therefore, knowing the 
transmittance T1 and T z at certain )~ for two succes- 
sive samples of known thicknesses t 1 and t2, the 
absorption index k can be determined. The same 
procedure can be repeated for the whole spectrum 
under test. 

The refractive index n for such samples can be 
determined using 

T = 16nln2(n 2 -F k 2) 
[-(n 1 --[- n) 2 q- k2][-(/~2 q- n) 2 q- k 2 ]  

x exp )~ (2) 

where, n 1 and n2 are the refractive indices of air and 
substrate, respectively. The obtained values of both 
n and k determined in the infrared region, are illus- 
trated in Fig. 2. 

2.2. Optical constants of V thin films in 
conjunction with Drude's theory 
of free carriers 

According to Drude's theory [2], there are two rela- 
tions relating the optical constants (n and k) to the 
wavenumber of the incident radiation (9). These two 
relations are 

(k 2 - n 2 -k 1) - 1  = ( 9 0 ) - 2 [ ' ( 9 )  2 -~- (VR) 2 ] (3) 

(2nkv) = (9o)-Z(gR)-a[(9) -2 + (9,) - 2 ]  (4) 
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Figure 1 Relation between transmittance and wavenumber for four samples of different thickness. (a 50 rim, b 57 nm, c 80 nm, d 100nm) 
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Figure 2 Relation between n (�9 and k (Q) against )~ for thin V films. 

where 

and 

(90) 2 = n r  2 (5) 

9 R = 1/2nc'~ (6) 

where nr is ~the number  of conduct ion electrons per 
unit volume, e the electron charge, z the relaxation 
time, m* the effective mass and c light velocity in 
vacuum. 

F r o m  a plot of (k  2 - n 2 + 1) as a function of(9) 2 as 
shown in Fig. 3 one can, therefore, get a linear rela- 
tion, the slope of  which is = 1/(9o) 2. (2nkg)-1 is also 
plotted against (v)-2 as illustrated in Fig2 4. The slope 
of  the new straight line representing the second rela- 

5 8 4 4  

tion equals 1/(9o)2(VR). Accordingly, using the two 
slopes together, (90) 2 and (gR) can be determined. The 
obtained values for (90) 2 and (gR) are 108 cm -2  and 
44.5 x 10- 5 c m -  1, respectively. 

Using these values in conjunct ion with Equat ions 5 
and 6, the number  of conduct ion electrons per unit 
volume nc = 11.16 x 102o cm -3 taking into account  
that  m* = m = 9.1 x 10 -28 g, and the relaxation time 
,~= 11.9 x 10-15 s. 

If the number  of conduct ion electrons per unit 
volume (no) and the relaxation time (z) are known,  
the static conductivity (~) in vanadium films can be 
calculated using 

o = n c e Z z / r n  * (7) 
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Figure3 Rela t ion  between ( k = - n 2 +  1) -1 and  (v 2) for thin 

v a n a d i u m  films. Slope = 0.1 x 10 -7, vo 2 = 10 - s  cm 2, vR = 0.447 
X 10 3 cm-~ .  

If (90) 2 or no, the Planck constant h and the effective 
mass of the, electron m*, are known, it was found, 
therefore, that 

V v = 3 .72x107cms  -1 

2.3. Optical constants of Vanadium thin films 
in conjunct ion wi th  the anomalous 
skin effect 

We shall now consider the optical constants (n and k) 
of vanadium thin films in conjunction with both meas- 
urements of the electrical conductivity as well as in 
conjunction with the theory of the anomalous skin 
effect to determine the number of conduction electrons 
per unit volume, (n~) the relaxation time (z), and the 
product of V f ( I -  P) where P is the specularity 
parameter and Vf the electron velocity at the Fermi 
surface. 

The dispersion relations obtained by Dingle [3] for 
the optical constants of metals in the infrared region 
according to the first approximation are 
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Figure 4 Relation between (2 nkv) -1 and (v 2) for thin vanadium 
films. Slope = 1.513 x 10- ~ 1, vR = 0.66 x 10 -3 cm- 1 

On the other hand, the static conductivity o can be 
determined directly using the values of(9o) 2 and (gR) as 

o = C(9o)2/2(9g) (8) 

It was found that cr = 3.355 x 1015 (e.s.u.). 
The electron velocity at the Fermi surface VF can be 

determined using one of the two following equations 

( 3 ( • o ) 2 h 3 c 2  "~1/3 
V F = \ - ~ y  } (9) 

o r  

V F = ( 3 n c h 3 / S m * e e 2 )  1/3 (10) 

and 

),2 (y 
8 = n 2 --  k 2 -- (11 )  

C 2 7~'~ 

~3 (y 

n k  = B~-~ 4~tzz2 (12) 

B = 1 + ~(1 - P) l (rc~ ~\~- /  (]3) 

The expression for ~ is identical to the analogous 
formula given by the classical Drude-Zener  theory for 
the case I ~ I = J n2 - k21 >> 1. The latter inequality is 
practically satisfied for many metals in the infrared 
region of the spectra. This agreement is due to the 
fact that in the Drude-Zener  theory the quantity 
g = n 2 - -  k 2 is independent of the mean free path of 
electrons in the metals, but depends only on the 
wavelength and the concentration of conduction elec- 
trons. This means that the formula for e is invariant 
with respect to the nature of the skin effect. 

From the measured values of n and k, it may, 
therefore, be looked upon as one of the main problems 
in metal optics since the formula for ~ has a clear 
classical meaning and is independent of the particular 
mode employed [4]. 

A second approximation, Dingle' dispersion rela- 
tions, may be written in the form 

k 2 _ n2 
X2 - A - B~ 2 (14) 

n k  
- -  G - -  D ~  2 ( 1 5 )  )d 

where 

A - G - 
7~C2q~ 2~ C 3 47~2T 2 

x [ 1  + 
3 p ) I ( ~ r  1/2 ~(1 - - - -  ] 

c \ x /  
(]6) 
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The dependence of (k 2 - n2)/L 2 and (nk/~ 3) on ;~2 
should be linear, with intercepts yielding A and G, 
respectively. The magnitude of A determined in this 
way may be used in conjunction with the expression 
for the static conductivity o = n~e2x/rn * to calculate 
the number of conduction electrons per unit volume, 
provided the effective electron mass m* is known, 

~ c 2 r n * A  
n~ -- e2 (17) 

If the static conductivity o and the intercept A are 
known, it is also possible to determine the relaxation 
time from 

(y 

"~ 7ZC2 A (18) 

T A B L E  I Values of no, z, (1 - P)[ and (1 - P)V~ for V films 

nc z (1 - P)l (1 - F)VF 
( c m -  3) (s) (nm) (cm s - 1) 

11.94 x 10 z~ 11.9 x 10 -55 40.8 2.53 x l 0  s 

T A B L E  I I  

G" n c "~ 

(e.s.u.) (cm - 3) (s) 

Electr ical  3.474 x l055 _ 
Drude  3.355 x 1015 11.16 x 102 11.9 x 10 - i s  
Skin effect 3.353 x 1015 11.94 x 1020 11.09 x 10-15 

Finally the intercept G can be used to determine the 
product of (1 - P)/where P is the specularity para- 
meter and l the mean free path 

4 {4crG ) 
(1 - P)l = 3 - - ~ - ~ \ c - ~  1 ( 1 9 )  

Dividing (19) by (18) we then obtain (1 - P)VF where 
Vv = l/x is the Fermi velocity of an electron. Separate 
determination of P and VF by optical means alone is 
impossible. 

Fig. 5 represents simultaneously the two relations 

k 2 - -  n 2 nk 
),2 - f ( L  2) and ~ 3 -  9(L2) �9 

as indicated by the curves 1 and 2, respectively. 
The observed intercepts A and G are equal to 1.07 

x 108 cm-2 and 0.27 x l011 cm 3, respectively. 
Using these two values in conjunction with the bulk 

electrical conductivity measurements, carried out 
before at room temperature for vanadium films depos- 
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Figure 5 Rela t ion  between (a) (k 2 - n?)/~ 2 (A = 1.07 x 10 a c m -  2) 
and  (b) nk/L 3 (G = 0.27 x 1051 c m - a ) w i t h  )2 (gin)2 for thin V films. 

ited onto glass substrates [5], the number of conduc- 
tion electrons (no), the relaxation time (x), the product 
(1 - P)l and the product (1 - P)Vv  can be evaluated 
using Equations 17 to 19, respectively. 

Returning to the values of po for vanadium films 
measured at room temperature [5-1. The obtained 
values are given in Table I. 

Returning to the dark electrical resistivity deter- 
mined for vanadium film of infinite thickness ( ~ bulk 
resistivity 9~), the mean free path of the conduction 
electrons l can be determined using 

I = (37~2) l /3h/e2n 2/3 Do (20) 

It was found that I has a value of 57.3 nm fusing this 
value in conjunction with the obtained Values of 
(1 - P)l, (1 - P)VF and x, the specularity parameter P 
as well as the Fermi velocity of the conduction elec- 
trons at the Fermi surface can be determined. The 
obtained values are 

P = 0.288 and V v = 4.81x10 scms  -1. 

The obtained results for n~, x, l, P and VF are in 
good agreement with the corresponding data given 
before, using Drude's theory as they have approxim- 
ately the same order. 

Table II indicates the results obtained representing 
o, n~ and z calculated using the optical properties in 
comparison with results calculated using electrical 
measurements. 

3.  D i s c u s s i o n  
The case when the specularity parameter P = 1 cor- 
responds to specular reflection, while the case when 
P = 0 corresponds to diffuse reflection. In reality, 
there is an intermediate value of specularity parameter 
P. Separate determination of the specularity para- 
meter P using the optical constants alone is imposs- 
ible, therefore using the obtained values of (1 - P)I 
determined from the graphical treatment of Dingle's 
relations in conjunction with the dark electrical re- 
sistivity p, of vanadium thin films of infinite thickness 
determined using F-S representation, the specularity 
parameter was found to be 0.288. Along with the 
optical constants of vanadium thin films, the micro- 
characteristics i.e., n c, ~, c, vf and I can be determined. 
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