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The substrate temperature dependence of the IR refractive index of vacuum- 
evaporated silicon monoxide thin films is reported. This process parameter can 
control the refractive index of the samples provided that the other parameters 
(pressure, deposition rate, source temperature etc.) are maintained under reasonably 
constant conditions during the evaporation process. Our results demonstrate the 
possibility of obtaining SiO thin films with different and controlled refractive indices 
by controlling the substrate temperature. Also, a process temperature has been 
obtained at which no dispersion of the refractive index in the IR 1-5 lam range 
Occurs. 

1. INTRODUCTION 

Silicon monoxide thin films are extensively used both as protective layers in 
mirrors 1, 2 because of their good mechanical properties and as low index layers in the 
medium IR range of the electromagnetic spectrum because of their low absorption 
and compatibility with other materials with higher refractive indices (germanium, 
silicon etc.) 3. For these reasons SiO is commonly used in multilayers for interference 
filters. 

Although these and other applications (microelectronics) are important, not 
very much information is available on SiO's optical properties ~. The most 
important data in the IR are those from Hass and Salzberg 5, compiled by Philipp 4. 
It is very common for various researchers 6'7 to accept a marked influence of 
substrate temperature on the refractive index of the layers but no data are available 
reporting this influence on the optical properties of SiO. 

It is well known s that the optical properties of thin films are strongly dependent 
on the so-called "process parameters" that exert a strong influence on a large 
number of variables concerning thin film properties: mechanical (adherence, 
abrasion resistance), optical (refractive index and absorption coefficient) and 
environmental (operating temperature, humidity resistance). This influence is 
exerted by varying the microstructures of the layers through, among other 
properties, crystal size, internal stresses, packing density and sticking coefficient. 
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There are a lot of process parameters affecting significantly the optical and 
mechanical resistance properties of evaporated layersa'9; nevertheless, most of 
them, such as substrate cleaning, source type and temperature, deposition rate or 
residual pressure, are relatively easy to control. However, substrate temperature is a 
process parameter with two main characteristics. The first is the difficulty in 
measuring it directly over the substrate during the process because of rotation of the 
substrate holder, which is necessary to obtain good uniformity. The second is the 
strong dependence of the optical properties of vacuum-evaporated thin films on the 
substrate temperature. This is probably the most pronounced influence I 0. 

In the work reported in this paper we have obtained an experimental relation 
between the refractive index of evaporated SiO layers and substrate temperature, in 
the medium I R (1-5 Ixm). This relation allows for the control, under certain limits, of 
the refractive index of layers. Further, we have found a substrate temperature at 
which there is no significative dispersion in the refractive index of the samples with 
wavelength in the 1-5 I~m region. This result is of practical interest in applications 
requiring a constant refractive index over this spectral region, for example in 
automatic processes for optical multilayer manufacture. 

2. SAMPLE PREPARATION 

Samples have been prepared in a high vacuum evaporation system (Leybold 
A700-QE) with a 12 0001 s-  ~ diffusion pump speed and liquid N2 trap. The process 
parameters common to all samples are as follows: 

deposition rate 
evaporation source 
substrate-source distance (mean) 
substrate holder speed 
residual pressure 
source temperature 

15As -~ 
Mo boat 
50 cm 
20 rev. min-  ' 
< 5 x 10 -6 Torr  
,~ 1473 K 

Keeping these parameters fixed, we made five samples in five different runs 
changing only the substrate temperature from one run to another. The temperature 
of the samples was controlled at 373 K, 423 K, 473 K, 523 K and 573 K. The 
maximum error in the measured temperature has been evaluated to be + 5 K. 

The sample thickness was measured with a Sloan Dektak 3030 profiler, 
ranging in all five samples from 2.5 to 3.0 ~tm. 

3. REFRACTIVE INDEX DETERMINATION 

The simplest method of obtaining the refractive index of materials in thin film 
form in a wide wavelength range (1-5 ~m) is to derive it from spectrophotometric 
transmittance curve extrema (minima and maxima). This method was initially 
proposed by Manifacier e t  al .  11 for low absorption films and was subsequently 
improved by Swanepoe112 for films with both absorbing and transmitting regions. 
The method yields errors of less than 1~o in the refractive index determination. This 
upper limit to the error can be assigned also to sample thicknesses determined by 
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this method in the low absorption wavelength region. The adequacy of the 
Swanepoel method has recently 13 been tested and improved to take into account slit 
width and surface roughness, but both reflectance and transmittance spectro- 
photometric curves are then used. 

4. E X P E R I M E N T A L  R E S U L T S  

Refractive indices of SiO samples obtained using the Swanepoel method have 
been adjusted in the 1-5 ~tm region to a Cauchy-type expression 

n = A/22 + B 

where A and B have been determined for each of the five samples. Values of A and B 
for each of the samples are shown in Table I. 

TABLE I 
COEFFICIENTS A AND B IN THE CAUCHY EXPRESSION rt = A/22+B FOR DIFFERENT SUBSTRATE 

TEMPERATURES AND REFRACTIVE INDICES OF SAMPLES AT FIVE DIFFERENT WAVELENGTHS 

T s (K) A (~tm 2) B n(1 ~tm) n(2 lam) n(3 ~tm) n(4 lam) n(5 ~tm) 

373 0.1186 1.809 1.928 1.839 1.822 1.816 1.814 
423 0.0870 1.820 1.907 1.842 1.830 1.825 1.824 
473 0.0481 1.830 1.878 1.842 1.835 1.833 1.832 
523 0.0013 1.837 1.838 1.837 1.837 1.837 1.837 
573 0.0065 1.850 1.857 1.853 1.851 1.850 1.850 

Ts, substrate temperature. 

In order to evaluate the accuracy of this refractive index fitted through the 
coefficients A and B, we have obtained a computer-simulated transmittance curve of 
one of the layers described previously, corresponding to a substrate temperature of 
473 K, a 2.75 I~m thickness, and a refractive index 

n = 0.0481/22 + 1.830 

The Swanepoel method has been used to obtain the thickness of the layer. The 
value so obtained was in good agreement with that obtained from the profiler 
(2.78 vtm). The thickness error for this sample has been evaluated to be less than 23/o. 

In order to achieve an adequate simulation of the whole sample (layer and 
substrate), the refractive index of the substrate (sapphire) was also adjusted. This was 
again carried out in accordance with the Swanepoel method and yields for sapphire 
substrates the expression 

nz 2 ----- 0.0845/22 + 2.8989 

which is a type of expansion of the Sellmeier equation, very similar to the Cauchy 
expression. Nevertheless, this expression with a square index, fits better for bulk 
sapphire than that used before. A computer simulation of the transmittance curve of 
this sample can be seen in Fig. 1. To obtain a more realistic simulation curve, in order 
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Fig. l. Transmit tance of a 2.75 ~tm thick SiO film on a sapphire substrate held at 473 K during 
deposition. The quasi-horizontal lines represent the transmittance curves of uncoated sapphire, - - - ,  
experimental curves obtained with a spectrophotometer;  , computer  simulation. See text for process 
parameters and fitting constants. 

to compare with the experimental curve, we have derived an expression for the 
absorption coefficient ct. 

The absorption coefficient for this sample was obtained by fitting, using the 
least-squares method, the transmittance values in the high absorption region, 
following Swanepoel's recommendations for the accurate obtention of the ct 
coefficient. The results for this sample have been determined to be 

logs = 9.5882 -1/4- 11.517 

where 2 is expressed in micrometres and 0t is obtained in reciprocal micrometres. 
The phenomenological exponent -1 /4  is the most significant result of the 

above expression and can be explained by an appropriate combination of different 
absorption mechanisms, varying from intrinsic absorption (Urbach tail), to extrinsic 
and Rayleigh scattering losses. The absorption coefficients obtained for the rest of 
the samples and one possible explanation of the exponent will be studied 
elsewhere ~4. 

The values for n, 0t and nz, defined before, have been used to obtain, by 
computer simulation, the full curves in Fig. 1. The accuracy of this fit can be tested by 
comparison with the broken curves in the same figure. The latter represent the 
spectrophotometric transmittance of a silicon monoxide layer 2.75 ~tm thick, 
deposited onto a sapphire substrate, maintained during the deposition at a 
temperature of 473 K. The bare sapphire substrate is also represented by a quasi- 
horizontal curve. Comparison of both experimental and simulation curves.reveals a 
very accurate fitting of the simulation parameters. 

From Table I we can derive the following consequences for the refractive index 
between 1 and 5 Ixm. 

(1) The refractive index of evaporated SiO layers depends strongly on the 
substrate temperature Ts, mainly at shorter wavelengths (about 1 Ixm). 
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(2) Atlow Ts(373-473 K), the refractive index depends strongly on wavelength. 
(3) As Ts increases, the refractive index tends to stabilize, becoming more 

constant with wavelength (less dispersive). 
(4) At Ts = 523 K, the refractive index becomes fairly constant with wave- 

length in the 1-5 Ixm region. 
(5) As T s increases further (573 K), the refractive index also remains nearly 

constant with wavelength, but at higher values. 
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Fig. 2. Plots of refractive index of silicon monoxide layers v s .  wavelength. The subst/-ate temperature T s is 
the parameter. 

Figure 2 shows a plot of the refractive index of silicon monoxide layers vs .  

wavelength in the 1-5 pm range. The plot has been built up out of the data of Table I. 
The full curve represents the dispersion of the refractive index for sample obtained at 
a substrate temperature of 523 K, which represents a quasi-stable refractive index. If 
we consider the 3-5 ~m wavelength region, which is of interest in many applications 
because of the atmospheric window, an increment in the refractive index with 
substrate temperature can be observed. This fact contrasts with that observed in the 
low wavelength region (below 1.5 ~m), where the refractive index decreases with 
substrate temperature, except for the sample with the highest (573 K) substrate 
temperature. 

In Fig. 3 different curves of the variation in refractive index with substrate 
temperature during deposition can be seen. Each curve is a parametric represent- 
ation, wavelength being the parameter. The most remarkable event in this figure is 
that all curves, corresponding to different wavelengths, Cross at a substrate 
temperature of 523 K. This behaviour must correspond to a structural change in the 
microstructure of the samples. Observation of the refractive index of the sample 
evaporated at 573 K reveals a sharp index increase at all wavelengths, relative to the 
sample evaporated at Ts = 523 K, and also a low dispersion. A higher refractive 
index means a higher packing density. 
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Fig. 3. Refractive index of silicon monoxide layers vs .  normalized substrate temperature Ts--TM. All 
curves cross at T s = 523 K (Ts/TM) = 0.355) (non-dispersive layer). Values for T s = 573 K correspond to a 
different layer structure. 

The Movchan model, modified by Thornton t s, proposes for condensed layers a 
strong dependence ofmicrostructure on substrate temperature T s. Depending on Ts, 
four different microstructures, defined by "zones" resulting from different surface 
mobilities of the adatoms, have been observed. At low Ts (below 0.22T M, where T M 
(K) is the melting point) a porous structure, consisting of tapered crystallites 
separated by voids, is observed, the so-called zone 1. A higher Ts produces a 
transition structure (zone T) consisting of densely packed fibrous grains. The zone T 
structure can appear for different T s ranges. A higher Ts produces a new structure 
(zone 2) consisting of a full density columnar morphology. This structure can appear 
up to Ts values from 0.5TM to 0.71TM. A zone 3, consisting of a recrystallized grain 
structure, can occur at higher T s. 

F rom the observation of the refractive index of our samples for different Ts, we 
can conclude that all of them have values sufficiently high to be considered as being 
of high packing density. Hence we can say that the first four samples deposited at 
373, 423, 473 and 523 K present the same zone T type of structure in the M o v c h a n -  
Thornton model. Nevertheless, it is necessary to accept that between 523 and 573 K 
the beginning of the zone-2 type structure occurs, as revealed by the sharp increase in 
refractive index for the sample with Ts = 573 K and also by its loss of smoothness as 
observed in Fig. 3. The discontinuity in the curves for Ts = 523 K in this figure 
means that a new dependence appears for higher substrate temperatures which must 
correspond to a change in the microstructure of the samples as described previously. 
It  should be noted also that, as SiO sublimes, using the source (boat) temperature 
(about 1473-1523 K) analogously to TM, the ratio Ts /T  M would be between 0.34 and 
0.38, which is an acceptable value for a zone 2 type of structure in Thornton model. 
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Moreover ,  it has been observed by Vincett et al. 16 than an op t imum in the 
structure-sensitive properties occurs when T s / T  B is within a few per cent of  1/3, where 
TB is the boiling point  of  the material. If  we use again the source temperature T M, but 
now as TB, a good  structure m a y  be obtained with T s at about  500 K. This is 
consistent with our  results that  give a very low dispersion of  the refractive index with 
wavelength in the 1-5 ~tm region for T s = 523 K. Figure 3 shows how the 523 K 
abscissa value corresponds to a non-dispersive layer since all curves cross in it. 
Nevertheless, it would be necessary to study the values of  the absorpt ion coefficient 
at different temperatures in order  to be sure of  what  the op t imum substrate 
temperature is from this point  of  view. This work is now in progress and will be the 
subject of  a future paper 14. 

5. CONCLUSIONS 

The dependence of  refractive index on wavelength for different substrate 
temperatures in thin evaporated films of  SiO has been determined. By studying the 
refractive index behaviour  with wavelength at different substrate temperatures,  we 
have shown that, for a substrate temperature of  523 K, layers with no appreciable 
dispersion of  the refractive index with wavelength, between 1 and 5 lam, have been 
obtained. Control led refractive index of  SiO thin films can be obtained by 
controll ing the substrate temperature during the evapora t ion  process. 
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