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Stability in the Deposition of Silicon Dioxide 
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Abstract 
It appears that silicon dioxide (SiO

2
), fused silica, or “quartz” is 

the most extensively used low index material in optical thin ilms 
for the visible spectrum and near infrared region, and possibly 
in the ultraviolet as a high index material. It can be deposited in 
many ways. Some of these are electron beam evaporation (EBE), 
RF sputtering, ion beam sputtering, reactive DC sputtering, and 
reactive evaporation of silicon monoxide. he sputtering deposition 
processes for SiO

2
 seem to generally be stable, but the EBE 

processes (which are the most commonly used) are generally not 
stable. hat is the primary subject of this article.

Introduction
SiO

2
 is one of the preferred low index materials for a variety of 

reasons. Although it is of somewhat higher index than MgF
2
 with 

an index of 1.38 in the visible spectrum, it can oten be deposited 
at lower temperatures and with less porosity and scattering. SiO

2
 is 

relatively durable and can have a good laser damage threshold. With 
the advent of electron beam evaporation sources (E-guns) several 
decades ago, it became practical to evaporate fused silica, which had 
not been practical except by RF sputtering before. here are many 
papers written on its use. SiO

2
 is useful at 248 nm where Krajnovich 

et al. [1] give its index as 1.50. Scherer et al. [2] reported that all 
ilms were compressive and showed extensive analyses of how 
these stresses reduced with time. Chow and Tsujimoto [3,4], and 
Harris [5] discuss using improved E-beam control to obtain more 
reproducible results with SiO

2
. hese studies worked to optimize 

the sweep and other parameters to avoid “carve-in” (which most 
writers call “tunneling”) and gain other desirable properties of the 
depositions.

The Problem
We had found that the deposition of critical optical thin ilm 

stacks with SiO
2
 from an E-gun was severely limited by the stability 

of the evaporation pattern or angular distribution of the material 
which is also a motivation of the works reported above [3-5]. 
We had not obtained satisfactory results in some of the more 
demanding applications with either solid discs or granular SiO

2

starting material. he amount of material deposited on a central 
monitor chip or control crystal in a box coater did not have a 
reproducible ratio to that received at other positions in the chamber. 
Figure 1 illustrates the variable distribution of SiO

2
 evaporant from 

an E-gun as is commonly experienced in physical vapor deposition. 
he “cloud” may be broad or narrow and may not necessarily be 
normal to the general surface of the evaporating material if there is 
any tunneling. his is explained by the erratic melting/evaporation 
of silicon dioxide surfaces in both granular and solid disc forms of 
silica.

Our hypothesis for this unstable behavior is illustrated in  
Figure 2. he surface of the silica is locally heated with an E-gun by 
the electrons impinging from above in this igure, and the surface 

becomes white hot. he author formerly thought that there might 
be some sublimation of the silica. However, upon further thought 
and observation, it appears that there is only surface melting and 
evaporation, but no signiicant low of molten material. his seems 
to be because the thermal conductivity and thermal expansion of 
silica is quite low; so it does not melt and low like many common 
materials. 

Figure 1. The variable distribution of silicon dioxide evaporant from an E-gun as is commonly experienced in 
physical vapor deposition.

Figure 2. The vapor distribution of silicon dioxide evaporant from a lat surface versus a groove or tunnel 
where the radiant heat is conined and causes extra heat and evaporation.

A great deal of the impinging energy is dissipated as radiated 
heat by the white hot surface. If this surface is primarily horizontal 
and upward facing, as in Figure 2a, this energy will radiate into the 
relatively colder environment of the chamber and be lost from the 
silica. However, if a groove has formed in a lat surface or between 
granules of silica, as in Figure 2b, much of the radiating energy will 
fall on the adjacent radiating face. his results in less radiant energy 
loss in the groove so that it gets hotter still and more material will 
be evaporated from these surfaces. Two efects of this can be seen. 
One is that the groove will tend to get deeper or tunnel, and the 
other is that the direction in which the evaporating silica travels will 
be quite diferent from that of the lat horizontal surface of Figure 2a.

he vast majority of SiO
2
 coatings seem to still be done this way 

in production facilities around the world. Some items of advice 
about this that we have heard are: defocus the electron beam to 
be as wide as practical, reduce the high voltage of the e-gun to 
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as low as practical, sweep the beam over the material surface 

as fast and uniformly as practical, use ine granular material(!), 
use coarse granular material(!), rotate the substrates as fast as 
practical (to homogenize the coating), etc. Oliver and Talbot[6] 
partially overcame some of the problems alluded to in Figure 1 by 
using multiple crystal heads (4-6) spaced around the calotte and 
averaging their readings to determine thickness. However, this can 
do nothing to change the non-uniform distribution over the coated 
area; it can only get a better representation of the average amount of 
material deposited. hey show a picture of multipoint quartz crystal 
monitoring, installed in the mask mounts, providing six thickness-
rate measurements. Oliver et al. [7] successfully used the same 
multipoint QCM.

 Most of these approaches will have the efect of averaging out 
the irregularities as much as practical. hese may be acceptable 
solutions for the majority of simpler coatings, but note that many 
of the the most demanding coatings of today are done with ion 
beam sputtering and dual ion beam sputtering which has no such 
problems to overcome.

A Solution
In our box coaters, we had experienced signiicant diiculty in 
achieving suicient repeatability of more complex coatings and 
sometimes even four layer antirelection coatings due to this 
problem. he properties of SiO

2
 such as its low index, clarity, 

weathering and abrasion resistance can otherwise be very desirable. 
We therefore put forth extensive efort to retain these desirable 

properties while overcoming the limitations.
We were aware of a few solutions to getting reproducible silicon 

dioxide at high rates by physical vapor deposition in box-coaters. 
(It turned out, although we were not aware of it at the time, that 
McNeil et al. [8] had done a nice piece of work in this area in the 
1983 timeframe.) One solution was to evaporate silicon from an 
E-gun in a molten liquid form. his evaporates in a “cloud” that 
is more uniform and repeatable than the silica cloud. he silicon 
must then be properly oxidized to silicon dioxide as it is being 
deposited. his has been done by reactive ion plating[9] and some 
plasma enhanced chemical vapor deposition (PECVD) processes. 
We were not in a position to acquire such a specialized chamber, 
and therefore we chose another approach. he scheme, which was 
chosen, was to evaporate silicon monoxide (SiO) and complete its 
oxidation with oxygen ion assistance. his could be retroit into our 
existing chambers and processes. 

Silicon monoxide sublimes and is diicult to get satisfactory 
results using an E-gun, somewhat like silicon dioxide. However, 
it can be readily evaporated from resistance “boats” with a very 
uniform and reproducible cloud. he boats used are typically a 
labyrinth structure to attempt to block the “spitting” or lying hot 
“ashes” that tend to occur from an open boat when there are any 
small grains in the material loaded into the boat. Our procedure 
was to load fresh SiO into the baled or labyrinth boat. hen we 
used an “outgassing” process under shutter where the boat was at 
deposition power or slightly more. his drove of the “sparks”, ater 
which the vapor deposition was very uniform and stable. We think 
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that these sparks are from small grains of SiO in the material loaded 

into the boat that are blown out through the labyrinth by the rush 

of SiO vapor created by the heating of the boat. We found the R. D. 

Mathis[10] Company’s SO 36 resistive source to be satisfactory for 

our work which required relatively large amounts of material. To 

evaporate at about 1 nm/second at the center of a Balzers BAK760, 

we applied about 600 amps at 1.7 to 2.1 volts (depending on how 

well the electrical contacts had been made, and the load in the 

boat). Our goal was to obtain good silicon dioxide at a rate of 1 

nm/second. his full oxidization cannot normally be achieved 
without ion assisted deposition (IAD) at a practical rate by simply 
evaporating silicon monoxide in an oxygen background, even at 
elevated temperatures. If the pressure were high, the ilms would 
be porous and weak. If the pressure were low, the ilms would be 
absorbing and of high index. Without any additional oxygen, SiO 
ilms are of about 1.9 index and brown in color. An adequate supply 
of energetic oxygen ions or neutrals is needed to obtain SiO

2
 at the 

rates and properties desired. Kaufman type gridded ion sources can 
be used to a certain extent at lower rates by combinations of oxygen 
and argon, but the nature of the Kaufman gun’s ilament and grids 
makes its use with oxygen in a high power mode unfavorable. On 
the other hand, some gridless ion/plasma sources such as the Veeco 
Mark-II or DynaVac PS1000 [11] work quite well using oxygen as 
the ionized gas.

he general coniguration of the chamber used is shown in 
Figure 3. he ion source was aimed at the calotte in an orientation 
for best uniformity. his source had a uniformity mask for SiO

2
 at 

about 3 cm below the calotte and directly over the SiO
2
 source. We 

have used this deposition arrangement and technique extensively 
for the production of stacks ranging from 40 to 100 layers of silicon 
dioxide and titania. With IAD for SiO

2
 from SiO, humidity shits of 

less than 1 nm and even zero have been achieved. he deposition 
conditions of such a run using a Mark-II ion source were: 225ºC, 
1 nm/second for both materials, 30 SCCM of oxygen through the 
ion gun, 300 drive volts, ~5 drive amps (a maximum for the Mark 
II), 17 amps for neutralizer, and the chamber pressure was mostly 
in the range of 1.0×10−4 Torr. he choice of temperature was based 
on the fact that the coatings showed cracking, presumably due 
to diferential thermal expansion when deposited on substrates 
at higher temperatures. hese ilms also passed the adhesion and 
severe abrasion tests of MIL C 675. he resulting index of the silica 
could be made to be anything from 1.45 to values higher than 1.50, 
depending on the deposition conditions.

 We found that the conditions which gave little or no humidity 
shit with this type of coating were not necessarily compatible with 
some laser damage requirements. However, we think that this might 
be overcome with further process optimization. Additional oxygen 
background pressure was required to reduce the laser damage 
and give an index of about 1.46, but the humidity shit partially 
returned. More ion current at a lower ion voltage is probably 
required to get a combination of high laser damage threshold and 
low humidity shit (see Figure 4). he available ion current limits 
the rate at which material can be deposited and properly oxidized 
and densiied. herefore, the highest ion currents available are 
usually the most desirable. he deposition rate can be lowered until 

the best compromise is found.
We have generally been able to achieve good and repeatable 

uniformity over a full chamber diameter calotte (1.2 m) by the use 
of masks. However, the ion gun parameters must be stable or the 
uniformity can be seen to have some changes. he ion beam has a 
distribution which is strongest on the axis of the beam. It appears 
that if an adequate amount of ions reach the less bombarded areas, 
the excess ions in the central areas are not detrimental. We have had 
some indication that this is less true when the drive volts are in the 
higher (500 V) regions. he hypothesis is that some ion sputtering 
or etching may be occurring at the higher drive volts and thereby 
the thicknesses of the layers are slightly reduced by sputtering at the 
center of the beam impingement area. his is consistent with the 
“ion to atom arrival ratio” (IAAR) versus ion energy (eV) plot from 
the work of Cuomo, Rossnagel, and Kaufman [12] seen in Figure 4. 
It can be seen that too little eV or IAAR has no efect and too much 
will sputter away whatever material is in the ion beam path. Just the 
right point for 100% densiication is just before the beginning of 
some re-sputtering.

Figure 4. Ion beam efects on ilms as a function of ion energy and ion to atom arrival rate.

Conclusion
It has been found that the oxygen-ion-assisted deposition of 
silicon monoxide is our preferred solution to the reproducibility 
problems of silicon dioxide ilms. We have been able to deposit 
ilms at acceptably high rates in production environments with tight 
spectral and uniformity requirements. 

Figure 3. The general coniguration of the chamber used to produce SiO
2
 from SiO (and also HfO

2
 from Hf 

metal).
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