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Thin films of tungsten oxide are obtained at different technological parameters using electron 
beam evaporation process. Their optical and structure properties are investigated and the relation 
with process parameters is discussed. Optical transmittance of 75 % of as-deposited WOx films is 
achieved and found to be dependent on deposition process parameters. The electron beam power is 
found to be decisive parameter for the thin film surface roughness.  

Оптично и структурно изследване на WOx тънки слоеве, отложени чрез електронно 
лъчево изпарение (К. Вутова, В. Василева, А. Стоименов, Е. Колева, Т. Иванова, Г. Бодуров, 
К. Гешева, Г. Младенов). Получени са тънки слоеве от волфрамов оксид чрез 
електроннолъчево изпарение при различни технологични условия. Оптическите и структурни 
характеристики на слоевете зависят силно от стойностите на технологичните параметри. 
Оптическа прозрачност от 75 % е измерена за свежо отложени WOx слоеве и е установена 
зависимост от условията на отлагане на слоевете. Мощността на електронния сноп е важен 
фактор за повърхностната грапавост на слоевете.  

 

Introduction 
Transition metal oxides possessing specific 

electronic structure are capable to exhibit 
electrochromic effect. This effect is defined as a 
change in the transmittance of the oxide film upon a 
small voltage applied across the film. Visually the 
film colors, and bleaches back to the initial 
transparence, if the voltage polarity is changed.  

The effect has been first observed in WO3 by 
Satyen Deb [1]. A number of investigations have been 
carried out, and a valuable Handbook of Inorganic 
Electrochromic Materials by Claes-Goran Granqvist 
appeared [2]. A monography on fundamentals and 
applications of electrochromism was written by 
P.M.S. Monk, R.J. Mortimer, D. R. Rosseinsky [3]. 
Different techniques have been employed to deposit 
WO3 tungsten oxide films, and other types of 
transition metal oxides such as MoO3, TiO2, Cr2O3, 
etc. More recent book on Thin film Optical Coatings 
for Effective Solar Energy Utilization, Ed. 
K.A.Gesheva [4], describes results on electrochromic 
thin film materials produced by chemical vapor 
deposition at atmospheric pressure (APCVD) 
technology. The book [5] by G.Smith and C-
G.Granqvist includes a profound description of the 
light and nanostructures interactions in all the aspects 

related to spectral properties of uniform materials. The 
electrochromic device (ECD) is described as a 
functioning device. A standard device of an EC device 
as given in [2] is described as five layers backed by 
one substrate or positioned between two substrates, 
normally glass.  

Practically ECD is two conductive glass substrates 
over one of which our transition metal oxide film is 
deposited, and over the second conductive glass an ion 
storage film is deposited. Usually, the second 
conductive glass is bare, and the two glass substrates 
are laminated by polymeric electrolyte with inserted 
Li (or other alkali ions) ions. If a small voltage is 
applied at the conductive glasses electrical charge 
transfer starts in the device: electrons from the 
conductive electrode are injected in the oxide film 
structure, ions from the electrolyte intercalate into the 
film structure, and this temporary film structure 
becomes absorptive, absorbs part of the solar light 
falling on the film, and coloring appears (a nice blue 
color for WO3). If the polarity of the applied voltage is 
changed the electrical charge goes back, and the 
device bleaches up. 

An intensive research has been going in the last 
decades, at present the concerns are related to the 
comparatively high price of electrochromic devices, 
especially if applied as “Smart windows” in car 
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industry or solar buildings. The large area of window 
glazing requires cheap technology, stability, good 
adhesion, long cycling times. Employing new 
technologies is continuing. In the present work first 
experimental results for WOx thin films by electron 
beam deposition process are presented. Tungsten 
evaporation at different technological regimes is 
performed and the optical and structural 
characteristics of the deposited films are presented and 
discussed. 

Experimental 
Electron beam (EB) deposition [6] of thin films in 

vacuum allows fabricating high quality monolayers, 
sophisticated multilayer structures, new material and 
nano-structured products. The deposition of thin films 
using electron beam evaporation is the most widely 
used process among the technologies utilizing electron 
beams: electron lithography of submicron and 
nanometers patterns in micro- and nano-electronics, 
electron beam melting and refining of pure metals and 
alloys, electron beam welding of machine parts,  
modification of surfaces using thermal EB treatment,  
polymerization and cross-linking of polymer materials 
and coatings, production or sterilization of bio-
products under electron bombardment. Thin films are 
largely used in electronic industry for metallization, 
isolation coatings, antireflection coatings and filters 
used in optics, some applications are known for space 
industry, as well as tool industry. At EB evaporation 
the utilization of water-cooled mold (crucible), where 
the evaporation material is situated and the electron 
beam heats directly the liquid pool surface, makes this 
technology with some advantages. The heat losses 
decrease due to lack of pre-heating stage. Another 
important advantage is the lack of impurities usually 
initiating from the used mold material. In addition the 
electron beam evaporation process offers possibility 
for growth-rate regulation by temperature changes in 
the liquid metal. This can be controlled by electron 
beam power, beam focusing and beam moving on the 
liquid metal surface [6].    

In the present study first experiments for 
deposition of tungsten oxide thin films are performed 
utilizing electron beam deposition process. The 
employed machine is ELIT-60 equipped with one 
electron gun with power of 60 kW, accelerated 
voltage of 25 keV, working pressure in the vacuum 
chamber of 10-4 - 10-5 mbar. The electron beam was 
focused and the beam diameter was Φb = 20 mm. A 
pure tungsten rod (purity of 96%) was used as 
evaporation material. Oxidation is expected to proceed 
due to oxygen in the source material and the vapor 

pressure of the residual oxygen in the vacuum 
chamber.     

For each technological parameters combination 
(see Table 1), conductive glass substrate was used, 
and Si substrate, for Infrared and Raman 
measurements in transmittance mode. The following 
technological parameters were varied: the power of 
the electron beam (Pb), and evaporation time duration 
(τ). Their values are presented in Table 1, where H 
and L are the height and the radial distance of the 
sample position regarding the water-cooled copper 
crucible (where the evaporation material is situated). 

Table 1.  
Technological parameters used in deposition of tungsten 

oxide films on conductive glass substrates.  

sample 
number 

Pb, kW τ, min H, mm 
 

L, mm 

№ 2 10.0 10  0  250 
№ 3 7.5 10  0 250 
№ 4 10.0 2  0 250 

Optical characterization 

Visible transmittance 

The films deposited on Donnely type conductive 
glass substrates were subjected to optical 
transmittance measurements by SHIMADZU UV-
VIS-NIR Spectrophotometer UV 3600. 
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 Fig. 1. VIS range transmittance of WOx deposited by 
electron beam evaporation  at different technological 

parameters (see Table 1). 

The highest transmittance (see Fig.1) is found for 
sample 3, which is deposited for 10 minutes 
evaporation time at 300 mA, corresponding to 7.5 kW 
beam power. Transmittance of 75 % is high enough, 
suggesting high optical modulation and color 
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efficiency. These are the two basic electrochromic 
characteristics.  

In the same figure the reflectance curves for the 
three samples are also presented. The reflectance 
values are below 5%, which shows that the films have 
smooth surfaces.  
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 Fig. 2. Optical transmittance in the visible and near 
infrared region for electron beam evaporated WOx thin 

films 

VIS-NIR infrared spectra are also measured and 
the results are presented in Fig.2. As can be seen the 

reflectance starts decreasing at wavelength value 
higher than 900 nm. 
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 Fig.3. FTIR spectra of electron beam deposited WOx films, 
obtained at different technological conditions. 

Infrared spectra measurements 
The infrared spectra were measured on 

SHIMADZU FTIR Prestije-21, supplied with 
SHIMADZU specular reflectance attachment SRM-
8000.  

Table 2.  
Analysis of infrared absorbance bands of tungsten oxide thin films deposited by electron beam evaporation  

(as described in Table 1).   

Sample 2 Sample 3 Sample 4 Assignment 
3727. 3 clear 3719.8 clear 3727 clear Stretching vibration of hydroxyl groups 
3413.2 clear   
1629 weak 1638 weak 1641 weak Bending mode of OH groups 
 998.1 weak 

broad 
 W=O terminal bonds 

  945 clear W=O terminal bonds 
881 broad, 
weak 

 865 broad 
strong 

W-O-W bridging mode 

 802 very weak  stretching W-O modes of the crystal monoclinic 
structure of WO3 

 730 shoulder 729.3 clear W=O bending vibrations 
673.5 strong 675 very 

strong 
675 strongest W–O–W stretching modes; which are assigned to the 

stretching ν(O–W–O) modes of bridging oxygens of 
WO6 octahedra 
Monoclinic crystal structure of WO3 

 603 clear 601 clear disordered W-O framework 
 512.9 weak   

444 clear 444 clear 444 clear W- O stretching mode 
 430 430  
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Due to vibration of atoms at chemical bonds, in the 
spectra characteristic absorption bands appear situated 
at specific points. We are looking to see the W-O 
bonds in different configurations depending on the 
structural modification of tungsten oxide. It is known 
that this material may exist in monoclinic or triclinic 
modifications. We note here that there is water 
incorporated in the films, characterized by the peaks at 
3100 and 3500 cm-1 – stretching vibrations of 
hydroxyl groups. Very often absorbed from the air 
carbon dioxide exist in the films, and the characteristic 
peak for CO2 appears at 2900 cm-1. 

FTIR study (see Fig.3 and Table 2) reveals that the 
observed absorption bands are characteristic for 
tungsten trioxide. A crystalline phase can exist in the 
film structure as there is IR lines which could be 
attributed to monoclinic WO3. 

The IR bands below 400 cm-1 are due to bending 
vibrations δW-O [7]. Absorption bands at 653 cm-1 
and 795 cm-1 are related to the stretching W-O modes 
of the crystal monoclinic structure of WO3 [8]. The 
absorption at 963 cm-1 is connected with W═O 
terminal modes of surface grains. For comparison, 
FTIR spectra of sprayed and sol-gel WO3 films are 
very similar, revealing similar absorption bands. More 
pronounced absorption bands of the sprayed sample 
are ones in the spectral range 350-460 cm-1.  
The analysis of infrared absorbance bands of 
investigated WOx thin films as seen from Table 2 
show a variety of peaks assigned to different modes – 
bridging, banding, stretching. Most pronounced is the 
strong absorption band at 675 cm-1, observed in the 
three studied samples revealing W–O–W stretching 
modes assigned to the stretching ν(O–W–O) modes of 
bridging oxygens of WO6 octahedra of monoclinic 
crystal structure of WO3 
FTIR 

.Atomic force microscopy studies   
The surface morphology of tungsten oxide thin 

films (samples 3 and 4) was investigated by AFM 
measurements carried out using a Multimode V 
(Bruker Corporation Inc., Santa Barbara, CA). 
 Imaging was performed in tapping mode and height, 
amplitude, and phase images were recorded. Scan rate 
was 1.7 - 2 Hz, the images resolution was 512 lines 
per scan direction. At least two different points on the 
sample surface were explored. Silicon cantilevers with 
a cantilever length of 125 µm and Al reflective 
coating on the backside (MPP-11120-10, Bruker) 
were used in the experiments. MPP-11120-10 probes 
have a nominal resonance frequency of 300 kHz and a 
typical force constant of 40 N/m. The tip nominal 

radius for these probes is less than 10 nm.  Roughness 
analysis was performed by means of Nanoscope 7.30 
program. For this purpose, images were just flattened 
and no further processing was performed. 

The AFM surface roughness estimations show that 
by changing the technological parameters the surface 
roughness of the films can be controlled. The 
calculated respective values for the surface roughness 
of WOx samples number 3 and 4 (Table 1) are 0.333 
nm and 1.07 nm, respectively. Obviously the beam 
power is a decisive process parameter leading to 
rougher surface film for much shorter e-beam 
evaporation times. 

 
a) 

 
b) 

Fig. 4. Three-dimensional AFM surface images of two WOx 
thin films, as numbered 3 (a) and 4 (b). 

Conclusions 
By electron beam evaporation thin films of 

tungsten oxide on conductive glass substrates are 
obtained at different technological parameters. It has 
been shown in our experiments, that the structure and 
optical properties of the films can be changed, and 
optimized with respect to electrochromic effect. For 
achieving better quality, good adhesion, uniformity 
and required thickness, in our future experiments 
special attention will be paid to improve the process 
conditions and the source material, namely better 
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shaped liquid pool of the evaporation metal assuring 
larger evaporation surface.  
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