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ESR studies of thin amorphous films of 
MoO3-effects of substrate temperature, 
film thickness and annealing procedures 
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Electron spin resonance spectra of thin films of amorphous MoO 3 are presented. An increase 
in spin density associated with increased Mo(V) concentration is found to occur with 
increased substrate deposition temperature. Plots of spin density against film thickness show 
a linear relationship, and reveal a significant residual spin density when extrapolated to zero 
thickness. Resonance signals are observed at g = 1.92 and g = 2.0 which are attributed to 
Mo(V) and Mo( l l l ) ,  respectively; that at g = 1.92 vanishes on annealing in vacua at 250~ 
Colour centres observed at higher substrate temperatures are probably due to the presence of 
Mo(l l l ) .  

a.  Introduction 
Semi-conducting properties of amorphous transition 
metal oxides have been studied by a number of workers 
[1, 2]. The origin of the conduction is recognized 
as an electron transfer or hopping process of unpaired 
electrons from a transition metal ion in a lower 
oxidation state to one in a higher oxidation state. 
Molybdenum (VI) oxide is known to form amorphous 
semi-conductors with other oxides [2] and electrical 
conductivity results from electron transfer between 
Mo(V) and Mo(VI). 

Molybdenum (VI) oxide exhibits some interesting 
physical properties and it is well known that evapora- 
tion in vacuo or in an inert atmosphere resuts in the 
formation of substoichiometric oxides [3]. Many 
studies of both optical properties and colour centre 
formation in single crystals as well as in amorphous 
films have been reported [4-7]. ESR and electrical 
conductivity measurements have also been reported 
for single crystals of MoO3 doped with transition 
metal ions and for amorphous thin layers [8-11]. The 
electrical and optical properties of the oxide are 
extremely dependent upon the stoichiometric balance 
of the compound and can easily be influenced by the 
addition of other ions in a variety of oxidation states 
[4, 8]. 

In its stoichiometric form, MoO3 should be a 
diamagnetic insulator, Mo(VI) having a d o electron 
configuration. Various processes have been known to 
produce non-stoichiometry in the oxide resulting in 
unpaired spins associated with the transition metal 
(e.g. oxygen deficiency and addition of glass formers, 
etc.). 

The relative proportions of the transition metal ions 
in different oxidation states has been an important 
parameter in explaining electronic conduction in oxide 
films and the technique of ESR with its ability to 
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detect paramagnetic centres is a powerful tool for 
investigating the different species present because it 
can allow estimates of the concentration of the para- 
magnetic species to be made as well as characterizing 
the energy states and localization of the unpaired 
spins. 

In many transition metal compounds the unpaired 
electron is associated with a single atom rather than 
with many atoms through delocalization processes, 
and the number per atom and their associated energies 
will vary both with oxidation state and element. Elec- 
tron spin resonance has been observed in many studies 
involving molybdenum oxide [1-9, 12, 13]. Dzhanelidze 
et al. [7] assumed that the centre formed by the trap- 
ping of an electron in oxygen vacancies whose level 
lies close to the top of a conduction band would be 
spin active, and that it would be possible to detect 
electron spin resonance in this type of centre. Deb and 
Chopoorian [3] assumed that the slight increase in 
ESR signal occurring with increased thickness could 
be due either to increasing concentration of Mo(V) 
formed by electron trapping of an Mo(VI) site or to 
oxygen ion vacancies with Mo(V) as neighbours. 

Deb [5] reported the observation of a weak signal at 
g = 2.0 and a strong signal at g = 1.93 attributing 
the former signal to a free electron. Other workers 
[5, 9, 12, 13] have also observed these two resonances 
and Ioffe et al. [8] reported that ESR studies of the 
hyperfine structure from Mo(V) in M o O  3 gave infor- 
mation on the state of conduction electrons as well as 
the kind of compensation of impurities in the crystals. 

In addition, some workers [1-9, 12, 13] have studied 
the ESR properties of M o O  3 under conditions of 
mixing with other oxides or as single crystals grown 
under a variety of preparative conditions and it has 
also been observed that the properties of thin layers 
vary according to the preparative techniques used. 
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In this paper we report the studies of the effect of 
thickness, substrate temperature and annealing tem- 
perature upon the ESR properties of thin amorphous 
films of  M o O  3 prepared under high vacuum. 

2. Experimental procedure 
2.1. Preparation of thin amorphous films 
Amorphous thin films of MoO3 in the thickness range 
100 to 600nm were prepared by evaporation in a 
Balzers BA510 coating unit on thin fused silica glass 
substrates. Before preparation these substrate plates 
were cleaned in solvents, boiling distilled water and 
finally in a gas discharge plasma at a pressure of  0.1 
torr for approximately 20min. All substrates were 
held at a temperature of 100 ~ C to improve the degree 
of adhesion. In studies of the effect of substrate tem- 
perature variation, a number of  films were prepared at 
different substrate temperatures by raising the sample 
temperature to that required (100 to 270 ~ C) using the 
heater mounted at the inner top of the bell-jar. Films 
prepared at room temperature showed no evidence of  
colour but, as the temperature of the substrate was 
increased, the colour of  the film changed first to green 
and then to blue at higher substrate temperatures. 

The oxide was evaporated from molybdenum boats 
and the evaporation rates and film thicknesses were 
monitored using an Edwards quartz crystal monitor. 
Film thicknesses were determined using the technique 
of multiple beam interferometry [14]. 

2.2. ESR measurements 
The electron spin resonance spectra were recorded 
using a Varian E3 ESR spectrometer, working at 
X-band frequency. Constant modulation amplitude, 
power level, magnetic field scan and recorder settings 
were used for all samples at present values. The ampli- 
fier gain was adjusted for some samples to obtain 
convenient signal traces. The sample size, determined 
by the size of the cavity, was a 3 cm length and 1 cm 
width silica plate fused to two silica rods and adjust- 
ment of  the position within the cavity was made as for 
an aqueous cell. 

All measurements were made at room temperature. 
Crystalline copper sulphate was used to estimate spin 
concentrations. Annealing of samples was studied at 
temperatures of 200 and 250~ by heating at these 
temperatures for a period of 2 h. 

3. R e s u l t s  
The ESR spectra of layers of amorphous M o O  3 w e r e  

recorded over the thickness range 100 to 600 nm and 
in the substrate temperature range 100 to 270~ 
Fig. 1 shows ESR spectra for thin layers of amorphous 
molybdenum (VI) oxide having a fixed composition 
but of  varying thickness. At low intensity, signals were 
of Gaussian shape changing to Lorentzian as the con- 
centration of  the paramagnetic species increased. The 
variation of the area spin density with film thickness is 
plotted in Fig. 2. The effect of varying the substrate 
temperature from 100 to 270 ~ C on films 400 nm thick 
is shown in Fig. 3 and the {ntensity of the signal is seen 
to increase with increasing temperature. Figs 4 and 5 
show the linear increase in spin density observed with 
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Figure 1 ESR spectra of M o O  3 thin films of thicknesses (1) I00 nm, 
(2) 200nm, (3) 260nm, (4) 300nm, (5) 400nm, (6) 450nm, (7) 
600nm. (Gain 1.25 x 105.) 

increasing film thickness and the increase observed in 
spin density as the substrate temperature was increased. 
Annealing studies were undertaken on samples of  film 
thickness 260 and 300 nm by annealing these films in 

vacuo at various temperatures for a period of 2h, 
allowing them to cool slowly (rate = 2~ 
and when room temperature had been reached, 
measuring the ESR spectra. Up to 200~ the signal 
intensity was found to increase, but at 250~ and 
above the signal at g = 1.92 vanished (Fig. 6). A 
weak signal observed at g = 2.0 in all samples was 
weakened slightly as the thickness increased but was 
little affected by increased annealing temperature. 
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Figure 2 Dependence of area spin density on film thickness for 
MoO 3 thin films. 
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Figure 3 ESR spectra of 400 nm thick films of MoO 3 having sub- 
strate temperatures (1) 100~ (2) 150~ (3) 200~ (4) 270~ 
(Gain 1.25 • 105.) 

The linear relationship observed in Fig. 2 between 
area spin density and thickness of  the film for samples 
of  fixed composition establishes a bulk property of  the 
material. Extrapolation of  this plot to zero thickness 
leads to a significant residual area spin density of  
approximately 1 x 1013 spins cm -2. 

4. D i scuss ion  
Naturally occurring molybdenum is a mixture of  iso- 
topes of  which 75% have zero nuclear spin (even 
mass-numbered isotopes) and 25% of which are odd 
mass-numbered (15% MO 95 and 9.6% MO97). The 
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Figure 4 Variation of spin density with thickness of the films of 
MoO 3 . 

1 6 6 2  

i l l  

t / }  

3 

19 
10 

18 
10 

7 

16o �9 260 30o 
Subsfrafe fempemture (~ C) 

Figure 5 Variation of spin density with substrate temperature of 
400 nm thick films of M o O  3 . 

expected ESR spectrum is, therefore, a strong single 
line with six much weaker lines superimposed upon it. 
The ESR spectra are generally described in terms of  an 
axial spin Hamiltonian. 

U = fl [gllH~S~ + g , (HxSx  + HySy)] 

+ aI~Sz + B(IxSx + IySy) 

where fl is the Bohr magneton, S is the electron spin 
quantum number, g is the Land6 splitting factor, I is 
the nuclear spin quantum number  and A and B are 
parameters. (The three orthogonal directions x, y, 
z, and the parallel and perpendicular factors are 
indicated.) 
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Figure 6 Effect of annealing on 260nm thick samples: (1) as- 
evaporated, (2) annealed at 200 ~ C, (3) annealed at 250 ~ C. 



In the case of molybdenum, the oxidation state 
Mo(VI) is a d o species and therefore gives rise to no 
ESR signal. Of the three common oxidation states, 
Mo(V), Mo(IV) and Mo(III), the second is a d 2 ion 
and would not be expected to give rise to a room- 
temperature signal, leaving the d 1 and d 3 ions, respect- 
ively, to be those capable of giving the observed 
signals. The studies undertaken by previous workers 
of heat-treated MoO3 in vacuo and under a reducing 
atmosphere, have indicated the presence of  both of  
these species in the blue, non-stoichiometric oxides, 
formed during such treatments [9, 15-19] and the 
spectra obtained by us also indicate the presence of  
both species - the resonance at g = 1.92 being attri- 
buted to Mo(V) [3, 8, 9, 12, 13, 17, 19]. A weak signal 
at g = 2.0 has also been observed by other workers 
and has been variously attributed to the substrate [13], 
free electrons [5] and Mo(III) [9]. In the present work, 
the ESR signal a tg  = 2.0 is observed to show a slight 
decrease in intensity as both the thickness and the 
concentration ofMo(V) a tg  = 1.92 increases. Anneal- 
ing was not found to affect the signal at g = 2.0 but 
that at 1.92 could be annealed out completely, sug- 
gesting that the weak signal at g = 2.0 is due to 
Mo(III), consistent with the observation of  Mann and 
Khulbe [9]. 

In order to interpret the observed ESR results it is 
necessary to discuss briefly the crystallographic struc- 
ture of MOO3. In the crystalline state molybdenum 
(VI) oxide has a layer structure built up of distorted 
M o O  6 octahedra. The distortion is caused by off- 
centre displacement of the metal atoms towards one of  
the surrounding oxygens. The oxgen atoms are not all 
equivalent and the Mo-O distances, vary from 0.188 
to 0.245nm with one oxygen in particular being 
bonded to only one Mo(VI). 

In MOO3, the valence band consists of  oxygen 2p 
states. The electronic configuration of  Mo(VI) is 4d ~ 
so the transition of electrons from the valence band 2p 
oxygen orbitals to the empty Mo(VI) 4d ~ level gives 
rise to an incorporation of lower valence state Mo(V) 
within the lattice. 

In the present work the observations may be 
explained in the following way. The thickness of  the 
samples has a significant effect upon the area density 
of spins associated with dangling bonds, the latter 
increasing linearly with increasing thickness of the 
sample and thus being indicative of  a bulk property of  
the film, i.e. to spins uniformly distributed through the 
volume of the sample, in agreement with the results of  
Thomas et al. [20] and Sotani [12]. Our value of a 
residual spin density of approximately 1 x 1013 spins 
cm 2 at zero thickness of  the film could be due to spins 
on the external surfaces. It is well known that MoO 3 
loses oxygen on heating in vacuo and that thin 
amorphous layers of molybdenum trioxide contain a 
number of oxygen vacancies which are positively 
charged defects capable of  capturing one or two elec- 
trons. The oxygen vacancies in capturing one or two 
electrons give rise to singly or doubly charged centres, 
and an oxygen ion vacancy with a trapped electron is 
probably associated with an Mo(V) ion. Thus, local- 
ization of  an electron on a molybdenum (VI) site gives 

rise to the formation of an Mo(V) state [9, 10, 16]. One 
electron of a doubly charged centre may be ionized 
thermally and give rise to an increase in the number 
of  singly charged oxygen centres and hence to an 
increase in the concentration of the Mo(V) states as 
the temperature is raised. Our films which were 
annealed at a pressure not greater than 10 -3 tort  with 
a heater wound around a mica frame, may be assumed 
to incorporate oxygen in the lattice which causes the 
Mo(V) signal at g = 1.92 to vanish (Fig. 6). Because 
no new signals were observed, we can rule out the 
formation of  any paramagnetic oxygen species such as 
0 2  and an explanation similar to the scheme proposed 
by Sotani [12] of oxygen absorption as an oxygen 
molecule, and a weak interaction with the Mo(V), 
probably applies. Thus 
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Due to annealing, the colour of the samples changes to 
dark blue and the ESR signal with g = 2.0 remains 
constant which indicates that coloration is most prob- 
ably due to Mo(III). 

Our result is consistent with the results reported by 
other workers [21, 22], that the signal with g = 2.0 
was attributed to colour centres. Some other workers 
[3, 5, 12, 13] reported that both Mo(V) centres and 
colour centres would be produced simultaneously. 
Hence it can be said that colour centres are most 
probably due to Mo(III) and may be due to Mo(V) 
ions also. 

5. C o n c l u s i o n s  
Increase in spin density with the thickness in MoO3 
thin amorphous layers is due to increasing concentra- 
tion of  Mo(V) ions. These Mo(V) ions are formed by 
oxygen ion vacancies in the molybdenum sublattice 
each with a trapped electron. 

When one electron from a doubly-charged oxygen 
centre is ionized thermally, this increases the number 
of singly-charged oxygen centres and leads to an 
increase in the number of Mo(V) ions as the tem- 
perature rises. Thus the spin density increases with 
substrate temperature. 

The main ESR signal at g = 1.92 is annealed out 
due to the oxygen incorporation in the film by degass- 
ing from the mica sheet during heating at a pressure 
not higher than 10 -3 torr. Colour centres are most 
probably due to Mo(III) ions and may also be due to 
Mo(V) ions. 

References 
1. G. S P E R L I C H ,  P. U R B A N  and  G. F R A N K ,  Z. Phys. 

263 (1973) 315. 

2. G. S P E R L I C H ,  SolidState Commun. 13 (1973) 1513. 

3. S. K. DEB and  J. A. C H O P O O R I A N ,  J. Appl. Phys. 37 
(1966) 4818. 

1663 



4. M. S. JAGADEESH and V. D A M O D A R A  DAS, J. Non- 
Crystalline Solids 28 (1978) 327. 

5. S. K. DEB, Proc. Roy. Soc. A 304 (1968) 211. 
6. M. R. TUBBS, Phys. Status Solidi (a) 21 (1974) 253. 
7. R. B. D Z H A N E L I D Z E ,  I. M. P U R T S E L A D Z E ,  L . S .  

KHITARISHVIL I ,  R . I .  C HIKOVANI  and A . L .  
SHKOLNIK,  Soy. Phys. Solid State 7 (1966) 2082. 

8. v . A .  IOFFE,  I . B .  PATRINA,  E . V .  ZELENET-  
SKAYA and v .  P. MIKHEEVA,  Phys. Status Solidi 35 
(1969) 535. 

9. R. S. MANN and K. C. KHULBE,  Bull. Chem. Soc. Jpn 
48 (1975) 1021. 

I0. G. S. N A D K A R N I  and J. G. SIMMONS,  J. Appl. Phys. 
41 (1970) 545. 

11. C. D A Y A N A N D ,  M. C H A N D R A  S HE KHAR,  M. 
N A G A B H O O S H A N A M  and V. HARI BABU, Ind. J. 
Phys. 54A (1980) 118. 

12. N. SOTANI,  Rev. Phys. Chem. Jpn 46 (1976), I. 
13. H. J. WAGN E R ,  P. DRIESSEN and C. F. SCHWERD-  

TFEGER,  J. Non-Crystalline Solids 34 (1979) 335. 
14. S. TOLANSK Y,  "An  Introduction to Interferometry" 

(Longman Green, London,  1955). 

15. S. RAMASESHAN and G. SURYAN,  Phys. Rev. 84 
(1951) 593. 

16. E. SERWlCKA,  J. Solid State Chem. 51 (1984) 300. 
17. W. D. OHLSEN,  Phys. Rev. B7 (1973) 4058. 
18. R. J. LANDRY,  3". Chem. Phys. 48 (1968) 1422. 
19. J. H. PIFER,  S. ZIEMSKI,  M. G R E E N B L A T T  and 

B. M. W A N K L Y N ,  J. Solid State Chem. 45 (1982) 93. 
20. P. A. THOMAS,  D. LEPINE and D. KAPLAN,  "Tetra- 

hedrally Bonded Amorphous  Semiconductors" (American 
Institute of  Physics, New York, 1974) p. 47. 

21. P. F. CORNAZ,  J . H . C .  VAN HOOFF,  F . J .  
PLUIJM and G. C. A. SCHUIT,  Discuss. Faraday Soc. 
41 (1966) 290. 

22. A. K. KIP, C. KITTEL,  R . A .  LEVY and A . M .  
PORTS, Phys. Rev. 91 (1953) 1066. 

Received 28 March 
and accepted 29 July 1988 

1664 


