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quenched amorphous V205 thin films 

J. P. A U D I E R E ,  A. MADI 
Universitb Paris Sud, Laboratoire de Physicochimie Minbrale, B~timent 420, 91405 Orsay, 
France 

J.C.  GRENET 
Laboratoire de Magnetisme, 92190 Meudon, France 

Amorphous thin films of V2Os have been prepared by vapour deposition in high vacuum 
(~ 10 -6 torr). In order to study the role of quenching, various temperatures, ranging 
from -- 196 to 260 ~ C, have been selected for the substrate. Differential thermal analysis, 
X-ray diffraction and conductivity measurements clearly divide the material into two sets, 
depending on the efficiency of the quenching. Whereas the least-quenched samples 
resemble those previously obtained by splat-cooling, the better quenched are only barely 
stable and, as a consequence, exhibit unique features, such as the occurrence of a glassy 
transition and the highest crystallization temperature ever found for V20 s. 

1. I ntroduetion 
Many papers have been devoted to amorphous 
vanadium pentoxide in view of its interesting 
semiconducting properties. However, most studies 
till now have been performed on bulk amorphous 
materials obtained either by splat-cooling [1], by 
dehydration of a gel [2-4]  or on thin films 
obtained by chemical vapour deposition [5, 6]. 
Apart from the works [7-10]  on crystalline 
and amorphous vanadium pentoxide obtained by 
sputtering or vapour deposition, no extensive 
research has been published on amorphous material 
prepared by evaporation, nor has the effect of the 
efficiency of quenching been studied. The object 
of the present work was to prepare thin films with 
a small V4+/V s+ ratio and to study the effect of 
heat treatment of the material on the conductivity, 
as a function of the mode of preparation. 

2. Experimental techniques 
The amorphous thin layers were made by vacuum 
evaporation (P ~ 10 -6 torr) of  powdered vanadium 
pentoxide (Johnson-Matthey, Specpure) placed in 
an electrically heated crucible. The corrosive 
nature of molten vanadium pentoxide requires the 
use of a platinum crucible and platinum/rhodium- 
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platinum thermocouples. The temperature of the 
molten oxide, which is the main parameter res- 
ponsible for the composition of the vapour [11, 
12], was carefully controlled [13]. Thin layers, 
as close to stoichiometry as possible (V4+/V s§  
0.01-0.02), were chosen for study. Since the 
dissociation of the vanadium pentoxide occurs as: 
V2Os ~ V2Os-x + (x/2)O2 [2], it was necessary 
to conduct a comparative study of thin layers with 
the same V4§ s§ ratio and free from oxides such 
as VaOT, V409 or V6Ola (which limits the V4+/ 
V s+. ratio to a maximum of about 0.02 [2, 14-16 ].) 
In a first series of experiments, the temperature 
of  the crucible was fixed at about 845 -+ 5 ~ C, a 
reasonable compromise between a low dissociation 
and a suitable rate of evaporation. The films 
obtained were pale yellow. 

In a second series of experiments, the V4+/ 
V s+ ratio was increased by evaporating at 900 + 
10 ~ C, in order to study the influence of evapor- 
ation temperature. The films thus obtained were 
dark yellow. The very small mass o f  amorphous 
evaporated films did not allow us to measure the 
V4+/V s+ ratio. However, the colour suggested the 
presence of only a very small amount of V 4+ 
(certainly < 2%). The glass platelets (50mm x 
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50mm x 0.5 mm) used as substrates were first 
degreased, chemically scoured and refluxed in 
2-propanol. They were then degassed at 250~ 
for 3 h under high vacuum, and immediately 
used for the evaporation. The substrates were 
mechanically held on a substrate holder, and the 
temperature of both was regulated in the -- 196 
to 450 ~ C temperature range [11 ]. The temperature 
difference between the V2Os glass interface and 
the substrate holder was less than 0.5 ~ C [13]. In 
some cases, it was necessary to intercalate between 
the substrate and the thin layer of oxide a thin 
fdm of gold (about 15 nm) to allow the sub- 
sequent removal of the oxide layer, which was 
otherwise held tenaciously. The evaporation 
apparatus was thus provided with two sources, 
one for the pentoxide and the other for gold 
flash evaporation. After preparation, the layers 
were stored under vacuum to protect them from 
moisture [4, 17]. In an attempt to gauge the 
possible influence of moisture, a film (no. 7 )  
obtained' by vapour deposition onto a substrate 
maintained at liquid nitrogen temperature was 
voluntarily exposed to ambient atmosphere while 
kept at 0 ~ C: it underwent immediate hydration. 
Differential thermal analysis (DTA) of about 0.5 
mg samples scraped from the substrate turned out 
to be possible using microcrucibles in the DTA 
[18]. The thermograms (Fig. 1) were obtained 
with a 7.5 ~ C min -1 heating rate, under inert 
atmosphere. When required, a special device 

allowed in situ forced cooling of the sample at a 
rate of  about 10-20 ~ Cmin -1 [18, 19]. 

The evolution of the crystallinity of  the samples 
was followed by optical microscopy and X-ray 
diffractometry. Dark-field optical microscopy 
permitted the detection of crystallites larger than 
0.3/am, even if they were dispersed in the 
amorphous phase. This technique also allowed 
the localization of crystallites with reference to 
the air-V2Os and V2Os glass interfaces [13, 20]. 

Thickness measurements were performed using 
a Mirot interferometer and an interference filter 
(546 nm) equipped with a camera. Under these 
conditions, the film thickness could be estimated 
to within + 5% for the very thick layers (i.e. more 
than 270nm thick), and to within + 10% for the 
very thin layers. Direct examination of the thin 
films was performed by X-ray diffractometry 
(Siemens, CuKal). The samples which had to be 
scraped off for DTA were examined with a 
Seeman-Bohlin camera. 

In order to measure the conductivity of  the 
samples, two parallel gold electrodes were deposited 
onto the pentoxide films. The distance between 
the electrodes (typically 300~m) was measured 
with an optical microscope and chosen to be a 
suitable compromise between too large resistance 
and too high electric field. Fig. 2 gives a diagram 
of the apparatus used for electrical measurements. 
The high resistance Rx of the sample limited the 
value of the current delivered by a stabilized d.c. 
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Figure 1 DTA thermograms of samples 1 to 7. Sample 1, mass --- 0.63 mg; 2, 0.7 rag; 3, 0.6 mg; 4, 0.3 rag; 5, 0.7 rag; 
6, 0.73 rag; 7, 0.48 rag. 
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Figure 2 Diagram of apparatus used for electrical measure- 
ments. 

generator E. The potential difference across a 
reference resistance Re ( R e ~  Rx), was then 
measured using the Keithley 155 microvoltmeter. 
For all measurements, the potential E was fixed 
between 9 and 10 V. It was systematically verified 
that this value was in good agreement with ohmic 
behaviour. The heating rate during the conductivity 
measurements was about 3 ~ C mill -1 . 

3. Results and discussion 
Preparation parameters are reported in Table I. 

3.1. DTA and X-ray dif fractrometry 
resu Its 

The thermograms of  the seven selected prepara- 
tions are reported in Fig. 1. Thermograms 1, 2, 3 
and 7 are very similar. The main exothermic peak 
begining at about 340 ~ C was attributed to crystal- 
lization. 

In all cases, anneals followed by quenching 
from various temperatures were systematically 
performed. The samples were then examined by 
optical microscopy and X-ray diffractometry. 
After quenching from 290 ~ C, the material was 
still amorphous. After quenching from 335 ~ C, the 
X-ray pattern exhibited a weak, but sharp line 
which proved to be the (001)  line of  the ortho- 
rhombic vanadium pentoxide (a = 1.151 nm, b = 
0 .3559nm and c = 0 . 4 3 7 1 n m  [21]). By sub- 
sequent studies after quenching from 380 ~ C, the 

X-ray patterns showed a series of  sharp (hOl) lines 
in addition to very diffuse (hkl) lines (k 4=0). 
After quenching from 4200 C, crystallization was 
found to be complete; all the lines of  the X-ray 
pattern were sharp and were indexed as due to 
orthorhombic V2Os. The suggested explanation 
takes into account both the lamellar and the chain 
nature of  V2Os (Fig. 3). The appearance at first 
of  the (001)  reflection suggests a regular stacking 
of  imperfect ab planes; the subsequent appearance 
(380 ~ C) of  the (hOl) lines is related to organiz- 
ation of  the "in plane" V - O - V  chains, the VOs 
square pyramids still ha~ng some irregularity. 
Finally, complete crystallization is achieved at 
420 ~ C. 

The hydrated layer (no. 6) showed a particular 
mode of  behaviour, similar to that observed for 
the gel [4, 17]. It crystallized at once at about 
350 ~ C and exhibits three successive dehydrations. 

The shape of  the peaks of  crystallization for 
Samples 4 and 5 suggests a mechanism of crystal- 
lization with simultaneous nucleation and growth, 
in contrast to the three-step proces s observed with 
Samples 1, 2, 3 and 7. As the DTA runs were 
performed under inert atmosphere, and since 
Samples 1, 2, 3 and 7 were amorphous at 290 ~ C, 
it clearly appeared that the weak exothermic 
peaks observed in the 4 0 - 2 9 0 ~  temperature 
range were due to relaxations between different 
amorphous states (Fig. 4 ) . W e  note that the 
relaxations observed on Thermogram 7 were a 
little enhanced with respect to those observed 
on Thermogram 2 in relation to the higher V4+/ 
V s+ ratio of  7. Annealing at fixed temperature 
tx suppressed all the relaxation processes observed 
at t < tx. Thermograms 3 and 5 illustrate this 
type of  behaviour, commonly encountered in the 
field of  amorphous materials [ 18]. 

The originality of  our evaporated films as 
compared to samples of  V2Os previously prepared 

TABLE I 

Thin film Evaporation Substrate Remark 
number temperature (o C) temperature (o C) 

t 840 -- 196 
2 840 20 
3 840 127 
4 840 185 
5* 840 260 

6 840 --196 

7 900 : 20 

Stored under vacuum 
Stored under vacuum 
Stored under vacuum 
Stored under vacuum 
Stored under vacuum 
Hydrated for a few 
seconds with air moisture 
Stored under vacuum 

* It was impossible to scrape off th{s layer. 
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Figure 3 Structure of V2Os. (a) Square 
pyramids VO s : V-O~ = 0.158 nm, 
V-O 2 = V-O4 = 0.188 nm, V-O3=  
0.178 nm, V-Os =0.202 nm, V - O I ' =  
0.278 nm. (b) Chains of square pyramids 
in the ab plane. 

appears as a weak endothermic signal at about 
300 ~ C on Thermograms 1, 2, 3 and 7. This signal 
is attributed to the glass transition occurring at 
the temperature Tg, which has not been reported 
so far. Basically, the presence of a glass transition 
in our samples is connected with the very rapid 
cooling rate during preparation of our samples 
which prevented the formation of  any micro- 
crystallites, and this results in a high crystallization 
temperature. Amorphous V2Os obtained by splat- 
cooling crystallizes at about 240 ~ C, far below the 
glass transition Tg [17]. The small exothermic 
effect observed just before Tg (Fig. 1, Thermo- 
grams 1, 2, 3 and 7) is presumably due to some 
relaxation towards a more stable glassy state in 
the vicinity of  Tg before the glass returns to the 
equilibrium in liquid state. In agreement with a 
well-known rule, we note that the temperature 
Tg ( ~  585 K) is about two-thirds of  melting 
( "  885 K). A last striking difference in our samples 
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Figure4Enthalpy H versus absolute temperature T 
diagram. Tg = glass transition temperature; Ter = crystal- 
lization temperature; T m = melting temperature. 

is the melting temperature,  which is much lower 
than usual (i.e. in bulk material) (690 ~ C) [22]. 
This is connected with surface effects which of  
course are of  crucial importance on a 250nm 
thick sample. This is borne out by similar cases 
previously reported [13]. 

3 .2 .  C o n d u c t i v i t y  resu l t s  
The values of  log oT versus the reciprocal absolute 
temperature for Layers 1 to 5 are reported in Fig. 
5. A striking feature is that the conductivity 
strongly depends on the degree of  quenching: the 
weaker the quenching, the higher the conductivity. 
The curves may be divided into two sets: in the 
first set (Curves 5 and 4), the slope of  the logcrT 
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Figure 5 log aT versus l Oa/T for Layers 1 to 5 (o in I'z -1 
cm-I ; T in degree Kelvin). 
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Figure 6 (a) log oT versus I03/T for Sample 7. (b) Enlargement of(a). 

versus 103/T curves suddenly increases above 
180 ~ C (103/T< 2.25 K -1) because of the onset of 
crystallization. In the second set (Curves 3, 2, 1), 
the initial slope is steeper and presents several dis- 
continuities of slope in the temperature range 
I103]T ~ 2.7 to 2.2 K -a I. In addition, a much 
lower conductivity is found. It is worth noting 
that Curve 5 (Fig. 5) is extremely similar to the 
one obtained for a xerogel [23]. For the sake of 
clarity, the conductivity of Sample 7 (prepared 
with a higher vapour temperature) is shown 
separately on Fig. 6a. Several discontinuities are 
observed at temperatures corresponding to the 
glass relaxations observed in DTA. In addition, 
Fig. 6b shows an enlargement of Fig. 6a in the 
range (1.6 ~< 103[T<~ 1.9 K-i) .  The conductivity 
anomaly is clearly related to the onset of the glass 
transition followed by the occurrence of crystal- 
lization at higher temperature. Finally, it is inter- 
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l~gure 7(a) logoT versus 103[T for Sample 7 in t h e  
crystallization vicinity. (b) o versus 103/T for Sample 7 in 
the crystallization vicinity. 

esting to show in detail the behaviour of the con- 
ductivity in the crystallization range. Figs. 7a and b 
show a plot of logaT and a versus 103/T in the 
case o f  Sample 2. 

Comparison of these results with those pre- 
viously obtained with bulk amorphous V2Os 
indicates that the conductivity in our materials 
can be understood in the frame of the small- 
polaron theory. The semiconducting properties 
of amorphous V~Os are due to a hopping 
process of unpaired electrons between V 4+ and 
V s§ ions. They are usually described by the small- 
polaron model developed by Mott [24-28]: 

po e2 
a - R k T  C(1 -- C) exp ( -  2 ~d~) exp (-- W/kT) 

where Uo is a phonon frequency, R the average 
hopping distance, C the ratio V4+/V and a the rate 
of the wave-function decay. The activation energy 
I4' for the conductivity can be expressed as: IV = 
Wh +(1/2)Wd, where Wh is the polaronic term 
while W d corresponds to the random disorder. 

It is usually very difficult to separate the terms 
W h and Wd. It is commonly assumed that the 
polaronic term Wh is almost constant for all 
amorphous V2Os thin films. The increase of  the 
measured activation energy W should then be due 
mostly to an increase of  the disorder term W d. 
Electrical conductivity experiments then show 
that the disorder increases when the temperature 
of the substrate decreases, i.e. with an increasing 
fast quench rate of  the vapour. A rough estimation 
of Wh and W d was made for Sample 7, leading to 
W h = 0.18 eV and W d = 0.17 eV. Table II reports 
the values of W = W h + (1/2) W d for Samples 1 to 5, 
in the 250-386 K temperature range. Particularly 
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TABLE II 

Sample W (eV) Remark 

1 0.54 

2 0.45 Increasing 
3 0.36 quenching 
4 0.32 
5 0.29 

s ignif icant  is the  increase o f  W, in ag reement  w i t h  

the  increasing rapid  quench ing  of  the  vapour .  

F u r t h e r  ca lcu la t ions  are be ing  carr ied ou t  in o rder  

to  r each  the  exact  values o f  b o t h  W h and  W d for  

Layers  1 to  5. 

4. Conclusion 
The resul ts  descr ibed  above  show t h a t  vapour  

depos i t i on  gives a h igh  ef f ic iency o f  quench ing ,  

w i th  the  weakes t  quench ing  in th is  m e t h o d  corres- 

pond ing  to the  h ighes t  one  o b t a i n e d  b y  splat-  

cool ing.  As a consequence ,  n o n - e q u i l i b r i u m  

a m o r p h o u s  mater ia ls  are o b t a i n e d ,  w h i c h  are 

charac te r i zed  by  the  h ighes t  c rys ta l l iza t ion  t em-  

pera ture  even f o u n d  for  V205 .  This  h igh  tem-  

pe ra tu r  e o f  c rys ta l l iza t ion  in t u r n  allows the  

de t ec t i on  o f  the  glassy t r ans i t ion .  
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