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Elaboration and characterization of amorphous
V,O; thin films-silicon p-n junctions
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Unusual p-n junctions have been obtained by vapour deposition of amorphous V,Og thin films
on monocrystalline p-type silicon wafers and their current-voitage characteristics have been
studied. The efficiency of such diodes and the effect of illumination are shown to depend
strongly on the parameters of the evaporation process. Results are discussed, with particular
emphasis on the role of the electrical charge mobilities.

1. Introduction

Amorphous vanadium pentoxide has been extensively
studied since the discovery of its semiconducting
properties. A number of methods have been explored
to obtain this material such as splat cooling [1, 2],
sputtering or vapour deposition [3, 4]. In all cases, V**
ions are produced as a consequence of the creation
of oxygen vacancies and electrical transport arises
through a polaronic mechanism, in agreement with
the ionic character of the lattice [5].

In the course of a general study of the electrical
properties of amorphous V,0; thin films prepared by
vapour deposition [5-7], we have examined the possi-
bility of preparing p~n junctions by vapour deposition
of amorphous V,0; (n-type semiconductor) films on
the surface of monocrystalline p-type silicon wafers.
In addition to possible technological interest, such
devices offer a mean to study the validity of applying
the usual band model picture to the description of
such particular p—n junctions involving localized states
of the d electrons of the V** ions.

2. Experimental procedure

2.1. Strategy for material optimization

It has been shown in previous papers [5] that
amorphous vanadium pentoxide thin films pre-
pared by evaporation under vacuum (vapour tem-
perature, T, = 840° C) exhibited two distinct series of
compounds.

The first one was obtained by efficient quenching
of the vapour onto a substrate held at various tem-
peratures (75), from —196°C to +120°C. The films
prepared under these conditions were amorphous and
exhibited a glass transition T, (~300°C), and a multi-
step crystallization at about 340°C.

The second series, obtained with a weaker quench-
ing of the vapour (75 = 180, 240 or 300° C) consisted
of pseudo amorphous thin films already containing
small nuclei. Such films are considerably less stable
and they have been discarded in the present work.
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Among the various materials available in the first
series, only films deposited onto a substrate held at 20
and 120° C have been used in the present work, the
main reason being that the mechanism of electrical
conductivity has been properly established in these
cases [5]. The films deposited on substrates held at
low temperature have been discarded because they
exhibit numerous amorphous—amorphous relaxations
[5] (which prevent the fitting of conductivity data) and
also because their conductivity is smaller.

The vapour temperature in the Joule evaporation
has been fixed at 840° C, as in [5]. This value represents
a compromise between a too slow evaporation rate
and a too high V**/V,.,, ratio R which would lead to
the formation of other oxides such as V;0,, V,0, and
V;0,; as a result of large oxygen losses according to
the equilibrium

¢
2

(R is about 1.4% under such conditions [5]).

As the conductivity of the films depends on the
concentration of adjacent V**-V°* site pairs, it is
nevertheless interesting to modify the R ratio and the
only accessible way to increase it is to realize films of
ternary compounds such as Li, V,0; instead of pure
V,0;. This in turn requires that flash evaporation be
used [6] (instead of progressive Joule heating), in order
to keep in the deposited film the stoichiometry of
the starting material. The composition Liy,V,0; was
chosen because it corresponds to a maximum of the
conductivity.

- s
V,05 = Vi Vi 05, + 2 O,

2.2. Experimental features
According to the above discussion five different films
were deposited under conditions which are summar-
ized in Table 1.

The evaporation plant and the flash evaporation
device have been already described [3-7]. The amor-
phous thin films have been deposited onto freshly
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TABLE 1 Conditions of vapour deposition

{s,7.8]

o578

Thin film Composition of Evaporation Ty (°C) T, (°C) i

starting material mode (cm?V~'sec™") Q@ 'em™h)
1 V,0, Joule 840 20 1.53 x 1077 6.12 x 107¢
2 V,04 Joule 840 120 8.45 x 1077 338 x 107°
3 V, 04 Flash 1050* 20 1.16 x 107¢ 4,50 x 107°
4 V,0, Flash 1050* 120 1.25 x 107° 5.00 x 1074
5 Liy; V,05 Flash 1100* 20 2.48 x 107¢ 1.40 x 107*

*It is necessary to maintain the crucible temperature (i.e. the vapour temperature 7y, ) at higher temperature (1050-1100° C instead of 840°C)
in order to ensure the best flash conditions. Nevertheless, the R ratio for pure V,0; does not exceed 1.5%.

cleaned p-type silicon substrates (10" carriersem ™),
and their thicknesses were measured using an optical
microscope equipped with a Mirot interferential device.
Typically, the films were 300nm thick. The silicon
wafers were supplied by Thomson C.S.F. Company,
L.C.R. Corbeville, Orsay, France. Electrical contacts
were ensured by an Au-Ga deposit onto the silicon
and a gold, combshaped deposit on the amorphous
thin film (Fig. 1). This shape of electrode allowed
electrical measurements to be performed under illumi-
nation of the interface between the amorphous oxide
film and the silicon substrate. D.c. current-voltage
characteristics were obtained using a Tektronix 577.
Photocurrents were measured under an illumination
power of about 40mWcm~? from an incandescent
lamp.

3. Results
3.1. Junctions based on “Joule evaporated”
V,05 (Films 1 and 2)
The voltage—current characteristics of the junctions
obtained from Films 1 and 2 are shown in Fig. 2. The
V-I characteristic obtained with the more-quenched
Film 1 (T = 20°C) is typical of a diode (rapid increase
of current with voltage under direct bias, almost null
current under reverse bias). Light increases the current
in direct bias, but has no significant effect under
reverse voltage.

The less-quenched Film 2 (75 = 120°C) displays
significantly different results. In darkness with direct
bias, current increases rapidly in the range 0-1V and
then linearly at higher voltage. Under reverse bias the
junction gives a small but non zero current (— 0.4 mA
for —3V). In contrast to the results obtained with
Film 1, light exerts a drastic effect, particularly under
reverse bias, as shown in Fig. 1.

Figure 1 The vanadium pentoxide-silicon junction: experimental
device. (1) Gold combshape top electrode; (2) V,0s5; (3) Si; (4)

Au-Ga electrode.
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3.2. Junctions based on “flash evaporated”
V,0; (Films 3 and 4)

The characteristics of these junctions (Fig. 3) are quite

similar to the previous ones, but some differences can

be noted:

1. Film 3 in darkness and direct bias gives identical
results to Film 1, and very close results under reverse
bias.

2. lllumination of Film 3 has no effect in direct bias
and causes a moderate current increase in reverse bias,
which is the opposite of the features observed with
Film 1.

3. The less quenched Film 4 has a behaviour which
recalls that of Film 2, but with a diode effect still
weaker. The influence of light is also very weak.

It is interesting to note that the diodes obtained using
Films 1 and 3 tolerate a reverse voltage down to
— 50V without any damage.

3.3. Junctions based on Li,V, 05 (Film 5)

The characteristic of the junction obtained with Film
5 (Fig. 4) shows a very poor rectifying effect and,
above all, a much smaller current. Light increases the
current under reverse bias, but has no effect under
direct bias.

4. Discussion

It has been shown that local order in pure V,0, amor-
phous thin films is nearly the same as in the crystalline
orthorhombic material [8]. The junction between
vanadium pentoxide and the silicon substrate is

Figure 2 D.c. voltage—current characteristics of the junctions using
V,0; Films 1 and 2: (@) Film 1, no illumination; (O) Film 1 illumi-
nated; (o) Film 2, no illumination; (O) Film 2 illuminated.



Figure 3 D.c. voltage—current characteristics of the junctions
using V,O; Films 3 and 4: (®) Film 3, no illumination; (O)
Film 3 illuminated; (a) Film 4, no illumination; (a) Film
4 illuminated.

consequently made up with an orthorhombic deposit
in contact with a cubic substrate. This conformation
necessarily induces crystallographic defaults at the
deposit-substrate interface. Moreover, the prepa-
ration mode of the film, i.e. evaporation instead of
sputtering, does not allow the removal of the resistive
silicon oxide layer always present at the surface of the
substrate just before the V,0; deposition, even if this
substrate has been very carefully chemically cleaned.

The V,05-Si junctions are therefore likely to behave
as heterojunctions with a potential barrier at the inter-
face and the silicon oxide resistive surface layer will
tend to decrease the current.

The following discussion will only try to correlate
the observed properties of the various junctions with
the experimental parameters governing the V,0O;
evaporation.

The results observed with Films 1 and 3 clearly
establish that the V,O;-p-silicon junction can behave
as a diode. We assume that this rectifying effect can be
explained by the usual description of heterojunctions
in terms of energy band diagrams, as explained in
standard textbooks. Several observed features can
then be interpreted in terms of the mobility of the
charge carriers in the various V,0O; films (see Table I).

For instance the fact that illumination of Film 1
does not generate any photocurrent under reverse bias
may be most readily explained by taking into account
the insulating character of this form of V,0j5 arising
from the very low mobility of the charges created at
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Figure 4 D.c. voltage—current characteristics of the junction
using Liy, V,Os film: (@) Film 5, no illumination; (M) Film
5 illuminated.

the interface by illumination. Therefore, recombi-
nation of the hole-electron pairs is predominant,
causing the photocurrent to be very weak. Interest-
ingly, the photocurrent is slightly higher for Film 3
which possesses a higher mobility.

The main feature, common to all junction based on
Films 2 and 4, is that they exhibit a very poor rectify-
ing effect. As these films are deposited onto substrates
held at 120°C, oxygen (arising from the partial
decomposition of V,0s) is likely to form an inter-
mediate silicon oxide film which limits the current and
imposes a quasi ohmic behaviour under direct bias.

The second striking feature common to these junc-
tions is that illumination under reverse bias generates
an important photocurrent. Again, this may be tenta-
tively explained by the higher mobility of the charges
in these films (Table I), so that the electron-hole pairs
generated at the interface can be separated before they
recombine.

Finally, we have no satisfying explanation for the
behaviour of the more complex Li,,V,0; films.

In conclusion, this work demonstrates that amor-
phous V,0;-p-silicon junctions can act as diodes, at
least under certain conditions, even though electrical
conductivity in V,0; occurs by means of polarons.
Further work is undertaken to determine whether
amorphous V,05 could still generate p-n junctions
with other polaronic conducting materials, especially
doped conducting polymers.
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