Pulsed laser deposition of VO , thin films
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High quality vanadium dioxidéVO,) thin films have been successfully deposited by pulsed laser
deposition without postannealing @001 and(1010) sapphire substrates. X-ray diffraction reveals
that the films are highly oriented wiil®10) planes parallel to the surface of the substrate, YHih

films on (0001 and (1010) substrates show semiconductor to metal transistions with electrical
resistance changes as large as18*, 10°, respectively. Thin films or(1010) substrate have a
transition at as low as 55 °C with a hysteresis less than 1 °C. These transition properties are
comparable with single crystal VO © 1994 American Institute of Physics.

Since the early work of Morif,there has been a lot of sition properties. It was found that the substrate orientation
interest in vanadium oxide because of their metal-to-has a profound effect on the quality of the Y@ms. Typi-
semiconductor transitions and the abrupt changes in thewally the electrical resistance of our samples changes by 4-5
optical and electrical properties which accompany these trarerders of magnitude over the semiconductor—metal transi-
sitions. Of all the different types of vanadium oxides, /O tion.
has been studied the most because its transition temperature Our PLD system has been described previotily.
is near room temperature. It exhibits a change in electricaBriefly, an ArF excimer laser at a wavelength of 193 nm was
resistivity in the order of 1Dover a temperature change of focused onto a target with a fluence of 2—3 Fcfihe target
0.1°C at 68 °C in a single crystallts infrared transmission was made of pressed 99% purgd®4 powder. No heat treat-
characteristics also change dramatically over the phase trament was applied to the pressed powder target. Films were
sition. These features make Y@Ims suitable for applica- grown on(0001), and (1010) sapphire substrates. The dis-
tions in thermal sensing and switching. Thin films of tance between the target and the substrate was typically 5
VO, have been prepared by various methods includingm. The deposition chamber was pumped<td0~° Torr
metalorganic chemical vapor depositiorevaporatiof;,>  before oxygen gas was introduced into the chamber. The
sputtering ~ and sol-gel dip coatingMost VO, thin films  depositions were performed in an ambient of 20—30 mTorr
demonstrate a transition of electrical resistance by as muadbxygen. The substrate temperature was maintained at 630 °C
as 16-10" at 68 °C with a thermal hysteresis of 2—5 °C during the deposition. After the deposition, the samples were
upon heating up and cooling down. Since the magnitude ofooled down at the deposition oxygen pressure to room tem-
the resistivity change and the narrowness of the hysteresjserature. No postannealing was performed on the samples.
are very sensitive to the stoichiometry and the crystalline  The crystalline structure of the as-deposited vanadium
structure of the V@ thin film, these parameters are good oxide thin films was determined by x-ray diffractigXRD)
indicators of its quality. Generally the characteristics of themeasurements. The result 6£26 x-ray scan of vanadium
thin films are inferior to those of single crystals. Addition- oxide thin films on a(0001) sapphire substrate is shown at
ally, there have been a considerable amount of research pefig. 1. The film shows two peaks corresponding@a0) and
formed in an attempt to reduce the transition temperature by040) of monoclinic VO,.” No other peak is observed indi-
using dopants>** deposition by ion-assisted reactive evapo-cating highly oriented crystalline structure. For the }O
ration followed by thermal annealimgand relaxing tensile (020 peak, the full width at half-maximurtFWHM) of the
stress by ion bombardmetftUnfortunately, while the tran- rocking curve is found to be-0.5°. Figure 2 shows—26
sition temperature is reduced, the desired electrical and optik-ray scan of the film ori1010) sapphire substrate. The peak
cal properties are somewhat degraded as well. at 20=64.7° corresponds to th@40 of the M2 phase of

Pulsed laser depositioPLD) has been employed for v0,.2° The FWHM of this peak is alse-0.5°. The only
many materials successfully, i.e., semiconductors, supercomther peak observed in our scanning range 20°-70° is at
ductors, insulator, dielectric materials, and €tc:’” Since  21.7°, which has an intensity 20 times less than the peak at
PLD can be performed under considerably high backgroun@4.7°. This peak does not correspond to any known phases of
pressure, it has proven to be an excellent method specially ianadium oxides. XRD patterns from JCPDS Powder Dif-
depositing oxide thin films. For the case of Y@easonably fraction Filé® for various vanadium oxides, including
good results have been obtainedRitut sapphire substrates V0,;, V;0;3, VgO;5, V307, V,0o, VeO;3, and various
with post annealing by PLE? Here, we would like to report  other phases of VQ were examined, but the peak at 21.7°
the successful deposition of situ VO, by PLD on (0001,  cannot be assigned to any of those.
and(1010) sapphire substrates with excellent electrical tran- A standard four probe method was used for the electrical
characterization of the film. As the sample was heated in air

3Als0 at Hong Kong University of Science and Technology, Clearwater Bay,[TOM room temperature to a temperature_ of 100°C and
Hong Kong. cooled back to room temperature, the resistance was mea-
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FIG. 1. 6-26 x-ray scan for a VQ@thin film on (0001 sapphire substrate. . . . )
FIG. 3. Electrical resistance as a function of temperature foy ¥ films.

Thermally induced semiconductor to metal transitions are clearly seen with
sured to find the dependence of the electrical resistance @K10%, 10° changes in electrical resistance for the films (6603, (1010)
the sample on temperature. Figure 3 shows the electrical ré2PPhire substrates, respectively.
sistances of the samples (@001 and(1010) sapphire sub-
strates as a function of temperature. The optimum oxygefrge shift in transition temperatuf&,), e.g.,T,(Vs0g) =135
pressures for the depositions were 20 and 30 mTorr fok © T (v,0,=145 K>2! This confirms that both films are
(000 and (1010) substrates, respectively. The films quali- vo,, consistent with XRD data. Hysteresis on electrical re-
ties were very sensitive to the oxygen pressureSsistance is observed upon the heating and the cooling of the
Semiconductor-to-metal phase transitions are clearly seen fagmples. The width of the hysteresis is found to be narrower
both samples. The samples show a typical semiconduct@py the film on (1010) substrate compare with the film on
characteristic of a decreasing electrical resistance with in(OOO]) substrate. This width is typically less than 1 °C for the
creasing temperature below the transition temperature. Of\m on (1010) substrate while that of the film of0001)

the other hand, electrical resistance increases with increasing,pstrate is 3 °C. The film 0fl010) substrate also has a
temperature above the transition temperature indicating M8awer transition temperature than the films 3001 sub-

tallic behavior. The transition temperatures for films on thestrate. The ratios of the electrical resistance at 35 and 90 °C

(0001 and(1010) substrates are 65 and 55 °C, respectively,, o aq large as»410* and 1x 10° for the films on(0001) and
and g‘{g_l'g‘ agreement W',th the transition temperature o 1010) sapphire substrates, respectively. These values are as
\./02' ) It should be pomt'ed out that even small varia- good as or better than \fQahin films made by other meth-
tions in the oxygen content in vanadium oxides result in %ds. Other efforts to reduce the transition temperature for
VO, films have resulted in degradation of the transition
o-ALO, properties:1°-*2However, our VQ film on (1010) substrate
has a lower transition temperature with the enhanced transi-
tion properties. The large resistance change and the narrow-
r ness of hysteresis indicate that our films have a very close
stoichiometry to bulk crystalline VO The eletrical proper-
ties of our thin films on th€1010) substrate are comparable
with those of a single crystal.
Vo While we have used pressed,®; powder target, the
as-deposited thin films have a very close stoichiometry to

- (300)

Intensity (arb. unit)

5 (040) VO,. The particles ablated from the target react with the
- oxygen in the chamber while they are traveling to the sub-
L strate, resulting in the increased oxygen content. This ex-
: plains also why the oxygen pressure is one of the critical
YAV L parameters for the optimization of the growth process. The

60 64 68 72 exact nature of the mechanisms involved will be the topic of
another study. We also have preliminary results showing that

26 (Degrees) V,0s films can be obtained at higher deposition pressures.

B The ability to control the oxygen content of the deposited
FIG. 2. 6-26 x-ray scan for a VQthin film on (1010) sapphire substrate. ~ film easily is one of the major advantages of PLD which can
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phire substrate along axis and perpendicular to axis is
very small, the large reduction in transition temperature in
the thin film on (1010) substrate cannot be explained in
terms of extrinsic stress. However, it is also possible that the
porous structure of the film ofl010) substrate helps in re-
leasing the intrinsic stresses resulting in lowering the transi-
tion temperature. In fact, it was observed that Ar ions bom-
bardment on VQ thin films reduced the transition
temperature and the hysteresis width which can be explained
by intrinsic stress releasés.

In conclusion, we have deposited oriented V@in
films having(020) planes in parallel with the substrates sur-
face with PLD on(0001) and(1010) single crystal sapphire
substrates. No post annealing process was needed to obtain
high quality thin films with large resistance changes over the
semiconductor—metal transition. In particular, @in films
on (1010) substrate have outstanding electrical properties
comparable to a single crystal with a transition temperature
as low as 55 °C.

FIG. 4. SEM images of V&thin films on(a) (0001 and(b) (10]0) sapphire
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