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Electronic and transport properties of reduced and oxidized nanocrystalline
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Electronic properties of reducddacuum-annealgdand oxidized(air-annealeg TiO, films were
investigated byn situ conductivity and current—voltage measurements as a function of the ambient
oxygen pressure and temperature, aneégitusurface photovoltage spectroscopy. The films were
quite conductive in the reduced state but their resistance drastically increased upon exposure to air
at 350 °C. In addition, the surface potential barrier was found to be much larger for the oxidized
versus the reduced films. This behavior may be attributed to the formation of surface and grain
boundary barriers due to electron trapping at interface states associated with chemisorbed oxygen
species. ©2003 American Institute of PhysicgDOI: 10.1063/1.1539556

Nanocrystalline titanium dioxide (Ti§) has many im- Thus, surface photovoltage spectroscdf{PS, which pro-
portant applications, such as solar célishotocatalysts for vides direct information on the surface electronic structure
water photolysié and degradation of environmental pollut- and properties of semiconductor materidiss also useful
ants in air and wastewatetsas well as an oxygen- and a for investigating GB electrical properties in polycrystalline
gas-sensor materialThin films of TiO, prepared by reactive semiconductors. In this letter we present a comparative study
sputtering for gas-sensing applications were found to crystalef the electronic and transport properties of dense nanocrys-
lize to a dense columnar layer of nanocrystalline rutile uportalline TiO, (rutile) films exposed to reducing or oxidizing
annealing at 400 °C.Their electrical conductivity was quite conditions by annealinin vacuoor in air, respectively, using
sensitive to changes in the ambient oxygen pressure betweén situ conductivity andl —V measurements arek situSPS
200 and 325°C. Analysis of the response kinetics duringneasurements.
exposure of reduced TiQ s films to oxygen indicated that it The TiO, films (~200 nm) were deposited on oxidized
could be explained by a twofold mechanism: First, oxygen isSi substrates covered with interdigital Au electrodes by reac-
chemisorbed at the surface, producing a depletion layer itive sputtering from a Ti targétAfter deposition, all samples
the adjacent space-charge region, and subsequently followgere annealed at 450 °C in a vacuum~o10~ " mbar for 24
oxidation of the entire film and annealing of donor-like oxy- h to crystallize the films and to stabilize their microstructure.
gen vacancies by grain-boundary-enhanced chemicdh situ conductivity and —V measurements were carried out
diffusion® in an environmental chambeat a base vacuum level of

Chemisorption of oxygen builds up a potential barrier at~4>10"® mbar and at air pressures of 1 and 10 mbar, at
the surface of TiQ,” but it is not clear whether similar bar- temperatures between 25 and 350 °C. For ¢Resitu SPS
riers are also formed at internal interfaces within the film,measurements, some samples were red(agdin by an-
that is grain boundarie§GBs).® Considering the fact that nealingin vacuo (~10 ' mbar) at 450°C for 24 h, and
GBs provide easy paths for diffusidmparticularly in nano- some were oxidized by annealing in dry atmospheric air at
crystalline TiQ, where the diffusion of oxygen atoms is 400°C for 24 h. The SPS measurements were conducted
orders of magnitude faster than in single crystals, is inside a dark Faraday cage, in atmospheric air at room tem-
likely that the GBs are accessible to small molecyltsel-  perature. The SPV was measured by monitoring changes in
evated temperaturesThus, chemisorption-induced barriers the contact potential differen¢d€PD) between the Ti@film
may also be formed at GBs inside the film. These barriers argnd a vibrating Au reference probe using the Kelvin probe
expected to control the charge transport properties of suctechnique’® while the sample was illuminated by monochro-
films in a similar manner to the GB-controlled transport in matic light with wavelengths between 650 and 250 (with
polycrystalline semiconductot$;!? making them very sensi- 0.1 nm/s steps The SPV is the difference between the CPD
tive to gas adsorption. values in dark and under illuminatidf. A commercial

A correlation between the surface and GB potential barKelvin probe apparatuéBesocke Delta Phi, Germahyas
riers in polycrystalline GaN was demonstrated recently byused, providing~1 mV sensitivity. The Au electrode under-
comparing the photoinduced changes in conductiity., neath the TiQ film provided common ground for the probe
photoconductivity with the surface photovoltagéSPV).2®  and sample. The samples were illuminated through a double

0.25-m grating monochromator fed by a 150-W Xe lamp.
dAuthor to whom correspondence should be addressed; electronic maiﬂ:—he OUtp_Ut |IIum|qat|on power at the ;ample Surf.ace typi-
mtavner@tx.technion.ac.il cally lay in the microwatt range, covering the entire probe
YPresent address: The Scripps Research Institute, La Jolla, California 9203@rea(2.5 mm in diameter Prior to illumination, each sample
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introducing dry air into the chambedunder constant flow
conditions. Finally, the conditions were set back to the base
vacuum level and those measurements were repeated again
(H). As shown in Fig. 2, the first and last sets of measure-
ments(at ~4x 10 mbar) yielded nearly the same resuilts,
indicating that the effect of air pressure cycling was revers-
ible.

As can be seen in Fig. 2, the ambient air pressure had a
drastic effect on the resistance, changing it by almost eight
orders of magnitude between the base vacuum level and 10
mbar of air(at 25 °C). In addition, the slope of tHeversus
1/T curves, that is, the activation energy,), also changed
considerably from 0.01 eV at the base vacuum level to 0.31
and 0.69 eV at 1 and 10 mbar, respectively. These observa-
o ) ) o tions cannot be related to changes in the film structure, as it
was maintained in the dark for 24 h in order to eliminateyas shown to be stable after the initial thermal treatrient.
persisting effects of previous light exposure. The resistance values depicted in Fig. 2 were measured

In addition to the electrical measurements, MiCrostruCynger equilibrium conditions. According to the mass-action
tural and compositional characterizations were carried ouly,  the oxygen pressure induced modifications of the
using x-ray diffraction, transmission electron microscopyrio, . stoichiometry lead to a power-law relationship be-
(TEM), high-resolution scanning electron microscopy, antyyeen the resistance and the ambient oxygen pressure,
Rutherford backscattering spectroscdRBS). After the ini- *(po.) Y™ where 2<m=86, depending on the predominant
tial thermal treatment, the TiXilms had a stable nanocrys- efe(:2t315'16 Accordingly, the expected change in the resis-
talline rutile structure that did not change upon subsequer][ance u.pon changing ’the alie., oxygen pressure from

annealing at lower temperatureghe crygtalllzed f||ms WET® 4% 107° to 10 mbar cannot exceed more than three orders
columnar, as observed by cross-section TEM m|crograph8f magnitude, whereas Fig. 2 shows that it actually increased
(not shown, with grain diameters between 10 and 80 nm 9 ' 9- y

(with an average of-36 nm), as shown in the plan-view by nearly eight orders of magnitudat 25°C). Thus, the

TEM micrograph in Fig. 1. RBS measurements indicateabUIk oxidation effect alone is too small to account for this
that the O/Ti ratio was a'\bo.ut 2:1, and no impurities eXcep{emarkable behavior. However, these results can be ascribed

for Ar (from the sputtering processvere detected. to the buildup of GB barriers ind_uced t_)y chemisorption of
The resistance of a typical TiGsample as a function of oxygen that lead to electron trapping at interféG®) states.

temperature at three different air pressures is depicted in Fi?o.‘S a result, the regstanceﬁ& Ro eXp@%BV KT), whereRy .

2. The first set of measuremer(ts) was carried out at-4 S a pre-exponential coe_fhuent that includes the b_ulk resis-
x10"® mbar, after the sample had been equilibrated fofance and other factor.e, is the elementary chargk,!s the
~48 h at a temperature of 350 °C until its resistance attaineffOltzmann constanff is the tgmperatugei,z adabGB'_ is the

a steady value. Subsequently, the temperature was lower gnitude of the GB pote_ntlal barriet. 2 Assuming that

by several steps down to 25°C. When a steady resistan éPGB| depgnds on Ehﬁ al"nblent.oxyg.en pressure.due to oxy-
was attained at each step, the currdntyas measured as a 9" chem|sorpt|oﬁ',.' this relationship can explain the ex-
function of the applied voltageM) for dc biases between _pe_nmental results in Flg. 2.1n adqmon, tH\gV character-
0.01 and 5 V. The resistance was calculated from the slope §fticS of the reduced film were linegohmio at all the

thel -V characteristic at the low-voltage range, where it was2PPlied biases, whereas those of the oxidized film were non-
ohmic. A second set of measurements was similarly conlin€ar, except at low voltages<(0.1 V). Such nonlinearity
ducted at 1 mbaf®), and a third one at 10 mbaa), by of the | -V characteristics of the oxidized film confirms the

role of the GB barriers, as it is often associated with charged
GBs that control the charge transport mechanism in poly-

FIG. 1. Plan-view TEM micrograph of a typical TiGilm.

10 ~ (;) crystalline semiconductor§.In general, contact barrier ef-
1071 Eam 0695001 [eV] § fects can also lead to a similar behavibHowever, the latter
10”: : must be ruled out in th_e case at hand since the dark-CPD
] to—0s1z00iev] | between the OX|_d|zed TiOfilm and the Au re_fe_ren_ce elec-
g 10°; 2 : trode of the Kelvin probe was only 0.11_ V. Tr_ns indicates that
o ] : the contact potential barrier at the TiQAu interface was
10 « : rather small, surely much smaller than the sum of all the GB
] E,=0013£0002[eV] | barriers, that the current must have crossed through the film
1002 Eail : L) (>1000 GBs). Moreover, the resistance of the Jifim
1.5 20 25 3.0 35 scaled with the contact separation length, indicating that the

1000/T [K'] film properties rather than the T}QAu contacts dominated
the resistance.

FIG. 2. Resistance as a function of the reciprocal temperature at three dif- : P
ferent air pressure$l) at the base vacuum levek4x 10~6 mbar( - first Figure 3 shows the SPV spectra of reduced and oxidized

set, M - last set of measuremeit¢2) at 1 mbar of dry ai(®); and(®) at10 1102 films (from the same deposition bafcas a function of

mbar of dry air(A). E, is the activation energy. the energy liv) of the incident photons. The most prominent
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350 : : : ‘ : : mation of GB potential barriers that control the charge trans-
300 3 port mechanism in those films, while annealingzacuodi-
minishes these barriers and renders the films quite
= 250 . 3 conductive. These effects are very prominent and reversible,
E, 200 Oxidized 1 suggesting that the films are suitable for oxygen- and gas-
S 150 \ Reduced ] sensing applications, despite having a defnather than po-
& rous microstructure.
“ 1001 \4 :
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