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Lattice location and electrical conductivity in Sb-implanted rutile

I. Khubeis,* R. Fromknecht, and O. Meyer
Forschungszentrum Karlsruhe, Institut fu¨r Nukleare Festko¨rperphysik, P.O. Box 36 40, D-76021 Karlsruhe, Germany

~Received 3 September 1996!

Single crystals of TiO2 ~rutile! were implanted with Sb ions applying fluences of 231013/cm2 to
531016/cm2 at 300 keV. The lattice location together with the ion range and damage distribution was mea-
sured using Rutherford-backscattering and channeling. The conductivity was measured as a function of tem-
perature in the region between 6 and 300 K. Up to a dose of 531015/cm2 the Sb atoms were entirely
substitutional on Ti sites as concluded from channeling measurements on^001&- and ^100&-oriented TiO2
single crystals. A large increase of the conductivitys was observed with increasing Sb dose, indicating a
saturation behavior at about 30V21 cm21. Between 40 and 293 K lns was proportional toT21/2 for low
doses, and proportional toT21/4 for doses of 131016 Sb/cm2 and above, indicating that the transport mecha-
nism is due to variable range hopping.@S0163-1829~97!02502-2#
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I. INTRODUCTION

Ion implantation into TiO2 revealed that various ions oc
cupy substitutional sites by replacing Ti atoms.1 The replace-
ment of Ti atoms depends in a first approximation on the s
mismatch energy of the implanted ions. A summary of
results obtained up till now was given recently1 where it was
shown that atoms with an atomic radii difference
Dr5ur i2r Tiu up to about 0.02 nm are highly substitutiona
With increasingDr the substitutional component decreas
rapidly being zero forDr values of 0.04, e.g., for La.2 The
maximum concentration of implanted ions on Ti sites m
exceed that obtained by conventional doping.3 Thus it is of
interest if enhanced electrical doping may be obtained by
implantation. The electrical conductivity of TiO2, s, in-
creases by many orders of magnitude due to radia
damage.4,5 Thus the influence of disorder and doping ons
have to be separated. It was shown that the increase ofs by
disorder saturated with fluence at about 1V21 cm21 for Kr
~Ref. 4! and at about 0.3V21 cm21 for Ar implantation.5

Conductivity values which are larger than these values
generally attributed to the doping action of the implant
species. The next important question concerns the rela
between lattice site occupation, possible charge state,
electrical conductivity. Here compensation as well as p
cipitation effects have to be considered. For Nb implan
into TiO2 it is assumed that the pentavalent charge stat
compensated by defects such as Ti31, while for Nb doses
greater than 131017/cm2 electron hopping between Nb an
Ti precipitates may occur as charge-transport processes.6 Im-
plantation of Sn which is substitutional up to concentratio
of about 1 at. % leads to an unexpected increase of 5
V21 cm21, which is higher than conductivity values o
about 1V21 cm21, obtained by conventional doping.3 This
rather highs value obtained by Sn doping is not well unde
stood as the most probable charge state of Sn is 41, equal to
that of Ti in TiO2. Therefore it was of interest to study th
lattice site occupation and the conductivity of Sb implan
into TiO2. For Sb a charge state of 5 is possible and
results may then be compared with those of Nb, which is
550163-1829/97/55~1!/136~6!/$10.00
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most effective dopant found up till now in TiO2 using ion
implantation.6

II. EXPERIMENT

Polished single-crystal TiO2 slices of ^100& and ^001&
orientation as obtained from the manufacturer were used
our experiments. Ion implantation was performed at ro
temperature and at 77 K using a Danfysik ion implanter. 3
keV Sb ions in the fluence region between 231013/cm2 and
531016/cm2 were used. He ions of 2 MeV were generat
by a Van de Graaff accelerator and appliedin situ for
Rutherford-backscattering and channeling~RBS-C! studies
to determine the damage and ion distribution and the lat
location. The ion range and damage distribution were eva
ated and compared with results of theTRIM program.7 The
displacement energies used were 50 eV for both Ti and8

Random,̂ 001&- and^100&-aligned backscattering spectr
were measured after Sb ion implantation and after annea
when the sample was cooled to room temperature. In so
cases the backscattering spectra were measured as a fun
of the tilt angle through thê001& and ^001& crystal direc-
tions, choosing tilt planes with respect to crystal planes.
ergy windows can then be selected freely in the Ti dam
peak area, at energies below the damage peak, and in
impurity region in order to determine the relative bac
scattering yields in dependence on the tilt angle. Such an
lar scans are characterized by the minimum yieldXmin ,
which is the yield obtained for perfect alignment of the inc
dent beam with crystal direction normalized to the yield f
random incidence, and the critical angleC1/2, which is half
of the tilt angle at half maximum of the angular yield curv
The apparent substitutional fractionf s is defined as

f s5~12Xmin
i !/~12Xmin

h ! . ~1!

Xmin
i is defined asASb

al /A
Sb
r whereA

Sb
al andA

Sb
r are the Sb

peak areas of the aligned and the random spectra, res
tively. Xh

min is the ratio of the aligned and random yield
Ti at a depth where the Sb atoms are located. This formul
136 © 1997 The American Physical Society
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55 137LATTICE LOCATION AND ELECTRICAL . . .
valid only if the ratioC1/2
i /C1/2

h is close to unity and if the
nonsubstitutional impurity atoms occupy random lattice p
sitions.

The electrical conductivities were determined by apply
a four-point probe with Au contacts sputtered through
mask onto the implanted area. The resistance was meas
by a Keithley 617 electrometer using a currentI51 mA. The
sample holder was inserted in a liquid-He-cooled cryos
which allows automated temperature-dependent meas
ments. The resistanceR5U/I is converted into a resistivity
valuer by r5(Upd)/(I ln2), whered is the thickness of the
implanted region. Assuming that ion doping plays the m
role for the conductivity change, the half width at half max
mum of the ion distribution is used, andd is equal to
2.353DRp (DRp5 range straggling!.

III. RESULTS

A. Lattice disorder

Typical energy spectra of backscattered He ions for r
dom and aligned incidence from̂001&- and ^100&-oriented
TiO2 single crystals are shown in Figs. 1 and 2, respectiv
The Sb yield is energetically well separated from the
yield. From the Sb peak areas of the random and alig
spectra using Eq.~1! a substitutional fraction of 0.96 is ob
tained. The lattice location of Sb in TiO2 is presented in
more detail below. Two well-resolved damage peaks
seen for both the Ti and the O sublattices in the^100& and
^001& crystalline direction. It is noted that in̂100& direction
the damage peak grows faster with ion fluence with resp
to the surface peak as in̂001& direction. Further it is seen
that for a similar implanted ion dose the damage peak
the dechanneling is higher in the^100& direction. Those ef-
fects are attributed to the comparatively low steering fo
along ^100&, which is due to the fact that the distance b
tween the Ti atoms alonĝ100& is 1.6 times larger than tha
along ^001&. Similar features have been observed and d
cussed previously for Hg-implanted TiO2 single crystals.9

Multiple Gaussian and Lorentz fit peak area analysis w
only performed for low dose implants, where the dama
and the surface peaks are well separated for both sublatt

FIG. 1. Random and̂001&-aligned backscattering spectra as
function of ion fluence: 531014 ~a!, 1.531015 ~b!, 531015

Sb1/cm2 ~c!.
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For the Ti to O peak area ratios nearly stochiometric val
of 0.5060.05 where obtained for the damage as well as
the surface peaks. The latter result indicates that enhan
oxygen depletion due to preferential oxygen sputtering c
not be observed within the experimental accuracy. This is
agreement with previous results.9

Annealing experiments have been performed using
amorphous rutile phase as well as the partly damaged r
phase. The amorphous phase was produced by implan
531014 Sb/cm2 into TiO2 at 77 K. The sample was the
annealed to RT and further in air for 1 h ateach temperature
step in steps of 50 °C. Some^001&-aligned spectra as a func
tion of the annealing temperature are shown in Fig. 3. T
disorder peak reaches the random level after implantatio
77 K and no change has been seen after annealing to 30
A small reduction of the width and the height of the disord
peak was first noted at 550 K. Up to 700 K no further chan
by

FIG. 2. Random and̂100&-aligned backscattering spectra fo
the virgin sample~a! and at ion fluences of 531014 Sb1/cm2 ~b!
and 131015 Sb1/cm2 ~c!.

FIG. 3. Random and̂001&-aligned backscattering spectra fro
TiO2 single crystals implanted with 531014 Sb1/cm2 at 77 K
shown after annealing at 300 K~a!, 600 K ~b!, 800 K ~c!, 900 K ~d!,
and 1000 K~e!.
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138 55I. KHUBEIS, R. FROMKNECHT, AND O. MEYER
annealing was observed. A strong decrease of the diso
peak started at 800 K, and at 1000 K most of the disor
was annealed. A double-peak structure is noted after ann
ing at 1000 K consisting of a surface peak and a disor
peak. This damage distribution is similar to that obtain
after low dose implantation shown in Fig. 1. The existence
two annealing stages at 550 and above 800 K is in agreem
with previous results. However, the annealing process is
ferent as previously the main damage started to anneal f
the rear edge indicating solid phase epitaxial regrowth9,10

which is not the case here. Sb outdiffusion was not obser
up to 1000 K and Sb reveals a high substitutional fract
~see below!.

In contrast to the annealing behavior of the amorph
phase, the recovery of the partly damaged rutile phas
different at least in two respects. Previously it was sho
that there is a strong recovery stage below 300 K.9 Here it is
demonstrated that in contrast to the amorphous phase
damaged rutile phase reveals an enhanced recovery al
700 K. This is shown in Fig. 4, where thê001&-aligned
backscattering spectra are presented after implantatio
1.531015 Sb1/cm2 at 300 K and after annealing at 700 K
air for 1 h. It is seen that especially the Ti damage a
surface peak areas are strongly reduced. Peak area an
reveals that the Ti damage and surface peak areas wer
minished by a factor of 2.2, while the oxygen damage a
surface peak areas were reduced by a factor of 1.2 o
which indicates an enhanced defect level in the oxygen s
lattice.

B. Lattice location of the Sb atoms

From the Sb peak areas, which are different for the r
dom and aligned spectra as shown in Figs. 1–4, high su
tutional fraction in the order off s'0.96 are obtained using
Eq. ~1!. In order to investigate the lattice location in mo
detail, angular scan measurements were performed thro
the ^001& and ^100& crystalline directions of TiO2 single
crystals, implanted with Sb ions in the fluence region
231013 Sb/cm2 to 531015 Sb/cm2. A low dose of

FIG. 4. Random and̂001&-aligned backscattering spectra fro
a TiO2 single crystal implanted with 1.531015 Sb1/cm2 ~a! and
after annealing at 700 K for 1 h in air ~b!.
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231013 Sb1/cm2 was implanted at 77 K and was measure
in situ. From the peak area ratios af s value of 0.96 was
obtained. The sample was then annealed to 300 K and
strong annealing of the disorder was noted in agreement w
previous observations.9 Angular scan curves were measure
at 300 K and are shown in Fig. 5~a!. The angular-dependent
Ti yield from an energy window in the Ti damage peak are
and that of the Sb peak area nearly overlap in width a
depth, indicating that Sb is located on Ti lattice sites. Th
angular width from an energy window of the oxygen damag
peak is much smaller~not shown! which excludes the possi-
bility that Sb is located on oxygen lattice sites. With increa
ing dose, nearly all Sb atoms occupy Ti lattice sites as
demonstrated in Fig. 5~b! for a dose of 531015 Sb1/cm2.
Here the critical angle of the Sb dip~0.75 °) is slightly nar-
rower than that of the Ti dip~0.80°), which may indicate a
larger vibrational amplitude of Sb or rather small Sb dis
placements from the substitutional site in the order of 0.0
nm. With further increasing the Sb dose the radiation dam
age reaching the random level limits the application of th
RBS-C technique.

FIG. 5. Axial channeling scans through the^001& crystalline
direction of TiO2 single crystals implanted with 1.431013

Sb1/cm2 ~a! and 531015 Sb1/cm2 ~b!.
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55 139LATTICE LOCATION AND ELECTRICAL . . .
For the determination of the lattice location in crysta
with noncubic symmetry it is necessary to perform chann
ing studies at least in two perpendicular directions. For e
ample it was shown previously for In implanted in TiO2, that
with increasing the dose a fraction of In was displaced alo
thec axis. Such displacements can only be detected by ch
neling perpendicular to thec axis.11

Angular scan measurements have therefore been
formed through thê100& axes of TiO2 single crystals im-
planted with 631014 Sb1/cm2 and 131015 Sb1/cm2. The
dip curves for Ti and Sb of the high dose implant are pr
sented in Fig. 6~a!. Due to the reduced steering force alon
^100& the critical angles are about 25% narrower than tho
through thê 001& crystalline direction. The critical angles o
Sb and Ti are nearly equal, supporting the result that Sb
substitutional up to a dose of 131015 Sb1/cm2.

Annealing of an amorphous layer at 1000 K leads to
large recovery of defects and to the incorporation of the i
planted Sb atoms on Ti lattice sites. This is demonstrated
Fig. 6~b!. From the nearly perfect overlap of the Ti and S
scan curves it can be concluded that Sb is substitutional
not coherently precipitated where theC1/2 values would dif-

FIG. 6. Axial channeling scans of̂100&- and ^001&-oriented
TiO2 single crystals implanted with 531014 Sb1/cm2 ~a! and
531014 Sb1/cm2 after annealing at 1000 K~b!.
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fer. From the unchanged peak area it can further be c
cluded that Sb does not reveal any diffusion up to 1000

C. Electrical conductivity measurements

The electrical resistance was measured as a functio
temperature with the implanted Sb dose as parameter.
results are shown in Fig. 7 where lnR is plotted versus tem-
perature. The resistance at room temperature decre
steeply with ion dose between 1.531015/cm2 and
531015/cm2 and approaches a saturation value of about 6
V at 531016 Sb/cm2. This corresponds to as value of 31
V21cm21 applying the measured width at half height of th
Sb peak~see Fig. 1! as the thickness of the conducting she
From this value a range straggling,DRp550 nm is obtained,
which is in good agreement with theory~45 nm!. The room-
temperatures value is in good agreement with that prev
ously observed for Sn implanted into TiO2 (;30 V21

cm21) and is two orders of magnitude higher than the sa
ration value for defect doping~0.3 V21 cm21).5 The resis-
tance increases with decreasing temperature indicating
vated conduction~Fig. 7!. The high dose sample reveals
reduced resistivity at low temperature, which might refle
the onset of a different additional transport mechanism.

In order to get more information on the transport mech
nisms, the logarithm of the conductance was analyzed a
function ofT21, T21/2, andT21/4. We found that the Arrhen-
ius plot (lns;T21) was not able to describe the data. T
best fitting for the low dose samples (1.531015/cm2 and
531015/cm2) was obtained by plotting lnG;T21/2, as is
shown in Fig. 8. For the high dose sample (131016/cm2) a
slightly better fit was obtained for lns;T21/4. The electrical
conductivity of the highest dose implant (531016 Sb/cm2)
can no longer be described by a single transport process
the total temperature region. The high-temperature reg
~120 K,T,300 K! as well as the low-temperature regio
(6K,T,42 K! can be fitted by plotting lns;T21/4. In gen-
eral the results indicate that the electron transport is du
hopping conduction, which is in agreement with previo
studies.5

FIG. 7. Electrical conductance of Sb-implanted TiO2 single
crystals as function ofT, with the fluence as a parameter.
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IV. DISCUSSION AND CONCLUSIONS

The relation between lattice site occupation, charge st
and electrical conductivity in ion-implanted rutile cannot
evaluated without considering the large influence of defe
on the electrical conductivity. Oxygen vacancies for exam
are known to increase the conductivity of TiO22x by many
orders of magnitude up to values of about 1V21 cm21.12

Therefore it is not astonishing that defects produced
noble-gas ion implantation cause a large increase in the
ductivity with ion fluence up to saturation values of 0
V21 cm21 for Ar in the disordered rutile phase and abou
V21 cm21 in the polycrystalline Ti2O3 phase which was
formed by prolonged bombardment with Kr ions due to pr
erential oxygen sputtering.4 Here we observed the displac
ment of Ti and O atoms in stoichiometric amounts also
the surface peak which excludes preferential oxygen spu
ing as a means to produce phase transformation. This
agreement with our previous observations on Hg in TiO2,
where the double-peak structure of the damage distribu
was studied in more detail.9 There we could exclude long
range atomic migration and pinning at the surface as wel
changes of the composition by preferential oxygen sputte
as sources of surface damage peak formation.

The damage in the disordered rutile phase can readily
annealed in agreement with previous observations where
nealing stages even below 300 K were found.9 This is to be
contrasted to the amorphous phase annealing where a
stage of a partial recovery is observed near 500–600
while the main damage recovery occurs at 900 K and abo
During annealing of the amorphous phase Sb is incorpor
on Ti lattice sites and no outdiffusion or precipitation is o
served at 1000 K, as was the case for other implan
species.1,2

Angular scan measurement through the^100& and ^001&
crystalline direction reveal that Sb is substitutional on
lattice sites with f s'0.96 for doses up to 131015 Sb1/
cm2 and 531015 Sb1/cm2, respectively. The study of room
temperature implants is limited to these doses as the dam
level slowly reaches the random level. Annealing of this p
tially damaged rutile phase did not alter the lattice posit
of Sb.

Sb implantation into TiO2 causes a large increase of th

FIG. 8. Logarithm of the electrical conductance of Sb-implan
TiO2 single crystals versusT21/2, with the fluence as a paramete
e,
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conductivity from about 10213 V21 cm21 for the pure crys-
tal to 31V21 cm21 for the high dose Sb-implanted sampl
For Ar implantation the conductivity saturates with fluen
at a value of about 0.3V21 cm21.5 This enhancement is
attributed to doping by defects, while doping by Sb contr
utes a further increase of the conductivity by 2 orders
magnitude. The conductivity increases very rapidly with i
fluence and approaches a saturation value. This is in ag
ment with results obtained after implantation of Sn wher
similar conductivity saturation value of 30V21 cm21 was
reached.5 Comparing these results it seems that the differ
charge state values play a minor role for the doping mec
nism. The reason why Sn and Sb cause similar doping lev
although they have different charge states, is not clear
Presumably compensating defects play an important r
For a Sb dose of 531016/cm2 an additional increase of th
conductivity is noted in the low-temperature region. It
speculated that this may be due to hopping between Sb
cipitates as similar mechanisms have been noted previo
for high dose Nb implants.6

The temperature dependence of the resistance was
sured in the region between 290 and 40 K~6 K! in order to
get some information on the transport mechanism. From
fact that the temperature dependence of the conductance
be described by lns;T21/2 for the low dose samples and b
lns;T21/4 for the high dose samples, we conclude that
transport process is due to hopping, especially variable ra
hopping between localized states. In the theoretical desc
tion of such a transport process it is assumed that when
density of electronic states is finite and the states are lo
ized near the Fermi energy,EF , variable range hopping will
occur and lns is then proportional toT21/4.13 If in addition
Coulomb repulsion between carriers is taken into accou
lns is proportional toT21/2.14 In the derivation of the latter
dependence it is assumed that the one-electron densit
states vanishes atEF resulting in a soft Coulomb gap. For th
low dose samples we conclude that the transport proces
due to variable range hopping with a soft Coulomb gap n
EF , while with increasing dose the Coulomb gap is smea
out and lns is proportional toT21/4. The system is then
nearer to the metal-semiconductor transition. A similar co
clusion was drawn previously for Sn in TiO2.

5

The electron transport for the high dose sample is po
bly due to different hopping processes which are activate
different temperature regions. Previously, hopping betw
precipitates of the implant and as well as of Ti have be
suggested as possible transport processes in high dose
planted samples.6

In summary an attempt was made to study the relat
between lattice site location, charge state of the implan
ion, and electrical conductivity. It turned out that the char
state does not play a big role in the doping of TiO2 probably
due to the fact that the doping centers are compensate
charged defects. The results are not yet conclusive and
ther systematic studies have to be performed to clarify
doping action of ions and defects in TiO2.
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