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Lattice location and electrical conductivity in Sb-implanted rutile

I. Khubeis* R. Fromknecht, and O. Meyer
Forschungszentrum Karlsruhe, Institutr fidukleare Festkperphysik, P.O. Box 36 40, D-76021 Karlsruhe, Germany
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Single crystals of TiQ (rutile) were implanted with Sb ions applying fluences ok 20'¥cm? to
5x 10'%cm? 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 »il®%cm? the Sb atoms were entirely
substitutional on Ti sites as concluded from channeling measurement80dy and (100)-oriented TiO,
single crystals. A large increase of the conductivitywas observed with increasing Sb dose, indicating a
saturation behavior at about 30~*cm™*. Between 40 and 293 K inwas proportional tol ~*2 for low
doses, and proportional ™Y for doses of 1 10*¢ Sb/cn? and above, indicating that the transport mecha-
nism is due to variable range hoppi&0163-18207)02502-3

I. INTRODUCTION most effective dopant found up till now in TiQusing ion
implantation®
lon implantation into TiQ revealed that various ions oc-
cupy substitutional sites by replacing Ti atofriBhe replace-
ment of Ti atoms depends in a first approximation on the size
mismatch energy of the implanted ions. A summary of all Polished single-crystal Ti@ slices of (100) and (001)
results obtained up till now was given recehtlyhere it was  orientation as obtained from the manufacturer were used for
shown that atoms with an atomic radii difference of our experiments. lon implantation was performed at room
Ar=|r'=rT| up to about 0.02 nm are highly substitutional. temperature and at 77 K using a Danfysik ion implanter. 300
With increasingAr the substitutional component decreasedkeV Sb ions in the fluence region betweer 20'%cm? and
rapidly being zero forAr values of 0.04, e.g., for LAThe ~ 5X10'%cm? were used. He ions of 2 MeV were generated
maximum concentration of implanted ions on Ti sites mayPy @ Van de Graaff accelerator and applied situ for
exceed that obtained by conventional dopirihus it is of ~ Rutherford-backscattering and channelii®BS-O studies
interest if enhanced electrical doping may be obtained by ioff® détermine the damage and ion distribution and the lattice
implantation. The electrical conductivity of TiQ o, in- location. The ion range and damage distribution W7ere evalu-
creases by many orders of magnitude due to radiatiorei‘f[eOI and Compared_ with results of theim program. _Thﬁe
damagé"® Thus the influence of disorder and doping en displacement energies used were 50 eV for both Tiand O.
have to be separated. It was shown that the increaselyf Random(001)- and(lQO}-a_lllgned bgckscattermg Spectra
. : IR were measured after Sb ion implantation and after annealing
disorder saturated with fluence at abou21* cm™* for Kr

f d b -1 om-Lf impl . & when the sample was cooled to room temperature. In some
(Ref. 4 and at about O. cm™= for Ar implantation. cases the backscattering spectra were measured as a function

Conductivity yalues which are !arger t_han these yalues a8 the tilt angle through thé001) and(001) crystal direc-
generally attributed to the doping action of the implantedsions, choosing tilt planes with respect to crystal planes. En-
species. The next important question concerns the relatiogrgy windows can then be selected freely in the Ti damage
between lattice site occupation, possible charge state, arﬁéak area, at energies below the damage peak, and in the
electrical conductivity. Here compensation as well as préjmpurity region in order to determine the relative back-
cipitation effects have to be considered. For Nb 'mp|a”te%cattering yields in dependence on the tilt angle. Such angu-
into TiO, it is assumed that the pentavalent charge state igyr scans are characterized by the minimum yig,,
compensated by defects such asTiwhile for Nb doses \yhich is the yield obtained for perfect alignment of the inci-
greater than X 10"/cm? electron hopping between Nb and gent beam with crystal direction normalized to the yield for
Ti precipitates may occur as charge-transport procésses.  random incidence, and the critical anglg ,, which is half

plantation of Sn which is substitutional up to concentrationsyf the tilt angle at half maximum of the angular yield curve.

Q~tem™1, which is higher than conductivity values of

about 1Q~*cm™1, obtained by conventional dopifgrhis .

rather higho value obtained by Sn doping is not well under- fs= (1= Xinin (1= Xpyin) - @

stood as the most probable charge state of Sri jsedjual to )

that of Ti in TiO,. Therefore it was of interest to study the X}, is defined a#\S,/AS5, whereAS, andAS®, are the Sb
lattice site occupation and the conductivity of Sb implantedpeak areas of the aligned and the random spectra, respec-
into TiO,. For Sb a charge state of 5 is possible and thdively. X", is the ratio of the aligned and random yield of
results may then be compared with those of Nb, which is thdi at a depth where the Sb atoms are located. This formula is
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FIG. 1. Random and001)-aligned backscattering spectra as a Channel

function of ion fluence: %10 (a), 1.5x10% (b), 5x10%

Sbh*/em? (c). FIG. 2. Random and100-aligned backscattering spectra for
the virgin samplg@ and at ion fluences of 810 Sb*/cm? (b)
valid only if the ratioW!/W",, is close to unity and if the ~and 1x10" Sb*/cm? (c).
gi(:ir;iil?stltut|onal impurity atoms occupy random lattice IOO_For the Ti to O peak area ratios nearly stochiometric values
The electrical conductivities were determined by applyingOf 0.50+0.05 where obtained for the .damage as well as for
a four-point probe with Au contacts sputtered through the surface peaks. The latter result indicates that enhanced
mask onto the implanted area. The resistance was measur@gy9en depletion o_lue_ to preferentlal oxygen sputtering can-
by a Keithley 617 electrometer using a curreatl uA. The not be obseryed W|th.|n the experimental accuracy. This is in
sample holder was inserted in a liquid-He-cooled cryosta’tﬁ"greemen.t with previous resufts. .
which allows automated temperature-dependent measure- Annealing experiments have been performed using the
ments. The resistand®@=U/I is converted into a resistivity amorphous rutile phase as well as the partly dama_ged rut_lle
valuep by p=(U=d)/(l In2), whered is the thickness of the phas§1.4The i\]rzmrphoqs phase was produced by implanting
implanted region. Assuming that ion doping plays the main5><1 Sbicnt into TiO, aF 77. K. The sample was then
role for the conductivity change, the half width at half maxi- annealed to RT angi further in airrfa h ateach temperature
mum of the ion distribution is used, and is equal to step in steps of 50 °C. Sonf801)-aligned spectra as a func-
2.35¢< AR, (AR, = range straggling tion of the annealing temperature are shown in Fig. 3.. The
P P disorder peak reaches the random level after implantation at
77 K and no change has been seen after annealing to 300 K.
. RESULTS A small reduction of the width and the height of the disorder
peak was first noted at 550 K. Up to 700 K no further change
by
Typical energy spectra of backscattered He ions for ran-
dom and aligned incidence frof®01)- and(100)-oriented Energy (MeV)
TiO, single crystals are shown in Figs. 1 and 2, respectively. 0.5 1.0 1.5 2.0
The Sb vyield is energetically well separated from the Ti 2500 Py ‘ ‘ C
yield. From the Sb peak areas of the random and aligned L 5x10"sb"/cm? in (001)TI0,
spectra using Eq.l) a substitutional fraction of 0.96 is ob- 2000 % o T=77K ; T,=300K -
tained. The lattice location of Sb in TiOis presented in
more detail below. Two well-resolved damage peaks are
seen for both the Ti and the O sublattices in {160 and
{001y crystalline direction. It is noted that {100y direction
the damage peak grows faster with ion fluence with respect
to the surface peak as i{001) direction. Further it is seen
that for a similar implanted ion dose the damage peak and
the dechanneling is higher in t§&00) direction. Those ef-
fects are attributed to the comparatively low steering force i
along (100), which is due to the fact that the distance be- e S W
tween the Ti atoms alon@L00) is 1.6 times larger than that 100 20 200 oo o0
along (001). Similar features have been observed and dis-
cussed previously for Hg-implanted TiGsingle crystals. FIG. 3. Random and001)-aligned backscattering spectra from
Multiple Gaussian and Lorentz fit peak area analysis wasioO, single crystals implanted with 310" Sb*/cm? at 77 K
only performed for low dose implants, where the damageshown after annealing at 300(&), 600 K (b), 800 K (c), 900 K (d),
and the surface peaks are well separated for both sublatticesad 1000 K(e).
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FIG. 4. Random angd001)-aligned backscattering spectra from 1.2
a TiO, single crystal implanted with 1610 Sb*/cm? (a) and
after annealing at 700 K fal h in air (b).
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annealing was observed. A strong decrease of the disorder®
peak started at 800 K, and at 1000 K most of the disorder > 0-8
was annealed. A double-peak structure is noted after anneal-g
ing at 1000 K consisting of a surface peak and a disorder & 0.6
peak. This damage distribution is similar to that obtained &
after low dose implantation shown in Fig. 1. The existence of £ 0.4
two annealing stages at 550 and above 800 K is in agreement2
with previous results. However, the annealing process is dif-
ferent as previously the main damage started to anneal from ©-2 [
the rear edge indicating solid phase epitaxial regrotwth, -
which is not the case here. Sb outdiffusion was notobserved ool v 1 . .0 001
up to 1000 K and Sb reveals a high substitutional fraction B . !
(see below: (b) Tilt Angle (deg)
In contrast to the annealing behavior of the amorphous
phase, the recovery of the partly damaged rutile phase is FIC. 5. Axial channeling scans through t(801) crystalline
different at least in two respects. Previously it was showrf"rECtlorzl of TiG, smgle +crystzals implanted with 1410
that there is a strong recovery stage below 300Here itis  SP /cm” (@ and 5<10'° Sb*/em? (b).
demonstrated that in contrast to the amorphous phase the
damaged rutile phase reveals an enhanced recovery alsoZak 10'3 Sb*/cm? was implanted at 77 K and was measured
700 K. This is shown in Fig. 4, where th@01)-aligned in situ. From the peak area ratios fa value of 0.96 was
backscattering spectra are presented after implantation @htained. The sample was then annealed to 300 K and a
1.5X10"° Sh*/cm? at 300 K and after annealing at 700 K in strong annealing of the disorder was noted in agreement with
air for 1 h. It is seen that especially the Ti damage andyrevious observatiorfsAngular scan curves were measured
surface peak areas are strongly reduced. Peak area analyg_{%oo K and are shown in Fig(&@. The angular-dependent
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hich indicates an enhanced defect lavel in the oxvaen s %@epth, indicating that Sb is located on Ti lattice sites. The
}N Ich Indl vell *xy9 u angular width from an energy window of the oxygen damage
attice. : . .
peak is much smallgnot shown which excludes the possi-
. . bility that Sb is located on oxygen lattice sites. With increas-
B. Lattice location of the Sb atoms ing dose, nearly all Sb atoms occupy Ti lattice sites as is
From the Sb peak areas, which are different for the randemonstrated in Fig.(6) for a dose of 510" Sb*/cm?.
dom and aligned spectra as shown in Figs. 1-4, high substHere the critical angle of the Sb dip.75 °) is slightly nar-
tutional fraction in the order of;~0.96 are obtained using rower than that of the Ti di0.80°), which may indicate a
Eqg. (1). In order to investigate the lattice location in more larger vibrational amplitude of Sb or rather small Sb dis-
detail, angular scan measurements were performed throughacements from the substitutional site in the order of 0.005
the (001) and (100 crystalline directions of TiQ single  nm. With further increasing the Sh dose the radiation dam-
crystals, implanted with Sb ions in the fluence region ofage reaching the random level limits the application of the
2Xx 10 Sb/cn? to 5x10 Sb/cn?. A low dose of RBS-C technique.
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o 5x107Sb™/cmin {001)TiO, o ] fer. From the unchanged peak area it can further be con-
i P T=77K; Tn=300K; Ta=1000K9 ¢ o . cluded that Sb does not reveal any diffusion up to 1000 K.
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L o8| * o ° .
> | i
- 5 2 . - C. Electrical conductivity measurements
G.) - T . . H
N 0.6 o ° 7] The electrical resistance was measured as a function of
g i * ' 1 temperature with the implanted Sb dose as parameter. The
5 0.4 o o - results are shown in Fig. 7 whereRns plotted versus tem-
=z [ ‘ perature. The resistance at room temperature decreases
0oL LA ] steeply with ion dose between XK30'%cm? and
i ¢ ] 5% 10'%cm? and approaches a saturation value of about 600
0.0, o . .. .1 Q at5x10" Sb/cn?. This corresponds to a value of 31
T2 -1 0 1 2 O 'em?! applying the measured width at half height of the
pp

(b) Tilt Angle (deg) Sb peak(see Fig. 1 as the thickness of the conducting sheet.
From this value a range stragglingR,=50 nm is obtained,
FIG. 6. Axial channeling scans dfl00- and (001)-oriented  which is in good agreement with theo@®5 nm). The room-
TiO, single crystals implanted with 810** Sb*/cm® (a) and  temperatures value is in good agreement with that previ-
5x 10" Sb*/cm?” after annealing at 1000 Ko). ously observed for Sn implanted into TJO(~30 Q!

For the determination of the lattice location in cr stalscm_l) and is two orders of magnitude higher than the satu-
Y ration value for defect dopin€d.3 O~ *cm™1).° The resis-

with noncubic symmetry it is necessary to perform channel—t . ith d ing t i indicati i
ing studies at least in two perpendicular directions. For ex ance increases with decreasing temperature indicating actl-

ample it was shown previously for In implanted in TiQhat vated condu'ct[o.r(F|g. 7. The high dose sa}mple'reveals a
with increasing the dose a fraction of In was displaced alongeduced resistivity at low temperature, which might reflect
thec axis. Such displacements can only be detected by cha® onset of a different additional transport mechanism.
neling perpendicular to the axis! _In order to get more information on the transport mecha-
Angular scan measurements have therefore been pefisms, the logarithm of the conductance was analyzed as a
formed through theé100) axes of TiO, single crystals im- function of T™*, T~2 andT~**. We found that the Arrhen-
planted with 6<10* Sb*/cm? and 1x 10'® Sb*/cm?. The  ius plot (Ino~T~1) was not able to describe the data. The
dip curves for Ti and Sb of the high dose implant are pre-best fitting for the low dose samples (X%0"/cm? and
sented in Fig. @). Due to the reduced steering force along5x 10*%cm?) was obtained by plotting B~T %2, as is
(100) the critical angles are about 25% narrower than thosshown in Fig. 8. For the high dose samplex(10'%cm?) a
through the(001) crystalline direction. The critical angles of slightly better fit was obtained for in-T Y4 The electrical
Sb and Ti are nearly equal, supporting the result that Sb isonductivity of the highest dose implant X3.0'® Sh/cn?)
substitutional up to a dose ofx110'® Sb*/cm?. can no longer be described by a single transport process over
Annealing of an amorphous layer at 1000 K leads to ahe total temperature region. The high-temperature region
large recovery of defects and to the incorporation of the im{120 K<T<300 K) as well as the low-temperature region
planted Sb atoms on Ti lattice sites. This is demonstrated il6K<T<42 K) can be fitted by plotting la~T~ 4. In gen-
Fig. 6(b). From the nearly perfect overlap of the Ti and Sberal the results indicate that the electron transport is due to
scan curves it can be concluded that Sb is substitutional arfidbpping conduction, which is in agreement with previous
not coherently precipitated where tHg,, values would dif-  studies’
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000 005 010 015 020 025 030 035 040 045 conductivity from about 103 Q! cm™? for the pure crys-
I S S S M N S S s tal to 31Q ' cm™* for the high dose Sb-implanted sample.

R :. 15E158blem? | 7 For Ar implantation the conductivity saturates with fluence
LT o setesbeme |l at a value of about 0.8~ *cm™ 15 This enhancement is
o] A 1E16§‘;’°m§ . attributed to doping by defects, while doping by Sb contrib-
; O S5E16Sb/cm: ; -

utes a further increase of the conductivity by 2 orders of

magnitude. The conductivity increases very rapidly with ion

9 - -1 fluence and approaches a saturation value. This is in agree-
o . 12 ment with results obtained after implantation of Sn where a
= A3 similar conductivity saturation value of 30" *cm™! was

4 reached. Comparing these results it seems that the different

: : : : : charge state values play a minor role for the doping mecha-
ST W A R I e o nism. The reason why Sn and Sb cause similar doping levels,
B : : : : : : : : although they have different charge states, is not clear yet.
000 005 010 015 020 025 030 035 040 045 Presumably compensating defects play an important role.
T-172 [ K2 For a Sb dose of 5 10'%cm? an additional increase of the
conductivity is noted in the low-temperature region. It is
FIG. 8. Logarithm of the electrical conductance of Sb-implantedspeculated that this may be due to hopping between Sb pre-
TiO, single crystals versu§~ Y2 with the fluence as a parameter. cipitates as similar mechanisms have been noted previously
for high dose Nb implants.
The temperature dependence of the resistance was mea-
The relation between lattice site occupation, charge statgured in the region between 290 and 44&K) in order to
and electrical conductivity in ion-implanted rutile cannot be get some information on the transport mechanism. From the
evaluated without considering the large influence of defectfact that the temperature dependence of the conductance can
on the electrical conductivity. Oxygen vacancies for example® des_clr/|4bed by lo~~T~* for the low dose samples and by
are known to increase the conductivity of TiQ, by many Ino~T * for the high dose samples, we conclude that the
orders of magnitude up to values of abou 1* cm~ .12 transport process is due to hopping, especially variable range

Therefore it is not astonishing that defects produced b>}rgopping between localized states. In the theoretical descrip-
[

IV. DISCUSSION AND CONCLUSIONS

P : . . ion of such a transport process it is assumed that when the

SSERI?;S\'N'EQ 'irgﬁl?lzt:l:gg E%ufg i;?&?;i?;rsgﬁ;;n (t)?eocg ensity of electronic states is finite and the states are local-
. : : " ized near the Fermi ener variable range hopping will

Q~tem™1 for Ar in the disordered rutile phase and about 1 ed near the Fermi energl¢, variable range hopping

0-1em-1 in the pol line TiO~ oh hich occur and lar is then proportional ta ~ Y4 If in addition
cm = in the polycrystalline 1303 phase which was cq,jompb repulsion between carriers is taken into account,
formed by prolonged bombardment with Kr ions due to pref-, . is proportional toT~¥214 n the derivation of the latter

erential oxygen sputteririyHere we observed the displace- gependence it is assumed that the one-electron density of
ment of Ti and O atoms in stoichiometric amounts also forstates vanishes & resulting in a soft Coulomb gap. For the
the surface peak which excludes preferential oxygen sputtefow dose samples we conclude that the transport process is
ing as a means to produce phase transformation. This is iflue to variable range hopping with a soft Coulomb gap near
agreement with our previous observations on Hg in ZiO E., while with increasing dose the Coulomb gap is smeared
where the double-peak structure of the damage distributionut and Irr is proportional toT~ Y4 The system is then
was studied in more detallThere we could exclude long- nearer to the metal-semiconductor transition. A similar con-
range atomic migration and pinning at the surface as well aslusion was drawn previously for Sn in TiQ
changes of the composition by preferential oxygen sputtering The electron transport for the high dose sample is possi-
as sources of surface damage peak formation. bly due to different hopping processes which are activated in
The damage in the disordered rutile phase can readily bdifferent temperature regions. Previously, hopping between
annealed in agreement with previous observations where afrecipitates of the implant and as well as of Ti have been
nealing stages even below 300 K were fodrkhis is to be  suggested as possible transport processes in high dose im-
contrasted to the amorphous phase annealing where a firdanted sample. _
stage of a partial recovery is observed near 500-600 K, !N summary an attempt was made to study the relation
while the main damage recovery occurs at 900 K and abovdetween lattice site location, charge state of the implanted
During annealing of the amorphous phase Sb is incorporate't?n' and electrical conductlvny. It turneo_l out tha_lt the charge
on Ti lattice sites and no outdiffusion or precipitation is ob- St&te does not play a big role in the doping of Tifirobably
served at 1000 K, as was the case for other implante&ue to the fact that the doping centers are compensated by
specied:? charged defe(_:ts. Th_e results are not yet conclusive a_nd fur-
Angular scan measurement through {160y and(001) ther. systematic s_tud|es have to bg pgrformed to clarify the
crystalline direction reveal that Sb is substitutional on TidOPiNg action of ions and defects in TjO
lattice sites withf,~0.96 for doses up to %10 Sb*/
cm? and 5x 10'® Sb*/cm?, respectively. The study of room-
temperature implants is limited to these doses as the damage The authors would like to thank S. Massing for perform-
level slowly reaches the random level. Annealing of this paring the ion implantation, and the Van de Graaff team for
tially damaged rutile phase did not alter the lattice positionproviding the analyzing He ion beam. The work was sup-
of Sh. ported by the Volkswagenstiftung and the University of Jor-
Sb implantation into TiQ causes a large increase of the dan, Amman.
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