Journal of Surface Analysis Vol. 9 No. 3 (2002) S. Hashimoto etal. In-Alternation of Ti 2p XPS Spectra for TIiO2 by Ar ...

Alternation of Ti 2p XPS Spectrum for TiO, by Ar Ion
| Bombardment |

Satoshi Hashimoto, Aki Murata, Tsugno Sakurada, and Akihiro Tanaka'

Kokan KIeisoku KK, 1-1 Minamiwatarida, Kawasaki 210-0855, Japan
ULVAC-PHI, 370 Enzo, Chigasaki 253-0084, Japan

(Received December 7, 2001; accepted February 24, 2002)

Angle resolved XPS measurements were performed for a reduced TiO,, single crystal after Ar ion sputtering with 500
'V in order to examine the depthproﬁle of the reduced states. Corparing this angle resolved XPS measurement with the
calculation, the component of Ti*" has a gaussian like depth distribution. The component of Ti*" is a localized near surface
and smoothly distributed imer layer. Ar ion bombardment with low angle incidence was performed in order to decrease the
thickness of the reduced layer. The intensities of the reduced states decreased with lowering incident angle of Ar jon.
Moreover, ion bombardment with the low angle incidence has revealed that most of the reduced states are decreased and the
intensities of the undamaged Ti*" components are increased. These results prove that suitable conditions for the Ar ion
sputtering will give a correct depth profile of the chemical states for the compounds which are altered by the ion

‘bombardment.

1. Introduction

Ar ion sputtering alters chemical states and
composition of some compounds [1-5]. For
example, the oxides (TiOz, NiO, Ta;0s, CuO
etc.) are reduced by ion bombardment and
extra components appear in feature of an
original XPS spectrum. Many transition metal
oxides reduced by the ion bombardment are
used for a lot of applications; electronic or
magnetic devices, displays, catalysts, sensors,
anti-corrosion coatings and so on. The
alternation hinders the determination of
chemical state in the depth profiling.

We reported that amounts of the reduced
state (Ti** and Ti’") in TiO, by the Ar ion
sputtering decreased with lowering
acceleration voltage [6]. Moreover,
preferential sputtering for the implanted ion
with lower incidence angle is milder than that
with higher incidence angle [7]. However, the
details of the ion bombardment with low
energy or low angle incidence are not known.

Therefore, angle resolved XPS
measurements were performed for a TiO;
single crystal after Ar ion sputtering in order to
examine the depth profile of the reduced state.
Ar ion bombardment with low incidence angle
was performed in order to decrease the
thickness of the reduced layer.

2. Experimental

A TiO, (100) single crystal (Furuuchi
Chemical Corp.) was used as a specimen for
the XPS analysis during ion bombardment.
The TiO, single crystals were sputtered with
Ar ions with acceleration voltages of 500 V, 1

kV and 2 kV, and the spectra were obtained
using two hemispherical XPS spectrometers.

XPS spectra were measured with
monochromatized Al K& irradiation. Ti 2p,
Ols and C 1s XPS spectra were measured.
Electrons were sprayed in order to compensate
the charging. Energy scale of the XPS spectra
was corrected using the binding energy of
adventitious carbon (C 1s = 284.6 eV) or
oxygen of TiO, (O 1s = 529.9 eV [8]) in the
case of no adventitious carbon [2].

Angle resolved measurement was performed
for TiO, sputtered by Ar ions of 500 V with
36° incidence using a PHI-5800 (PHI)
spectrometer. Ar ions were 5° bent in order to
avoid the sputtering by fast neutral atoms or
multiply charged ions. Take-off angle of
photoelectrons from the sample surface was
changed between 6 and 80°. Sputtering of 1
kV acceleration voltage with low angle
incidence was carried out in an SSX-100 (SSI)
spectrometer. The incident angle of Ar ions to
the sample was 10 and 35°. The sputtering
with the low-angle incidence was performed
for both of the as-received TiO, and reduced
TiO, by sputtering with 2 kV.

Projected ranges of Ar ions were calculated
using Monte Calro simulation using TRIM
binary collision code [9] (SRIM-1996 a
freeware by IBM).

3. Results and discussion
3.1 Alternation of Ti 2p XPS spectra by ion
sputtering

Fig. 1 shows changes of the Ti 2p XPS
spectra from TiO, during Ar ion bombardment
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Fig.1  Ti 2p XPS spectra of TiO, single crystal as a
function of Ar ion sputtering time. Acceleration voltage of Ar
ion is 500 V. Take-off angle from sample surface was 80°.

with the acceleration voltage of 500 V as a
function of sputtermg time. Components for
Ti>" and Ti*" as the reduced state appear in the
XPS spectrum. The two states should be
considered as 240 and 343 as shown in Ref. 6.

The Ti** component is still observed in TiO,
after the intensities of the reduced states are
saturated. The results suggest that the reduced
state exists near the surface and the thickness
is close to the information depth of
photoelectrons.

3.2 Angle resolved XPS spectra of reduced
states

The angle resolved measurement was
performed for the sputtered TiO, after the
surface chemical state becomes constant under
the condition of the acceleration voltage of 500
V. The Ti 2p XPS spectra as a function of the
take-off angle are shown in Fig. 2. The
intensity ratio of the reduced state Jo the
unchanged state (Ti’* / Ti*" or Ti** / Ti**) as a
function of the take—off angle is shown in Fig.
3. The ratio of Ti** / Ti** monotonically
decreases with increasing take off g]e On
the other hand, the ratio of Ti** / Ti"" has a
maximum at around 25°. The component of
Ti** at the high take-off angle is more
significant than that of Ti®* and the Ti®" states
become intense at low ta.ke-off angle. These
results suggest that the Ti’* states exist at the
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Fig.2  Ti 2p XPS specta of TiO, sputtered by Ar ion
with acceleration voltage of 500 V as a function of take-off
angle from sample surface.

deeper area than Ti>".

The intensity ratio (Itiox/Itio.) of the reduced
state (TiOy) relative to the unchanged state
(TiO,) is given by eq. (1) using concentration
of the reduced state, C(z), take-off angle from
the surface, © and information depth, Ay [10].

Icno, (2) -exp(—=z/ Ano.sind) - dz o

Fa Cros (2)) - €Xp(~2 / Az 5in 0) - dz

If the reduced state exists as one uniform
layer and the information depth of TiOy is
equal to that of TiO,, a logalism of the
intensity ratio, In(Itiox/Itio2+1) is proportional
to reciprocal sine of the take-off angle, cosecO.

Here, we consider 4 models for the depth
profiles of the reduced layer. The maximum of
C(z) is set unity using C, as a normalizing
constant.

(i) A uniform layer of thickness, a.:
C() =Gy (Cr=1) for 0<z<a
C=0 for a<z (2)

(ii) A gaussian distribution using projection
range, Rp and straggle, ARp. The depth profile
of the implanted ions bas a gaussian
distribution as predicted by LSS theory [11,
12].:

C(2) = C, -exp|(z— Rp)' / 2ARp ] 3)
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Fig. 3 Intensity ratios of Ti’" and Ti** relative to Ti""
state in Ar ion sputtered TiO, as a function of take-off
angle of photoelectrons. (Iron/Inoz+1) and cosect are
expressed in y and x axis, respectively.

(a) Experiential results for Ar ion bombardment with
acceleration voltage of 500 V.

(b) Calculations for models : step function (V: a =
0.8.nm), gaussian fumction (A : Rp = 1.17 nm, ARp =0.52
pm, A: Rp = 1.17 nm, ARp = 1.04 nm), error
function(M: 'S = 02, Rp = 1.17 nm, ARp = 0.52 nm),
modified gaussmn (#: a=0.2nm, Rp = 1.17 nm, ARp =
0.52nm, ®:2=0.1 nm, Rp=1.17 nm, ARp = 1.04 nm).

(iii) An error function distribution with
density of TiOx, d, Ar dose, D (= 5.4x10'%) and
sputtering yield, S (= 0.2) [7]. Considering the
sputtering effect, the distribution of the
implanted ions is modified to the error
function {7, 12].

d-D 2
C(2) =G exp[(—z——f?—z—l)—} A @
0 2ARp
(iv) A modified gaussian distribution (step
at outer layer and gaussian at inner layer). The
damage by the implantation exists at the outer
layer of the projected range in the case of high
energy implantation [13]. :

Cl =1 for0<z<a

C(z) = C, ‘CXP[(Z - Rp)*/ 2ARp2] fora<z (5)

Assuming that the information depth, 2.16
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Fig.4  Ti2p XPS spectra of sputtered TiO, single crystal.
As received TiO,, ion sputtered TiO, (1 kV and 10°
incidence), ion sputtered TiO, (2 kV and 35° incidence) and
ion sputtered TiO, (1 kV and 10° incidence) after surface was
reduced by sputtering (2 kV and 35° incidence).

nm is an inelastic mean free path [14] and the
content of the reduced state is 2.5, the angular
dependence of the intensity of Ti 2p XPS line
expected from these models was calculated,
base on the calculated ion range for the normal
incidence (Rp = 1.17 nm, ARp = 0.52 nm). The
calculations are also shown in Fig. 3. The
experimental angular dependence of Ti** is
close to that derived from the gaussian
function. This result suggests that the
alternation 1is greatly related the ion
implantation. The observed angular
dependence of Ti* displays a monotonical but
non-linear decay. The result means that the
distribution is different from both of the
simple layer model and the gaussian
distribution. The measured angular
dependence is close to error function or
modified gaussian distribution. Thus, the
present XPS results suggest that the reduced
Ti** is strongly localized near the surface and
is slowly distributed into the depth direction.

3.3 Low angle incident ion bombardment

Fig. 4 shows the Ti 2p XPS spectra of TiO,
which is sputtered with various conditions,
namely 1kV and low-angle incidence, 2 kV
and high-angle incidence, and 1kV and
low-angle incidence for the reduced TiO,. All
spectra were measured after the alternation
became constant.

The Ti*" state of TiO, is observed as a major
component in the case of Ar ion sputtering
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Table 1 Calculated projected range (Rp) and straggle
(ARp) of Ar implanted into Ti0,. Calculation is carried out
using Monte Calro simulation (TRIM).

~Acceleration voltage (V) | 100 | 500 1000|2000

cidentangle (deg) | 35 | 35 | 10 | 35 [ 35
Rp (um) 0341076073 1.12] 1.68
ARp (nm) 0.1910.44] 0.50 | 0.65 | 0.98

with 1 kV and the low angle mcrdence
although the intensities of Ti** and TP
components as the reduced state are quite
strong for the sputtering with 2 kV and high
angle incidence. The calculated projection
range and straggle for the ion implanted Ar is
listed in Table 1. The projection range for 10°
incidence of 1 kV acceleration is smaller than
that for the 35° incidence of 500 V
acceleration. The less reduction for the low
angle incidence can be attributed to the smaller
projection range of the implanted Ar ions.

The low angle incident Ar ions of 1 kV were
irradiated to the altered TiO, by 2 kV
sputterm with high angle incidence. The Ti**
and Ti’ components as the reduced state
decrease and the Ti'*" component as the
undamaged substrate increase. The feature is
same as the results of the sputtering for as
received TiO, with the same condition.

The results reveal that the layer reduced by
the bombardment of 2 kV is removed by the
low angle ion irradiation with the small
projection range, and that the thickness of the
reduced layer effectively is decreased.

The present results prove that with adequate
conditions of the ion sputtering, the projection
range becomes much smaller than the
information depth of photoelectron thus giving
a better depth profile of the chemical states for
the compounds altered by the ion
bombardment.

4. Conclusion

The angle resolved XPS measurements were
performed for a TiO, single crystal, which was
sputtered by Ar ion with 500 V, in order to
examine the distribution of the reduced state.
The results suggest that the thickness of the
reduced layer is comparative to the
information depth of Ti 2p photoelectrons.
Comparing the experimental results with the
calculation, the component of the Ti** state has
a gaussian-like depth distribution and the
component of the Ti’* state is localized near
surface and slowly distributed into inner layer.

Moreover The mtensmes of the reduced
states (T1 * and Ti*") by Ar ion sputtering of 1

kV decrease with lowering incident angle. The
low angle incident ion bombardment was
performed to the sputtered TiO, with 2 kV
acceleration. The reduced states are decreased
and the undamaged Ti*' components are
increased. The results prove that suitable
conditions for the Ar ion sputtering will give a
better depth profile of the compounds altered
by the ion bombardment.
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