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Abstract — When the surface of SrTiO, (100) single crystal was etched by 3 keV Ar' ion milling,
it was observed through XPS and SEM measurements that the oxidation states of elements on
the surface were reduced and the surface was roughened. The surface of SrTiO; etched by 3
keV O," ion milling, however, remained smooth and the chemical states were not changed. YBa,Cus,
O; thin film deposited by off-axis rf sputtering on SrTiO; cleaned by O,” ion bombardment has
higher T, .., and J. at 77 K than that on the substrate sputtered by Ar® ions. This report suggests
that the ion milling condition must be carelfully selected for substrate cleaning and lithographic
processings for YBCO superconductor thin film growth and microelectronic applications.
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1. Introduction

The quality of thin films grown on substrates is
generally affected by how the substrate surface is
treated. One of the widely used techniques for sub-
strate treatment is ion beam bombardment. It has
been reported that the properties of high 7, super-
conductor thin films deposited on substrates are
changed by etching the surfaces of substrates by
ion milling before deposition [1-4]. However, it has
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been generally recognized that ion beam bombard-
ment changes the surface chemical composition [5,
6].

Especially for oxide surfaces, the oxygen atoms
were sputtered more rapidly than heavy metals so
that even the oxidation states of metallic elements
changes with Ar" ion bombardment [7].

In addition to this preferential sputtering prob-
lem, the surface topography generally changes with
ion milling. The surface topographic development
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due to ion bombardment has been studied extensi-
vely to understand the basic mechanism of topogra-
phic development and its dependence on various
ion beam parameters such as ion energy, ion spe-
cies, ion incidence angle, ion current density, and
etc. [8-10] The control of atomic-scale surface rou-
ghness becomes more and more important in mic-
roelectronics, as the thickness of thin films approa-
ches several atomic layers.

In this report, it was carefully studied how the
surface of a SrTiOs;(100) single crystal substrate
which is widely used as substrates for YBCO thin
film growth is affected by ion beam bombardment
under various conditions. The change of chemical
states of the constituent elements on the substrate
surface and surface topographic development were
studied by X-ray photoelectron spectroscopy (XPS)
and scanning electron microscopy (SEM), respecti-
vely. The effect of different ion milling conditions
on T, ., and J. of Y-Ba-Cu-O (YBCO) thin films
which were deposited on SrTiO; (100) single crystal
substrates were investigated.

2. Experimentals

SrTiO; single crystal substrates with mechanically
polished (100) surfaces were etched by 3keV Ar~
and O," ion milling using a cold cathode ion gun
(VG Microtech, Model AG-10). The chemical states
of elements on the surface of SrTiO; after ion bom-
bardment were observed in the same chamber by
an XPS system (Vacuum Science Workshop, HAC
5000).

Al K, radiation (1486.6 eV) was used as the X-ray
source. The base pressure of the system was lower
than 3X 10~ torr, but the pressure during ion mil-
ling was around 4 X 10° torr. The milling conditions
of the substrates are shown in Table 1. XPS and
SEM were taken after the substrates were bombar-
ded with 3keV Ar~ and O,* ion beams upto 5-9
hours until saturation. The ion beam current den-
sity was about 25 pA/cm®.

YBCO superconductor was deposited on ion mil-
led substrates by in-situ off-axis rf sputtering [11,
12]. A 2 inch diameter target with the composition
of Y;Ba;Cu;50, was used. The deposition was car-
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ried out with rf power of 50 W and at the substrate
temperature of 760C . The total pressure of Ar (50
%) and O, (50%) gas mixture was 1X10 2torr du-
ring deposition. The deposition rate was about 1.6
nm/min. After deposition, samples were cooled in
the sputtering chamber to 480C and maintained
at about 1 atmosphere of O, for 1-2 hours after
deposition. The resistivity of samples was measured
by the standard 4-probe method and J. was deter-
mined from the I-V curve measured with patterned
thin film of which the line width was about 100 ym.

3. Results and Discussions

Fig. 1 shows the XPS spectrum of Ti 2p of the
SrTiO; after bombardment by Ar* and O," ion
beam upto saturation. Ti was reduced by bombard-
ment of Ar” jon beams. The degree of reduction
of Ti by normal incident Ar™ ion beam was higher
than that by 600 glancing incident Ar* ion beam.
The change of chemical states due to Ar* ion bom-
bardment could be explained by former results that
the oxygen atoms in metal oxide are preferentially
sputtered than metal atoms [7, 13]. The incidence
angle dependence of Ti reduction by Ar” ion bom-
bardment shows that the oxygen atoms preferentia-
lly sputtered more efficiently by the normal incident
Ar® ion beams than by the 60° glancing incident
Ar* beam.

With O.* ion beams, Ti was not reduced by O,*
ion beams irrespective of the incidence angle. In
O;" ion bombardment, preferentially sputtered oxy-
gen atoms might be compensated by trapped pri-
mary oxygen ions. It can be expected that the bala-
nce between the preferentially sputtered oxygen
atoms and the trapped primary oxygen ions is depe-
ndent on the incidence angle from the well unders-
tood angle dependence of sputtering yields and tra-
pping probability of primary oxygen ions [14]. It
has been generally observed that the sputtering
yield increases as the ion incidence angle increases
from the surface normal. Calculations for 1.5keV
O' ion bombardment onto SrTiO3 with the TRIM
code [15] showed that the trapping probability of
primary O" ions decreased as the ion incidence
angle increased from the surface normal, as expec-
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Fig. 1. XPS Ti 2p peaks of SrTiO; after. (a) native:
no ion milling, 0¥: milling by normal incident
Ar™ ion beams, 60°: milling by glancing inci-
dent (60°) Ar' ion beams, (b) 0°: milling by
normal incident O,' ion beams, 60°: milling
by glancing incident (60°) Ar' ion beams.

ted. As shown in Fig. 1(b), SrTiO; was not reduced
by 3keV O," ion bombardment both for the incide-
nce angles of the surface normal and 60°. This indi-
cates that the oxygen primary ion incidence angle
for balancing oxygen stoichiometry is higher than
60° from the surface normal. For Ta,0s, it was rece-
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Fig. 2. The surface topographies of SrTiO; observed
by SEM after milling by (a) normal incident
Ar® ion beam, (b) glancing incident (60°) Ar*
ion beam, (c) normal incident O,” ion beam,
and (d) glancing incident (60°) O," ion beam.

ntly reported that the angle is 30° from the surface
normal [16].

To study the effect of the reduction by bombard-
ment of Ar” ion beams on the development of sur-
face topography, SEM images were taken after ion
milling. As shown in Fig. 2(a) and (b), in the case
of ion milling by Ar" ion beams, the surface topog-
raphy developed significantly. There were fine wri-
nkles on the surface after normal incident Ar* ion
bombardment, while the surface became rough with
larger wrinkles after 60° glancing incident Ar* ion
bombardment. However, surface topographic deve-
lopment was hardly observed after the bombard-
ment of O," ion beams, as shown in Fig. 2(c) and
(d).

Even though much work has been done to under-
stand the topographic development of surfaces due
to energetic ion beam bombardment [8,17,18], it
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is still difficult to fully understand all the complica-
ted features. However, recent works suggested that
surface topographic development of Si and metal
surfaces due to energetic oxygen ion beam bombar-
dment could be caused by local inhomogeneity from
incomplete oxidation [9, 19]. According to the re-
port, the surface topography was not developed at
fully oxidized metal surface by bombardment of no-
rmal incident O, ion beams, but the surface was
roughened significantly with increasing the incide-
nce angle of ion beams because of partial oxidation
[191.

In this context, the development of surface topog-
raphy of oxide material by milling with Ar* ion
beams can be understood. For inhomogeneous oxide
surfaces of SrTiO; due to partial reduction by Ar*
ion bombardment, the difference in the sputtering
yields of small islands of SrTiO; oxide phase and
reduced suboxide phase could be a part of reasons
for the initiation of the surface topographic develop-
ment. However, the details of the incidence angle
dependence of the developed surface roughness and
the shape of surface topography due to Ar™ ion
beams could not be explained clearly. The surface
of SrTiO; after 60° glancing incident Ar* ion beam
bombardment was slightly reduced while the sur-
face was severely reduced after normal incident Ar™*
ion beam bombardment as can be seen in Fig. 1(a).
But the surface of SrTiO; after 60° glancing incident
Ar* ion beam bombardment was rougher than that
after normal incident Ar* ion beam bombardment.
Details of surface roughening processes due to ion
bombardment must be studied further. With O.*
ion bombardment, the oxide surface can keep its
homogeneity as fully oxidized as can be seen from
Fig. 1(b) and therefore no surface topographic deve-
lopment was observed at least in this SEM resolu-
tion, which is consistent with the former reports
[9,19].

The effects of SrTiO; substrate ion milling on
YBCO thin film growth were studied. The ion mil-
ling conditions of the substrates and T ,. and J.
at 77 K of YBCO thin films deposited on ion milled
surfaces are shown in Table 1. Samples A and B
were milled by Ar* ion and samples C and D were
milled by O;* ions with the energy of 3keV for
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Fig. 3. The resistivity curve of thin films deposited

on etched substrates on milling conditions
shown in Table 1.

Table 1. 7. .. and J. at 77 K of YBCO thin films depo-
sited by in-situ off-axis rf sputtering on Sr-
TiO; (100) etched by 3 keV Ar* or O;" ion
beam

Town Joat 77K

Sample  Milling condition X) (A/em?)

A Ar* ion beam, 83 8.8X%X10°
norml incident

B Ar* ion beam, 295 —
60° incident

C 0.* ion beam, 85.5 45X 10°
norml! incident

D 0.* ion beam, 845 1.67X10°

60° incident

5-9 hours. The incidence angle of ion beam was
normal to the substrate surface for samples A and
C and it was 60° from the surface normal for samp-
les B and D. Fig. 3 shows the resistivity curve of
thin films deposited on etched substrates on milling
conditions shown in Table 1. Thin films which were
deposited on substrates etched by Ar* ion beams
have higher resistivity than those deposited on the
substrates etched by O," ion beams. Also, as shown
in Fig. 3 and Table 1, the latters have relatively
higher T, .., and J; at 77 K than the formers. Regar-
ding to the incidence angle of ion beams, the normal
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incident beams gave better properties of deposited
films than the glancing incident beams. The above
all observations of XPS, SEM, and the eletrical pro-
perties show that the homogeneous and fully oxidi-
zed SrTiO; surface with smooth topograpgy impro-
ves the electrical properties of YBCO superconcuc-
tor thin films.

4. Conclusions

It was observed by XPS and SEM that the surface
of SrTiO; (100) single crystal substrate which is wi-
dely used as substrates for YBCO thin film growth
is reduced and roughened by Ar* ion beam bomba-
rdment beam. But it stayed oxidized and smooth
after O;" ion beam bombardment. The effect of dif-
ferent ion milling conditions on 7, ,. and J. of Y-
Ba-Cu-0O (YBCO) thin films which were deposited
on SrTiO; (100) single crystal substrates were inve-
stigated. The smooth and oxidized SrTiO; substra-
tes gave better electrical properties. These results
suggest that the ion milling conditions such as ion
beam species, ion incidence anlges must be carelfu-
lly selected for substrate cleaning and lithographic
processings for YBCO superconductor thin film gro-
wth and microelectronic applications. For SrTiO;
substrates, normal incident oxygen ijon beams are
recommended rather than argon ion beams in ion
beam milling processes for oxidized and homoge-
neous surface stoichiometry and smooth surface to-

pography.
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