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Abstract

Secondary charged particle emisston (SCPE) from a proton conductive perovskite oxide, namely,
SrCeq 05 Yby 0s05. 5 (SCO) film on Si by ion impact was measured using a charge collector method. When the
ion projected range is much longer than the film thickness, the SCPE yields are fonnd to be nearly independent
of the jon beam corrent { Iz ) for Is < a few nA, giving the SCPE yiekds under charge-accumulation free
condition, to contrast with the results for the thick polycrystalline SCO which shows a strong dependence of the
SCPE vields on the ion beam current.  Several corrections are required to evaluate the secondary positive ion

yields and a method is described.
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1. Introduction

Neutral atoms and charged particles such as
secondary electrons and ions are emitted from solid
surfaces by ion impact. There are few investiga-
tions of the secondary charged particie emission
(SCPE) from fanctional oxide surfaces such as ionic
conductive oxides, high temperature supercondnctor
oxides and so on, comparing with extensive sindies
on metallic surfaces {1-3]. Investigations of
secondary electron emission (SEE) and secondary
positive ion emission {(SPIE) from these matenials
may be of interest in both findamenial aspects of
ion-solid interactions, ¢.g., comparison with SPIE
from oxygen covered metals or metal oxides, and
applications, ¢.g., SEE for ion beam current monitor
and SPIE for quantitative sccondary ion mass
spectroscopy (SIMS).  In these materials, the
surface potential during ion impact may not be zero
dae to charge accumulation on their surfaces,
becanse of high resistivity or lack of sufficient free
carricrs. This often results in difficulty to obtain
the well-defined SCPE yicld. In the previous work
[4], we have reporied a strong dependence of the
SCPE yield on the ion beam current for the thick
polycrystalline (p-) SrCeoosYboos0s.5 (abbreviated
35 SCO herein) target, which is known as a proton
conductive oxide at high temperatare (> 600 C) in
the presence of H, or water [3].  Use of 2 thin film
of these materials on 2 condactive subsirate may
reduce the charge accunmlation problem to give the
well-defined SCPE yields.

In this paper, we report the well-defined SEE
yields from thin SCO film on Si substrate obtained
with current measurements using a cvlindrical
Faraday cup. 'We find that the SEE yields are
independent of the fon beam carrent (Iz Y for Iz <a
few nA, when the ion projected range (R;) is much
longer than the film thickness (d) and that the SEE
yields depend very slightly on ion beam current
when R, is much shorter thand. We have also
measured positive currenis using a negatively biased
Faraday cup. A method is described to evaluate the
secondary positive jon yigld from this measprement.
Information of SCPE yields of non-metallic oxide
surfaces is important for understanding of plasma-
wall interactions.

2. Experimental

The experimental methods used in this study
are the same as those described in refs. [46]. lon
beams with the energy of 20 to 100 keV (higher
energy experiments) were obtained nsing a 200 kV
Cockroft type accelerator at Nagoya University [6].
Beams of 1mm in diamefer were led to the SCPE
measurement assembly showninFig 1. The
incidence angle was normal to the target snrface.
The electrical currents of the secondary charged
particles were measored with a cylindrical cop of
stainless stecl surrounded by a shigld, Positive or
negative bias can be applied to either the target or
cup, while the non-biased cup or target was
grounded, and the shield was grounded. The base



pressure of the target chamber was 3x10* Torr and
the pressure during SCPE measurement was ~107
Torr. The measurements were done at reom
temperature.  The target surface was uncleaned in
the higher energy experiments.

Ion beams with lower energies (2.5 keV) were
obtained with a compact duo-plasmatron at National
Institute for Fusion Science [4] and the SCPE
measurement system is similar to that described
above. The vacoum of the targef chamber was
1x10™° Torr.  The target surface can be cleaned
using ion sputtering technique and the surface
impurities were examined by Auger electron
SPECITOSCOpY.

Let Iy and I be the currents of the target and
the Faraday cup, then the SEE yield (Y or v .) and
SPIE yield Y are given by

Y =LA +1c) forl <0 and
Y =IcK+Ic)forIc>0. (1)

Iy + I = Ip is the ion beam current.  Here the
secondary negative ion yield is assumed to be much
smaller than the SEE vicld. As discussed later (see
Fig_ 1(b)), correcticns are required to obtain the true
SPIE vield (v") from Y.

SCO film was deposited on Si at 740 °C using
a pulsed ArF-excimer-laser (193nm) deposition
{PLD) method [7]. Thickness and composition of
the film were examined by means of He Rutherford
backscattering spectroscopy (RBS) using a Van de
Graaff accelerator at Nagoya University. The
thickness is 10¢ and 280 nm for higher and lower
energy experiments. The composition was closely
stoichiometric, except that an O-rich Sr(; layer of
60 and 100 nm was found between the SCO film and
Si interface for 100 and 280 nm films, respectively,
and this layer seems to act as a buffer layer for the
SCO film growth. Proton induced X-ray analysis
shows no detectable impurities.

3. Resnits and Discnssion
3.1 Ion beam carrent dependence of SCPE yield
It has been renorted previonsly 141 that for the
thick p-SCO sample, SCPE vickl depends strongly
on the ion beam current (I).  Firstly, dependence
on Is was investigated for the SCO filmon Si.  The
results are shown in Figs. 2 and 3 for 100 keVH"
and 20 keV Ar', respectively. To contrast with the
thick p-SCO results, SCPE yields from the SCO film
on Si for 100 keV H' or 20 keV Ar” arc found to be
constant or nearly constant for 10 pA to a fow nA.
Iz-dependence observed for lower currents (< ~10
pA) is partly due to background current.  For such
fow currents, a very carefill correction is required

and thus no further discussion is made bereafier.

Depending on posifive bias, decrease of SEE
vields is seen at large currents.  This can be caused
by charge accumulation effects: SEE yields are
determined by a dynamic balance between the
charge left at target surface by SEE (surface charge
accammlation) and/or charge carried by ions in the
film (interior charge accumulation) and compen-
sation of these charges by clectrons generated by fon
impact in the film and/or the conductive substrate.
Surface charge accumulation is considered 1o be
similar for 100 keV H' and 20 keV Ar", since SEE
yields are similar for both cases. For 100keVH'
impact, whose projected range (371 nm) is much
longer than the film thickness, there is no
appreciable inferior charge accummuiation, while for
20 keV Ar" impact, whose projected range (16 nm)
is much shorter than the film thickness, there may
be interior charge accomnlation. There is no
compensation from the substrate for 20 keV Ar"
impact. These differences could be a reason for a
slight different I-dependence of SEE yields and
difference of the bias dependence of SEE yields
(SEE with negative bias is seen in Fig. 2(a) for 100
keV H') between these two ions.  Information of
the carrier concentration and mobility in the SCO
film wnder ion impact is necessary for detail
evaination of the charge accumulation effects. In
this paper, the charge accummiation effiects are not
discussed further but instead we concentrate on
SCPE yields under charge-accumulation firce
conditions or Iz-independent SCPE yields.

Tt also appears that SEE and SPIE yields reach
their maxima at the bias of £90V, meaning that
+90 V is adequate to suppress a flow of secondary
positive ions from the target to the coliector, keep
tertiaty electrons in the collector cup, and -90 V is
adequate to suppress SEE, as discassed in {1].
This is depicted more cleasly in Fig. 4 for 100 keV
H". 1tis also found that in the lower energy
experiments, the SCPE yields of uncleaned SCO
surface are nearly the same as those of cleaned SCO
surface (see Tables 1 and 2), as reported previously
for the p-SCO. Generally, the bias was applied to
the Faraday cup and zero bias on the sample. For
higher energy experiments, it is mentioned that
positive (negative) bias on the Faraday cup with zero
bias on the sample and zero bias on the cup with
negative (positive) bias on the sample give the same
SCPE yield, within 10%.

3.2 SEE yield

SEE yields ( v .) for H and Ar” which were
taken at In-independent or nearly Is-independent
region and at bias of +90 V, are summarized in




Table 1. It appears that . is nearly proportional
to the electronic stopping power (S.) and that the
proportionality constants are nearly the same for H'
and Ar". The proporticnality constants for the
SCO films are comparable with those of metallic
oxides and are larger by a factor of 2~3 than those of
metals [1,4]. The results for molecular hydrogen
ion impact are included. The SEE yields for
molecnlar hydrogen are given as thosc per nucleon.
Notice that considerable molecniar effect was
observed. 'The SEE yields of the SCO films are
comparable with those of the p-SCO at low ion beam
current, where charge accumniation effects are
minimized {4].

3.3 SPIE yield

As discussed in ref. {4], the backscattered ions
and atoms, and sputicred atoms hit the Faraday cup
collector and generate tertiary electrons which leave
the negatively biased collector, generating a positive
current, as shown in Fig. 1(b). Thus, these
contributions (Y ) should be subtracted from Y to
obtain the true v~

A method fo estimate Y., which is described
elsewhere in detail {4,8], is bricfly mentioned here.
Firstly, the yicld of backscatiered ions and atoms,
Ye(E, 6 ) per incident ion, and that of sputtered
atoms and ions, Y(E, 6 ) are calculated as fonctions
of the exit encrgy E and exit angle 8 measared
from the surface normal, using simulation such as
TRIM97 [9] and TRVMCSS5 [10]. An obvious

contribution to Y. is backscattered positive ions, Yz .

With the positive fraction f5'(E, § ), Y is given by
Ye' = §§ f'(E, 8)YaE, 60)dEAS . (2)

The data of £ (E, 0 ) is scarce [11-15}, so we adopt a
simple form,

&°E 8)=Prexp(P/E=-)D, ()

where P, and P, are constants and E_. =E(cos( 8 ))°.
Pyand P; are 0.6 and 1.9 for H', 0.23 and 1.47 for
Ar, and09and8.15for C,N. £'(E, 8)is
shown graphically as a function of E_ for H', Ar",
C"and N in Fig. 5. Charge fraction of O is
approximated by that of C and N.

Contributions to Y from positive currents
caused by SEE from Faraday cup collector under
impact of these backscattered and sputtered atoms
{and ions), Yux and Y are given by

Yox =0 Ya(E, 0}y xc(E) /cos(8 ) dE G 8, (4)

Ysx =1 Ys(E, 8) v &)/ cos(6 }dEA B . (5)

¥ axc(E) is the kinetic emission contribution of the
SEE vyields from the collector and 1/ cos( 0 )
dependence is assumed.  Available data [16] of

v &A(E) for Ar", I and O" are shown in Fig. 6 and
fitted by the following formula,

In( v xc(E))= Z Giln(E)’, n=0-3. (6)

Constants (C,,C;,C,,Cs) are (-1.463, 1.598, -3.9,
0.03562), (-2.553, 2.12, 0.4208, 0.03533) and
(-0.2335, 0.6768, -0.07027, 0.01131) for H', Ar
and O, respectively. Independence of v xc(E) on
the charge state of these ions and atoms is also
assumed. v xc(E) for Ce and Sr are taken as
constant (K) times v «c{F) for Ar and the constant
K is determined as 0.743 and 0.553, respectively,
considering that the kinetic emission is proportional
to the clectronic stopping power.  Similarly, the
potential emission contributions, Ygr and Ygp are
given by

Yer=Yacll &'E, 8)Ya(E, 6)dEdE, (D
Yoo~ vl 'E, 0)YS(E 6)dEdD. (8)

v opc is the potential emission contribution of the
SEE yields due to backscattered and sputtered ions.
v ¢ for A" and H' are approximated by the
experimental values for Cu, ie_, 0.1 and 0.07,
respectively, taking into account that stainless steel
has similar work function and Fermi energy to Co

v ¢ for O is taken as 0.07, since the jonization
potential of O is close to that of IL

Y and Y, are given in Table 2.  Backscattered

vield Yy and spuitering vield Y, which are the
average calcnlated with TRIM97 [9] and TRVMC95
[10] are also given. Notice that Y, has
considerable contribution to Y'. ForH', Yy hasa
major contribution and for Ar’, Ysx has a major
contribution.  Accuracy of simulation is also
crucial, because sometimes, two sinmlation give
values different by a factor of 2-3.  As seen in Table
2. /Y is larger than unity for H' and is not
constant for Ar'. However, considering accuracy
of quantities used in this study, values of Y, are
tolerable. It could be improved, if quantities
required for Y, evaluation such as charged fraction
were accurately measared

4, Summary

We have measured secondary charged particle
emission yiclds from SCO films on 8i. It is found
that the SCPE vield is nearly constant, over a wide
range of ion beam current, as contrast with a strong
current dependent SCPE for the thick poly-



indicate insignificant charge-up problem. The
SEE vields are found to be nearly proportiona) to the
electronic stopping power and the proportionality
constants are comparable with those of metallic
oxides. We also estimated the corrections for
posifive ion yields involved in Faraday-cup current
measurement.  Varions quantities such as charged
fraction should be more accurately known to
estimate these corrections.

The anthors would iike to thank Prof. M.
Ishigame and Dr. N. Sata for helpefil discussion
and supplying us SCO film sampies, to Prof. FL
Iwazhara and Dr. T. Shimura for valuable discussion
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Table 1 SEE yields ( v ) from SCO film on Si for Ar', H', H," and H;" impact with energy E(keV). ForHy'
and Hs" impact, v, is given as SEE yiclds per nucleon. The electronic stopping power and projected range
calculated by TRIM are also included The y.and v./S, in parentheses are for cleaned surfaces.

E(keV) Ion Ve S{eV/nm) Y JfS(nm/eV) Re(am)
100 H 32 173 0.019 571
50 H 33 158 0.021 313
20 H 30 121 0.025 146
2.5 H 14019 475 0.029(0.03) 24
1.0 H  0.88(1.1) 31.5 0.028(0.035) 11
100 HY 28
40 HY 25
20 HY 16 88.7 81
60 H' 20
30 HS 056
21 H 092 75.5 59
150 A 80 590 0.014 94
100 A 82 481 0.017 64
50 Ar 60 340 0.018 34
20 AF 42 215 0.02 16
2.5 A LIGLT) 76.1 0.014(0.02) 3.7
1.0 Art 0.55(0.83) 481 0.011(0.017) 22

Table2? Y' and correction Y, with backscattered yield Y sputtering yield Ys, calculated with TRIM97[8] and
TRVMCS5[9]. ¥ =Y'-Y. S.and S, are the electronic and nuclear stopping powers(eV/mm). Resulis of a
clean Cu and YBCO are included [4,6].

E Jon Sample Y* Yp Ys Y, v S, S,
keV) (eV/nm)
2.5 H Cu 0.18 0.19 0.023 0.07 0.1 489 33
2.5 Ar* Cn 7.6E-4 0.057 42 6.8E4 8E-5 69 779
2.5 H SCO 0.11 0.18 86E-3 008 003 491 2.1
25 Ar* SCO 0.04 0.066 1.3 0.036 0004 78 465
100 AT’ SCO 0.45 0.025 1.6 0.38 0065 493 621
150  Ar SCO o4 0.021 1.35 0.27 0.13 604 363
2.5 H* YBCO 0.8 0.12 0.015 0.05 013 514 25
30 At YBCO 047 028 32 0.21 0.26 276 849
150 Arf YBCO 07 0.016 25 0.32 038 504 748



m
Fig 1 (2) Schematics of positively biased Faraday- & | n;':-
cup-collector for secondary electrons and (b) ShIEid o
schematics of negatively biased Faraday-cup- 7 Target
collector for secondary positive jons, where f
backscaiter.ed ions and atoms (@) and sputtered = P E | Teflon
atoms and ions (0) hit the collector, generating | .-® Support
tertiary electrons emitted from the collector or —\
positive currents to be subtracted to obtain true Ze f o —
1S 10 be su Z~ ic — Coliector
secondary positive ion yield
® ¥ +
Shield T
e Target
. |~
—— \1
= e 7 | Teflon
1 Ly | Support
% | — Coilector
Fig 2. (a) SEE from SCO fiim on p T T T
Si by 100 keV H' ion for various i (@)
bias voltage and (b) positive yield 0 F E
from SCO film on Si by 100 keV : 3
H' ion for various bias voltage. a 1asv]
= sov |
« OV ]
v ev| 3
= 32V
-
107
T ] ™ ™y o T bl BER
S
0.1 | ®) B
?.,, + ]
L + 3
L Yo +
x @ ¥
- w, +
vy *s ¥ g+ x 480V
B v - Q sV .
0.01 F ¥ 9¢ m% v + B/ 3
- % wg‘?v% v 45V
" sapeal 2 5z cagel 2 Liriml PRI SR ET T 23znd io1at
102 0" 1w0™ 1w0® w0 107 10 10°

CURRENT (A)




Ty T T
Fig. 3. Similarto Fig. 2
except for 20 keV Ar” ion. E
a s3sv ] ]
S + 450V
o +22.5V 5
. OV k!
01 M rriael pracemd 3 3 saxessd o o - ranpal sagaaad . p o xacsand Lz o
w02 ™ 100™ 1w 1w 1wt 10t 10f
CURRENT (A)
e e amt
1y © 3
: ez 80 poepaboeiionnre xik) N
| @ O °©DSTRPOVoae . v ]
5
01 ¢ ° 2IVE
Y TR v
; e Pt 1
»
N .. ]
1 ) ;
rs
0'01 2z cconl 2z racresl 3 g tcsasad a3 ssoead 2 osazsend o ozl a3
102 10" 1w0w™ w0 w0® w0’ 10° 1w0°
CURRENT (A)
10
Fig 4 SEE(0)andY' (+)vs
Faraday cup bias for 100 keV
H ion. . 1
>_
| .
S
|
w 0.1
7]
Q01+

|1l|"lf!lllll!iljl_l_llll!llfll]lll!lj_ll

200 -150 -100 -50 O
BIAS (V)

50 1400 150 200



POSITIVE FRACTION

TFY T TITIH T % ¢ YTIRtL T rrrong

T ¢ VY

0.1

0.01

T LALLY |

e
3
and
LERLBLRALLL |

o
8
o
—
Ty

E. (keV)

Fig. 5. Charged fraction used in evaluation of the correction Y,
for secondary positive jon yield Data are taken from refs. 11-15.

10
i1}
111
[¥5]
Q 1
=
11}
=
X g1
0.01

01 1 10 100 1000 |
ENERGY (keV) |
Fig 6 Kinetic SEE from SUS or Fe: H'(solid line), Ar'(dashed

line) and O'(dotted line). Data for H(+) and O*(@) are taken
from ref. 16. Other data are measured in this study.




NIFS-DATA -43

NIFS-DATA-46

KIFS-DATA-47

NIFS-DATA-48

NIFS-DATA -49

NIFS-DATA-50

NIFS-DATA-51

NIFS-DATA-52

NIFS-DATA-53

NIFS-DATA-54

NIFS-DATA-55

NIFS-DATA-56

NIFS-DATA-57

NIFS-DATA-58

NIFS-DATA-59

NIFS-DATA-60

NIFS-DATA-61

NIFS-DATA-62

NIFS-DARA-63

NIFS-DATA-64

NIFS-DATA-63

NIFS-DATA-66

NIFS-DATA-67

Recent Issues of NIFS-DATA Series

Y. Yamamura, W Takeuchi and T Kawamura
The Screening Length of Interatormc Potential 1n Atomic Collisions: Mar 1998

T Kenmeotsu, T. Kawamura, T Ono and Y Yamamura,
Dynamscal Simulation for Sputtering of B4C Mar 1998

I Murakam:, K. Monbayash: and T Kato,
Effect of Recombination Processes on FeXXI Line Intensities May 1998

Zhje L1 T Kenmotsu, T Kawamura, T Ono and Y Yamamuraz,
Sputtering Yield Calculanons Using an Interatomic Potential with the Shell Effect and 2 New Local Modei- Oct 1998

S Sasaki, M Goto, T Kato and S. Takamura,
Line Intensity Ranos of Helium Atom n an Iomzing Plasma: Oct. 1998

1. Murakami, T Kato and U Safronova,
Spectral Lane Intensities of NeVII for Non-equilibrium lom:zation Plasma Incledmg Dielectrome Recombination Processses: Jan.
1999

Hiro Tawara and Masa Kato,
Electran Impact Iomzation Data for Atoms and Ions -up-dated i 1998- Feb 1589

JG Wang. T Kato and 1 Murakama,

Validity of o3 Scaling Lawn Dielectromic Recombination Processes: Apr. 1990

JG. Wang, T Kato and 1 Murakam,

Dielectronic Recombination Rate Coefficients to Excited States of He from Het Apr 1999

T Kato and E. Asano,
Companson of Recombination Rate Coefficients Given by Empirical Formules for lons from Hydrogen through Nickel: June 1999

H P Summers, H Anderson, T Kato and S. Murakam,
Hydrogen Beam Stopping and Beam Emission Data for LHD- Nov 1999

S Born, N. Matsunami and H. Tawara,
A Simple Theoretical Approach to Determine Relative Ion Yield (RIY) i Glow Discharge Mass Spectrometry {(GDMS): Jan. 2000

T Ono, T Kawamura, T Kenmotsu, Y Yamamura,
Simulation Study on Retention and Reflection from Tungsten Carbide under High Fluence of Helmm lons Aug 2000

J'G Wang, M Kate and T Kato,
Spectra of Neutral Carbon for Plasma Diagnosues. Oct 2000

Yu. V. Ralchenko, R K Janev, T Kato, DV Fursa, 1 Bray and F 1. de Heer
Cross Section Database for Collision Processes of Helrum Atom with Charged Particles.
1. Electron Impact Processess Oct 2000

U L. Safronova, C. Namba, WR Johnson, M S. Safronova,
Relanvisiic Many-Body Calculations of Energies for n = 3 States m Aluminiumlike lons: Jan 2001

U] Safronova, C Namba, [ Murakarm, W.R Johnson and M S Safromova,
E31.E2, M1, and M2 Transinons i the Neon Isoelectrome Seguence Jan. 2001

R K Janev, Yu V. Ralchenko, T Kenmotsu,
Unified Anatytic Formula for Physical Sputtering Yield at Normal Ton Incidence Apr 200%

Y Inkawa,
Bibl:ography on Electron Collisions with Molecules Rotational and Vibrational Exeitauons, 1980-2000 Apr 2001

R K. Janev, I G Wang and TKato,
Cross Sections and Rate Coefficients for Charge Exchange Reacuons of Protons with Hydrocarbon Molecules- May 2001

T Kenmotsu, Y. Yamamura, T Ono and T. Kawamura,
A New Formula of the Energy Spectrum of Sputtered Atoms from a Target Matenal Bombarded wath Light Ions at Normal Ineidence:
May 2001

1 Murakam, U T Safronova and T Kato.
Dielectronic Recombination Rate Coefficients to Excited States of Be-like Oxygen: May 2001

N. Matsunami, £ Hatanaka, ] Kondoh, H. Hosaka, K. Tsumori, H. Sakave and H. Tawara,
Secondary Charged Parucle Emission from Proton Conductive Oxides by Ion lmpact, July 2001



