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Charge transfer from Cu in Cu,O epitaxially grown on MgO(0021)
by dc-reactive magnetron sputtering

Koji Ogawa, Takahiro Itoh, and Kunisuke Maki
Graduate School of Integrated Science, Yokohama City University, 22-2 Seto, Kanazawa-ku, Yokohama, Kanagawa 236-0027, Japan
(Received 2 September 1999; revised manuscript received 1 May 2000

The CyO film is epitaxially grown on air-cleaved MgQ01) by dc-reactive magnetron sputtering. From the
reflection high-energy electron diffraction patterns two orientations are identifle@u,0(001)|MgO(001)
and Cy0O[100]|MgO[100] and (Il) Cu,0(110)MgO(001) and CyO[ 110]|[MgO[110]. The charge transfer
Ag® from Cu to O is also estimated by Auger electron spectroscopy. Both the Auger intensity ratio O/Cu and
Aq®¥ increased for the film annealed in, Owhich indicates the as-deposited film is O deficient. From the
annealed filmAq®" for Cu,0O is tentatively taken as 0.6%hough still O deficient.

Research on epitaxial growth of metal and semiconductor RHEED patterns are observed in the analyzing chamber
films has a long history, and those of insulator films has als@onnected to the preparation chamber. The samples can be
drawn some attention because of their functions such as fetransferred between these two chambers without breaking
roelectricity and high optical indices of refraction. Since thevacuum. The energy of incident electron is nominally 10
discovery of superconductivity the attention has becoméeV and the glancing angle of incidenee4®. A goniometer
stronger than ever, especially for copper oxides. With thesassures the azimuthal rotation of about 100°, which covers

backgrounds our current interest is to clarify the mechanisiyom MgO[ 110] through[100] to [110]. We confirmed azi-

of epitaxial growth for oxide thin films. Oxides consist of at mythal angles by observing RHEED patterns from bare re-
least two, very often more, elements and these elements forglons of MgO substrate. Symmetrical patterns were observed
chemical bonds that are mainly ionic. Epitaxial growth of for the incident directions parallel to tH&00], [ 100]+ 10°,
oxide thin films is, therefore, the process that spontaneouslundulo) of MgO substrate as shown in Fig. 1. We also
adjusts the composition of component elements, the formashowed the predicted patterns based on the Ewald construc-
tion of chemical bonds, and the construction of crystal struction method. The predicted patterns are parts of the recipro-
ture. In these terms chemical bonding analysis is necessatyl planes intersected by the Ewald sphere. Care was taken to
in addition to conventional composition and structure analyscale them properly. The symbols in the predicted patterns
ses for the characterization of films. One way of analyzingrepresent the reciprocal lattice points and correspond to the
chemical bonding states is to determine the degree of ionicitfive groups of structure fact@g (one group oSg is zero, so

by estimating charge transfer from cations to anions. Previenly four groups remain For Sg a usual equation is used:
ously we showed the formulation how to estimate chargeSg(hkl)=Z;fiexg —2mi(hkl)-(riror3)], wheref is the atomic
transfer on Cu in oxides by Auger electron spectroscopyscattering factorh,k,l are the Miller indices, and, , 5 the
(AES) and reported the result applied to the cleaved surfaceSartesian coordinates for each ion within the unit Eeie-

of single crystaline YBsCuO, s (YBCO) and cause Cu ion; construct a f_cc Iattig:e and O ipns_a bcc_ lattice
Ba,Cu;0,Cl, (BCOC) (Ref. 1) whose surface structure and i the real lattice, the .resultlr?g reciprocal lattice is a mlxturg
composition have less ambiguity than thin films. In this pa_of a bcc and a fcc lattices. Since the observed pattern in Fig.

per, as the next step, we will show the charge transfer in th&(® IS indicative of a fcc structure, we assume
epitaxial film of CyO. The adopted film preparation method Cu,0(001)|MgO(001) and CyO[100]|MgO[100] (re-

is dc-reactive magnetron sputtering. With this method maml;erred to the orientation) land predicted patterns as shown

. also in Fig. 1. A good agreement between the observed
2?;::1?;3&&?::;?;3]9”3 r?;rlt)i/alggeg:fjrg‘lgoﬂ?e uSCe) Er?;ss:ss and the predicted patterns supports the assumed orientation

. . >~ 1. For other two directions, however, the orientation |
were only polycrystalline. To our knowledge, this is the f'rStcouId not give predicted patterns which agreed with
report of the epitaxial growth of GO thin film by dc-

i | observed ones. So we examined another orientation reported
reactive sputtering. We analyzed the structure by the reflec-

tion high-energy electron diffractiofRHEED) technique.
We will describe the detail of the structure analysis in a
separate pap&because of the limited space and concentrate

TABLE |. Preparation conditions.

. . . . Parameter Value
mostly on the composition and chemical bonding analyses in
this paper. Cathode voltage —500 V
We prepared films in a UHV chamber whose base pres-  Cathode current ~2 mA
sure is less than I¢ Torr. The substrate is air-cleaved  Substrate temperature ~710 K
MgO(001) and the other parameters are listed in Table I. We  Presputtering time 10 min
did not measure the thickness. Since the thickness of metallic Main sputtering time 70 min
Cu film made under the same condition but withoyt i®- 0, partial pressure 3 mTorr
troduction is~1600 A the thickness of GO film may be Total pressure 10 mTorr

comparable if their deposition rate should be similar.
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FIG. 1. Observed RHEED patterns and predicted ones based on the Ewald construction for the incident directions p@allel to
MgO[100], (b) MgO[100]=10°, and(c) MgO(110).

by Kawaguchi et al. for their molecular-beam-epitaxy- probe (JAMP10S, JEOL equipped also in the analyzing
grown CyO films which is CyO(110)j|MgO(001) and chamber. The electron beam is incident at the angle of 40°

Cu,0[110]|MgO[110] (Ref. 1) (referred to the orientation from the surface normal with nominal acceleration voltage of
||) The predicted patterns in F|gg(b1 and :KC) are based on 3 kV. The current is 2.8 1077 A. The detail of the chemi-
this orientation Il. Agreement between the observed and théal bonding analysis was described in the previous paper
predicted patterns is fairly good again for the both inciden@ind we briefly explain the main points avoiding the repeti-
directions though there are some discrepancy for théion of the full story. We first assume that Auger transition
MgO(110) incidence(the spots in the observed pattern indi- intensity is proportional to the charges of the levels involved
cated by arrows have no corresponding ones in the predictddl the transition as Weimann diéWe took notice of the
pattern. We thus concluded two orientations{l) LsMM transitions for Cu since these transitions give rela-
Cu,0(001)|MgO(001) and CyO[100]||MgO[100] and (II) tive]y strong ilntensities. By measuring the intensities of three
Cu,0(110)|MgO(001) and CQO[lTO]HMgO[llO]. main transmons_,_ namely L 3M,5M 23 _L3M23M_45, and_

The lattice mismatch for the orientation | is only 1.4% sMasMas transitions, we can gain information on its
[acuois 4.27 A anday,o 4.21 A (Ref. 12] and is smaller charge. We denote the charge ofd\level as N—Aq™)e,

K ) e . where N is the number of valence electronsg®“ charge
thar) for the prleptatlon 11 {4.4% for CyO[001]). Electro- transfer from Cu, ane the elementary electric charge. We
static matching is better for the former, too. In other Words'next introduce another parameter, the Auger transition prob-

Cu and O ions can be placed on top of O and Mg ions in the | ... Cu o . -
substrate, respectively. However £(001) plane consists %blllty ChsvIve which is directly calculated from the intensi

of O (or Cu) ions alone and is polar. GO(110) plane, on
the other hand, is composed of both ions and is almost non-
polar. These results indicate that surface polarity influences
on film orientation as much as the former two factors. We are
currently undertaking the film preparation with different
sputtering times in order to elucidate the dependency of ori-
entation on thickness. Our preliminary results indicate that
the RHEED patterns from films of 30-min or less sputtering
times shows Ci0O(110) and new orientation other than
Cu,0(001), G partial pressure ranging from 2 to 5 mTorr.
We assigned this orientation as £(111) from their spot
and/or streak separation and symmetry. The degree of elec-
trostatic matching may be similar for g0(001) and(111)
orientations. Since lattice mismatch is bigger for,O@111)

(—12.2% for CyO(112)) than for CyO(001) orientation,

we speculate that the degree of surface polarity may signifi-

cantly differ and overcome the difference in lattice mis-

match. Before concluding the dependency of orientation on L L

thickness we will prepare more films and examine detailed 500 750

tendency by changing both of sputtering time and oxygen Kinetic Energy (eV)

partial pressure systematically. We will report the results

also in a forthcoming papér. FIG. 2. AES spectra for the as-deposited filg) and the an-
We conducted AES measurements with an Auger micronealed film(b).
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1.0 . . TABLE Il. Values owa:MM calculated from measured intensi-
. . CU
s [ : as—deposited ties and of the determinefiq” yy -
L B : annealed . N c c
= L @ : metallic Cu film | Transition ™! Ag™!
g . 0.43
. T LaMysMys - As-deposited LsM M o3 0.188 0.13'373
£ & - ) .
8050 — film LsM 4sM g5 0.543 0.54°928
3 t ] Annealed L3M M pg 0.196 0.46":%8
L i film LsM 4sM 45 0.530 0.843%
I L3M23M23 1
L L ; tively. Care was taken to make measurements on the same
0.0% 1 2 region of the film before and after annealing. One of the AES
AG™ (e) spectra for the annealed film is shown in Figb)2 The in-

crease in the ratio O/Cu supports our assumption. So we
FIG. 3. Relationship between[\\y andAg®. iy forthe  concluded that the as-deposited film was O deficient and
metallic film, the as-deposited, and the annealed films are plottedsupposed that the enlargement of the error bars might be due
to the nonuniformity of the annealing effeckq®" almost
ties. In practice, we utilize not intensities but intensity ratiosdoubled to be 0.65, which was also averaged for the
because intensities contain contribution from many factors ;M M, and the L3M,3M ;3 transitions (see Table ).
such as ionization cross section that are difficult to evaluat@hough the annealed film may still be O deficient we tenta-
with sufficient accuracy. We can get the semiempirical relatively took Aq©" for Cu,O as 0.68. In order to judge if this
tionship betweermE:MM andAg©“ from the intensities mea- value is reasonable we refer to the literature. Since we could
sured for the standard sample which is metallic Cu filmnot find experimental values for Cu in g such as the
(Ag®'=0.0e). We can finally determinAq®" for copper effective charge determined from the angular frequencies for
oxides by plottingw ™, for them on the semiempirical phonon excitation we cite the theoretical values only. The
3 values are briefly reviewed by Ruét al. and are shown to
cur'\:/ie%re 23 shows one of the AES spectra for the as-2C controversial? The values range from 0.43 to 0¥ '8
g P %he best agreed value is 065y Goodmaret al. using the

deposited film. We define the intensity as high-energy halve
of peak-to-peak height for the differentiated spectra becauﬁgartree-Fock-Slater methdd Our result supports the calcu-

energy-loss peaks due to inelastic scattering may defor tion bY Gé)(t)dmaraet atlﬁ; however, mgre comparisons would
low-energy halves. We repeated measurements on many sit g required o prove the corréesponaence.

of the film and employed the mean value as the intensities. Itis not stra|ghtforwarq to reasopably mtgrpret the corre-
The experimental errors are their standard deviation. The res_pzn_deAncgubbetvvwegg(;hewcreases in the ratio O/ CA".'f:W) % f
sult for the film is shown in Fig. 3 whose values are listed in@nd INAQ=" by 0. VV€& may Suppose a nonuniform €i-
Table 1. AQ® for the L3M ,3M o5 transition is smaller than fect O.f the Q annea! in the dlrect|c_>n normal to the_su.rface.
Aq® for the LsM 4sM 4 transition as is the case with YBCO That is, G or dissociated O may diffuse more readily in the

and BCOC! We still have no clear explanation and tenta- structure with O deficiency than in more stoichiometric re-

tively took the average. The average operation is supporteg'on' Diffusing inward more and more, O will accumulate at

by the result for YBCO where the agreement with other re-2 '€latively deep region after some recovery of the O defi-

ports by x-ray photoelectron became belteBo AqCU ciency there. O enrichment may, hence, become greater in
is 0.3% the relatively deep region than in the surface region. A sec-

nd possibility is the following. After the preparation of

Ims we observe RHEED patterns first in order to determine

measurement areas for AES. During the observation the

iims may become O deficient just as some oxides that are
own to be unstable at room temperatdrend/or to elec-

ron irradiatiof®?! and thus prone to O deficiency.xQ

Aq®¥is supposed to be unity for the perfect structure anc?
stoichiometry and the purely ionic chemical bonding. How- '
ever, Aq® for the as-deposited film is much smaller. We
then speculated that oxygen might be deficient. In order t
examine the speculation we annealed the as-deposited film
the O, atmosphere, though interpretation of the annealin )
effect might be difficult because the recovery of O deficiencf‘uger electrons irom the region may attenuate severely.
is a rather complicated process that involves diffusion and/o(r:uhs’\’”\" Auger e!ectrons may gttgnuate as well, but the de-
dissociation of @ and chemical reaction with Cu. The an- gree of attenuation may be similar among hgMosMo3,
nealing time was 10 min at 710 K in the Q atmosphere of L3M23Mys, and L3M4sMs transitions because the kinetic
Po,=4 mTorr. The heating and cooling procedures are theénergies are close. Since calculated not from the intensities
same as the one for preparation. The annealing made a nB%t from the intensity ratios of Gy Auger electrons
ticeable change in the RHEED pattern only for the w,_:MM and alsaAq““ would be insensitive to the attenuation
MgO(110 incidence. New streaks appeared between thend reflect the contribution from the deep, O-enriched, hence
(00) and adjacent streaks in Fig(cL Upon annealing the possibly more ionic region. The above argument does not
Auger intensity ratio O/Cu increased by30% from 1.4 contradict with the RHEED observations since RHEED pat-
+0.14 to 1.8-0.19, where the evaluated transitions are theterns reflect only the surface region due to the grazing
KL 3l 53 and thel ;M 45M 45 transitions for O and Cu, respec- incidence.
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In summary, we grew the epitaxial film of @0  film was O deficient. From the result on the annealed film we
by dc-reactive magnetron sputtering. From the comparisotentatively tookA g for Cu,0O as 0.68 though the annealed
between the predicted based on the Ewald constructiomay still be O deficient.
and the observed RHEED patterns we identified two _
epitaxial orientations: (I) Cu,O(001)MgO(001) and We are grateful to Center for Industrial Technology &
Cu,0[100]|MgO[100] and (Il) Cu,0(110)|MgO(001) and Design, Yokohama City for atomic-force microscopy mea-

Cu,0[110]|MgO[110]. By AES on the as-deposited and SUrements.
the G, annealed films we concluded that the as-deposited
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