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Oxygen diffusion intoc-axis-oriented YBsCu;O,_5 epitaxial thin films was observed

using real-time spectroscopic ellipsometry. The experiments were conducted under
controlled atmospheres of 10%,00% O, and 80% Q/20% O,. At 2 x 10 torr,

oxidation of the films began at temperatures as low as 100-125 °C for heating rates
<3 °C/min. Full oxidation was seen by 190 °C at these rates. Based on these data, the
activation energy of oxygen diffusion into YBau,0,_s from an ozone/oxygen
atmosphere was found to be between 0.43 and 0.52 eV. This was appreciably smaller
than for in-diffusion in a molecular oxygen atmosphere. Higher ozone content
atmospheres did not improve the oxidation kinetics. These atmospheres did, however,
delay the onset of reduction in the films by 60—70 °C at higher temperatures.

[. INTRODUCTION the properties of a junction-based device. Thus, it is im-
nportant to understand the process of oxidation so that
high-quality YBaCu;0,_; films can be fabricated. There

have demonstrated tremendous potential in applicatiorfa@/e been several studies on dg;«fion in bulk polycrys-
such as superconducting quantum interference devicd@lline and single-crystal samples,” as well as in ori-

. . . . 24-34 . e .
(SQUIDS) and ultrafast digital electronics. For example €ntéd and epitaxial thin film. In situ resistivity
a promising architecture for ultrafast analog-to-digital (COnductivity) measurements, thermogravimetry, sec-

converters and other digital electronics is rapid single2ndary ion mass spectroscopy (SIMS) profiles of tracer

flux quantum (RSFQ) logid. Also, low-T.-based diffusion, electrochemical measurements, internal fric-
. 3 c . . .

SQUIDs are currently the most sensitive detectors ofo" measurements, and single wavelength ellipsometry

magnetic flux availabl@. The development of a reliable Nave all been used to monitor the oxidation of the ma-
high-T, Josephson junction technology would make sucHerial. It should be noted that these studies were per-
devices possible at liquid nitrogen temperatures. Despitirmed on samples of widely varying microstructural
this promise, and the continuing efforts to develop hight€atures, including porosity, grain size, twin density, ori-

T, technology, there are significant materials and proc_entation, sgmple surface area, impur_ity content, init_ial
essing challenges remaining to be overcome. oxygen stoichiometry, and homogeneity of oxygen dis-
One of these challenges is to obtain smoothifibution. Thus, the values reported in the literature for

YBa,Cu,0,_, films with complete oxygenation all the the diffusion coefficient D) and the activation energy

way to the surface. Any oxygen deficiency on the scaldEa) ¢an, and do, vary significantly (0.3 e¥ E, <

of the coherence length results in a “dead” layer of non2-3 eV)_. . . .
In this work, we used real-time spectroscopic ellip-

superconducting material or material with depressed su-

perconducting properties. This can significantly affectSOmMetry (RTSE) to study the oxygen in-diffusion be-
havior into sputteredc-axis-oriented YBaCu;0,_g

epitaxial films on (001) SrTiQ substrates. It is well

known that the optical properties of YBau,0,_5 are
De-mail: gibbons@lanl.gov strongly dependent upon the oxygen confénin addi-
P)Current address: Motorola, Austin, Texas tion, it has been shown that spectroscopic ellipsometry

Josephson-effect devices using high-transitio
temperature T.) superconductors, such as Y&a,0-,
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can be extremely sensitive to the oxygen content in ok T " T 7 ' ™
YBa,Cu,0,_;.3° Therefore, RTSE was used to explore 3 3
the kinetics underlying the oxygen diffusion behavior in

003

o |
these films. : T ‘ ” | ]
& g 8 ] (-~ 3
I | NN 5
Il. EXPERIMENTAL PROCEDURE 'z | k \ 2
The YBaCu,0,_; thin film samples studied in this *E 2- | 1 g T
work were deposited via 90° off-axis radio-frequency == 0| JI °

008

(001)-oriented SrTiQ and the films were 650 A thick. [
This thickness was chosen such that the probing light .
would penetrate through the entire thickness of the film. o 20 40 e %0
During deposition, the substrate temperature was 720 °C (@) 20 (°)

and the total pressure was 200 mtorr (A5/© 4/1). A .
root-mean-square (rms) roughness of 20 A was deter- 10" pr T T " T E
mined via atomic force microscopy (AFM) measure- i ]
ments. The average grain size wds4 to 0.5um with a - ]
very uniform distribution. This was typical of all the I '
samples studied. In addition, there was no evidence of
surface precipitates or outgrowths on any of the films.
For the oxidation experiments, the output from a com-
mercial ozone generator (Model G1-L, PCI/Wedeco,
West Caldwell, NJ) was used yielding a 10% @nd
90% O, mixture3® When high ozone content atmos-

pheres were desired, an ozone distillation apparatus was ' W‘I/W )W

(rf)-magnetron sputterind’® The substrates were i W
[ w

=

Intensity (a.u.)

used?® In this case, the purity of the ozone at the sub- ol

strate position was measured to £80%:** : :
Figure 1(a) shows &/26 x-ray diffraction pattern of an 0 20 180 270 360

as-deposited film. Figure 1(b) showsbascan of the 102 (b) ¢ (°)

reflection of the same film. These plots are indicative ofg|g. 1. (a) /20 x-ray diffraction pattern of an as-deposited

all of the films used in this study; all were (001)-oriented, YBa,Cu,0,_; film used in this study. (b) Ab-scan of the 102 reflec-

epitaxial, and with a very small amount of orientedd{  tion of the same film ¢ = 0° along SrTiQ[001]).

second phase. Additiondl-scans indicated the absence

of anya-axis-oriented material. The films were also stud- R .
ied with x-ray diffraction subsequent to the oxidation _Next, the gample was heated at 1, 3, 5, 10, or 15 °C/min
2 x 107> torr of the output from the ozone generator

experiments. In all cases minor differences were seef 0 ;
after the ozone treatments. For this reason, differen 0% ©/90% Q). RTSE data were collected during

samples were used for each heating rate to ensure thaese hef?‘“”g runs and are shown for §ele_cted heat-
results were not dominated by sample history effects. Ing rates in _Flgs. 2 and 3. In all cases, OX|da_lt|on of the
The RTSE used was a rotating polarizer-sample—fixec‘IIms was evident (for example by the overall riseliras
analyzer P,,SA configuration. A complete description a function of tempe_rature for the range 500-780 nm).
of the system can be found elsewh&ahe wavelength The onset of oxidation was apparent at lower tempera-

range used covers 280 to 780 nm, and a full spectrum dpres for lower heating rates. S:hanges began to oceur at
temperatures as low as 100 °C for the slowest heating

data can be collected in as litle as 34 ms. Howeverf_ate At faster heating rates, less time was available at a
typically 40 optical cycles of the rotating polarizer were = "* e L o
ypically P y gp iven temperature for diffusion, so full oxidation of the

averaged, resulting in a full spectrum collection and dat :
9 9 P ilms was pushed to higher temperatures.

analysis time of 4s. The completion of oxidation was taken to correspond

with the temperature at which the changes in the ellip-

sometric parameters slowed to the temperature depend-

lll. RESULTS AND DISCUSSION ence ofA andW. Figure 4 shows the 15 °C/min oxidation
Initially, a sputtered YBsCu;0,_; film was reduced data at 550 nm compared to the temperature dependence

by heating the film to 500 °Ctd x 10°" torr (holding for  of ¥ (at the same wavelength) for YBau,O, and

15 min) and allowing it to cool to room temperature. YBa,Cu,0,. It was clear that by 250 °C oxidation of the
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FIG. 2. Ellipsometric spectra of a reducedaxis-oriented
YBa,Cu,0,_; film heated at 1 °C/minri 2 x 10°torr of 10% Oy

0,
90% O FIG. 3. Ellipsometric spectra of a reducedaxis-oriented

YBa,Cu,0,_; film heated at 5 °C/minri 2 x 10°torr of 10% O/
90% O,.
film was completed, and the remaining tempera-
ture dependence (up#310 °C) was due to the temperature
dependence of the YB&u,O, dielectric properties. NS = f“’ - (V- Jdt 1)
Consequently, the activation energy of oxygen diffusion 0
into a sputtered YB#u,0,_; film in a 10% 0,/90% O, where
atmosphere could be determined by measuring the tem-
perature at which oxidation was complete as a function of a(N,D)
the heating rate. J=-D
To do this, the analysis of Tat al** for diffusion in
bulk YBa,Cu;0;_; was usedJ is defined as the number 5.4
of diffusing oxygen atoms per square centimetéy,is
the number of oxygen atoms in the CuO layer per cubic D = D, exd-E/KT] . (3
centimeter, and is the fraction of missing oxygen atoms
in the CuO layer (where B<= 8 < 1). If non-steady- HereD is the diffusivity in the film, andg, is the acti-
state diffusion is assumed, the total number of oxygervation energy for diffusion into the film. One can then
atoms diffused into the oxide per unit area over a timechange the base from time to temperature, and assuming
periodt, is given by one-dimensional diffusion obtdih

)

X ’
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FIG. 4. Constant-wavelength trace at 550 nm of Y¥8ga;0, 309
YBa,Cu;0,, and an initially oxygen-deficient film heated in 10% g,
0,/90% O, (all taken at 15 °C/min). This plot indicates that the 29 ooo‘
changes in the ellipsometric parameters beyond the point of complete T exidation 4a 00
oxidation are due to the temperature dependence alone. m, | complew O° PN 4 A
o g & o e
g 2 & o
= S ° .
2 a0
T 09\ [ dt o & ¢
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. . L] o, H
where RT is room temperature afig,., is the tempera- 64 F & Soot 2 ? 0?@}”}
ture at which the changes in the ellipsometric spectra are ] W . 15 °C/$;E
no longer due to oxygenation of the film. At a constant 2% b —
heating rate, the solution of Eq. (4) can be found from the 100 150 200 250 300 350
. . A
thermal analysis of Kissing&tand Ozaw#* to be b) Temperature (°C)
dT PEN KT2 FIG. 5. Constant-wavelength traces of the ellipsometric pararfieter
sl — | = °o- max ex-E/KT, X] (5) taken at (a) 550 nm and (b) 600 nm. These plots were used to deter-
dt NG E, a tma mine when the changes in the ellipsometric parameters were no longer

due to oxidation of the films.

In solving for Eqg. (5) E, was assumed to be constant and
923/9x2 to be a slowly varying function of temperature. are least-squares linear fits to the data. The good fit sug-
The first assumption is justified on the basis that a neargests that the assumptions made in the analysis are rea-
surface layer saturated with oxygen forms in the earlysonable. The slopes give activation energies of 0.52 and
stage of oxidation, and this layer limits the in-diffusion of 0.43 eV for oxygen diffusion in an £O, atmosphere.
oxygen with a constant activation enerflyAlthough  For thin film c-axis-oriented YBaCus0,_;, Yamamoto
this layer thickens with time, the oxygen concentrationet al** extracted activation energies of 1.2 eV from oxi-
gradient does not vary much, so the second assumglation experiments in molecular oxygen and 0.65 eV
tion would also be satisfied. from oxidation experiments in atomic oxygen generated
From Eq. (5),E, can be determined by plotting either by an electron cyclotron resonance plasma source. These
In[(dT/dt)/TZ ,,] versus 1/R,,., Or by plotting In(dl/dt)  energies were obtained throughsitu resistivity meas-
versus 1/R,,. sinceT, ., does not vary much as com- urements. Thus, the values obtained for an ozone atmos-
pared to the heating rate. Fir3t, ., was determined from phere here agree well with the value observed for the
constant-wavelength traces taken from each of the heamixture of atomic and molecular oxygen used by Yama-
ing rates (see Fig. 5). To obtain, ., best fit lines were moto et al®*
drawn to the data before and after the changes due to For the slowest heating rates (1 and 3 °C/min), com-
oxidation ceased. This was done for several differenplete oxidation is seen below 190 °C. The typical prac-
wavelengths at each heating rate; the obtained tempertice to fully oxygenate YBsCu,O,_; films has been to
tures varied less than 10 °C. Figure 6 shows the results ¢fold at 400—450 °C for a period of time in a high-
the two different approaches to calculatiBg The lines pressure @ environment subsequent to depositfGn.
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30 ' - - 93 These data indicate that the same films can be oxidized at
25 e oo much lower temperatures when using an ozone/oxygen
pox 0.52eV ‘ atmosphere.
207 /A 05 & Finally, the effects of an 80% £20% O, atmosphere
o sl 2 were examined (the distilled output from the ozone gen-
E F-110 N erator). Initially, the film was heated at 10 °C/min in 2 x
T / $ E 10 °torr and the data were compared to those for the
£ s 043 eV roi1s it same heating rate in the ozone generator output atmos-
N Lo phere (10% @90% O,). Constant-wavelength traces are
0.0+ i shown in Fig. 7 for the two different atmospheres. It can
05 . . . . . 125 be seen that there is essentially no difference in the value
2 #o % of T,,axfor the two conditions. This indicates that at these
V(D) (eV7) low temperatures, the output from the ozone generator

FIG. 6. Plots of In(d@/dt) and In[(dT/dt)/T7,,d versus 1/R ., for five alone is sufficient to oxidize the film. However, at higher
diff_erer_n heating rates._ Th(—_: slopes of the_ curve-fitted lines give thetemperatures, the difference between the two atmos-
?Siza&?goii'%fﬁt%fﬂﬁ? of oxygen into YBaU,0,-; from a pheres. is marked. _The purer ozone atmosphere delays

reduction in the film until higher temperatures are
reached. In general, the 80% ozone mixture delays the
onset of reduction by 60-70 °C. It is clear that simply
supplying more ozone to the film surface does not lower
the activation energy for oxygen in-diffusion. This is an
indication that the measured activation energy results
from oxygen transfer through a near-surface layer satu-
rated with oxygen, as opposed to energy needed to break
down the ozone at the surface of the film.

314
30 Oxidation/Onscl of
C g reduction
“omplete \ %
1 o
o}

[¢]

294
IV. CONCLUSION

%% The activation energy of oxygen diffusion into
g’ °0, YBa,Cu;0,_; from an ozone/oxygen atmosphere was

)
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0.43 and 0.52 eV. These values are about half of those
reported for in-diffusion from a molecular oxygen atmos-
phere. Changes in the RTSE parameters due to oxidation
were seen at temperatures as low as 100 °C for the slow-
est heating rates. This is an indication that ozone can be
used to fully oxidize YBaCu,0,_5 films at temperatures
much lower than currently used for molecular oxygen
anneals.
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