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UV-activated paramagnetic centers in high-x zirconia-silica thin films
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Amorphous thin films of Zr,Si(;_,)O, have been prepared on fused silica substrates and investigated by
electron paramagnetic resonance spectroscopy. A defect center was identified at g=2.0085=*0.0004 that is
UV-light activated and photoquenched by red visible light. Its appearance is shown to depend on the amount
of silicon in the films. Based on experimental results presented here as well as studies in other oxide-based
materials such as amorphous SiO,, we suggest that the UV-induced center in amorphous ZrO,(Si) films is an

oxygenic-hole center.
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I. INTRODUCTION

The formation of point defects/color centers can lead to
significant degradation to material function. An in-depth un-
derstanding of point defects, at the atomic level, is crucial for
evaluating the performance of a material in specific electrical
and optical devices, as well as for developing material fab-
rication techniques to eliminate them.

In recent years, zirconia has become one of the most in-
vestigated materials. Among its numerous applications is its
use as an oxygen conductor,! high-x dielectric on silicon
circuits,>* and for fabricating antireflective dielectric coat-
ings for solar panels used in spacecraft applications.> As an
alternative gate dielectric for silicon-based microelectronic
devices, alloys of ZrO, with SiO, show great promise and
currently, significant research is devoted to assessing mate-
rial stability and to developing a microscopic understanding
of potential defect structures distributed throughout the
thickness of the film and at the interface between the silicon
substrate and the dielectric layer.*¢-8

In this paper, we use electron paramagnetic resonance
(EPR) to investigate the formation of defect centers in amor-
phous zirconia-silica mixtures (a-Zr,Si(;_,)O,). In particular,
the work reported here focuses on a paramagnetic center(s)
that is activated by irradiation with UV light at 253.7 nm and
photoquenched by irradiation with red light at 623 nm.

II. EXPERIMENTAL DETAILS

All films were deposited on fused silica substrates (Corn-
ing 7980) purchased from United Lens Co., Inc. Thin films
of zirconia, mixed with various amounts of silica and desig-
nated as ZrO,(Si), were rf-sputtered from the elements in a
low-pressure oxygen atmosphere. Silica contents ranged
from nominally zero to as much as 99%. In addition,
multilayer stacks consisting of alternating layers of zirconia
(also doped with various amounts of silica) and pure silica
were fabricated. These structures have a large number of
zirconia-silica interfaces and provide an opportunity to as-
sess if these interfaces contribute substantially to the occur-
rence of any specific defects. The percentage of silica in
Zr0,(Si) was determined with secondary-ion mass spectros-
copy by sputtering off the surface some 20-50 nm in thick-
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ness and using the equilibrium ion yields that would arise
after the typical surface peaks had been sputtered away. For
one film, the result was subsequently confirmed to within 1%
by energy dispersive x-ray analysis.

X-ray diffraction measurements (not reported here) re-
vealed that all films were amorphous, with the exception of
the nominally pure ZrO, film which exhibited the peaks of
monoclinic zirconia. Annealing experiments were carried out
in a Lindberg single-zone tube furnace. Single-layer films
were annealed in either forming gas (FG) (5% H,, 95% N,)
or air for 10 h at 350 °C. The multilayer stacks were an-
nealed for 2.5 h at 460 °C in the same gases. It should be
noted that all anneals were intentionally carried out well be-
low 900 °C in order to prevent phase separation into a het-
erogeneous mixture of nanocrystallites of ZrO, and SiO,.

All EPR measurements were carried out at 77 K using an
X-band homodyne Varian E-Line Century Series spectro-
meter utilizing a TE;y, rectangular microwave cavity with
25 kHz magnetic-field modulation. The spectrometer is
equipped with a Bruker B-H15 magnetic-field controller; the
applied magnetic-field values were calibrated by means of a
proton magnetic-resonance Gaussmeter. The microwave fre-
quencies were measured using a Hewlett-Packard 5342A au-
tomatic frequency counter. To achieve a reasonable signal-
to-noise ratio, all spectra reported here were signal averaged
over five scans. The sample disks (substrate plus film) were
cut into 16 mm(/) X3 mm(w)X 1.6 mm(h) rectangular
parallelepipeds (with thin-film volume ~7-8X 107> cm?).
Given these dimensions, two samples fit into the portion of a
standard EPR liquid nitrogen insertion dewar that extended
through the microwave cavity. First, EPR spectra of the
samples were taken prior to UV exposure. Then, the samples
were transferred from the EPR insertion dewar, without
warming, to another liquid nitrogen-cooled dewar and ex-
posed to UV radiation. This procedure was necessary to
avoid color center formation in the fused silica components
of the EPR dewar. UV light was provided from a Penn-Ray
mercury vapor lamp with more than 96% of emitted light at
253.7 nm. After UV illumination for 15 min, the samples
were transferred back to the EPR dewar system. Then, after
recording the EPR spectra of the UV-irradiated film, red light
from a dye laser (623 nm) was introduced to the cavity
through a multimode fiber to expose the samples in situ
to “bleaching (photoquenching)” light (~150 mW). The
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FIG. 1. EPR spectrum at 77 K of as-deposited ZrO,(Si) film
before exposure to UV. The spectrometer settings are gain=320 and
v=9.263 48 GHz.

changes induced were subsequently revealed by recording
EPR with the 623 nm light off. Variable temperature EPR
measurements were carried out with a Bruker EMX X-band
spectrometer equipped with a Bruker variable-temperature
control unit. A Bruker dual-cavity configuration, in conjunc-
tion with a known spin standard, was used to determine the
concentration of paramagnetic centers in the films.

III. RESULTS

All the EPR data reported in this section were obtained on
films containing ~15% SiO,. The results for films fabricated
with varying amounts of SiO, will be presented below in
Sec. IV A. The reported EPR absorption spectra, recorded as
dx"/dB, are expressed in terms of arbitrary units. Absolute
concentration measurements of the paramagnetic UV-
induced centers were made in a limited number of samples.
Therefore, care must be exercised when comparing the spec-
tral intensities of the spectra presented in the figures below,
since even relative comparisons using derivative spectra can
be tricky and require careful consideration of such factors as
instrumental settings, spectral line shapes, sample sizes, etc.’
These factors were taken into account when analyzing the
spectra and are reflected in the interpretation of the data. The
estimated uncertainty for the reported g-factor values, mea-
sured at zero crossing, is in the range of =0.001- % 0.0004
depending on the line shape of the resonance. For all spectra
reported below, the following spectrometer settings were
used: microwave power=1 mW and modulation amplitude
=32 G.

A. As-deposited ZrO,(Si) films

Shown in Fig. 1 is the EPR spectrum recorded at 77 K
of an as-deposited Si-doped ZrO, film [single layer
~1.5-1.6 um thick, ~15% Si, and designated as ZrO,(Si)]
before being subjected to UV illumination. Several spectral
features with g-factor values of 1.967, 2.008, and 2.001 are
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FIG. 2. EPR spectrum at 77 K of as-deposited ZrO,(Si) film
after exposure to UV. The spectrometer settings are gain=320 and
v=9.263 48 GHz. Also included in the figure is the pre-UV spec-
trum shown in Fig. 1.

clearly visible and their significance will be discussed below.
Figure 2 compares the EPR spectra recorded at 77 K before
and after UV exposure (at 77 K). The intensity of the spectra,
which have been corrected for the spectrometer gain, clearly
reveals that UV irradiation generates a strong spectral feature
at g=2.008. It should also be noted here, as well as in other
figures to be presented, that the g=1.967 spectral feature
remains unchanged.

We also recorded the EPR of the fused-silica substrate
before and after UV irradiation. Prior to UV irradiation, no
EPR signal was observed at 77 K. However, after UV irra-
diation at 77 K, an EPR resonance (g=2.002, also recorded
at 77 K) was observed which is quite small relative to the
EPR signals from the ZrO,(Si) films UV irradiated under the
same conditions. In addition, the UV-induced substrate signal
is not photoquenched by the 623 nm light. This is important
since the difference spectra described below are free from
interference from EPR signals assigned to the substrate.

Figure 3 presents EPR spectra recorded following UV ir-
radiation and then exposed for various lengths of time to 623
nm light. It should be emphasized that all EPR measure-
ments as well as exposure to UV and 623 nm light were
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FIG. 3. EPR spectra of as-deposited ZrO,(Si) film measured at
77 K. Sample first irradiated with UV then followed by illumination
with 623 nm light for 1, 10, and 45 min (gain=320).

134102-2



UV-ACTIVATED PARAMAGNETIC CENTERS IN HIGH-...

8000
6000 |
4000
2000 |
o -
-2000 |
-4000 |
-6000 |
-8000 ——————

310 320 330 340 350 360

B (mT)

=== (1 min)

— (10 min)

— (45 min)

dy"/dB (arb. units)

FIG. 4. EPR difference spectra of as-deposited ZrO,(Si) film
measured at 77 K. Sample first irradiated with UV then followed by
illumination with 623 nm light for 1, 10, and 45 min (gain=320).
The spectra measured after 623 nm illumination were subtracted
from the post-UV EPR spectrum.

carried out at 77 K; the sample never warmed above 77 K
over the duration of the data collection. It is clear from these
spectra that exposure to 623 nm leads to a reduction in the
UV-induced EPR signal at g=2.008, whereas the signal at
g=1.967 remains unchanged.

In this paper, only data related to the photoquenching ef-
fects of 623 nm light are presented; however, a limited num-
ber of measurements were made using light of different
wavelengths. It was observed that exposure to 514 nm light
led to the reduction in the UV-induced EPR center, whereas
exposure to longer wavelength light, such as 980 nm light,
had no effect on the EPR of the UV-induced center.

In Fig. 4, EPR difference spectra are displayed to illustrate
the color center photoannealing with 623 nm light. As indi-
cated in the inset, these spectra are obtained by subtracting
from the post UV spectrum the EPR spectra following pho-
toquenching with 623 nm light for the various exposure
times. Clearly visible is a single EPR feature at g
=2.0085%=0.0004 and peak-to-peak linewidth AB, .,
~19 G, which is induced by exposing the ZrO,(Si) film to
UV irradiation and photoquenched when subjected to 623
nm light. From comparison to known spin standard, we es-
timate that the concentration of paramagnetic UV-induced
centers with ¢=2.0085 1is in the range of 1-3
X 10" centers/cm? for the as-deposited films.

B. Annealed ZrO,(Si) films

Samples cut from the same disk, which were used in the
study reported in the above section, were annealed in a tube
furnace for 10 h at 350 °C in air or forming gas. The EPR
spectra of the annealed samples prior to UV irradiation are
shown in Fig. 5. The air-annealed sample displays only a
single EPR feature at g=1.967, whereas the forming-gas-
annealed sample exhibits a feature at g=1.967 and an addi-
tional resonance at g=2.0015. These samples were then UV
irradiated; the results for both annealed samples were similar.
For brevity, we only show the difference EPR spectra for the
air-annealed sample in Fig. 6. Similar to the as-deposited
films, the additional EPR feature at g=2.0085, which is in-
duced by exposing the annealed ZrO,(Si) film to UV irradia-
tion, is photoquenched when subjected to 623 nm light.
However, the infensity of the UV-induced EPR signal is re-
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FIG. 5. EPR spectra at 77 K of ZrO,(Si) film annealed in form-
ing gas and in air at 350 °C for 10 h before exposure to UV
(gain=6300).

duced by approximately a factor of 10 (see Figs. 4 and 6) in
the annealed films relative to this same feature in the as-
deposited films.

C. Zr0O,(Si)/ SiO, multilayer stack

Multilayer stacks consisting of alternating layers of
Zr0,(Si) and SiO, provide an opportunity to assess if the
zirconia-silica interfaces contribute substantially to the oc-
currence of any specific defects. In Fig. 7, the spectra of an
air-annealed (2.5 h at 460 °C) ZrO,(Si)/SiO, multilayer
stack are displayed. The g=2.008 feature following UV irra-
diation is clearly visible as well as the reduction in signal
intensity following illumination with the photoquenching
light at 623 nm. The other prominent spectral feature is at

6000

4000 —— (0.5 min)
— (3 min)

2000 L - - - (45 min)

e, ]

-2000

"/dB (arb. units)
o

dy

-4000

-6000
310 320 330 340 350 360
B (mT)

FIG. 6. EPR difference spectra of air-annealed ZrO,(Si) film
measured at 77 K. Sample first irradiated with UV then followed by
illumination with 623 nm light for 0.5, 3, and 45 min (gain
=4000). The spectra measured after 623 nm illumination were sub-
tracted from the post-UV EPR spectrum.
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FIG. 7. EPR spectra of air-annealed multilayer stack measured
at 77 K. Sample first irradiated with UV then followed by illumi-
nation with 623 nm light for 1, 3, 20, and 60 min.

g=1.967 and it is clear from the suite of EPR spectra that
this resonance is not altered by either UV irradiation or the
photoquenching light.

Shown in Fig. 8 are the difference spectra and as in the
single layer ZrO,(Si) films, the only spectral feature ob-
served is the UV-induced resonance at g=2.0085. Based on
the comparable signal strengths of the UV-induced center in
the multilayer stack [~30Si0,/ZrO,(Si) interfaces] and the
single thick ZrO,(Si) film [one SiO,/ZrO,(Si) interface], we
conclude that spectral contributions from defects located at
interfacial sites are minimal and that the major contribution
to the EPR intensity is due to UV-induced centers that are
distributed uniformly throughout the thickness of the
7Zr0,(Si) layers.

D. Isochronal anneal data

Isochronal anneal data were obtained for the as-deposited
ZrO,(Si) film discussed above. The sample was UV irradi-
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FIG. 8. EPR difference spectra of air-annealed multilayer stack
measured at 77 K. Sample first irradiated with UV then followed by
illumination with 623 nm light for 1, 3, 20, and 60 min. The spectra
measured after 623 nm illumination were subtracted from the
post-UV EPR spectrum.
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FIG. 9. Temperature dependence of the UV-induced EPR signal
at g=2.0085 in as-deposited ZrO,(Si) film.

ated at 77 K and then transferred without warming to the
Bruker variable-temperature dewar. The lowest temperature
achieved in this nitrogen-flow dewar system was 94.2 K.
Spectra were recorded as follows. The sample was rapidly
warmed to a specific temperature and held there for 5 min,
then cooled rapidly to 94.2 K and the spectrum recorded. No
change in the EPR signal intensity of the UV-induced feature
at g=2.0085 was observed until warming to ~180 K. Above
this threshold temperature, the signal intensity of this feature
decayed and a plot of the [EPR(T)/EPR(94.2 K)] versus T
is shown in Fig. 9. It should also be pointed out that the
signal intensity of the g=1.967 resonance was not thermally
quenched when warmed to higher temperatures.

IV. DISCUSSION
A. Si dependence of UV-induced center

In order to interpret the EPR data, it is important to have
a structural model of the zirconia-silica solid solutions. It is
also important to keep in mind that the spectra reported
above were obtained from samples that contained ~15%
Si0,. As pointed out earlier, x-ray diffraction measurements
revealed that all films were amorphous, with the exception of
the nominally pure ZrO, film, which exhibited the peaks of
monoclinic zirconia. This indicates the important role played
by the incorporated Si in the solid solutions formed from
710, and Si0O,. Even at low levels, Si serves to stabilize the
amorphous state. Several in-depth structural studies of
Zr,Si(;_yO,, solid solutions over a broad compositional
range (i.e., range for x) have been reported which indicate
that the zirconia-silica alloy is amorphous provided an-
nealing temperatures are kept well below 900 °C.2810-12
In particular, the experimental studies of Lucovsky and
co-workers,'%!3 using a variety of techniques such as ex-
tended x-ray absorption fine-structure spectroscopy (EX-
AFS), x-ray photoelectron spectroscopy (XPS), Auger-
electron spectroscopy (AES), and Fourier-transform infrared
spectroscopy (FTIR), provided detailed information about
the local bonding in pseudobinary zirconia silicates. This in-
formation was used to model the amorphous morphology
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FIG. 10. Dependence of UV-induced EPR signal intensity at g
=2.0085 on Si percentage of ZrO, layers in a multilayer stack.

and dielectric constants of a-Zr,Si(;_,yO, as a function of
composition.*!0:13

We have observed that the EPR intensity of the UV-
induced center is sensitive to the amount of Si incorporated
in the Zr,Si(,_,)O, alloy. Shown in Fig. 10 is the dependence
of the UV-induced EPR signal intensity at g=2.0085 on Si
percentage of ZrO, layers. These data indicate the important
role played by Si in creating/stabilizing potential pre-existing
trapping sites capable of forming a UV-induced low-
temperature stable paramagnetic center.

B. Model of UV-induced center

1. Local atomic configuration of Zr,Si(;_, O, alloy

Detailed electronic structure calculations for zirconia sili-
cate alloys are not currently available. Based on spectro-
scopic data presented in the literature®®! and molecular-
dynamics simulations of disordered zircon (ZrSiO,),'* we
will infer that the structure of the Zr,Si(,_,)O, solid solutions
under investigation may be approximated as a random close-
packed (rcp) structure, highly ionic in character.’> In this
model, which is strongly supported by the XPS and Auger
electron spectroscopy,'® atomic bonding considerations lead
to local configurations such as Zr-O-Si, Zr-O-Zr, and Si-O-
Si, having Zr-O and Si-O bond lengths similar or smaller!®!’
to those in crystalline zirconia'® and fused silica,'® respec-
tively.

In amorphous materials, color centers arise from trapping
free electrons or holes at pre-existing atomistic defects in the
rcp structure, such as vacancies, over- or undercoordinated
network atoms, interstitials, or impurities.20 Even if the
amorphous structure is perfectly bonded, i.e., the random
close-packed structure is defect free (free from imperfections
and extrinsic impurities), self-carrier trapping can still occur
via small polaron formation or Anderson localization, which
is a manifestation of the randomness of the network.?%2! [We
discuss below (Sec. IV D 1) recent theoretical electronic
structure calculations devoted to the study of intrinsic bond-
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ing defects in crystalline HfO, and ZrO,.] However, we note
here that to date, the most comprehensively studied amor-
phous system is silica for the obvious reason that it is a key
material used in silicon-based microelectronic devices and
optical waveguide structures. In particular, the extensive
studies by Griscom and co-workers,?? devoted to understand-
ing the electronic structure of point defects in amorphous
silicon dioxide, provide some guidelines for modeling the
atomistic nature of the UV-induced center observed in
a-7r,Si_,)O, solid solutions.

2. g-factor interpretation

The main spectroscopic feature is the measured g factor
for the UV-induced center. No powder-averaged spectral fea-
tures due to g-tensor anisotropy were apparent; however, the
line shape is not perfectly symmetrical and the line width is
quite broad. The fact that the measured g factor is greater
than the free-spin value indicates that the UV-induced center
is a hole trap.?® To investigate how the EPR line shape is
modified by changes in the magnitude of g-tensor anisotropy,
powder EPR simulations were performed.”* The computer
simulations, using g-tensor data reported in the literature for
hole centers in a variety of materials,>?>?0 suggest that re-
solving any anisotropic features would be difficult unless the
variation of the principal components of the g tensor is in the
range +0.008 assuming an intrinsic linewidth of ~1.6 mT.

Given that the UV-induced center is a hole-type
center,?32>26 we suggest that a hole gets trapped on an oxy-
gen atom associated with the local atomic grouping, Zr-O-Si.
In the range of x>0.5, the a-Zr,Si(,_,)O, system can be vi-
sualized as an amorphous arrangement of Zr**, O>~, and
[SiO,]* ions. The hole is most likely trapped on an oxygen
atom of the [SiO4]* ion, giving rise to a local atomic con-

figuration Zr**---[0-Si=]>", where=denotes the bonds to
the three other oxygen atoms of the tetrahedrally shaped sili-
cate ion. The hole may be self-trapped or stabilized by an
unidentified defect, analogous to the oxygenic-hole centers
observed in crystalline boron-doped ZrSiO,.>> Hole trapping
at these sites is consistent with the observed dependence of
the EPR intensity of the UV-induced center on Si density
studied in this work.

It should be pointed out that 91Zr, natural abundance of
11.2%, has a nuclear spin /=5/2 and should lead to detect-
able hyperfine features if unpaired electron-spin density re-
sided on the °'Zr atom in the Zr-O~-Si moiety.26 However,
no *'Zr hyperfine features were observed in the measured
spectra of the UV-induced center. This observation is not
solely due to spectral resolution limitations associated with
powder-averaged EPR spectra, but a consequence of the fact
that the Zr-O bond is highly ionic and therefore, most of the
spin densities reside on the Si-O~ portion of the trapped-hole
complex.

3. Non-UV induced EPR centers

In the interest of being complete, we briefly discuss the
EPR features observed prior to UV illumination. Shown in
Fig. 1 is the EPR spectrum for the as-deposited film prior to
UV irradiation. Clearly, when compared to Fig. 2, which
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displays the EPR recorded on the same film after UV illumi-
nation, one notes that the EPR features in the unirradiated
sample are significantly weaker. The resonance at g=1.967
has been reported extensively in the EPR literature on
zirconia®?’-?® and its interpretation as either Zr**,?® a paramag-
netic oxygen vacancy,” or a Ti-related center® is still being
debated. As pointed out above, the g=1.967 resonance inten-
sity does not change when the film is subjected to UV illu-
mination and its intensity in the as-deposited films is much
weaker than the UV-induced resonance. These findings sug-
gest that this line is not directly related to the formation and
stability of the UV-induced center. Figure 5 displays spectra
following annealing in forming gas and in air at 350 °C
before exposure to UV illumination. It is interesting to note
that annealing in either air or forming gas eliminates the g
>2.0023 features; however, annealing in forming gas en-
hances the feature at g=2.0015. In addition, the g=1.967
resonance does not appear to be sensitive to the annealing
atmospheres. Given that forming gas is a reducing atmo-
sphere and that the strong resonance at g=2.0015 is less than
the free-spin g value, it is reasonable to assign this feature to
an electron-trap center. On the other hand, we are not able to
make a positive assignment at this time of the spectral fea-
tures in the g=2.002 region in the as-deposited film prior to
exposure to UV light (Fig. 1) since it is eliminated by an-
nealing in air or forming gas. One can speculate that the
thermal annealing process, regardless of environmental at-
mosphere, is sufficient to induce local structural changes that
destabilize this trapping site. Finally, as discussed above, the
assignment of the g=1.967 resonance to either Zr’* or a
paramagnetic oxygen vacancy is still in question; however,
the fact that annealing in forming gas or air does not lead to
a significant change in this feature provides supporting evi-
dence for assigning the resonance to Zr**, which was most
likely created during the deposition process.

C. Time dependence of the photoquenching measurements

We have also analyzed the photoquenching data of the
UV-induced center as a function of 623 nm illumination time
and the results are displayed in Fig. 11. The normalized am-
plitude of the EPR intensity of the UV-induced center was
well fitted by the stretched-exponential function N(¢)=N,
+(1-N,)exp(-Ty,.,1)?, where N, represents the normalized
amplitude at the quenching time 7= (unquenchable cen-
ters), B is the stretch parameter which varies between 0 and
I, and Iy, ; is the stretched-exponential decay rate. The
stretch parameter 3 characterizes the distribution of sites cor-
responding to different I'y,, ;’s in the amorphous film. It ex-
presses the underlying distribution of rates: a small 8 implies
a broad distribution of rates, whereas a B close to 1 is indica-
tive of a narrow distribution.

In Fig. 11, the solid line was obtained using N,=0.26,
F;llrJ: 106+ 10 s, and B=0.47%=0.05. In the same figure
displayed (dashed line) is the fit to the function N(z)
=N, exp(-T'y;,.,t)P, where N, is the normalized amplitude at
t=0, $=0.26 +0.05, and F;,',!2=494i 50 s. The latter func-
tion represents the case where all centers are photoquench-
able and clearly does not appear to fit the data correctly.
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FIG. 11. UV-induced EPR intensity vs 623 nm photoquenching
time. The solid diamonds are the experimental data points, the
dashed line is a fit to N(t)=N, exp(-Ty;,,1)?, and the solid line
through the data points is a fit to N()=N,+(1-N,)exp(-T,.,1)?.
See text for details.

The use of the stretched-exponential function to describe
nonexponential decay in disordered systems has been around
for many decades’! and until only recently, it was regarded
as a convenient functional form with limited physical signifi-
cance. However, current research is focused on developing
realistic microscopic models of relaxation in disordered sys-
tems in order to assign a physical basis to the stretch param-
eter 8.3132 On the basis of our limited study, we suggest that
the observed S~0.5 may be indicative of dispersion in the
carrier-trap distances, which is a consequence of the amor-
phous nature of the films.

D. Photophysical processes
1. Oxygen vacancies

In order to develop a basic understanding of the photo-
physical processes resulting in the creation and annihilation
of the UV-induced center in a-Zr,Si(;_,)O, solid solutions, it
is useful to examine recent electronic structure calculations
on the related system, cubic ZrO,.>*3 One major point is
that the valence-band edge consists mainly of O 2p states,
whereas the conduction-band edge is mainly derived from
Zr 4d states. The bonding, as indicated from the calculations,
is typical of an ionic oxide consisting of Zr** and O*" ions.
These theoretical studies indicate that oxygen vacancies and
oxygen interstitials are the dominating intrinsic bonding de-
fects in bulk crystalline HfO, and ZrO,. Specifically, the
oxygen vacancy V¢ can exist in five charge states {g=+2,
+1,0,-1,-2}, accommodating up to four electrons localized
in the vicinity of the defect. The calculations locate, relative
to the valence and conduction-band edges, the +1 and 0
charge states near midgap, whereas the —1 and —2 charged
defect states are closer to the conduction-band edge.

Electrical measurements, combined with advanced spec-
troscopic techniques,’®3 provide supporting evidence of the
importance of these intrinsic defects in determining the prop-
erties of this class of high-x gate dielectrics. In particular,
Lucovsky and co-workers,?”38 supported the view that inter-
stitial O atom and O, molecule defect states are located in
the lower half of the band gap within 1-2 eV of the valence-
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band edge and may contribute to hole trapping. It should
be pointed out, however, that the material systems studied
by Lucovsky et al.’¢-3% were 4—6-nm-thick films, annealed
in inert nonoxidizing environments between 700 and
900 °C, which under these conditions lead to films with a
nanocrystalline morphology. Furthermore, Lucovsky and
co-workers®’3® reported that their data provided experimen-
tal evidence for the clustering of defect states at nanocrystal-
line grain boundaries. For our amorphous films, this would
correspond to an oxygen-excess defect in the local random
close-packed environment.

2. Electron traps

As discussed above, we propose that the structure of the
UV-induced center in a-Zr,Si(,_,)O, films is a trapped hole
on the oxygen of a silicate group, i.e., Zr*--[O-Si=]".
From recent electronic structure calculations on the related
crystalline material ZrSiO,,* we note that, as with crystal-
line ZrO,, the O 2p states form the upper valence band while
the Zr 4d states form the lower conduction band. The mate-
rials of interest in this study, however, are amorphous and it
is well established that fluctuations in the short-range order
lead to tailing of states into the band gap at the band edges.
Because of band tailing, 253.7 nm (4.89 eV) photons have
sufficient energy to generate electrons and holes via band-
gap illumination; the holes in the valence band ultimately get
localized on an oxygen atom associated with the silicate ion
[SiO,]*", while the electrons get trapped at the oxygen va-
cancies. Since we observe no photoinduced EPR resonance
with a g <<2.0023, indicative of an electron-trap center, there
is no evidence for either V, or V‘(L), thus we have to assume
that the electrons exist in a spin-paired configuration, i.e.,
consistent with either V9, or V7, defect states.

3. Photoquenching mechanism

The photoquenching experiments reported here were car-
ried out with 623 nm (1.99 eV) photons, which are not en-
ergetic enough to promote electrons from the valence band to
the conduction band. We suggest, however, that the trapped
hole is ionized to the valence band, i.e., O”+hVg3
—>02‘+h{',B, and recombination between electrons (trapped
at oxygen vacancies or other unspecified electron traps) and
liberated holes leads to the photoquenching of the EPR sig-
nals associated with the UV-induced center. This is consis-
tent with the use of a stretched-exponential function to de-
scribe the time-dependent photoquenching data discussed
above, where the observed 8=0.5 is a signature of the dis-
persion in the carrier-trap distances.

Other channels for photoquenching the UV-induced center
have been considered, such as optical excitation of the
trapped hole followed by excitation-induced hopping to sites
where electrons are trapped for recombination or electrons
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excited from traps followed by recombination with the
trapped holes. At present, we reject these channels on the
basis that we do not observe any new EPR signals at 77 K
associated with electron excitation/trapping during the
course of the photoquenching experiment. It should be
pointed out that measurements at lower temperatures may
prove useful for sorting out potential photoquenching mecha-
nisms. However, it is possible that even at lower tempera-
tures, the time scale for photoquenching dynamics may still
be short compared to the time scale of the EPR measurement
to yield spin-resonance signals that can be assigned to an
electron excitation/trapping process.

As discussed above, given that the valence-band edge
consists mainly of O 2p states and the amorphous nature of
a-7r,Si(,_,)O, solid solutions, hole localization should be fa-
cilitated by a suitable lattice distortion. Since the UV-induced
center is stable only at low temperatures, we infer that the
potential associated with the distortion is relatively shallow.
The thermal quenching data presented in Fig. 9 show that
this defect center is stable up to ~180 K, suggesting that
above this temperature, holes localized by deformed sur-
roundings are released due to thermal processes that relax the
local deformation.

V. CONCLUSIONS

Amorphous thin films of Zr,Si(,_,)O,, prepared on fused
silica substrates, were investigated by EPR spectroscopy. A
defect center was identified at g=2.0085 that is UV-light
activated and photoquenched by red visible light. Its appear-
ance is shown to depend on the amount of silicon in the
films. We suggest that the UV-induced center in amorphous
Zr,Si(;_»O, films is a trapped oxygenic-hole center having

the local atomic arrangement Zr**---[O-Si=]>". Based on
measurements at 77 K, we propose that photoquenching of
the UV-induced centers with 623 nm photons is due to the
photoionization of trapped holes to the valence band fol-
lowed by recombination with trapped electrons. Photo-
quenching experiments are in progress at wavelengths
greater than 623 nm and at lower temperatures in order to
develop a better understanding of the recombination dynam-
ics of the UV-induced oxygenic-hole center.
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