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Different types of interband transitions as well as the microstructures and O/Zr ratios-ige$ol
derived ZrQ films calcined at elevated temperatures in air emiére systematically examined to clarify
the formation of different band structures in the structural Zifths. Optical absorptions indicate that
the structural Zr@films all contain direct-band transitions, while the occurrence of indirect-band and
band-tail transitions depends on O/Zr ratios. Band tails mainly result from imperfect structures in the
grain boundaries and appear in the Zfilns with O/Zr > 2. When the Zr@films are non-stoichiometric
(O/zr < 2), indirect-band transitions occur due to the folded bands caused by lattice oxygen vacancies.
Monoclinic ZrG; has two direct-band transitions with bandgaps of 5828 and 5.836.01 eV. The
valence-band XPS spectra indicate that an additional occupied sub-band is located above its valence
band. Indirect bandgaps in the monoclinic Zrfdms are in the range of 5.665.10 eV. Amorphous
ZrO; films exhibit indirect-band transitions with bandgaps of 58147 eV followed by direct-band
transitions with bandgaps of 5.98.12 eV. In addition, tetragonal ZgQrontains direct bandgaps of
5.32-5.74 eV and indirect bandgaps of 4:72.40 eV. Size-dependent bandgaps are observed in the
sol—gel-derived ZrQ@films calcined in air, while the exponential dependence of bandgaps on O/Zr ratios
is obtained in the Zrefilms calcined in N. The discrepancy is primarily due to different fates of oxygen
vacancies resulting from different calcination atmospheres.

Introduction sizes, and nature of defeés? ZrO, contains three kinds
of polymorphs: monoclinic, tetragonal, and cubidheo-

Zirconium dioxide (ZrQ) is a technologically important - yegicajly, the valence band of ZgGs formed mainly by O
material that can be used not only in structural ceramics but2p states with some admixing of Zr 4d states, and the

. 5 . ;
a:cs_o as as_oPd;}aIeptrolzﬂecqtallyst, and_d|electrr:ébeﬁ_auhsg . conduction band is constructed primarily of Zr 4d states
0 'tz special p nyICOC e.r(r;.lca prgp;_rt:es such as hig [Ic_)rr]nc admixed with some O 2p stat&sThe Zr 4d states in the
c?n uctl_vny, surface ?Cé iy, ?nd' I%ECEIC constant. de conduction band split into two sub-bands upon the increasing
Eecéronlc itructltj)res ° @t”fj‘: Thg an d struc_turﬁs an ¢ Isymmetry of the crystal structure from the monoclinic to the
than gaf[)Sf aveh (teen reported to d erdmo yr1tarnt|'cr|:1 yc;rgo tetragonal and to the cubic forfrizrO, is considered as a
b € egmﬁ |ton pt ??n ene;rgnghan re oxbpo en le;s ohinl direct-bandgap material. The calculated bandgaps of the
d;fsuesio% i?l gia ae)r: feiﬁ)res an diuir:iré%é (?tcrrirfur?nrelﬁr?lc monoclinic, tetragonal, and cubic Zs@re in the range of
yger  anc fuel ceTan N9 312-542,4.16-13.3, and 3.2512.3 eV, respectivel{?-15
effects and functions of dielectrics in microelectronic de- . . .
. . . The large deviation of the calculated bandgaps is attributed
vices! Therefore, a thorough understanding of the electronic ; : . .
o o to different parameters being taken into account for modeling.
structures of Zr@to better utilize such a material is thus ) .
Quantum confinement converts the continuous-band structure

necessarily required. . : ) . .
, . to discrete electronic levels and results in the increase in the
Band structures of Zrgare highly dependent on chemical

microstructures, particularly the crystal phases, crystallite
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bandgaps upon decreasing crystallite stfésttice defects of the different band structures in pure Zr@nder different
usually introduce extrinsic energy levels between bands andcalcination conditions.
reduce bandgap<Kralik et al1® have predicted an occupied
oxygen vacancy level positioned at 2.1 eV below the Experimental Procedures
qonducthn-pand mlnlmum. HOW?Ver' most mo‘?'e' simula- Preparation and Characterization of SoGel-Derived ZrO,
tions are limited to precisely describe the electronic structures gjjms. smooth zrQ films were prepared by spin-coating a fully
of real ZrG samples because complicated factors are nygrolyzed ZrClisopropyl alcohol (molar ratio of Zr/IPA= 1:90)
involved. solution on fused silica slides at 3000 rpm for 30 s for four cycles.
Optical absorption is the most often adapted method to The ZrG; films were then calcined at temperatures of 3560°C
experimentally determine the band structures and bandgapgor 12 h in air or in N for crystallization. The morphologies and
of ZrO,. On the basis of the edges of direct band-to-band thicknesse; of the erfilms.werg characterized by scgnning
transitions, French et &lhave shown that the bandgaps of €€ctron microscopy (SEM, Hitachi S-4700). The-sgél-derived
the monoclinic, tetragonal, and cubic phases were in the 202 films were smooth and had a thickness of ca. 35 nm. The
microstructures of the thin films were examined by grazing incident
rgnges of 5'837'09' ‘?'78_6'62’ and 6'197'03 eV,.respeC- X-ray diffraction (XRD, Philips X'Pert Pro) using Cudradiation
tlver: KWOk gnd Aitet .reported two allowed d!rect |nterbar_1q (A = 1.5406 A) with an incident angle af 1Data were acquired
transitions with energies of 5.2 and 5.8 eV in a monoclinic from the 25 to 38 26 position at a sampling width of 0.02nd a
ZrO, film. Moreover, indirect-band transitions with energies scanning speed of#nin. The absorption spectra of the Zrfdms
of 4.70 and 5.22 eV were found in monoclinic and tetragonal were measured by a UWis spectrophotometer (Hitachi 3010)
ZrO,, respectively1°The formation of indirect-band transi-  scanning from 800 to 190 nm. The valence-band structures and
tions could be attributed to the existence of defects that chemical compositions were characterized by X-ray photoelectron
introduce alternative energy levels between the intrinsic spectroscopy (XPS) (Physical Electronics, ESCA PHI 1600) using
bands and subsequently reduce the bandifdptto et al?° an Al Ka X-ray source (1486.6 _eV). Argon etching operated gt 3
used photoluminescence (PL) to determine the electronickY Was used to remava 2 nmthickness from the top of the thin
structure of the Zr@films deposited by plasma-enhanced fllms._ The photoelectrons were coIIected_ in the analyzer with a
. . . passing energy of 23.5 eV and a collection step of 0.1 eV. The
vapor deposmon. They reported that band-tail absorptions shift of the photoelectron peaks in the XPS spectra resulting from
resulted in a PL peak.around 2_'8 ev. The ba”‘?' Strucn"rescharging effects was referenced to the O 1s line taken as 530.2
and bandgaps of ZrCeither obtained from experiments or oy
obtained from model calculations are still controversial. This Dependence of Absorption Coefficients on Photon Energies'
is attributed to the fact that different microstructures and To evaluate types of absorptions, the dependence of absorbance
chemical compositions of Zr{usually result when they are  (A) on wavelength A (nm)) can be converted into absorption

prepared by different methods. coefficient @ (cm™1)) and photon energiesE((eV)) using the
The sol-gel method is a promising method for nanofab- following equations:*

rication because it is simple and feasible for structure o= (AxIn10)d @

tailoring. Moreover, ultrathin Zrefilms prepared using the 1240

sol—gel method have been report€dPost calcination is E==- @

usually required for setgel-derived Zr@ for crystallization. whered is the film thickness (cm) determined from the cross-

Calcination has been demonstrated to greatly influence thesectional view of the SEM image.

crystalline phases of ZrObecause of changing chemical Tail and Interband Absorptions. In the case of the existence

compositions via dehydroyxlatici.In addition, calcination of band tails, the absorption coefficients and photon energies can

induces coalescence between crystals and results in largde fitted using the following equation that expresses Urbach tail

crystallite sizes as the temperature incred$@scalcination absorptiore®

atmosphere has been reported to induce different crystalline E-E

phase transformations of sejel-derived ZrQ films.22 =0 eXp( E, )

However, the changes in the types of band transitions with ) _ ) _

respect to microstructures and defects of Ze@lcined under ~ WNeréa is a constanti, is the bandgap, antl, is the inverse

different conditions have not been systematically studied yet. !ogarlthmlc _slope of the qbsorptl_on coefficient. Interband tr_an5|t|0n§
in the functional absorption regions can be expressed using®eq 4:

In this study, we aimed to examine the interband transitions

of sol-gel-derived ZrQ films calcined at elevated temper- aE = constE — Ey)" 4)

atures in air or i Moreover, the crystalline structures and wheren is the polynomial number, which is 1/2 and 2 for direct-

O/Zr ratios of ZrQ were determined to clarify the formation  and indirect-band transitions, respectively.
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Table 1. Crystalline Phases, Crystallite Sizes, O/Zr Ratios, and
Direct and Indirect Bandgaps of Sol-Gel-Derived ZrO; Films (a) A
Calcined in Air \ 1
T(°C) phase D (nm@ O/Zrratio Eq(eV) Ei (eV) ¥ 950°C _
- 850°C
as-prepared n 2.56 5.92 = ¥ -
350 A 188 590 5.01 < 750°C
400 ™ 154 1.80 5.74 5.40 8 700°C T
450 T 15.4 1.80 5.71 5.40 = o
500 T 16.3 1.86 5.66 5.40 2 500°C +
700 e 18.0 1.98 6.01,5.08 2 \ 450°C 1
750 M 18.4 2.10 5.83, 5.02 < 400°C ]
850 M 15.8 1.87 5.98,5.03  5.00 350°C |
950 M 15.6 1.74 5.97,5.02 5.10 B 80°C
aCrystallite sizes of (101)or (111), profiles.® Amorphous ZrQ. I T T T R TR
¢ Tetragonal ZrQ@. ¢ Monoclinic ZrQ. 200 300 400 500 600 700 800
. . . . Wavelength (nm)
Table 2. Crystalline Phases, Crystallite Sizes, O/Zr Ratios, and
Direct and Indirect Bandgaps of Sot-Gel-Derived ZrO, Films : : : : : :
Calcined in N,
b
T(°C) phase D (nmp O/Zr ratio Eq(eV) Ei (eV) N 1
350 AP 1.93 6.12 5.47
450 T 18.5 1.88 5.70 5.08 ~ o]
550 T 17.5 1.86 5.65 5.10 2 650 °C
600 T 15.7 1.80 5.43 4.76 < on ]
650 T 15.4 1.68 5.32 472 8 600°C
C
aCrystallite sizes of (101profile. ® Amorphous Zr@Q. ¢ Tetragonal ZrQ. 3 550 C
o
[72] o,
films calcined in air or N at elevated temperatures were 2 450 €.
systematically examined by XRD and XPS. Detailed contents 350 °C
have been addressed in our previous p&p&ables 1 and I i
H H T H 1 L 1 " 1 L 1 " 1 N 1 L
2 summarize the crystalline phases, qrystalllte sizes, O/zr 200 300 200 200 500 700 500
ratios, and bandgaps of the Zrfdlms obtained under various
Wavelength (nm)

calcination conditions in air and inJNrespectively. In air,
) ANresp y Figure 1. UV—vis absorption spectra of ZgJilms calcined at elevated

the as-prepared ZrJilm was amorphous and then crystal-  omperatures (a) in air and (b) inN

lized into a tetragonal phase at 40800°C. The tetragonal

phase, which is a high-temperature polymorph but kinetically phase at 406500 °C. The monoclinic Zr@films obtained
retained at low temperatures, began to transform into aattemperatures above 700 exhibited shoulder absorptions
monoclinic phase at 55UC. The monoclinic phase became with an onset of 240 nm and centered at 230 nm. The
dominant above 708C. The crystallite sizes of the tetragonal following absorptions began at 220 nm. A similar absorption
phase fell in the range of 1546.3 nm at 406500 °C, behavior was observed in the amorphous and tetragonal ZrO
and the crystallite sizes of the monoclinic phase were-15.6 films calcined in N. However, the changes in the absorption
18.4 nm at 708950 °C. The O/Zr ratios ranged between edges of the structural films were different under different
2.56 and 1.88 in the amorphous Zrfdms and changed to  atmospheres. In Nthe onset of the amorphous Zrét 350
1.80-1.86 in the tetragonal Zrdilms. The monoclinic ZrQ@ °C was at 215 nm. After crystallization into the tetragonal
film had O/Zr ratios of 1.742.10. In N,, amorphous Zr@ phase, absorption edges continuously red-shifted to 230 nm
presented an O/Zr ratio of 1.93 at 350. The ZrQ films as the temperature increased to 680
crystallized in the tetragonal phase at 450 and had To specify the transition types of the structural Zfns,
crystallite sizes of 15418.5 nm at 456-650°C. The O/Zr the dependence of the absorption coefficien{¢m1)) on
ratios in the tetragonal Zr{dilms ranged from 1.68 to 1.88.  the photon energie€((eV)) was derived. The absorption
As the temperature increased to above “Gthe monoclinic coefficient and photon energy were converted from absor-
phase appeared and coexisted with the tetragonal phase ithance A) and wavelengthA((nm)), respectively, based on
the ZrQ, films. To further understand the optical properties eqs 1 and 2. Because the tetragonal and monoclinic phases
of specific crystalline phases of ZsQhe films that exhibited ~ have been demonstrated to be stabilized at non-stochiometry
a single-crystalline phase in XRD were selected for the-UV ~ (O/Zr < 2) and stochiometry (O/Zr= 2) conditions,
Vvis spectroscopic study. respectively, the as-prepared zré&nhd films calcined at 450
Fundamental Absorptions. Different types of band and 750°C in air were selected as typical amorphous,
transitions of ZrQ films were examined using an optical tetragonal, and monoclinic ZgOto investigate the band
absorption method. Figure 1 shows the B¥s absorption structures of structural ZrOFigure 2 shows the absorption
spectra of amorphous, tetragonal, and monoclinic,Zits coefficients as functions of photon energies of the as-
calcined in air or in N at elevated temperatures. The prepared, tetragonal, and monoclinic Zrfdms and their
amorphous Zr@films exhibited obvious absorptions below curve fitting of the Urbach tail. As-prepared Zr@isplayed
225 nm when the calcination temperature was lower thantwo functional band absorptions in the energy region of
350°C in air. A blue-shift of the absorption edge to 220 nm 5.00-6.53 eV with a transition at 6.20 eV. The tetragonal
was observed as the Zg@m crystallized into the tetragonal  ZrO, calcined at 450C shifted its band absorption to the
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range of 5.69-6.53 eV and was converted at 6.00 eV. In i)

contrast, the monoclinic ZrQcalcined at 750C exhibited
three functional band absorptions in the range of 5263
eV with two transitions at 5.40 and 6.30 eV.

Figure 3 presentsxE)? and @E)*? as functions of. As-
prepared amorphous Zs@xhibited a linear dependence of I
(aE)? onE at 6.17-6.53 eV, which indicates the occurrence 0.00E+000 =
of direct band-to-band transitions. Extrapolating the linear '
region to thex-axis, where ¢ E)? equals zero, yields a direct
bandgap ) of 5.92 eV. The tetragonal Zg3ilm calcined 5 SO
at 450°C in air presented a direct-band transition over the
range of 6.06-6.53 eV and edged at 5.71 eV. After 2.00E+013 |-
calcination at 750C, the monoclinic Zr@ film exhibited
two direct transition regions, 5.2(5.37 and 6.366.53 eV,
in which the corresponding values Bf andEy- were 5.02
and 5.83 eV, respectively. The absorptions below the direct;
band edge could be either indirect-bands or band-tail]
absorptions. After fitting the Urbach absorptions, we ob- SO0EHZE
served that the amorphous and monoclinic phases displaye 5.02 eV
an exponential dependence afon E at values over the R s 55 53 55 55 36 5 9w
ranges of 5.536.08 and 5.786.30 eV, respectively (Figure E (eV)

3, solid lines), which suggest the presence of Urbach tails. Figure 3. Plots of (E)2 and @E)Y2 of structural ZrQ films as functions
We could not perform such a fitting, however, to the of E. (a) As-prepared Zrg) (b) ZrO, films calcined at 450C (tetragonal),
tetragonal phase, which means that its low-energy absorptior@"d (€) 750°C (monoclinic) in air.

belongs to an indirect transition. Extrapolating the linear-

dependence region betweenE)? and E (5.74-6.00 eV) obtained above 70%C presented the direct bandgdpsand

to (@E)? = 0 yieldsE = 5.40 eV. Eg in the range of 5.025.08 and 5.836.01 eV, respec-

Similar optical methods were adapted to determine the tively. The indirect bandgaps of the monoclinic films calcined
transition types and energies of the sgkl-derived ZrQ above 850°C lay in the 5.00-5.10 eV range. Table 2
films under different calcination conditions. As illustrated summarizes the bandgaps of the Ziflms calcined in N.
in Table 1, direct-band transitions were obtained in all the At 350°C, amorphous Zrghad direct and indirect bandgaps
ZrO; films calcined in air. In addition, the tail absorption of 6.12 and 5.47 eV, respectively. At 45650°C, the direct
was only observed in the monoclinic films at 700 and 750 and indirect bandgaps of tetragonal Zf@ll in the range of
°C and the as-prepared amorphous ZrDhe tetragonal  5.32-5.70 and 4.765.10 eV, respectively. Both the direct
phase mainly exhibited indirect-band transitions below the and the indirect bandgaps decreased upon increasing calcina-
direct-band absorptions. However, amorphous and mono-tion temperatures.
clinic ZrO, at 350 and above 85 also presented indirect- Valence-Band XPS SpectraTo better understand the
band absorptions rather than band-tail absorptions. Theband structures of different crystalline phases of Zn@e
amorphous Zr@calcined at 350C in air had an indirect  also examined the valence bands using XPS. Figure 4
bandgap of 5.01 eV followed by a direct bandgap of 5.90 presents the valence-band XPS spectra of amorphous,
eV. After crystallization to tetragonal ZgQ the direct tetragonal, and monoclinic ZgOfilms under different
bandgaps decreased to 55166 eV, while the indirect  calcination conditions. The XPS spectra comprised O 2p, O
bandgaps increased to 5.40 eV. The monoclinic »ZrO 2s, and Zr 4p lines. The uppermost valence band arose mainly

6.00E+012 -
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Zr 4p
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02s
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950 °C in air 2.84eV
(monoclinic)
750 °C in air 3.80eV
(monoclinic)

347 eV
450 °C in air
(tetragonal)

Intensity (A. U.)

350 °C in air 3106V
(amorphous)
4.00 eV
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Binding energy (eV)

Figure 4. Valence-band XPS spectra of ZrQ@ilms under different
calcination conditions.

from the O 2p states, which can be divided into O 2p
nonbonding states at the lower binding energy and@r
bonding states at the higher binding energy. O 2s and Zr 4p

Chang and Doong

and either indirect-band or band-tail transitions. The different
types of band transitions occur under different calcination
conditions, depending on the microstructures and O/Zr ratios.
Theoretically, the valence band of Zr@ mainly composed

of occupied O 2p states, and the conduction band is
constructed of unoccupied Zr 4d states. The Zr 4d states can
be split into two sub-bands. The lower lying band is
constructed of Zr 4d? — y? and Z? states, and the higher
lying band is composed of Zr 4dy, yz andzxstates’ The
conduction band of Zr@varies greatly upon the crystalline
phases. The two sub-conduction bands merge as the crystal-
line phase transformed from a more symmetric cubic
structure to a less symmetric monoclinic phase because of
the partially octahedral crystal fiefeP® Lucovsky et af®
measured the optical absorptions of a Zfin in the energy
region of 5.5-9.0 eV and indicated that the energies for the
first band transition, from O 2p to Zr 46— y?, 2%, ranged
from 5.5 to 6.5 eV, while the second band transition, from
O 2p to Zr 4d &y, yz zX), was in the range of 6-58.0 eV.

In this study, the direct-band absorptions from 5.32 to 5.71
eV in tetragonal Zr@ provide information mainly on the
energy gaps of the first transitions and the band structure of
the lower lying Zr 4d x? — y?, 7°) states.

states constructed the lower valence bands. Except for the Monoclinic ZrG; films were found to have two direct-

monoclinic ZrQ films obtained at 750 and 95TC in air,

similar valence-band structures were observed in the amor-

phous and tetragonal Zgdilms. These monoclinic films
showed small photoelectron peaks close to the Fermi level.
Morant et aP’ found a similar peak in the Zr{films after
Ar ion bombardment. They considered that the peak was
from the occupied oxygen vacancy state. However, we did

band transitions with bandgaps of 4-:89.08 and 5.786.01

eV in this study. Similarly, Kwok and Aif& also found two
direct interband transitions with bandgap energies of 5.2 and
5.8 eV in monoclinic Zr@. However, Dash et & adapted
electron energy loss spectroscopy to determine the bandgaps
of monoclinic ZrQ and reported that below a direct bandgap

of 5.3 eV was an indirect bandgap of 3.8 eV. In this study,

not observe such a phenomenon in the tetragonal films, whichwe consider that monoclinic Zglbelongs to direct-band

were oxygen deficient. We thus attributed this peak to the
intrinsic nature of monoclinic Zr@ The binding energy of

structures because the two corresponding interband absorp-
tions are discrete. A shoulder-like absorption reveals that an

the onset of the O 2p peak reveals the energy gap betweeﬁ;\dditionéﬂ sub-band exists between the primary bands of

the valence-band maximum and the Fermi levEls)(
Amorphous ZrQ calcined at 350C in air had the highest
E.: value of 4.00 eV, while th&,; value of monoclinic Zr@
was in the range of 3.473.80 eV. The tetragonal ZrGilm
calcined at 450C in air and at 650C in N, displayed a
low shift in its Es value to 2.84-3.10 eV. To determine the

monoclinic ZrQ. Its bandwidth, determined from the peak
width of the shoulder absorption, is around 0.74 eV.
Moreover, a small photoelectron peak, appearing closer to
the Fermi level than the O 2p states, in the valence-band
XPS spectra indicates that the sub-band is constructed of
occupied states and located above the primary valence band.

position of the Fermi level between bands, the energy gapsThe thin sub-band, however, is not shown in most model

from the Fermi level to the conduction banH] were
estimated by subtracting the,s value from the indirect
bandgapsH;) of amorphous and tetragonal Zr@nd from
the direct bandgapE;) of the monoclinic films. TheE
value of the sot-gel-derived films ranged from 1.01 to 2.30
eV. The lower E; than E; value indicates then-type
semiconductor nature of the sajel-derived ZrQ films.
Moreover, the Fermi level is mostly close to the conduction-
band minimum in amorphous ZgOpresumably due to the
significant folding in the bands resulting from oxygen
vacancies and structural randomness.

Discussion

Direct-Band, Indirect-Band, and Band-Tail Transi-
tions. The sot-gel-derived ZrQ films contain direct-band

(27) Morant, C.; Sanz, 3. M.; Galan, | N R R
Mt 1992 45, 1391.

calculations. This discrepancy is attributed to that perfect
monoclinic structures are usually used in calculations, while
the formation of the sub-band could result from defects. Our
previous stud¥ has demonstrated that monoclinic Zr®
stabilized at a stoichiometric O/Zr ratio, which means that
the defect in the monoclinic phase can be the dislocation of
Zr or O atoms. Foster et @l have modeled the energy levels
of point defects in monoclinic Zr@and found that the
electronic state of interstitial Owas 0.8 eV above the top
of its valence band. In this study, the energy difference
between two direct bandgaps in monoclinic Zuzas 0.8

(28) Dash. L.K.:Vast.N.: Baranek. P.: Cheynet, M. C.; ReiningRhys.
y&004 70, 245116.

(29) Lucovsky, G.; Hong, J. G.; Fulton, C. C.; Zou, Y.; Nemanich, R. J.;
Ade, H.; Scholm, D. G.; Freeouf, J. i 2004
241, 2221.

(30) Foster, A. S.; Sulimov, V. B.; Gejo, F. L.; Shluger, A. L.; Nieminen,
R. M. NEEEEAE 2002 303 101.
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0.95 eV, which is close to the difference (0.8 eV) between [~ Tetragonal zr0; Monoclinic ZrO;
the interstitial O state and the valence band. Therefore, we Conduction band Conduction band
attribute the formation of the sub-band in monoclinic £ZrO
to the substantial amounts of interstitial @efects and the T Ts30ev 236 oV it
shoulder adsorption to the direct-band transition from the
interstitial O states to the Zr 4d states. JEd= = = = =, =
. . . 5.40 eV 5.02 eV 5.83 eV
Band-tail absorptions were observed in the amorphous and 5716V Gl
monoclinic ZrQ films, which contain O/Zr ratios higher and _ ; Y ¢ Interstitial
almost equal to stochiometry, respectively. The occurrence Valsnce band Nlancs o O states
of band tails in the as-prepared amorphousZil@® suggests

that the tail structure is the consequence of disordered Figure 5. Typical band structures of tetragonal and monoclinic Ziifins
structures. Ito et &° found band tails in crystalline ZrO calcined at 450 and 75T in air, respectively.

and reported that the band tails were caused by structural

randomness and were irrespective of chemical compositions. Bandgaps.In addition to the band structures, the bandgaps
Similar observations also have been reported for FeSi of the sot-gel-derived ZrQ films are greatly dependent on
films.3! Therefore, we attribute the band tails in the mono- the crystalline phases and defects. Amorphous.Zii®s
clinic films to the imperfect structures in the grain boundary. had direct bandgaps of 5.96.12 eV. As they crystallized
On the other hand, the amorphous and monoclinic,Zit@s into a tetragonal form, direct bandgaps declined to 5.32
that have non-stoichiometric O/Zr ratios (O/Zr2) present ~ 5.74 eV because of the increased crystallite sizes. The
indirect-band transitions rather than band-tail absoprtions. increase in direct bandgaps to 5-7#&01 eV was observed

In addition, tetragonal ZrgXilms, which are stabilized under ~ after phase transformation from tetragonal to monoclinic
oxygen deficient conditions, all exhibit indirect-band absorp- forms. Similar experimental results were reported by French
tions. This finding indicates that the indirect band primarily €t al® who determined the direct bandgap of 54862 eV
results from oxygen vacancies. The oxygen vacanciesin the tetragonal phase and 5:88.09 eV in the monoclinic
produced by deoxygenation at high temperatures in the Phase using vacuum ultraviolet (VUV) spectroscopy. How-
monoclinic ZrQ films have been demonstrated to segregate €ver, most theoretical calculations predict a lower direct
from the crystalline domains to boundaries for phase bandgap in the monoclinic phase than in the tetragonal phase.
stabilization?? Therefore, the indirect-band transitions in the The discrepancy between experimental and modeling results
monoclinic ZrQ films are mainly caused by the oxygen S probably due to the underestimation of oxygen vacancies
vacancies in the interstitial part between the monoclinic N the tetragonal Zre

grains but not the intrinsic properties of the monoclinic  Quantum size effects demonstrate the reduction in direct
structures. Kralik et a5 estimated the oxygen vacancy state bandgaps upon increasing crystallite sizes. Kosacki &t al.
in a cubic phase and reported that the occupied state isfound that a quantum effect occurred when the crystallite
positioned 2.1 eV below the conduction-band edge. In this size was smaller than 100 nm in Y-doped Zr®loreover,
study, however, the indirect bandgaps ranged between 4.67the dependence of bandgaps on crystallite sizes was well-
and 5.40 eV. The large indirect bandgaps imply that the fitted by a quantum confinement model until the crystallite
indirect-band transition is not from the occupied oxygen Size was 10 nrit! They considered that the types of chemical
vacancy level to the conduction band. Instead, the UV bonding and stability of the crystallite lattice were responsible
absorptions showed that the indirect-band transition is for the deviation of the experimental results from the model
continuously followed by direct-band transitions. This result as the crystallite size was smaller than 10 nm. In this study,
suggests that the indirect-band transitions result from the the size-dependent direct bandgaps were observed in most
folded conduction and valence bands in different space Sol—gel-derived ZrQ films. However, exceptions occurred
profiles. The tetragonal model exhibited an energy difference When lattice defects were involved in the band formation.
of 0.26-0.67 eV between direct and indirect bandgaps, Unlike the bandgaps between O 2p and Zr 4d states, the
which is larger than the calculated value (0.176\gptained  transition energy from the states of interstitia @ the
from the GW model for oxygen vacancy free tetragonalZzro ~ conduction band in monoclinic Zeanged from 4.89 to
This finding shows that substantial amounts of oxygen 5.08 eV and varied irrespectively of thg cryst'alllte sizes. It
vacancies in the experimental tetragonal films lead to a IS noted that the tetragonal ZsCralcined in N had
significant folded band structure. On the basis of the results decréasing direct bandgaps with decreasing crystallites (see
of UV absorption and XPS, the band structures of typical SUPPorting Information Figure S1). This phenomenon is
tetragonal and monoclinic Zrdilms are illustrated in Figure ~ OPPosite of the quantum size effect. We attribute the

5. The tetragonal ZrEpresents folded band structures, while diSCrepancy to oxygen vacancies. Ip ke crystallite sizes
the monoclinic Zr@ contains flat bands. As compared to of tetrag_onal ZrQ decre_a;ed with increasing temperatures.
tetragonal Zr@, monoclinic ZrQ has an additional thin Meanwhile, the O/Zr ratio in tetragonal Zs@ecreased from

valence band that results from interstitial @efects. 1.88 to 1.68 via dehydroxylation. We found that the direct
bandgaps as well as the indirect bandgaps had an exponential
: : : dependence on the O/Zr ratios (Figure 6). This finding
(31) Katsumata, H.; Makita, ¥, .tht’)?r'gsm’.'\l'jeksuhs'gatia' iHi.;i Haisiegawa' reveals that the contents of oxygen vacancies dominate not
1996 80, 5955. Y o ’ " only band structures but also bandgaps of tetragonap ZrO
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6.2 T T — T proposed that calcination in,Nesults in larger amounts of
oxygen vacancies in the tetragonal lattice than that obtained
60} E,=5.28+2.21*10"e@*10% i in air. The dependence of bandgaps on O/Zr ratios and the
larger difference between direct and indirect bandgapsin N
) R*=0.996 ) agree with this deduction. On the basis of the cross
S comparison of interband transitions, microstructures, and
I chemical compositions, the role of calcination conditions in
ui” 86 i dominating the electronic structures of-sgel-derived ZrQ
films is explicitly demonstrated in this study.
5.4 B

Conclusion

B2l In this study, we clearly demonstrated that calcination
1.65 1.70 1.75 1.80 1.85 1.90 1.95 .
S il conditions govern the band structures as W_eII as bandgaps
of sol—gel-derived ZrQ because they determine the micro-
BBr—F structures (crystalline phases and sizes) and defects (content,
E =4.77+3.41%10 020007 types, and location). Direct-band transitions accompanied
54f . with indirect-band or band-tail transitions are observed in
R?=0.933 all sol—gel-derived ZrQfilms. Moreover, an additional sub-
band above the primary valence band was introduced, which
is considered to be the result of interstitiat @efects in the
i monoclinic ZrQ lattice. The occurrence of indirect-band or
band-tail transitions depends on O/Zr ratios. Band tails exist
in ZrO; films because of structural randomness when the
. O/Zr ratio was =2. On the other hand, indirect-band
ié , , , , , , transitions occur in the Zrgfilms with non-stochiometric
165 170 175 180 185 190 1.95 O/Zr ratios (<2) because of oxygen vacancies. Lattice
O/Zr ratio oxygen vacancies are responsible for indirect-band transitions
Figure 6. Dependence of (a) direct bandgaps and (b) indirect bandgaps in tetragonal ZrQ films, while boundary ones lead to such
on O/zr ratios in tetragonal Zrgtilms calcined in N. transitions in the monoclinic ZrgXilms. Calcination atmo-
spheres control the fate of oxygen vacancies in the,ZrO
films, so there are different changes in bandgaps at elevated
temperatures. The lack of an external oxygen source,in N

films. Moreover, the oxygen vacancies have a significant
effect on the bandgaps rather than the crystallite sizes.

However, the consideration of oxygen vacancies is not taken YI*
into account in quantum confinement model calculations. induces a larger content of oxygen vacancies in the tetragonal

The effect that oxygen vacancies have on the band lattices. Therefore, the bandgaps of _tetr'c_lgonal Y4 i
structures is insignificant in tetragonal Zr@ms calcined ~ €xPonentially dependent on O/Zr ratios in, Nvhereas
in air. The energy difference between direct and indirect crystallite sizes dominate the energies of interband transitions
bandgaps was 0.58.67 eV in N, while it was 0.26-0.34 in air. Results obtained in this study not only clearly
eV in air. The larger energy diff:erence in, Mdicates that demonstrate the factors governing the formation of different
more remarkable folded bands resulted. Even though theP@nd structures but also provide basic information on
ZrO, films contain similar crystalline characteristics and O/zr  €ontrolling the electronic structures of Zs@ia calcination
ratios, their band structures are varied. These phenomengonditions.
are attributed to different distributions of defects resulting Acknowledgment. The authors thank the National Science
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