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Electronic structure of nanostructured ZnO from x-ray absorption and emission spectroscopy
and the local density approximation
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O 1s absorption spectroscogXAS) and OKa emission spectroscogXES) were performed to study the
electronic structure of nanostructured ZnO. The band gap is determined by the combéoeption-emission
spectrum. Resonantly excited XES spectra showing an energy dependence in the spectral shape reveal the
selected excitations to the different Zd,34s, and 4 states in hybridization with O2 states. The partial
density of state obtained from local density approximafidbA ) and LDA+U calculations are compared with
the experimental results. The LDA*approach is suitable to correct LDA self-interaction error of the cation
d states. The atomic eigenstates af iB zinc and 2 in oxygen are energetically close, which induces the
strong interaction between Zrd&nd O 2 states. This anomalous valence band catieanionp hybridiza-
tion is verified by taking into account the strong localization of the Arstates.
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ZnO is a wide-band-gap semiconductor, which has atwas about 30°. The resolution of the monochromator was set
tracted a considerable attention during the past years due to 0.5 eV for 530-eV photon energy during XES measure-
its potential technological applications such as, for instancement. The XES spectra were measured by using the 1200-
high efficient vacuum fluorescent displagéFD) and field-  lines/mmgrating with a resolution of 0.3 eV. The size of
emission displaysFED).! ZnO has also been used for short- ZnO nanoparticles was about 150 nm in diameter.
wavelength laser devicéshigh power and high frequency Samples were prepared by hydrolysis of zinc salts in the
electronic deviced,and light-emitting diodegLED).* ZnO  presence of amine. The ZnO nanoparticles were precipi-
shows many advantageg) it has a larger exciton energy tated by heating ONI zinc nitrate aqueous solutiqipH 5)
(~60 meV) than GaN(~23 meV) which is useful for effi- in the presence of OM triethanolaming TEA). The syn-
cient laser uv applicationsii) the band gap is tunable from thesis of ZnO nanoparticles was conducted in tightly stop-
2.8t0 3.3 eV and from 3.3 to 4 eV in the alloys with Cd and per flasks, unstirred, at 100 °C for 24 h. The resulting
Mg, respectively’, (i) wet chemical synthesis is possible; suspension was then centrifuged. The precipitate was thor-
(iv) it has low power threshold at room temperatum;di-  oughly washed with distilled water to remove any residual
lute  Mn-doped ZnO shows room temperaturesalt and dried at 100 °C. The synthesis and structural
ferromagnetisni.Recently, quantum size effects on the exci- characterization of ZnO samples were reported in detail
ton and band-gap energies were observed in semiconductetsewherel:12
nanocrystalg:® For over two decades, the electronic structure of ZnO was

The controlled synthesis of ZnO nanostructures and astudied theoretically using the local density approximation
in-depth understanding of their chemical/physical propertiesLDA). In the earlier LDA calculations the Znd3were
and electronic structure are the key issues for the future dereated as the core electrol¥s!® which failed to predict the
velopment of ZnO based nanodevices. In this paper, we resnergy position of the @ states. LDA calculations which
port on x-ray absorptio(XAS) and x-ray emission spectros- treat the Zn 8 as valence states give a more reasonable
copy (XES) experimental studies of nanostructured ZnO invalence-band structure, but then the zh<Sates are ener-
zincite structureg(wurtzite, P6;mc) as well as the quantum getically too high since the LDA does not accurately describe
calculation on periodic crystals. the self-interaction of the localizedtistates. Massiddet all”

The experiments were performed on beamline 7.0 at thbave made a comparison between the Hartree-Fock, LDA,
Advanced Light Source. The beamline is equipped with aand the many-particl&W calculations. They found that the
99-pole, 5-cm period undulator and spherical gratingGW calculation lowers the Zn®states by about 1 eV com-
monochromatof. The O Is XAS spectra were obtained by pared to the LDA. Aryasetiawan and Gunnars§ohave
measuring the photocurrent directly from the sample with theshown that theGW calculation is capable of giving good
resolution set to 0.2 eV. The ® XES spectra were recorded electronic structure for both extended as well as rather local-
by using the high-resolution grazing-incidence grating specized semicore states. They also showed that even though the
trometer with a two-dimensional detect8rThe incidence bandwidth of thed states may be very narrow, an atomic
angle of the incoming photon beam to the sample surfacdescription of the energgt band is not sufficient. Therefore,
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FIG. 1. Oxygen x-rayabsorption-emissiorspectrum reflected
conduction band and valence band near the Fermi level of ZnO
nanoparticles in comparison with bulk ZnO.

an eigenvalue approach like the Slater transition state calcu-
lation (although derived from total energjesannot describe
satisfactorily the semicore liké states.

In this study, the calculations of the XES and XAS spectra
were based on a full-potential linearized augmented plane
wave metho#?2°with the LDA exchange-correlation of Per-
dew and Wang! The Zn 31*%s? and O 2?2p* orbitals are
treated as valence states. Toda@¥/ methods cannot pro-
duce a self-consistent potential, and we therefore correct the
localization of thed states by means of the LDA4S!C20.22
i.e., the LDA with an on-site Coulomb potential for the cat-

ion d states. This self-interaction correcti@SIC) has re- kg, 2. A comparison of x-ray emission spectra of nanostruc-
cently been shown to result in very accurate electronigyred and bulk crystalline ZnO recorded at selected excitation ener-

and optical properties of various-p hybridized semi- gies of(a), (b), (c), and(d) which are indicated in the XAS spectra
conductorg?23We considetJy as a fitting parameter, choos- (upper panel

ing Uy4(Zn)=6.0 eV that lowers thé-point Zn 3 states by
0.7-1.1 eV, in accordance with ti@w results!’ The differ-  states. In the region 6£539—550 eV the spectrum is mainly
ent energy corrections of thd-point 3d states (i.e., attributed to O p hybridized with Zn 4 states. Above
0.7-1.1 eV are due to the change in the hybridization with 550 eV, the contribution is mainly coming from
O p states when the on-site correction potential is applied. IrD 2p—Zn 4d mixed state$* Strongers-p-d hybridization
the simple picture, only the Znd3t,-like states(and not the was revealed in nanostructured ZnO since the contributions
e-like states couple with the Op states. The LDAUSIC  of features at 520 eV and 523 eV are enhanced. A well-
gives a more narrow band width of the Zd 3tates com- defined band gap can be observed between the valence-band
pared to the LDA method. The calculated KOXES and maximum and conduction-band minimum. Qalvsorption-
XAS spectra were obtained from the density of stdl29S)  emissionspectrum yields the fundamental band-gap energy
and the matrix elements of the dipole allowed transitions. Weof 3.3 eV, which is in agreement with the 3.4 eV found for
used the modified tetrahedrdarspace integration method bulk ZnO2®
and a Lorentzian broadening of 0.6 é¥The relatively large The OK emission spectra of ZnO bulk and nanopatrticles,
k mesh of 76k points in the irreducible Brillouin zone is recorded at different excitation energies, are displayed in Fig.
required to ensure convergence of the low-energy dipole2. The selected excitation energies are indicated in the XAS
allowed transitions, since both the conduction-band mini-spectrum(inset in Fig. 2. By selecting different excitation
mum and the valence-band maximum are very nonparabolienergies, predominant contribution of specific admixture of
near thel’ point. This is, however, less critical in the LDA unoccupied O g with Zn 3d, 4s, and 4 states is expected.
+USIC calculation than in the LDA calculation because theIndeed, three distinct structures can be observed in the XES
LDA+ USI® method yields normally improved band curva- spectra, labeled a#\, B, and C. FeatureA, located at
tures with more parabolic energy dispersfan. ~526 eV, is mainly due to O@-Zn 4p states. The low-
The XES spectra of bulk and nanotructured ZnO are disenergy shouldexfeature B) in 522-524 eV region arises
played together with the corresponding XAS spectrum infrom the mixed states of Of2-Zn 4s. The single-band
Fig. 1. The OK emission spectrum reflects the @ Bccu-  shape at 520 eV is attributed mainly to the @ [ybridized
pied stategvalence bang and the O & absorption spectrum with Zn 3d states. These assignments are in accordance with
reflects the O @ unoccupied stategonduction band In the  the previous photoemission valence band d&#a.
photon energy region 6£530-539 eV, the x-ray absorption  All spectra in Fig. 2 show the similar spectral profile at
can be mainly assigned to the @ Rybridized with Zn 4  different excitation energies. However, there are changes in
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creases. Featu® has the highest intensity when the excita-

O Ko, of ZnO tion energy is set to 537 eV, which corresponds to x-ray
—6— nanocrystalline absorption prompting the slelectron to the unoccupied
—— single crystal

O 2p—Zn 4s mixing states in the conduction band, and con-
sequently the x-ray emission from the occupied stétes
lence bany with the O 2—Zn 4s symmetry is enhanced.
: FeatureC in nanostructured ZnO presented in spetjaand
f}» ; ‘ (d) are enhanced compared with bulk, which is attributed to
. KF _ S strongerp-d hybridization observed in nanostructured ZnO.
516 518 520 522 524 526 528 530 The spectral results show small but significant differences
Energy (eV) between spectra.
In order to emphasize the differences of spectra, the spec-
FIG. 3. The difference spectrum obtained, based on the variatiotrum of bulk with no symmetry selectivityi.e., spectrum
of bulk and nanoparticles ZnO, from the spediiain Fig. 2. (d)] has been subtracted from the spectrum of nanostructured
ZnO by using a weighting factor, as shown in Fig. 3. The
the intensity distribution for the three main emission fea-weighting factor was chosen by subtracting the maximal
tures. The most intense featufeis found to shift about bulk spectrum without getting negative intensity as far as
0.2 eV towards higher energy in the spectri@ncompared possible. The difference spectrum was then multiplied by
to the spectrumb), which is opposite to the decrease of factor of 3. Featur€ has pronounced intensity compared to
excitation energy. Such a shift may indicate that the oxygefrieaturesA and B, which can be correlated to enhanged
atoms are on slightly inequivalent sites. Resonantly excitedhybridization in nanostructured ZnO.
O K-emission spectra can reveal the difference between the The partial density of staté®OS) from and LDA as well
inequivalent oxygen sites as we observed previously in thas LDAS'® calculation are displayed in Fig. 4. Both @ and
high-T, superconductor&?® The small intensity variations Zn 3d wave functions are strongly localized and the @ 2
of spectral profile depend on the excitation energies, i.e., thetates are very energetically close to the dnsttes, which
changes for the ratios of the emission featuBéA andC/A, implies a significantly strong interaction between @ &nd
may be attributed to the selected excitations to the conducZn 3d in ZnO. The energy gap of ZnO is primarily a result of
tion band in different symmetries, such g9, andd states. the O Z—Zn 4sinteraction, which shifts the @-like states
FeatureB is enhanced as the excitation photon energy indownwards and the Zs-like states upwards. The (@2
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- XAS DAY trum. The emission features 8f B, andC are now in good

------ i Zn0 agreement with the experimental spectrum. The correction of
- i the Zn 3 states thus affects directly the ».ZThis is due to

the strong valence bargd hybridization, which is normally

not seen for 111-V and 1I-VI semiconductof8.Thus, by low-

ering the cationd states in ZnO, the valence band anjon

states are lowered. Consequently, the LDAY shows an

energy gap between -5 and -6 eV where no¥2f tran-

sitions are allowed. LDA shows no such energy gap. Thus,

o o : i , LDA produces an incorrect description of both the Zhehd

515 520 525 530 535 540 545 O 2p valence-band electronic structures. This disagreement

Energy(eV) between the measured XES and the calculated LDA DOS

was also noticed by McGuinness al 33

In conclusion, the character of conduction band and va-

lence band in ZnO nanopatrticles was investigated. The band-

gap energy of 3.3 eV is obtained from thabsorption-

. emissionspectrum. The resonantly excited Kemission

states are thus shifted even closer to the AneSels. There-  ghacira show the energy dependence due to the selected ex-

fore, strongp-d hybridization is expected in ZnO. In addi- jtations to the zn different@ 4s, and 4 in hybridization

tion, the calculated LDA show nearly no energy gap betweenyii o 2p states. The partial density of states obtained from

Zn 4s and Zn 3 state. The calculated LDAYS'® exhibits | pa and LDA+US'C calculations are compared with the ex-

the clear energy gap at between -5 and -6 eV in the valenc§aimental results. We find that the LDAJS'C approach is
band. Thus, by comparing with the calculations and experiyitaple to correct the LDA self-interaction error of the cat-
ments, the locations of Znd3energy states can be repro- jon, g states. With this on-site Coulomb correction potential,
duced fairly well by employing LDA-US' calculation. the Zn 31 states are lowered by 1.0—1.5 eV, which results
The OKa emission of the valence batith Fig. 5 shows iy 3 shift of thep-d hybridized O D states to the lower-

that the Zn 8-0 2p mixed states lie about 7 eV below the energy region. Also, the strong valence band hybridiza-
valence-band maximum. The calculated XES spectrum fromy, is revealed in ZnoO.

LDA gives 1.5-eV higher energy for the emission feat@re

in comparison with the measurement. The discrepancy was The Advanced Light Source is supported by the Director,
explained in term of an electronic relaxation in highly corre-Office of Science, Office of Basic Energy Sciences, Materi-
lated electron systeni€-32However, the main reason for the als Sciences Division, of the U.S. Department of Energy un-
discrepancy is related to LDA shortcoming of describing lo-der Contract No. DE-AC03-76SF00098 at Lawrence Berke-
calized states. With the LDAWS'C approach, the Zn@® ley National Laboratory. This work is also supported by the
states shift to the lower energy in the calculated XES specSwedish Research Coun¢VR).
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FIG. 5. Calculated Ka emission and absorption, performed
within the LDA and methods, in comparison with experimental
results.
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