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ABSTRACT

ZnO single crystals have been grown by the hydrothermal method. Raman
scattering and Photoluminescence spectroscopy (PL) have been used to
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study samplesof ZnO that were unanneal ed or annealed in different ambient
gases. It is suggested that the green emission may originate from defects
related to copper in our samples.  © 2014 Trade Sciencelnc. - INDIA

INTRODUCTION

Among wide-band-gap semiconductorsZnOisone
of the promising materidsfor thefabricationof UV and
visiblelight emitting devices, which recently attracted
particular attention duetoitsremarkableoptical prop-
erties?3. Researchin ZnO hasrecently been proceed-
ing at arapid pace, duelargely to advancesin bulk and
epitaxia growth methodology™*®. Although most thin-
Ulm growth at the present time is on lattice-mismatched
subsgtrates, such asAl,O, or S, thedemandsfor higher
qudity materia arerequiring thedevelopment of large-
areaZnO substratesto facilitate homoepitaxia growth.
Two-inchwafersgrown fromthevapor phasehavebeen
commercialy availablefor several years now!®. But
morerecently themelt and hydrotherma methodshave
been successfully used to grow two-inch, and even
larger crystalg™. However, there still remain serious
problems with bulk-ZnO crystals. The broad peak
emissonfromadeepleved at 2.2eV-2.4 ¢V, cdled the

green band, isproblematic in ZnO-based devices® 1!,
However, the origin of thegreen emissionisstill con-
troversia. Various model sinclude theinvol vement of
oxygenvacancies?13 interdtitid O, Znvacancies,
and Zninterdtitial §'¢, or even subgtitutiona Cu™. Nev-
erthd ess, theexact mechanismresponsiblefor thegreen
PL isstill not clearly understood. Asaresult, further
experimenta and theoretical investigationisrequiredto
understand the optica propertiesof bulk ZnO.

In this paper, we investigate the growth of ZnO
snglecrystasgrown by the hydrotherma method. The
crystalswere processed under several annealing con-
ditions and were characterized by photol uminescence
spectroscopy (PL) and Raman scattering at room tem-
perature. Theorigin of agreen emission in undoped
ZnOisdiscussed.

EXPERIMENTAL SECTION

ZnO singlecrystalswere grown in an autoclave,
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which wasmade of high-strength steel. Thenutrition
chamber contained solid nutrients and the growing
chamber contained severa ZnO seed crystas. Thenu-
trients were prepared from 99.99% ZnO powder,
whichwassinteredfor 30hinairat 1200! inaplati-
num crucible. The seed crystals were (0001) plates,
whichwerecut fromacommercia ZnO crystal grown
using thechemical vapor transport (CVT) method, and
were suspended by AuwiresonanAuladder. The seed
crystals and the nutrient were separated by abaffle.
Further detail sabout the apparatus are described €l se-
wherd®. Themineraizer solution pouredintothegold
liner wasamixtureof KOH (3.0mal/l), LiOH (1.0mol/
1) and H,O, (1wt %) with atlling grade of 75%. Suit-
ablequantity of distilled water was supplied into the
volumebetweentheautoclaveand theAuliner for pres-
surebaancing. During thegrowth process, thenutrition
chamber was kept at 350-370 ! with atemperature
gradient of 10-15 ! declining towards the growth cham-
ber, so asto createaconvection current for thetrans-
portation of dissolved nutrientsto the crystal seedslo-
cated inthelower temperature chamber. The pressure
was about 1200 atm, which was measured by apres-
suregauge. Thetemperature of the seed region was set
at about 15~20! lower than that of the nutrient region.
After 20~30days, the autoclave was cooled down and
bulk crystal swerewithdrawn.

Thewaferswerediced from thezinc atom termi-
nated face (+c surface), and the oxygen atom termi-
nated face (-c surface) of thebulk ZnO singlecrystal,
for further investigation. A seriesof sampleswere pre-
pared by annedingin air ambient at temperaturesrang-
ing from 400 ! to 1200 !, and some of the samples
wereannealedinH, ambient at 600 ! for 2 hours. The
Raman spectrawererecorded at room temperature by
using a Jobin Yvon LabRAM spectrometer and a
charge-coupled device CCD camerawith aresolution
of 1.cm™ per pixe. PL measurementswerecarried out
usingaXearclamplight at room temperature. Raman
scattering was supplied by aJY T 4000 at room tem-
perature.

RESULTSAND DISCUSSION

The Raman back scattering resultsof theas-grown
and annedled ZnO singlecrystal samplesareshownin
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Figure1 (532 nm, for VV polarization, VV refersto
the scattering configuration). Asshown inthefigure,
therearefour peaks, occurring at wave numbers 118,
327, 437 and 1147 cm? in the spectrum of the as-
grown ZnO crystal. According to the selection rule of
the phonon modein ZnO, the predominant pesk a 437
cm*isthe high frequency E, phonon characteristic of
thewurtzite structure. The 327 e mode corresponds
to the second order phonon 2E, (TO) of thelow-fre-
guency phonon (at 160 cm?)*9, The 1147 cm* peak
isassignedtothe2E, phonon. Itisgeneraly accepted
that the appearance of well-resolved Raman peaksis
related to multiphonon and resonance processes, and
theabsenceof aE, (LO) peak at 588 cm* isrelated to
oxygen deficiencies?. After high-temperatureanned -
ing, theoptica quadity of thecrystal isfurther improved.
Thisimprovementisreflectedinfigure1, whichthein-
tensity of the437 cm™* (E, mode) peak increasesalittle
after annedling. Such anincreaseintheintensity of the
Raman peak indicatesthat the growth-inducestrainis
reduced, and thusthe crystd linequality improves after
annealing. Generaly, thenonpolar E, modesgopear in
the unpolarized Raman spectraof bulk ZnO crystals
under back-scattering geometry. After eectronirradia
tion, abroad peak at 575 c* will appear. TheA, 575
cm*istheA, (LO) modeand isassociated with oxy-
genvacancy defects (O, ) or complexes?!. Thismode
ismostly observedin electronirradiated ZnO single
crystalg?.

Room temperature PL resultsof air annealed ZnO
wafersexcited by aXearclamp at 300 nm, are shown
in Figure 2. The wafers excited by the Xe arc lamp
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Figurel: Room temperature Raman scattering spectra of
as-grown and annealed in oxygen ambient ZnO crystals.
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havestrong UV emission and greenemission, whilethe
wafersexcited by the synchrotron radiation exhibit very
strong, broad green-light emission and weak UV emis-
sion. For the 331 nm emission, we suggest itisdueto
the up-shift of the band edge emission becausetheen-
ergy interval between 331 nm and 376 nm (band edge
emission) is0.449 eV, just corresponding to theenergy
of the OH-strech local vibration mode (3616.3 cm?,
0.449 eV).Actually, hydrogen atomsareknownto be
easlly incorporated into hydrothermally grown crys-
tal§%1, and the most stableform of hydrogen and host
atomsisin the bond-centered configuration'®!, where
the OH-vibration energy is3616.3 cmt. Theenhanced
emissionat 331nm of thehydrogen anneded wafer dso
supportstheabove supposition, which wewill discuss
bel ow inthenext section. Thegreen-peak near 540 nm
isawidely observed defect related emissionin ZnO
and various papersintheliteratureattributeagreenlu-
minescenceemissioninZnO to adiverseset of mecha:
nisms. Many of the explanations arebased onamini-
mum of evidence. We have shown conclusively that one
type of green emission is due to copper impurities
present at levelsmuch lessthan 1 ppminthecrysta §%.
Theassgnment of asecond green band hasnot clearly
been established. Onepossiblemodd isdonor-accep-
tor pair recombination where the acceptor isCu* and
thedonorsare Group |11 impurities?!. A second model
isdonor-acceptor pair recombination where the donor
isan oxygen vacancy (acceptor unspecified or thought
to beazinc vacancy). A third model isan intracenter
transition of aneutral oxygenvacancy (i.e,anS=1
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Figure2: Photoluminescence spectrafrom an undoped ZnO
crystal taken after athermal anneal at 1200 °C in air for
several hours.
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The PL spectraof hydrogen annealed ZnO wafers
are depicted in Figure 3. Comparing the PL spectra
obtainedinFigure 2 and Figure 3, we can seethat H,
annedling decreasestheintengty of thevisibleemisson,
and increasestheratio of emissionintengity of the UV
band and the green band. The 331 nm emission in-
creased because the hydrogen atomsdiffuseinto the
ZnOwafer, whichiscons stent with the above assump-
tion that the 331 nm emission isrelated to the OH-
dretchlocal vibration mode. Another festured so shown
in Figure 3isthat thevisibleemission, especially the
greenemissionismarkedly pass vated by the hydrogen
annealing process. Furthermore, theresult reveal sthat
annealingin hydrogen ambient at an appropriatetem-
peraturewould be an effectivemethod to passivatevis-
ibleemissioninZnO UV gpplications.
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Figure3: PL spectraof hydrogen annealed ZnO wafers.

Wedisplay alogarithm plot of PL spectraat room
temperaturefor ZnO wafers annealed air ambient at
different temperatures, asshownintheleft part of Fig-
ured4. Theratio of integrated emissionintensity of UV
and green band light (the right part of Figure 4) de-
creases asthe annealing temperatureincreases, which
indi cates that the annealing process causesthe green
emissonincrease. Thisphenomenonwasasofoundin
ZnO obtained by other techniques, they attribute the
green emission to the defectsin the band gap caused
by distortionsin the crystalline structuré®”. However,
our samplewas an undoped high quality crystal grown
by the hydrothermal method. In addition to shallow
donor impurities, thecrystal contai ned trace amounts
of copper ions. Thegreen emission may originatefrom
defectsrelated to Cuionsinour samples. That correla
tion iscertified by N. Y. Garces®.. Holding the as-
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grown ZnO crystal for severa hoursat 1200°C in air
changed the stable charge state of the Cu impurities
from Cu' to Cu?*, and conversdly for hydrogen annedled
ZnOwéfers. Theemissionfrom thehydrogen annealed
sample (with Cu* present) isunstructured (Figure 3),
whiletheemission fromthethermally annedledinair
sample (with Cu?* present) hasthe characteristic struc-
ture (Figure 2). Our datareaffirmthat thegreenmission
inZnOisassociated with Cuions.
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Figure4: Alogarithmicplot of PL spectrafor ZnO wafers
annealed in air at different temperatures(left part) and the
ratio of emission intensity of UV band and green band.

For theorigin of the green emission, many mecha-
nisms have been proposed and the widely accepted
mechanismissingly ionized oxygen vacancy proposed
by K.Vanheusden et a.l?8. They concluded that the
green PL originatesfrom atransition between singly
charged oxygen vacanciesand photoexcited holesbe-
causethey observed acorrelation between theintensi -
ties of the g=1.96 electron paramagnetic resonance
(EPR) peak and the green PL. However, thiscorrela
tion must be questioned because several of thesein-
vestigatorshavemistakenly assgned theEPR signal at
0g=1.96 to singly ionized oxygen vacancies. Thecom-
monly observed EPR signa at g=1.96isdueto neutra
shallow donorg?.

It should be noted that the EPR signal of Cuions
will appear onthehighfiddside, whichisnot fal under
our spectrum region. However, Dinglé' hasdescribed
adetailed study of abroad structured green emission
band peaking in ZnO and concluded that it must bedue

to copper impurities. He showed that the zero-phonon
line associated with thisemissonissplit because of the
two isotopes of copper (¢3Cu and %Cu) and he also
showed that the Zeeman splitting of these no-phonon
emissionsgaveg vauesin direct agreement with the
EPR resultsreportedin Refl?® for CuinZnO crystal.

CONCLUSION

Insummary, ZnO singlecrystals havebeen grown
by the hydrotherma method. In the photol uminescence
spectrum, the UV band peaked at 331nm and green
band emissionswere observed under synchrotron and
Xearc lamp excitation. To determine the source of
themythe PL of ZnO wafers unannealed and annealed
indifferent ambient gasesarefurther studied. There-
sultsfrom the present investigation suggest that the
331nm emissionisdueto the up-shift of theband edge
emission, and the green emission may originate from
defectsrelated to the copper inour sample. Thegreen
emission can bepassivated by thehydrogen annealing
process. At the sametime, theresult revealsthat an-
nedlingin hydrogen ambient a an appropriatetempera:
turewould be an effective method to passivatevisible
emissoninZnO UV gpplications. Theeffect of anned-
ing temperature and annedling timein hydrogen ambi-
entonvisbleemissoninZnOwill beinvestigatedinthe
next phasework.
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