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Zinc oxide (ZnO) films were synthesized by thermal oxidation of metallic zinc films in air. The
influence of annealing temperatures ranging from 320 to 1000 °C on the structural and optical
properties of ZnO films is investigated systematically using x-ray diffraction and room temperature
photoluminescencéPL). The films show a polycrystalline hexagonal wurtzite structure without
preferred orientation. Room temperature PL spectra of the ZnO films display two emission bands,
predominant excitonic ultraviolefUV) emission and weak deep level visible emission. It is
observed that the ZnO film annealed at 410 °C exhibits the strongest UV emission intensity and
narrowest full width at half maximuni81 me\) among the temperature ranges studied. The
excellent UV emission from the film annealed at 410 °C is attributed to the good crystalline quality
of the ZnO film and the low rate of formation of intrinsic defects at such low temperature. The
visible emission consists of two components in the green and yellow range, and they show different
temperature dependent behavior from UV emission. Their possible origins are discussd03©
American Institute of Physics[DOI: 10.1063/1.1577819

I. INTRODUCTION metallic zinc is an interesting method, because uniform large
area zinc film can be deposited easily by many methods.
ZnO has a wide band gap of 3.37 eV at room temperaznO films prepared by this method show excellent PL prop-
ture and a large exciton binding energy of 60 meThe erties and room temperature lasffgt is generally believed
luminescent properties of ZnO have received considerabléhat the film quality improves with an increase of oxidation
attention due to its potential application in ultraviolet light temperature, with the optimum annealing temperature for ob-
emitting devices and in flat panel displays as a low voltagdaining ZnO films with the best PL properties reported to be
phospho?? The photoluminescencéL) spectrum of ZnO 1000 °C by Choet al?° and 900 °C by Cheret al?* Such
is normally composed of two parts: excitonic near band edgéigh temperature is not desirable for many processes and
emission with energy around the band gap of ZnO and defegirevents wide application of this method. As of now, no de-
related deep level emission in the visible range. The UMailed studies have been carried out on the PL properties of
emission is due to excitonic related recombinafidiThe ~ ZnO films prepared by annealing in oxygen ambient in the
exact mechanism for deep level emission is still controverlow temperature regime. The aim of the present work is to
sial; intrinsic defects such as oxygen vacancies, oxygen instudy the influence of the oxidation temperature on PL prop-
terstitial and zinc vacanci®&s® and extrinsic impuritiegCu)  erties of ZnO films systematically, paying special attention to
(Refs. 9 and 1Dare all considered as the origin. Optically the low temperature range. Our experimental results reveal
pumped ultraviolet lasing has been demonstrated in randoiifiat, besides the high temperature regime, another optimum
oriented and heteroepitaxial ZnO filfis"? Various tech- ~annealing temperature exists at a temperature as low as
niques have been used to prepare ZnO films, such as pulséd0 °C.
laser deposition, chemical vapor depositi@VD), molecu-
lar beam epitaxyMBE), magnetron sputtering, and metalor- Il. EXPERIMENTS
ganic chemical vapor depositidMOCVD).1*-16zn0 films

Is0 b thesized b idizi . aini Zinc films were deposited on silicon substrates at room
can also be synthesized by oxidizing zinc-containing precur-emper(,jlture by the filtered cathodic vacuum &FEVA)
sors; the sol—gel process is a typical method for this type o,

U718 o echnique which uses of an off-plane double bend filter. The
technique."~° Recently, ZnS and metallic zinc have also apparatus used in this work is described elsewfe@EnO

been_attemptedgazsz precursors for the synthesis of ZnO filf g can also be prepared by this techni@ii@inc ions are

by this method~** Preparation of ZnO film by oxidizing produced in a vacuum arc discharge between the cathode and
the grounded anode. The cathode is a 60 mm diam 99.99%
dElectronic mail: esplau@ntu.edu.sg purity zinc target mounted on a water-cooled copper plate. A

0021-8979/2003/94(1)/354/5/$20.00 354 © 2003 American Institute of Physics

Downloaded 13 Jul 2003 to 155.69.4.4. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 94, No. 1, 1 July 2003 Wang et al. 355

S5 8
ST g 2 g
= S

3 N R
o o
~ ,M»L A A &DC_}\_‘
>
0 |} /\h 60°C
c ey A el
)
= YA A 410°C
- 30°C

D B DO B 0 % 065
26 (degree)

FIG. 1. XRD patterns of the as-grown zinc film and the ZnO films prepared

at temperatures ranging from 320 to 1000 °C. ) )
FIG. 2. SEM photographs showing the morphology of @eas-grown zinc

film and zinc oxide films prepared at various temperatuftgs410, (c) 700
and(d) 1000 °C, respectively. The scale bars shown are 200 nm.
turbomolecular pump evacuates the chamber to a base pres-

sure of 1X 10 ® Torr before deposition. The film thickness

was measured to be around 200 nm by a surface profiler. The ) ) o . .

zinc films were annealed in a thermal tube furnace in oper@f the diffraction peak of th€101) direction at 43.2° for zinc

air. The annealing temperature changes from 320 to 1000 °cilm and (101) direction at 36.3° for ZnO films, respectively.
The films were transferred into the furnace when the tem!nstrumental broadening was determined by measuring the
perature reached the set point. The annealing time was fixdif'® Proadening of111) oriented monocrystal silicon wafer,

to 1 h. After thermal oxidation, the sample was removed@nd its value is subtracted from the measured half width
from the furnace and cooled quickly in air. The crystal struc-value. The mean grain size of the as-grown zinc film is esti-
ture of the films was characterized by x-ray diffraction Matéd to be about 31 nm. The mean grain sizes are calcu-
(XRD) (Shimadzu-60p and the wavelength of the x-ray lated to be_ about 21, 22, 26, 32, 40, 43, 49, 55, and 64 nm for
beam used was 0.154 nm. Surface morphologies were chdf€ ZnO films prepared at tempoeratures of 320, 410, 500,
acterized by field emission scanning electron microscop€00; 700, 800, 900, and 1000 °C, respectively. The XRD
(JEOL-6340F. PL spectra were acquired in the Wavelengthpeak can also be widened by internal stress and defects, so

range of 350—850 nm at room temperature; the excitatiot® Mean grain size estimated by this method is normally
light was the 325 nm line of a He—Cd laser. smaller than the actual value, and this discrepancy can be

seen in scanning electron microscoi8EM) images.

Figure 2 shows typical SEM images of the as-grown
lll. RESULTS AND DISCUSSION zinc film and the zinc oxide films prepared at temperatures of

Figure 1 shows XRD spectra of the as-grown zinc film410, 700, and 1000 °C. The as-grown zinc film is rugged and
and the ZnO films prepared by oxidizing zinc films in air at is composed of particles of about 50 nm, and the surface of
temperatures of 320, 410, 600, 800, and 1000 °C, respethe particles display a small pallet structure of several tens of
tively. The as-grown zinc film is polycrystalline with a hex- nanometers. The surface morphologies of the ZnO films
agonal close packed crystal structure, and no amorphowghange greatly with an increase in oxidation temperature. At
phase is detected. After oxidizing in air for 1 h, the diffrac- oxidation temperature of 410 °&ig. 2(b)], the film consists
tion patterns of zinc disappear, and the metallic zinc is comof fine grains; these grains agglomerate together so grain
pletely transformed into ZnO. Six peaks appear afrdm  boundaries cannot be distinguished clearly some rod-like
30° to 65° in the spectra of the ZnO films, and they corre-structures also formed on the surface. For films oxidized at
spond to thg100), (002), (101), (102, (110, and(103) di- 700°C [Fig. 2(c)], the grains can be distinguished clearly,
rections of the hexagonal ZnO crystal structure. With an in-and they are distributed in a narrow range of 45 nm, which is
crease in oxidation temperature, the diffraction peaksonsistent with the XRD analysis. A significant change in
become more intense and sharper, which suggests that tsgrface morphology is observed in the film annealed at
grain size becomes larger and the crystal quality has im1000 °C[Fig. 2(d)], well facet grains are observed; their size
proved. The relative intensity of th@02 peak decreases becomes larger, with a wide range of distribution from sev-
with an increase of the annealing temperature. The averagial tens to 200 nm. Such high temperature stimulates migra-
grain size in the films can be estimated by the Scherrer fortion of grain boundaries, and causes the coalescence of small
mula using the full width at half maximurtFWHM) value  grains and the formation of large grains. As expected, the
of the XRD diffraction peaks. The Scherrer formtfias XRD analysis underestimates the mean grain size. Cracks are

also observed in the film, and they probably originate from

d=0.9\/B cosd, @ the different thermal expansion coefficients of the ZnO film
whered, \, 6, andB are the mean grain size, the x-ray wave-and the substrate.
length of 0.154 nm, Bragg diffraction angle, and the FWHM Figure 3 presents room temperature PL spectra of the
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FIG. 3. Room temperature PL spectra of the ZnO films prepared at various E
temperatures. 7 .
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ZnO films oxidized at different temperatures. The shapes of
all the spectra, similar to those reported by ot&rs,are
dominated by strong near band edge UV emission and defe&tG. 4. (a) Variation of UV emission intensity with the annealing tempera-
related deep level emission. The UV emission peak Origi_ture.(b) Peak position vs annealing temperatui@.FWHM variation with
L .. the annealing temperature.

nates from free excitonic emission as shown by other
researcher§! and it can be seen from Fig. 3 that the peak
intensity and peak position of the UV emission vary with the
annealing temperature. The film oxidized at 410 °C has theonfinement theory, the energy band gap of a semiconductor
strongest PL intensity and the narrowest FWHM of the tem-depends on the crystal size; its value will increase with a
peratures investigated. This does not agree with results afecrease in crystal size. The analysis of @hal. gives band
Cho et al?® and of Chenet al,?* in whose work the UV  gap enhancement of 0.1 eV when the particle size decreases
emission improved monotonically with an increase in an-from 61 to 20 nnf° and this estimate is consistent with our
nealing temperature from 320 to 1000 °C. The room tem+esults. The values of the FWHM of the UV peaks are in the
perature intensity ratios of UV emission to deep level emistange of 80—140 meV as shown in Figcy It decreases to
sion are 13 and 200 for the samples annealed at 700 arad minimum when the temperature reaches 410 °C, and then
410 °C, respectively. This high intensity ratio manifests theincreases to a maximum value when the temperature is
low defect concentrations in the ZnO films obtained by thisaround 800-900 °C, and finally decreases again. The room
thermal oxidation method. temperature FWHMs are comparable with the values re-

The intensity, position and FWHM of the UV emission ported for bulk ZnO(115 meV},? heteroepitaxial ZnO film
peak are plotted as a function of the annealing temperature igrown by MBE (117 meV},** and rf magnetron sputtered
Fig. 4. Figure 4a) shows that the intensity of the UV emis- ZnO film (75 me\).2° The small FWHM indicates that ZnO
sion increases with the annealing temperature first, anéilms, through thermal oxidization of zinc films in air, are of
reaches a maximum at 410°C; with a further increase ohigh crystal quality. The temperature dependent behavior of
temperature, the intensity decreases quickly, and then irthe FWHM indicated again that the film annealed at 410 °C
creases again for annealing temperatures higher than 800 °Bas better crystal quality and is less defective than films pre-
The UV emission intensity of the film annealed at 410 °C ispared at other temperatures.
about two times that at 1000 °C. Figuréshows the peak Figure 5 shows deep level emission spectra of ZnO films
position of the UV peak as a function of the annealing tem-annealed at different temperatures. A broad visible emission
perature. The UV peak shifts toward lower energies as théand exists between 1.6 and 2.8 eV, with the shape of the
annealing temperature increases. The room temperature Udand varying significantly as the annealing temperature in-
emission observed is attributed to free excitonic emissiortreases. The small peakatl.68 eV is attributed to second-
because of the high exciton binding energy of 60 meV, theorder diffraction of UV emissiof® it appears only in the
reported typical peak position is at 3.26 ¥\From Fig. 4b),  films with a strong UV emission peak and can barely be
we can see that the peak position redshifts monotonicallgletected in the samples annealed at temperatures of 600—
from 3.30 to 3.20 eV with an increase of annealing tempera800 °C. The intensity of the broad PL band increases with an
ture. XRD analysis shows the crystal size in the ZnO filmsincrease of the oxidation temperature; this temperature de-
increases from 21 to 64 nm with an increase of oxidationpendent relationship is different from that of the UV peak
temperature from 320 to 1000 °C. According to quantumdiscussed above. The shape of the visible band indicates that

Amedling Terperature (°C)
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origins of the defect related deep level PL band have been
investigated for a long time, however, due to the complexity
of the microstructure of ZnO, there is still no satisfactory
consensu$?’~3LExtrinsic impurities such as Cu are consid-

= Z‘?.;ég" ered as possible candidates for the green visible PL B&hd.
8 tw Intrinsic defects, such as the oxygen vacancy and zinc va-
= gog cancy, are also thought to be responsible for the green
g 600"0///\ band?®% For the oxygen vacancy especially, the work of
= -50020 Vanheusderet al3® has established a correlation between
a gogM the green band and singly ionized oxygen vacancy. From our
20°C m experiment, it can be seen that the concentration of the defect
. - ] ] - - - - responsible for the green band increases with an increase of
14 16 18 20 22 24 26 28 annealing temperature. If it is due to the extrinsic impurity,
Photon Energy (eV) the intensity of the peak should mainly be determined by the

FIG. 5. Deep level PL spectra of the ZnO films at different temperatures.impurity concentration, and it should not di;play such strong
temperature dependence. The peak maximum of the green

band generally decreases with an increase of annealing tem-

it should consist of more than one emission peak. The broagerature, and it is located at 2.46 and 2.12 eV for samples
band is fitted by Gaussian line distributions, and it can beannealed at 410 and 900 °C, respectively. This redshift can
fitted well by two peakgexcluding the harmonic peak of UV be partially explained by shrinkage of the energy band gap
emission, located in the green and yellow energy range. Fig-with an increase in particle size as suggested by van Dijken
ure 6 shows the fitting results for the samples annealed at al** and by Wuet al3? However it should be noted that
410, 700, and 1000 °C. The position of the green peak dethe shift of the green band with the annealing temperature is
pends strongly on the oxidation temperature, it redshifts wittnot as monotonical as it is in the UV peak. There are several
an increase of temperature: a shift of 0.3 eV is observed foanomalous temperature points, for example, for the samples
the sample annealed at 1000 °C compared to the 410 °C aannealed at 900 and 1000 °C, their UV peak positions are
nealed sample. On the contrary, the yellow péal® eV)  located at 3.24 and 3.20 eV, while their corresponding green
displays weak temperature dependence. The intensity ratio dands are located at 2.12 and 2.15 eV, respectively. The yel-
the green to yellow peak increases with the annealing temlow emission band has been observed in ZnO films by
perature, especially at temperature higher than 900 °C. Th&tudenikinet al!” at 640 nm(1.94 eV} and is attributed to
oxygen interstitial’*? The annealing temperature depen-
dence behavior of the yellow band is different from that of
the green band, since its peak position displays no systematic
changes with the annealing temperature.

PL emission efficiency is determined by the ratio of ra-
diative and nonradiative transitions, and can be described

by?®
=111, +1p), 2

where 7 is the luminescence efficiency, amdand |, are
radiative and nonradiative transition probabilities. In the case
of ZnO, the nonradiative transition is induced by crystal im-
perfections, such as point defects, dislocations and grain
boundaries. The radiative transition is composed of two parts
as indicated above, near band edge excitonic related UV
emission and deep level emission. Deep level emission is
determined by the concentration of the corresponding de-
fects. So there are two kinds of imperfections in ZnO, one
induces nonradiative transition and the other induces deep
level emission. To obtain ZnO with high UV emission effi-
ciency, the two kinds of imperfections should be suppressed
together. But for use as a green phosphor, the nonradiative
defects should be suppressed while the concentration of the
. corresponding defects should be increased. It is generally
' ' P agreed that the quality of ZnO films improves with an in-
crease of annealing temperatdfé!However, the PL results
shown here seem contradict to this conclusion, since ZnO
FIG. 6. Fitting results of three typical deep level PL spectra from znO filmsfiIMs prepared at 410 °C possess better excitonic related UV
oxidized at different temperature) 1000, (b) 700, and(c) 410 °C. emission than the films prepared at higher temperatures. This

Intensity (au)

16 18 20 22 24 26 28
Photon Energy (eV)
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discrepancy can be understood by the fact that the key facrarrowest FWHM among the annealing temperatures inves-
tors that influence XRD and PL spectra are different. In thetigated, and these results are attributed to the low microde-
case where the defect concentration in a material is not tofect density in ZnO crystals formed at 410 °C.

high, XRD is mainly affected by the crystal size. For PL

spectra, it is due to the small exciton Bohr radius of 1.8 nmACKNOWLEDGMENT

excitonic emissions are more sen;itive_ to imperfections of  This work was supported by the Agency for Science,
the microstructure ogsa crystal. This dlsgrepancy was alsarechnology and Research tSTAR) of Singapore.
observed by Ryet al.>® on textured and epitaxial ZnO films.
As shown in Fig. 4, the UV emission improves with an in- *c. Klingshirn, Phys. Status Solidi BL, 547 (1975.
crease of temperature up to 410°C, and then degrade&. M. Bagnall, Y. F. Chen, Z. Zhu, T. Yao, S. Koyama, M. Y. Shen, and T.

: - : o fi Goto, Appl. Phys. Lett70, 2230(1997).
.qlf”Ckly b tgmp_er:atur_e mcreasef to about 700 °C; fmally 3K. Vanheusden, C. H. Seager, W. L. Warren, D. R. Tallant, and J. A. Voigt,
it improves again with an increase o temperatqre 10 1000 °C. pppi. Phys. Lett68, 403 (1996.
A high annealing temperatur@bove 900 °C facilitates the  “D. C. Reynolds, D. C. Look, B. Jobai, C. W. Litton, T. C. Collins, W.
migration of grain boundaries and promotes the coalescencgHarsch, inflidG- Cdantwe|L Ehys- Re\r/].SB, 12151(19(98- .

>J. J. Hopfield and D. G. Thomas, Phys. R&22, 35 (1961).

of S,ma” CryStaIS’,ar,]d thus favc_)rs a decrease of the ConcenaK. Vanheusden, W. L. Warren, C. H. Seager, D. R. Tallant, and J. A. Voigt,
tration of r?onrad.latlve recomblngtlon centers. Howevgr, at and B. E. Gnade, J. Appl. PhyZ9, 7983(1996.
the same time, high temperature increases the probability ofMm. Liu, A. H. Kitai, and P. Mascher, J. Lumirs4, 35 (1992.
the formation of radiative defects, which will compete with 25 g_- B?/lar;dheh J-RAPpt Ptgﬂsg% ;(118986(91978-

. . . . P - . Dingle, Phys. Rev. Let23, .
e_xmtonlc recombmaﬂ_on and decrease UV emlssLon effl-mN. Y. Garces, L. Wang, L. Bai, N. C. Giles, L. E. Halliburton, and G.
ciency. Why do the films annealed at around 410 °C have cantwell, Appl. Phys. Lett81, 622 (2002.
better crystal quality? This may originate from two factors,H. Cao, Y. G. Zhao, S. T. Ho, E. W. Seelig, Q. H. Wang, and R. P. H.
one is the low melting point of zin¢419 °Q; below this 1ZChf<m$‘ Phyé- Ee\ﬁ. \LAt/et82, 2518(1&;92. A Ohtoma. H. Ko
. . . T . K. lang, G. K. L. Wong, P. Yu, M. KawasakKi, A. omo, H. Koinuma,
temperature_z.m(.: stays in a solid state and can be OX|d|zeq abnd Y. Segawa, Appl. Phys. Left2, 3270(1998.
relative equilibrium conditions. When the temperature is:3; Narayan, K. Dovidenko, A. K. Sharma, and S. Oktyabrsky, J. Appl.
higher than its melting point, oxidation is carried out at an_Phys.84, 2597(1998. _ _
unstable liquid state; more defects that are responsible for the\T(- 5:;”3 DA-p"SI- B;;,%,ZZI!{ géjizK(igég T. Park, K. Hiraga, Z. Q. Zhu, and
_nonradlgtlve transition will be introduced into the films. This 155 o Gorla, N. W, Emanetoglu, S. Liang, W. E. Mayo, Y. Liu, M. Wra-
is why films annealed at around 700—-800 °C show poorer pack, and H. Shen, J. Appl. Phy&5, 2595(1999.
UV PL emission: a large concentration of defects forms dur-°N. Fujimura, T. Nishihara, S. Goto, J. F. Xu, and T. Ito, J. Cryst. Growth
ing the oxidation process, and this temperature range is nq;g’%zg?u%z:%n . Golego, and M. Cosivera, 3. Appl. PIg, 2267
high enough to get rid of these defects. The second factor is jggg. T moege ' o PR '
the rate of formation point defects, which is responsible for#k. vanheusden, C. H. Seager, W. L. Warren, D. R. Tallant, J. Caruso, M.

radiative recombination, is low at low temperatures. J. Hampden-Smith, and T. T. Kodas, J. Luntd, 35 (1992.
19Y. 7. Yoo et al, Appl. Phys. Lett.78, 616 (2001).

203, Cho, J. Ma, Y. Kim, G. K. L. Wong, and J. B. Ketterson, Appl. Phys.
IV. CONCLUSION Lett. 75, 2761(1999.

. : i e 21S.J. Chen, Y. C. Liu, J. G. Ma, D. X. Zhao, Z. Z. Zhi, Y. M. Lu, J. Y.
ZnO films were prepared by annealing metallic zinc film Zhang, D. Z. Shen, and X. W. Fan. J. Cryst. Gro@0) 467 (2002.

in air at temperatgres from 320. to 1000 °C. The dependencer. vatsui, T. Kawazoe, T. Shimizu, Y. Yamamoto, M. Ueda, M. Kourog,
of the PL properties of these films on the temperature was M. Ohtsu, and G. H. Lee, Appl. Phys. Le80, 1444 (2002.
. . . . . 23 H H 0
investigated systematically. The films are polycrystalline éot-])x“' S. P. Lau, and B. K. Tay, Thin Solid Film898-399 244
W'th‘)“t preferred quer!tatlon; the CryStaI SIz€ Increases WIm“B. D. Cullity, Elements of X-ray DiffractionfAddison—Wesley, Reading,
an increase of oxidation temperature. The PL spectra arewa, 1979), p. 102.
composed of a near band edge UV emission peak and M. Suscavageet al, MRS Internet J. Nitride Semicond. Re$S1, G3
defect related deep level emission band, and the intensity gf(1999- _
the deep level band is weak compared to UV emission for all K. X. Kim, J. H. Song, H. J. Jung, W. K. Choi, S.J. Park, J. H. Song, and
. p p J. Y. Lee, J. Vac. Sci. Technol. 28, 2864 (2000.
films at room temperature. The deep level PL band can de?v. srikant and D. R. Clarke, J. Appl. Phy83, 5447 (1999.
compose into a green band and a yellow band. The intensit{fPhosphor Handbookedited by S. Shionoya, and W. M. Yéhemical
; ; ubber, Cleveland, 1999

Ef trf]]e g:?en ban? mcria.'sﬁs. gé.eatly athanneha“rgjg ftemperatuggcg C. Reynolds, D. C. Look, and B. Jogai, J. Appl. PI88.6189(2001).

igher than 900°C, which indicates that the defect centefog s studenikin and M. Cocivera, J. Appl. Ph, 5060(2002.
responsible for the green band in our samples is an intrinsi&A. van Dijken, E. A. Meulenkamp, D. Vanmaekelbergh, and A. Meijerink,
defect. The UV emission band shows anomalous annealingd. Lumin.90, 123 (2000.
temperature dependent behavior; the optimum temperatureéo'aj)w“’ G. G. Siu, C. L. Fu, and H. C. Ong, Appl. Phys. L&t8, 2285
range is around 410 °C. PL spectra of the films annealed aty g 'yu, S. Zhu, J. M. Wrobel, H. M. Jeong, P. F. Miceli, and H. W.

410 °C display the strongest UV emission intensity and the white, J. Cryst. Growtt216, 326 (2000.

Downloaded 13 Jul 2003 to 155.69.4.4. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



