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ZnO thin films have been grown on ($00 substrate by plasma enhanced chemical vapor
deposition using a zinc organic soufcn(C,Hs),] and carbon dioxide (C£ gas mixture at 503

K. The dependence of ZnO thin film quality on the gas flow rate ratio of ZHEL, to CO,
(GFRRZQ is studied by x-ray diffraction(XRD), optical absorption(OA) spectra, and
photoluminescencéPL) spectra. An excitonic absorption peak is observed in the OA spectra, which
closely depends on the GFRRZCs. The XRD spectra show thaixés-orientated wurtzite structure
ZnO thin film with the full width at half maximun{fFWHM) of 0.24° has been prepared. The PL
spectra show a strong UV emission with a narrow FWHM of 105 meV at 3.289 eV with a weak
deep-level defect emission around 2.5 eV, implying the formation of the stoichiometric ZnO thin
films. The origin of the UV band is from the free exciton recombination testified by the temperature
dependent PL spectra. @002 American Vacuum SocietyDOI: 10.1116/1.1503783

[. INTRODUCTION ticle, stoichiometric ZnO thin films witlc-axis orientation
were prepared by employing the plasma enhanced chemical

ZnO, one of those important semiconductors with manwapor deposition(PECVD) using a zinc organic source

attractive features, has versatile physical properties such §gn(C,Hs),] and carbon dioxide (C£) gas mixtures at a

piezoelectrical, ferroelectrical, electro-optical, acusto-opticallow temperature of 503 K. In terms of our knowledge, there

and luminescence characteristics. ZnO has been applied #re few papers on ZnO thin films prepared on Si substrate by

many fields. Recently, ZnO had exerted a strong fascinatioPECVD with good luminescence properties.

upon scientists and became a hotspot in a wide band gap A set of samples was prepared to investigate the forma-

semiconductor, in particular, Service reported its potentiation mechanism o€-axis-oriented ZnO thin film. The prop-

application in UV laser diodéOptically pumped stimulated erties of the ZnO thin films are studied employing x-ray

emission and lasing of ZnO have already beendiffraction (XRD), optical absorption spectri@A), and PL

demonstrated:* Furthermore, ZnO device does not suffer spectra. The UV band comes from free exciton recombina-

from dislocation degradation during its operation as it is ondion, which is testified by the temperature dependent PL

of the “hardest” material in the 11-VI compound family. spectra.

And it is also much more stable to resist radiation damage

than other common semiconductors. Generally, it is acceptefl ExpERIMENTAL PROCEDURE

that ZnO is the most promising material for realizing an UV o )

laser at room temperature. This is because ZnO has a wide ZnO thin films are grown by PECVD from the gas mix-

band gap of 3.3 eV with a large exciton binding energy of goture of diethylzinc and carbon dioxide. The schematic struc-
meV. ture of the PECVD system has been introduced elsewfere,

In those exciting researches on the photoluminescenc‘é{h'Ch has the 15-cm-diameter parallel-faced electrodes for
(PL) of ZnO thin films, the samples were grown on,@k, jthe papacmve coupling c_i|3ﬁh§\rrg1]e. Thhe clhamber size is 22 cm
ScAIMgO;,, or MgAl,O, substrated=® Recently, some re- in d|am%terhandd21r1cm in heig ; T e;ectrodle spacmgfls 3
searchers have prepared ZnO thin films on Si substrate by aﬁ tttﬁ 1'20 argg |st0 s:arvte das am?l'i[ lg.“t?]rrr
radical source molecular-beam epita®yBE).° In this ar- roughout the Lo-cm-glameter electrode area. 1he dietnyl-

zinc source is operated in a bath kept refrigerated at 6 °C by

dAuthor to whom correspondence should be addressed. Also at Institute o? continuous Wave-l type flng cor_1tro||ed temperature semi-

Theoretical Physics, Northeast Normal University, Changchun 130024, Feonductor device, and is carried into the chamber by bub-
R. China; electronic mail: ycliu@nenu.edu.cn bling gas of high-purity H. The experimental procedure and

1779  J. Vac. Sci. Technol. A 20 (5), Sep/Oct 2002  0734-2101/2002/20(5)/1779/5/$19.00  ©2002 American Vacuum Society 1779

Downloaded 11 Oct 2012 to 159.226.100.224. Redistribution subject to AVS license or copyright; see http://avspublications.org/jvsta/about/rights_and_permissions



1780 Li et al.: Growth of stoichiometric  (002) ZnO thin films 1780

TaLE |. The deposition conditions of ZnO thin films with changing the E)
GFRRZC.

Temperature Gas flow J
(rf) power of the rate of b
Sample GFRRZC (W) substratgK) argon(sccm )

4:2 35 503
4:4 35 503
4:5 35 503
4:6 35 503
4:7 35 503

T

mooOw>

0 0 0o 0 0
N
(002

B)

Intensity (a.u.)

the parameters had been introduced in detail previdfigy.
series of samples has been grown on Si substrates with dif- A)
ferent gas flow ratio rate of Zn(ls), to CO, (GFRRZQ.
The pressure in the chamber varied from 110-130 Pa during
the GFRRZC experiment. The detailed growth conditions are —
listed in Table I. 40 50 60

The crystalline quality of the ZnO layers was examined 0-26 (degree)
by XRD using a rotating anode x-ray diffractometer with Cu
K a, radiation of 1.54 A. The OA spectra were measured b)F'G' 1. XRp patterns of the ZnO thin films grown on(800 substrates
an UV-360 Recording SpectrophotometéBhimadzy at under the different GFRRZC¢$a) 4:2, (b) 4:4, (c) 4:5, (d) 4:6, and(e) 4:7.
room temperature. A deuterium lamp was the light source

with the wavelength range of 200 to 460 nm. The signals : .
were detected by agstype photoelectric multiplier with a substrate temperature can be interpreted by the mobility and

high resolution of 0.1 nm. The PL spectra were measure{]“ﬁus'on of the reactants on the substrate surface. At low

using an UV Labran Infinity Spectrophotomei@rY Com- emperature, the radicals with low surface mobility will be
pan)? Frenchexcited by a gont?nuousf)He—Cd laser with 30 located at different positions within the substrate due to the

mW and detected by a charge coupled device camera with Igck of thermal activated energy. Thus, the initial crystal

: . ucleus tends to grow in the direction of available reactant
high resolution of 0.04 nm. The temperature dependent PGux, leading to different orientations of crystal grains and the

spectra are obtained using the 325 nm line of a He—Cd Ias?r

and a PL microorobe measurement svstéhY compan ormation of polycrystalline films. As the substrate tempera-
P Y pany. - tire increases, the mobility of reactants increases. It is well

French. Measurements below room temperature were takeﬂnown that the surface free enerav of semiconductors
in the range of 83 to 458 K by placing the sample cells in a 9y

cryogenic unit.

(103)

\

St 00)

Ill. RESULTS AND DISCUSSION 1Y)

Figures 1a)—1(e) show the XRD spectra of the ZnO thin
films prepared at a substrate temperature of 503 K by using . . ; .
PECVD with different GFRRZC. It is clear from the XRD
data that the ZnO thin films were altaxis (002 orientation.

Only the weak peaks ofL00), and (103 appear when the
GFRRZC is 4:2, as shown in Fig(d.. However, the orien-
tation of ZnO thin film is dependent on GFRRZC at lower
temperature of 453 K To investigate the dependence of
orientation of ZnO thin films on the substrate temperature, a
series of samples F to | were prepared at different tempera- ke
tures with same deposition conditions as sample C. The sub- F) Sa
strate temperatures were 373, 413, 443, and 503 K, respec- <
tively. The evolution of thg002) preferred orientation was
examined by XRD, as shown in Fig. 2. At a low substrate

(002)

Intensity(a.u.)

temperature, the ZnO thin films are polycrystalline with dif- 30 40 50 60
ferent orientations, as shown in Figs¢f)2and 2g). When the
growth temperature reaches 443 K, the diffraction peak of 9-—26(degree)

(002 ZnO makes a dramatic increase. A preferred Orlentahe. 2. XRD spectra of the ZnO thin films prepared by PECVD with a fixed

tion of (002) is realized for the growth temperature of 503 K, GErRzC of 4:5 under the different substrate temperatir&73 K, (g) 413
as shown in Fig. #). The dependence of the film quality on K, (h) 443 K, and(i) 503 K.

J. Vac. Sci. Technol. A, Vol. 20, No. 5, Sep /Oct 2002
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360 390 420 450 480 510 540 Fic. 4. Optical absorption spectra of ZnO thin films grown under different

The substrate temperature (K) GFRRZCs.(a) 4:2, (b) 4:3, (c) 4:5, (d) 4:6, and(e) 4:7.

Fic. 3. Dependence of the diffraction intensity ratio of the Z(@D2 peak ) )
to all the peaks on the substrate temperature) G/ ora- at room temperature. The character of absorption spectra is

closely dependent on the GFRRZC. At the optimizing GFR-

RZC, such as samples C and D, an obvious absorption peak
strongly depends on the hybridized orbit. For the material®f the free exciton is observed near the absorption étige.
with a sp® hybridized orbit, which is the most important Generally, the exciton with a small binding energy in semi-
bonding style among the8N~8 type semiconductors, each conductor only exists at low temperature. However, the ex-
directed orbit spread along th&11] direction in the cubic citon absorption in ZnO can be observed at room tempera-
structure, and along th®02] direction in hexagonal struc- ture, and above, due to its large binding energy of 60 meV.
ture. When the film was deposited onto a substrate withoufhus, the absorption spectra of ZnO films display an exciton
the influence of epitaxy, the surface of a film tends to beeffect. Usually, the effect of exciton in semiconductor is not
either the(111) or the(002) plane, because these planes haveonly dependent on its binding energy, but also on its crystal
minimun surface free energiéjs.Of course, this model is quality. The exciton will not exist due to additional scattering
appropriate for the case where the atomic diffusion is large dby impurities and defectS. For example, there is a very
the surface of the growing filt? The substrate temperature weak exciton absorption peak in OA spectra of samples A
is an important factor to effect the surface mobility of theand E. Figure 4 suggests that high-quality ZnO films have
atomic for supplying the thermal energy to the species thabeen prepared when the GFRRZC is fixed at 4.5 and 4:6. The
are absorbed on the surface of the substrate. When the temnset energy position of the absorption can be obtained by
perature of the substrate is raised to 503 K, the mobility ofextrapolating ¢hv)? againsthv to zero!’ where « is the
the adsorbed species is large enough to form an ordered Zn@psorption coefficient andv is the photon energy. The ab-
thin film. Thus, all samples show thH802) preferred orien- sorption edges for the five samples are then obtained as
tation. 3.286, 3.289, 3.297, 3.300, and 3.301 eV, respectively. These

The relative number of crystal oriented in a certain direc-values are in excellent agreement with the absorption edge of

tion could be related to the area of the XRD peak, representhe bulk ZnO(3.3 eV),*® indicating that the quality of ZnO
ing that reflection. Thus, the ratio of the diffraction intensity thin films improved at the optimizing GFRRZC.

of the (002 ZnO peak to all the peaks was defined: Figure 5 shows the PL spectra of the ZnO thin films mea-
R=| /Il sured at room temperature. For the PL spectra, the main
(002 " totals emission properties were closely dependent on the GFR-

where the (4o, and |y, are the diffraction intensity of002) RZCs. The UV band was assigned to be the free exciton
peak and the total of all the peak, respectively. Which weraecombinatior?*°which will be testified by the temperature
plotted as a function of the growth temperature as shown imlependent PL spectra in the next section. The full width at
Fig. 3. It is noted the fact that to realizecaaxis-oriented half maximumgFWHMSs) of the PL spectra of samples A—E
ZnO thin film needs a much lower temperature by usingare 160, 154, 147, 105, and 133 meV, respectively. The line-
PECVD than other techniques. Because a lot of high-energwidth measured at room temperature is 105 meV which
particles in plasma would collide with the atoms that wereshould be compared with 120 mé¥117 me\?? and 109
adsorbed in the surface and exchange the momentum eaofeV (Ref. 23 which have been reported. There is a blueshift
other, the mobility of the atoms was enhanc¢gayhich is  from 3.238 to 3.289 eV in the UV emission position of the
favorable to form ac-axis-oriented ZnO thin films at low PL spectra, as shown in Fig. 5. Between the PL spectra and
substrate temperature. the optical absorption edge, the Stokes shift of samples A to
Figure 4 shows the absorption spectra for samples Ato [E are 47, 34, 34, 11, and 28 meV. In general, electron—

JVST A - Vacuum, Surfaces, and Films

Downloaded 11 Oct 2012 to 159.226.100.224. Redistribution subject to AVS license or copyright; see http://avspublications.org/jvsta/about/rights_and_permissions



1782 Li et al.: Growth of stoichiometric  (002) ZnO thin films 1782

E) 3.272 eV -
_ /\ 336 X
FWHM=133 meV f
—~
e % 3821 Exciton in bultk Sample D
D) hvi
3.289 eV 24 38l
~~ - v
= FWHM=105 meV g "
d o 324 v
S = A 8 f
g C) =
> 3.263 eV o 320}
=} Sample A
= | FWHM=147 meV, S
n = 316|
§ =
s P 3255 eV s
= |FWHM=154 meV/ \ 0 80 160 240 320 400 48
| e, e Tempeature (K)
A) 3.239 e\ . .
FWHM=160 meV, iG. 6. Temperature dependence of the peak energy for samplg Ari-
angle and sample Odown triangl¢ in the UV emission. The stars show the
temperature dependence of free exciton in bulk ZR@f. 16 for compari-
son. The down triangle data points are experimental points simulated by the
2.12.42.73.03.33.63.9 theoretical formula, equatioB,=E,— aT?(T+pB).
Wavelength (eV)

Fic. 5. PL spectra of ZnO thin films prepared at low temperature of 503 Katoms’ causing many Qxygen vacancies in Zno, thin fllms
with different GFRRZCs(a) 4:2, (b) 4:4, () 4:5, (d) 4:6, and(e) 4:7. prepared by a conventional method. Even at higher active
oxygen concentratiorV/,, defects readily form due to its low
formation energy, which are supported by a first-principle
phonon coupling, lattice distortions, localization of chargecalculation?®?’ Thus, a low growth temperature is crucial to
carriers due to interface defects or point defects may causgecrease thé/, defects. In our experiment, the ZnO thin
the redshift of emission line from the absorption edj€he  films are formed in the plasmas at low growth temperature.
decreasing of the Stokes shift from 47 to 11 meV may be du&he reactive zinc ions or atoms react directly with active
to the defect reduction. Generally, the UV band was overoxygen ions or atoms obtained from ¢@ecomposed by
lapped by the free exciton and binding exciton located by theplasma. As a result, it is easy to obtain stoichiometric films.
defects at room temperature. With ZnO thin-film quality im-  There are slight differences in the UV band of samples
proved, the density of defects was reduced, resulting in aith different GFRRZCs. The origins of them may result
narrower FWHM as well as a blueshift in the UV band. Thefrom different mechanisms. The temperature dependent PL
deep-level emission band around 2.5 eV was strongly depespectra of samples A and D are measured to investigate the
dent on the supplied CO It is accepted that the green band origins. It is well known that the variation in the energy gap
is associated with oxygen vacancidg).?* A lot of V, will with temperature is due to a shift in the relative position of
be produced at deficient GGsupplied, that is the lack of the conduction and valence barfdsThe peak of transition
activated oxygen. One way to evaluate the concentration aénergy of both samples @ip triangle and D(down triangle
structural defects in ZnO is to compare the relative PL intenare plotted against temperature, as shown in Fig. 6. The free
sity ratio of the UV band to the deep-level green emissionexciton in bulk(the starsthat depends on temperature is also
The reported PL spectra of ZnO power or polycrystalline thinplotted for comparison. The peak of transition energy of
films have shown much stronger deep-level emission thasample D is a good coincidence with exciton position in
UV emission, resulting in a relative PL intensity ratio of near bulk,* as shown in Fig. 6, meaning the origin of UV band in
zero at room temperature. The epitaxial thin films grown bysample D is from the recombination of the free exciton. The
metalorganic chemical vapor deposition and MBE show relatransition energy position of an exciton in sample D is simu-
tively weaker deep-level emission, in the ratio of 1 and 20 ated by Varshini’s empirical function &5
respectively, at room temperature due to the reduced struc-
ture defect$??® In our results, the ratios of UV band to Eqo(T)=Eq(0)~aT*/(T+B), @
visible emission were 3, 18, 40, 27, and 14, respectively. ThavhereEy(0), a, and S are fitting parameters. The obtained
structure defects of the ZnO thin films were reduced furthera, 8, andEy(0) are 9.% 10 % eV/K, 644 K, and 3.376 eV,
There is an interesting result in the PL spectra. With therespectively. The obtained energy position at 0 B(0)
increasing of the COsupplied, the ratio of the UV band to =3.376 eV, also agrees quite well with the reported values
the visible band increase at first then decrease, as shown far the energy position of the free exciton in Z8&° Con-
Fig. 5. Maybe it was that the excess oxygen atoms recomtrary to sample D, sample A, which was prepared at the
bine G,, in fact causing the lack of the active oxygen. It is lowest flow of CQ, shows anomalous optical properties as
well known that the binding energy of an oxygen molecule isshown in Fig. 6(down trianglg. The transition energy of
5.16 eV, and it is difficult to break Ointo active oxygen sample A increased with increasing temperature in the range

J. Vac. Sci. Technol. A, Vol. 20, No. 5, Sep /Oct 2002

Downloaded 11 Oct 2012 to 159.226.100.224. Redistribution subject to AVS license or copyright; see http://avspublications.org/jvsta/about/rights_and_permissions



1783 Li et al.: Growth of stoichiometric ~ (002) ZnO thin films 1783

of 83 to 218 K. Then, the transition energy of sample A is iR- F. Service, Sciencg76 895 (1997. _
smaller than sample D from 218 to 365 K. Above 365 K, the P Yu. Z. K. Tang, G. K. L. Wong, M. Kawasaki, A. Ohtomo, and H.
peak position of transition energy of samples A and D is ,<°Muma J. Cryst. Growti184 €01 (1998.

. Y. F. Chen, D. M. Bagnall, Z. Q. Zhu, T. Sekiuchi, K. Park, K. Hiraga, T.
equal. Such an anomalous temperature dependence is probs 9 Q 9

: - . Yao, S. Koyama, M. Y. Shen, and T. Goto, J. Cryst. Grodg1, 165
ably because of the localized states forming excitons. The (1997,

more defect density there is, the more localized excitons. At 4m. H. Huang, S. Mao, H. Feick, H. Yan, Y. Y. Wu, H. Kind, E. Weber, R.
a low temperature, the binding excitons mainly contribute to Russo, and P. Yang, Scien262, 1897 (2001).

the luminescence since excitons do not have enough thermaiY. F. Chen, N. T. Tuan, Y. Segawa, H. Ko, S. Hong, and T. Yao, Appl.
energy to be activated. As the temperature is increased, thePhs. Lett.78, 1469(2003. _
energy peak shifts to the low-energy side due to the decreas—g'c:('T:'crEhii %ﬁ?ﬁgﬁ@%é&mg’ S.J. Park, J. Song, and J. Y. Li, J. Vac.
ing of thg band gap. Afurther increase in temperature CauSeSt \1auino. C. H. (’:hia’ N.T. Tuan, Y. Segawa, M. Kawasaki, A. Ohtomo,
the binding exciton localized by the defects to become free k. tamura, and H. Koinuma, Appl. Phys. LeTs, 3549(2000.

exciton, resulting in enhanced emission from the free exci- 8y. F. Chen, S. Hong, H. Ko, M. Nakajima, T. Yao, and Y. Segawa, Appl.
ton. Therefore, the total peak energy shifts to the high-energy Phys. Lett.76, 245(2000.

side. At the interim of temperature, emission is overlapped °K. Iwata, P. Fons, S. Niki, A. Yamada, K. Matsubara, K. Nakahara, T.
from the binding excitons and free excitons, causing them;a"sabj' 3”3 "L'-iuTa[‘;a;“'Sﬁ]-eﬁrf"-\/l@[z‘ﬂgﬂfgéiggok 6. Kong, X W
!ower energy in sample A than thgt in sample D. By further Fan an'd 5 5 zﬁi, J Vac. S(Y:i. Techn<;l.2®, 265(20’02). ’
Increasing the temp.erature, the binding eXCItOn.S are fully acay Fujinura, T. Nishihara, S. Goto, J. F. Xu, and T. Ito, J. Cryst. Growth
tivated into free excitons. As a result, the transition energy of 13q 269 (1993.

the sample A shows the same as the sample D with increas?G. knuyt, C. Quaeyhaegens, J. D’Haen, and L. M. Stals, Thin Solid Films

ing temperature. 258 159 (1995.
By, J. Kim and H. J. Kim, Mater. Lett21, 351 (1994.
IV. CONCLUSION 4C. L. Yang, J. N. Wang, W. K. Ge, L. Guo, S. H. Yang, and D. Z. Shen,

J. Appl. Phys90, 4489(2001).

The c-axis-oriented ZnO thin films were prepared by 157 k. Tang, G.K. L. Wong, P. Yu, M. Kawasaki, A. Ohtomo, H. Koinuma,
PECVD from the gas mixture of diethylzinc and carbon di- and Y. Segawa, Appl. Phys. Le#t2, 3270(1998.
oxide at a low temperaturés03 K). The mobility of the  *°H.J.Ko, Y. F. Chen, Z. Zhu, T. Yao, |. Kobayashi, and H. Uchiki, Appl.
surface atoms plays an important role in the formation of the Phys. Lett.76, 1905(2000.
preferred oriented thin films, and testified at various substratqs\\;' Srikant and D. R. Clarke, J. Appl. Phy81, 6357(1997.

. .“V/. Srikant and D. R. Clarke, J. Appl. Phy83, 5447(1998.

temperatures. A pronounced exciton p_eal_< was observed 1By K Kim. 3. H. Song, H. J. Jung, S. J. Park, J. H. Song, and J. Y. Lee, J.
the absorbed spectra. Improved UV emission from free eXci- v4¢. sei. Technol. AL8, 2864(2000.
ton recombination was obtained with high ratio of the UV 207 v, Butkhuzi, T. G. Chelidze, A. N. Georgobiani, D. L. Jashiashvili, T.
band to the deep-level green emission, implying the forma- G. Khulordava, and B. E. Tsekvava, Phys. Re\6® 10692(1998.
tion of stoichiometric ZnO thin films. Supplying enough ac- ZIA. B. M. Aimamun Ashrafi, A. Ueta, A. Avramescu, H. Kumano, Y. W.
tivated oxygen and a low growth temperature are both key to, Ok and T Y. Seong, Appl. Phys. Leit6, 550 (2000.

: i : P Y. F. Chen, D. M. Bagnall, H. J. Ko, K. T. Park, Z. Zhu, and T. Yao, J.
the formation of stoichiometric ZnO thin films. ' ' ' ' ' '
Appl. Phys.84, 3912(1998.

M. A. L. Johnson, S. Fugita, W. H. Rowland, Jr., W. C. Hughes, J. W.
ACKNOWLEDGMENTS Cook, Jr., and J. F. Schetzina, J. Electron. Mc261.855 (199.
This work was supported by the Program of CAS Hun- 24K, Vanheusden, W. L. Warren, C. H. Seager, D. R. Tallant, J. A. Voigt, and
dred Talents, the National Fundamental and Applied Re-, = Bnade: J AP FIvss 7983(1396' o
search Project, the Key Project of the National Natural Sci-zs\s('\fS ethke, H. Pan, and B. W. Wessels, Appl. Phys. 2{.138 (1988.
: . . .Yan, S. B. Zhang, S. B. Pennycook, and S. T. Pantelidapublishegl
ence Four_1dat|on of Ch_lna No. _69896260, the_ Nationalzrg g Zhang, S. H. Wei, and A. Zunger, Phys. Re\6® 075205(2001).
Natural Science Foundation of China, the Innovation Foun-28y, p varshni, Physic#Amsterdan 34, 149 (1967.
dation of CIOFP, Excellent Young Teacher Foundation of 2°w. Y. Liang and A. D. Yoffe, Phys. Rev. Let20, 59 (1968.
Ministry of Education of China, and Jilin Distinguished . G. Thomas, J. Phys. Chem. Solitis 86 (1960.

Young Scholar Program.

JVST A - Vacuum, Surfaces, and Films

Downloaded 11 Oct 2012 to 159.226.100.224. Redistribution subject to AVS license or copyright; see http://avspublications.org/jvsta/about/rights_and_permissions



