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The scope of the ZnO growth
Robert Triboulet*,
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ABSTRACT

The main ZnO physical properties are reviewed and some of them compared to those of GaN. As a result of these attractive
properties, the various applications it could be thought of for ZnO are summarized. A critical review is then proposed of the
different techniques used for the growth of bulk ZnO crystals and of ZnO epitaxial films. The results are discussed from the
assessment of their structural and electrical properties. The key issue of p-type doping is finally discussed in the light of the
most recent results.
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1. INTRODUCTION

ZnO can be considered as an 'old' semiconductor. It has been studied and used for a long time in a wide range of
applications such as piezoelectric transducers, optical waveguides, acoustooptic media, conductive gas sensors, transparent
conductive electrodes, varistors. It is now reactivated and becomes again topical for applications related not only to its
optoelectronic possibilities in the UV range but also to its piezoelectric properties to develop SAW filters to be integrated in
future analog circuits for portable electronic for which there is a strong need.

It is worth knowing that ZnO occupies already an enviable place in the industrial market. Tens of thousands tons of
ZnO powder are industrially produced each year! They are used in the rubber industry as vulcanisation activator (~36 %), in
the industry of ceramics as a flux (~26 %), in the chemical industry (desulphuration of gases, fabrication of stearates,
phosphates..etc) (~20 %), as trace elements in the animal food (~12 %), in the paints (~3 %; 50 % in 1961!). The last ~3 %
are used for different applications, in electronics (ferrites, varistors), ends of matches, pharmaceutic industry (fungicidal
properties of ZnO for skin-problems, trace elements ..etc.).

ZnO powder is produced from the combustion of vapours coming from the distillation of metallic zinc, according
to the so-called French process, or dry process. Using vapours coming from fractionated distillation, extra-pure oxide
powders are produced, as illustrated from the chemical analysis data of two kinds of powder produced by two different
companies:

- Quality ‘pharmacy B’, produced by Union Miniére : Pb<20 ppm, Cd<10 ppm, Fe<5 ppm, Cu<1 ppm.
- Quality ‘colloidal’, produced by Silar SA : Pb<20 ppm, Cd<30 ppm, Fe<5 ppm, Cu<2 ppm, Mn<2 ppm.
The grain size can change according to the variety considered.

After summing up the main physical properties of ZnO, which is now attracting tremendous interest, the recent
growth aspects of the compound, not only for making bulk crystals, but also epitaxial layers, will be addressed and critically
reviewed. The doping issue will be also discussed in the light of the most recent results.

2. ZnO PHYSICAL PROPERTIES
If the field of wide band gap semiconductors has been clearly dominated by the nitride compounds during the last
five years, the recent first International Workshop on ZnO (Dayton October 7-8 1999) and the Ninth International
Conference on II-VI Compounds (Kyoto November 1-5 1999) have shown that the trend of the ten coming years could turn
in favor of the semiconductor oxides because of their attractive physical properties.
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In most of the applications aimed at by the nitrides, the oxides demonstrate fundamental advantages.

ZnO has a band gap of 3.37eV @ RT

It presents a unique combination of piezoelectric (e;; = 1.2 C/m? among the highest values of all semiconductors),

conducting, thermal (thermal conductivity of 0.54 Wem™ K™, to compare with 0.5, for example, for GaAs) and optical

properties

> It has the largest exciton binding energy of all II-VI and III-V semiconductors, 60 meV, allowing excitonic
stimulated emission up to 550 K, as already demonstrated’

> P-type conductivity, which remains a problematical issue for GaN, has been now reported for ZnO, as will be shown
further, and paves the way to realization of junctions.

> Unlike GaN, high quality substrates are now produced by a variety of techniques, sublimation (40 mm diameter, by
Eagle Picher), hydrothermal growth, vertical Bridgman under pressure, chemical vapor transport. This means that the
ZnO homoepitaxy is now possible. As a result, layers of improved physical properties ought to be obtained, and the
cleavage issue for making lasers, particularly difficult for GaN layers deposited on sapphire, should be made easier

> The ternary system CdO-ZnO-MgO covers a larger band gap range than nitrides with a smaller variation of the lattice
parameter [3.24 to 3.26 A from ZnCdO (2.8 eV) to ZnMgO (4 eV)]

> The ZnO drift mobility saturates at higher fields and at higher values than the GaN ones which is attractive for high
frequency devices

> ZnO is more radiation resistant (up to 2 MeV, 1.2x10" electrons/cm?) than GaN

> 7ZnO UV detectors show very low dark current; their spectral response showing a maximum at the optimum
wavelength of 350nm

> ZnO shows a strong two-photon absorption with high damage thresholds, which is very attractive for optical power
limiting devices

>  7ZnO has a large shear modulus. The shear modulus has been identified to be a key material signature expressing the
stability of the crystal’. The shear modulus of ZnO has been recently calculated by Vérié* and found to be ~45.5 Gpa.
By comparison, the shear modulus of ZnSe has been estimated to be 18.35, 32.60 for GaAs, 51.37 for Si.

> ZnO has finally the same crystallographic structure as GaN, with a lattice mismatch < 1.8%, and can then act as

alternative substrate for GaN.

Yy

Beside GaN,

ZnO is more radiation hard

shows higher drift mobilities at higher electric fields

has a higher exciton binding energy

could be easier to convert to p-type, at higher concentrations

its homoepitaxy is possible

its film growth deposition temperatures are smaller (~ 400 °C)

it is easier to cleave

the CdO-ZnO-MgO system shows great potentialities, covering an energy range going from 2.8 eV to 4 eV with a
weak variation of the lattice parameter

zinc is more abundant, less expansive than gallium, and no toxic

YYYYYYYY
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Owing to these attractive assets, many applications can be thought of for ZnO. In addition to now classical
applications (piezoelectric transducers, optical waveguides, acoustooptic media, conductive gas sensors, transparent
conductive electrodes) the future perspectives of ZnO are hetero- and homo-epitaxial p/n junctions; LED’s and lasers in
blue and UV region; UV detectors for solar blind applications; high field electron devices; high power, high temperature
electronics ; future wireless communication systems at frequencies beyond 5 GHz ; variable optoelectronic grating ; optical
power limiting devices for high peak power pulses ; large diameter high quality substrates for GaN. It could furthermore be
thought of also as an efficient scintillator.

Furthermore, a ferromagnetic phase transition, induced by a gas of electrons and holes, is expected from a
theoretical work® in the ZnMnO alloys at a Curie temperature higher than room temperature. This could lead to new physics
and to the realization of devices based on the control of the spin state (spin electronics or spintronics) like quantum
computers.

Proc. SPIE Vol. 4412




3. ZnO BULK GROWTH
Roughly four techniques are presently used to grow bulk ZnO crystals.

> In spite of its very high melting point of ~ 1900 °C and of its high reactivity with any surrounding material but
platinum, cm-sized ZnO crystals with rocking-curve FWHM of ~125 arcsec have been grown from the melt by the
Bridgman method using Cermet’s melt growth apparatus with water-cooled crucible under high oxygen pressure (50
atm)°. The perspective is to reach 2 inch diameter substrates.

> The hydrothermal method has been shown suitable for the growth of large ZnO crystals from (OH) solutions at
temperatures <500°C under high pressure (15 to 50 MPa) with a temperature difference AT ~ 3 - 40K and a growth
rate in the range 0.05-0.3 mm/day’'°. More recently, high quality ZnO crystals, as demonstrated by X-ray rocking
curves in the 40 arcsec range and sharp PL peaks, have been grown hydrothermally at 355 °C with a AT of 10°C
from NaOH/KOH solutions as the solvent, pressures of 18,000 to 22,000 psi (maximum pressure 1500 atm)'’. The
crystals present a dislocation density < 500 cm? a X-ray double diffraction FWHM ~130 arcsec and carrier
mobilities ~175 cm?/Vs @ RT. The O and Zn surfaces of (0001) planes have been found to behave differently. GaN
layers deposited at 750 °C on such substrates show DDX FWHM of 735 arcsec. Using a KOH/LiOH solvent, ZnO
bulk single crystals about 10 mm in dimension have been grown at temperatures less than 400 °C at pressures
ranging from 830 to 1110 MPa",
The advantages of the hydrothermal technique are a low growth temperature, a AT close to 0 at liquid/solid interface,
an ‘easily scalable’ technique, the reduction of most of the impurities from source (except Li, incorporated in the
crystals at 1-20 ppm). The disadvantages are the presence of intermediate products, the slow growth rates (~10 mils
per day), the inert liner needed, the occasional incorporation of OH and H,O, the lithium incorporation. The goal is
an increase in the crystal size as well.

> Large diameter (2-inch diameter) boules have been recently reported to be grown at Eagle Picher at 1000-1200 °C by
seeded physical vapor transport (SPVT) in a nearly closed horizontal tube using H, as a carrier gas and a small
amount of water to maintain the proper stoichiometry". The crystals are seeded at full diameter ; the source/substrate
distance is of about 3 inches ; the stoichiometry is controlled from the presence of a residual water pressure ; the
growth rates are of about 40 um per hour. The present diameter of the crystals is 40 mm ; the etch pit (dislocation)
density is of about 10* cm™ ; the X-ray double diffraction rocking curve FWHM is of about 40 arcsec, with some
scattering indicating the presence of residual strains. GDMS analysis reveals the purest material ever done by Eagle
Picher. The crystals are of n-type with 7 ~ 8x10™ cm™ and 2 ~150-350 cm?/Vs @ RT. The homoepitaxial growth of
ZnO on such substrates has been achieved on <0001> Zn faces chemo-mechanically polished. The future goal is now
the growth of 3 inch diameter substrates.
Furthermore, residual water, present in H, or Ar, has been shown to act as a sublimation activator of the vapor phase
transport of ZnO™,

> Smaller crystals have been obtained by chemical vapour transport (CVT) in closed tubes using such chemical
transport agents as HCI, Cl,, NH;, NH,Cl, HgCl,, H,, Br,, ZnCl, at source temperatures ranging from 800 to 1150°C
and AT from 20 to 200°C"*". Centimeter-size single crystals with rocking curve FWHM ~ 28 arc.sec have been
recently obtained using C as a new transporting chemical agent®.

Crystals of small size have been grown as well in open tube systems, either by oxidation of ZnL,?, ZnS, ZnSe?,
ZnBr,” and Zn*** or by hydrolysis of ZnF,”, ZnCL,??, ZnI,*. The oxidation or hydrolysis character of the reaction can
depend on the temperature range used for a same source. The temperature of the growth region ranges generally in such
experiments from 900 to 1350°C.

Such solvents as PbF,’! and V,0s/P,05 mixtures*? have been used for the flux growth of ZnO crystals. Using PbF,
as the solvent in sealed Pt crucibles, ZnO crystals have been grown by THM?. PbCl, has been found to be a very good
solvent of ZnO as well, but showing also a great reactivity with any surrounding material but platinum®. The same authors
have found the Zn-In alloys to be good solvents of ZnO without reactivity with silica.

4. ZnO EPITAXIAL FILM GROWTH
ZnO thin polycrystalline films dedicated to the “traditional’ applications of ZnO, as specified above, are classically
deposited by such techniques as sputtering, chemical vapor deposition, chemical spraying, electron cyclotron resonance
plasma sputtering, sol-gel deposition, ion-beam assisted deposition, pulsed laser deposition etc.
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More recently homoepitaxial and heteroepitaxial ZnO films dedicated to the ‘new’ ZnO applications for optoelectronic
devices have been grown by four techniques :

) 2

Classical ZnO sputtering has been achieved on (0001) sapphire substrates®’. A (0002) rocking-curve FWHM as low
as 250 arcsec has been measured, but more generally of about 400 arcsec. The roughness was < 1nm (the best 0.1
nm). The resistivity ranged from 3 to 10° Qcm depending on the growth and cooling conditions. Under low pressure
(3-150 mTorr) sputtering, rocking-curve FWHM <1080 arcsec’® has been measured on sapphire substrates. Epitaxial
ZnO films have been grown on Si(111) substrates by rf magnetron sputtering using a GaN buffer layer deposited by
the same technique®”. The films show a crack-free morphology. RF magnetron sputtering has been used as well for
the deposition of epitaxial ZnO films on diamond (111) planes at 260 °C*® (smallest X-ray rocking-curve FWHM of
972 arcsec measured on the ZnO (0002) peak) and on LiNbO;(0001)* substrates at 550 °C (rocking-curve FWHM
for the ZnO (0002) reflection ~1650 arcsec). The same kind of result was obtained on non-cristalline substrates
(alumina and silica) using a two-step method in which a thin ZnO buffer layer was first deposited by magnetron
sputtering, the epitaxial films being then deposited by CVD technique®.
ZnO, ZnMgO and ZnO/GaN films have been grown on sapphire substrates by pulsed laser deposition by Vispute et
al.***2, The substrate temperature was 750 °C for ZnO/sapphire and 500-750 °C for ZnO/GaN/sapphire under an O,
pressure of 10°-10™ Torr. The measured EPDs and rocking-curve FWHM were respectively 10'%cm’ and ~ 612
arcsec on ZnO/sapphire and 10%cm® and 180 arcsec on ZnO/GaN. Epitaxial ZnO thin films showing a FWHM
rocking-curve ~ 600 arcsec have been grown on sapphire substrates using uitra-violet pulsed laser deposition at
temperatures higher than 400 °C by Cracium et al.*’.
MOCVD, generally on sapphire substrates, is carried out with separate inlets of the precursors to avoid pre-reactions,
with DEZn for Zn and 0,*, 0,, N,O or H,0" (with or without plasma), CO,*"*® (with a plasma) or alcohol
(butanol***°) as oxidizers, and Ar, He or N, as the carrier gas, in the temperature range 350-650 °C
> either in a horizontal reactor*>*°
> or in a vertical rotating disk reactor operated at low pressure with high speed rotation of the wafer carrier,
with separated introduction of the precursors**, sometimes through a multi-nozzle shower*. The possibility
of obtaining both conductivity types, » and p, has been demonstrated using N,O, NH; and N, (with and
without plasma activation) for N doping.
A very few significant characteristics of the MOCVD grown ZnO layers are given. Only a value of 1500 arcsec has
been reported for the FWHM of the (0002) diffraction peak*®. No electrical properties are reported for these MOCVD
grown ZnO layers...

" MBE has been achieved by several groups for the growth of ZnO layers and related ternary alloys with Cd, Mg and

Mn, according to two main variants :

> Either laser-MBE (pulsed laser deposition, PLD, in ultra-high vacuum) on ScAIMgO, substrates’’ or on
sapphire for ZnO* and ZnO/Mg,Zn,.,O quantum structures®

> Or by plasma-assisted MBE**®!, with variants like radical source MBE®? (RS-MBE), electron cyclotron
resonance assisted MBE® (ECR-assisted MBE), depending on the plasma cell used. ZnO films have been
generally grown on sapphire substrates, using such buffer layers as MgO****, GaN**, or ZnS* and on Si%.
Such heterostructures like Mgg2Zn,s0/Zn0/ Mgy2Zngs0 and ZnO/ZnCdO/ZnO on sapphire (0001),
ScAIMgO, (0001) (SCAM) and ZnO/GaN substrates have been also grown®. The growth temperature lies in
the range 275-600 °C.

More details than in the MOCVD case are given concerning the structural and electronic properties of the layers. The
following rocking-curve FWHM have been reported : 216 arcsec®’, 378 arcsec®, 576 arcsec®, 1080 arcsec™, 2016
arcsec® for ZnO directly deposited on ALOs, but 39 arcsec® for ZnO(0002) on SCAM, and 13 arsec’® using a MgO
buffer layer on sapphire. The layers grown without doping are always of »-type, with a carrier concentration closely
related to their crystallographic perfection : electron concentration of 1.87x10"™ cm™ associated with a mobility of 10
cm?/Vs for ZnO layers grown on Si®', but #n = 10" cm?, z~ 100 cm%Vs for ZnO layers deposited on SCAM®! and »
=2.1x10" cm™, 4~ 98 cm*Vs for ZnO layers deposited on MgO/A1L,05>.

Using Radical beam epitaxy (RBE), n-type, p-type (p = 4x10" ¢cm™, u ~ 23 cm?/Vs) or semi-insulating ZnO films
have been produced at temperatures within 150-950 °C by bombardment of singlet O(T) radicals extracted from an
oxygen plasma, using a magnetic filter, on substrates of any Zn chalcogenide (ZnTe, ZnSe, ZnS, ZnO)®. No
information about their structural properties.

Proc. SPIE Vol. 4412




5. DOPING

Whatever the growth method used, ZnO bulk crystals and films exhibit almost always strong »-type conductivity,
with # lying generally in between 10" and 10" cm™. Tt has been long assumed that the dominant donor was a native defect.
From a recent first-principle investigation®, it has been demonstrated that none of the dominant native defects, zinc and
oxygen vacancies and Zng antisites, has characteristics consistent with a high-concentration shallow donor. Furthermore, Vo
has been identified from electron paramagnetic resonance studies as a deep donor®”. Hydrogen or a complex native defect-
hydrogen has been suggested to be responsible for the strong donor behavior®. We have analyzed by SIMS the residual
concentration of hydrogen in ZnO bulk crystals grown by CVT using carbon as the chemical transport agent. Neither
hydrogen nor residual carbon were found in these crystals which showed an electron concentration @ RT of ~2x10'® cm™.
The assignment of the residual native shallow donor in ZnO to Zn, as proposed by Look et al.%, remains the best hypothesis

The key issue for the ZnO and related alloys development remains p-type doping.

Minegishi et al.*® reported for the first time the growth by chemical vapor deposition of p-type films realized by the
simultaneous addition of NHj; in the carrier hydrogen and excess Zn in the ZnO powder source. The RT hole concentration
reached 1.5x10' cm?, with 4 ~ 12 cm?/Vs. But the resistivity remained too high (generally ~100 Qcm) for making devices
such as LEDs, and the results were poorly reproducible.

Later on, p-type electrical conduction has been achieved, according to a theoretical prediction”, by Ga and N
codoping of ZnO layers grown by pulsed laser deposition’’. One sample only is reported to show an acceptor concentration
of 4x10" cm, with a very poor mobility of 7x10 cm?/Vs. The authors stress the fact that the p-type behavior seems to be
very small and sensitive to experimental parameters.

A ZnO diode has been fabricated by using a laser-annealing doping technique to form a p-type ZnO layer on a »-
type ZnO substrate”. A Zn-phosphide compound, used as a phosphorous source, was deposited on the ZnO wafer and
subjected to excimer-laser pulses. But the authors indicate that an attempt to prove the p-type nature of the P-doped layer by
Hall measurements was not successful. It has to be stressed that a highly damaged layer is generally found on surfaces as a
result of laser annealing.

In a recent communication, hole carrier concentrations of 10'%-10* cm™, associated with mobilities of 0.1-50
em*Vs and resistivities of 10-10° Qcm have been reported in ZnO layers grown by pulsed layer deposition on GaAs
substrates™. The As atoms out-diffusing from the substrates into the ZnO layers were considered as the dopant elements.
Their concentration were found to be in the range of upper 10" to upper 10?' atoms/cm® from SIMS measurements. No
diodes have been so far fabricated from such layers. Furthermore, the electrical characteristics are said to “may have large
uncertainties because contributions from the interference layers between the ZnO film and the GaAs substrate are not
understood very well at this moment”. In similar heterostructures, but with a ZnSe layer instead of ZnO on GaAs substrates,
a highly p-type conductivity has been reported in the past’”*. Raman spectroscopy measurements gave evidence of the
presence of a p-type carrier gas with p ranging from 10" to 10% cm™, which appeared as confined at the interface of
ZnSe/GaAs™7".

6. CONCLUSIONS

ZnO presents very attractive physical properties which have been reviewed and for some of them compared to those of
GaN. As a result of these properties, the various applications which could be thought of for ZnO have been summarized. A
critical review is then proposed of the different techniques used for the growth of bulk ZnO crystals and of ZnO epitaxial
films. The results are discussed from the assessment of the structural and electrical properties of the crystals and films.
Among the numerous communications related to the ZnO epitaxial growth, a very few of them report on layers of structural
and electronic properties suitable for optoelectronic devices. P-type doping, discussed in the light of the most recent results,
remains the key issue for the optoelectronic development of ZnO.

REFERENCES
1. D.M. Bagnall, Y.F. Chen, Z. Zhu, T. Yao, M.Y. Shen and T. Goto, “High temperature excitonic stimulated
emission from ZnO epitaxial layers”, Appl. Phys. Lett. 73, pp. 1038-1040, 1998.
2. J.D. Albrecht, P.P. Ruden, S. Limpijumnong, W.R.L. Lambrecht and K.F. Brennan, “High field electron transport
properties of bulk ZnO”, J. Appl. Phys. 86, pp. 6864-6867, 1999.
3. C.Vérié, “Covalency engineering through alloying with beryllium chalcogenides in wide band-gap II-VI crystals”,

J. Electron. Mater. 27, 6, pp. 782-787, 1998.

Proc. SPIE Vol. 4412




10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

C.Vérié, personal communication.

T. Dietl, H.Ohno, F. Matsukura, J. Cibert and D. Ferrand, “Zener Model Description of Ferromagnetism in Zinc-
Blende Magnetic Semiconductors”, Science 287, pp 1019-1022, 2000.

G. Agarwal, J.E. Nause and D.N. Hill, “A new approach to growth of bulk ZnO crystals for wide bandgap
applications”, Mat. Res. Soc. Symp. Proc. 512, pp. 41-46, 1998.

R.A. Laudise and A. Ballman, “Hydrothermal Synthesis of Zinc Oxide and Zinc Sulfide” J. Phys. Chem. 64, pp.
688-691, 1960.

E.D Kolb and R.A. Laudise, “Hydrothermally Grown ZnO Crystals of Low and Intermediate resistivity”, J. Am.
Ceram. Soc.49, pp. 302-305, 1966.

R.A. Laudise, E.D. Kolb and A.J. Caporaso, “Hydrothermal Growth of Large Sound Crystals of Zinc Oxide”, J.
Am. Ceram. Soc. 47, pp. 9-12, 1964.

E.F. Venger, A.V. Melnichuk, L.Yu. Melichuk and Yu.A. Pasechnik, “Anisotropy of the ZnO Single Crystal
Reflectivity in the Region of Residual Rays™, phys. stat. sol. (b) 188, pp. 823-831, 1995.

M. Suscavage, M. Harris, D. Bliss, P. Yip, S-Q. Wang, D. Schwall, L. Bouthillette, J. Bailey, M. Callahan, D.C.
Look, D.C. Reynolds, R.L. Jones, and C.W. Litton, 1999 Mat. Res. Soc. Symp. Proc. 537 to be published

T. Sekiguchi, S. Miyashita, K. Obara, T. Shishido and N. Sakagami, “Hydrothermal growth of ZnO single crystals
and their optical characterization”, J. crystal Growth 214/215, pp. 72-76, 2000.

D.C. Look, D.C. Reynolds, I.R. Sizelove, R.L. Jones, C.W. Litton, G. Cantwell and W.C. Harsch, “Electrical
properties of bulk ZnO”, Solid State Comm. 105, pp. 399- 401, 1998.

J-M. Ntep, M. Barbé, G. Cohen-Solal, F. Bailly, A. Lusson, and R. Triboulet, “ZnO growth by chemically assisted
sublimation”, J. Crystal Growth 184/18S, pp. 1026-1030, 1998.

M. Shiloh and J. Gutman, “Growth of ZnO single crystals by chemical vapour transport”, J. Crystal Growth 11, pp
105-109, 1971.

W. Piekarczyk, S. Gazda and T. Niemyski, “The growth of zinc oxide crystals by chemical transport method”, J.
Crystal Growth 12, pp. 272-276, 1972.

K. Matsumoto, K. Konemura. and G. Shimaoka, “Crystal growth of ZnO by vapor transport in a closed tube using
Zn and ZnCl, as transport agents”, J. Crystal Growth 71, pp. 99-103, 1985.

K. Matsumoto and G. Shimaoka, “Crystal growth of ZnO by chemical transport”, J. Crystal Growth 86, pp 410-
414, 1988.

K. Matsumoto and K. Noda, “Crystal growth of ZnO by chemical transport using HgCl, as a transport agent”, J.
Crystal Growth 102, pp. 137-140, 1990.

J-M. Ntep, , S. Said Hassani, A. Lusson, A. Tromson-Carli, D. Ballutaud, G. Didier and R. Triboulet, “ZnO growth
by chemical vapour transport”, J. Crystal Growth, 207, pp. 30-34, 1999.

M. Hirose and I. Kubo, “Growth of ZnO Single Crystals by Oxidation of Znl,”, Jpn. J. Appl. Phys. 8, pp. 402,
1969.

Y.S. Park and D.C. Reynolds, “Growth of ZnO Single Crystals”, J. Appl. Phys. 38, pp. 56-760, 1967.

M. Hirose, Y. Furuya and 1. Kubo, “Growth of ZnO Single crystal from ZnBr,”, Jpn. J. Appl. Phys. 9, pp. 726-727,
1970.

E. Scharowsky, “Optical and electrical properties of ZnO single crystals with excess zinc”, Z. Phys. 135, pp. 318-
330, 1953.

K F. Nielsen, “Growth of ZnO single crystals by the vapor phase reaction method”, J. Crystal Growth 3/4, pp. 141-
145, 1968.

K.J. Fischer, “Vapor phase growth of ZnO crystals in an open tube flow system”, J. Crystal Growth 34, pp. 139-
144, 1976.

1. Kubo, “Crystal Growth of Zinc-oxide by Chemical Reaction of Zinc-fluoride with Air”, J. Phys. Soc. Jap. 16, pp.
2358-2359, 1961.

T. Takahasi, A. Ebina and A. Kamigawa, “Vapor Reaction Growth of ZnO Single Crystal”, Jpn. J. Appl. Phys. 5,
pp 560-561, 1966.

E.A. Weaver, “Vapor phase growth of ZnO single crystals”, J. Crystal Growth 1, pp. 320-322, 1967.

M. Hirose and Y. Furuya, “Growth Mechanism of ZnO by Oxidation of Znl,”, Jpn. J. Appl. Phys. 9, pp 423-424,
1970.

K.F. Nielsen and E.F. Dearborn, “The growth of large single crystals of zinc oxide”, J. Phys. Chem. 64, pp 1762-
1763, 1960.

B.M. Wanklyn, “The growth of ZnO crystals from phosphate and vanadate fluxes”, J. Crystal Growth 7, pp. 107-
108, 1970.

Proc. SPIE Vol. 4412




33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.
50.

S1.

52.

53.

54.

55.

56.

G.A. Wolf and HE. LaBelle Jr., “Growth of ZnO single crystals by a traveling solvent zone technique”, J. Am.
Ceram. Soc., 48,8, pp. 441-442, 1965.

J-M. Ntep, E. Dichi, B. Legendre, G. Didier and R. Triboulet, Mater. Lett. to be published

AJ. Drehman, L.O. Bouthillette, P.W. Yip, S-Q. Wang, K. Vaccaro, S.M. Spaziani and C.L. Woods, oral
communication in the International Workshop on ZnO, Dayton, USA October 7-8 1999.

S. Zhu, C-H Su, S.L. Lehoczky, M.A. George and P. McCarty, oral communication in the International Workshop
on ZnQ, Dayton, USA October 7-8 1999.

HXK. Kim, A. Nahhas, E. Kim and B. Lee, oral communication in the International Workshop on ZnO, Dayton,
USA October 7-8 1999.

A. Hachigo, H. Nakahata, K. Higaki, S. Fujii and S.-I. Shikata, “Heteroepitaxial growth of ZnO films on diamond
(111) plane by magnetron sputtering”, Appl. Phys. Lett., 65, pp. 2556-2558, 1994.

K. Matsubara, P. Fons, A. Yamada, M. Watanabe and S. Niki, “Epitaxial growth of ZnO thin films on LiNbO3
substrates”, Thin Solid Films, 347, pp. 238-240, 1999.

B.M. Ataev, LK. Kamilov, A.M. Bagamadova, V.V. Mamedov, A.K. Omaev, M.Kh. Rabadanov, “Epitaxial ZnO
films on non-crystalline substrates”, Mater. Sci. Engin. B68, pp. 56-58, 1999.

R.D. Vispute, V. Talyansky, Z. Trajanovic, S. Choopun, M. Downes, P. Sharma, T. Venkatesan, M.C. Woods, R.T.
Lareau, K.A. Jones and A.A. Iliadis, “High quality crystalline ZnO buffer layers on sapphire (001) by pulsed laser
deposition for III-V nitrides”, Appl. Phys. Lett. 70, pp. 2735-2737, 1997.

R.D. Vispute, V. Talansky, S. Choopun, R.P. Sharma, T. Venkatesan, M. He, X. Tang, J.B. Halpern, M.G.
Spencer, Y.X. Li, L.G. Salamanca-Riba, A.A. Iliadis and K.A. Jones, “Heteroepitaxy of ZnO on GaN and its
implications for fabrication of hydrid optoelectronic devices”, Appl. Phys. Lett. 73, pp. 348-350, 1998.

V. Cracium, R.K. Singh, J. Perriere, J. Spear and D. Cracium, ‘Epitaxial ZnO Films Grown on Sapphire (001) by
Ultraviolet-Assisted Pulsed Laser Deposition’, Journ. Electrochem. Soc. 147, pp. 1077-1079, 2000.

S. Liang, C.R. Gorla, N. Emanetoglu, Y. Liu, W.E. Mayo and Y. Lu, “Epitaxial Growth of (11-20) ZnO on (01-12)
Al,O; by Metalorganic Chemical Vapor Deposition”, J. Electron. Mater. 27,11, pp. L72-L76, 1998.

C.R. Gorla, N.-W. Emanetoglu, S. Liang, W.E. Mayo and Y. Lu, “Structural, optical, and surface acoustic wave
properties of epitaxial ZnO films grown on (01-12) sapphire by metalorganic chemical vapor deposition”, J. Appl.
Phys. 85, 5, pp. 2595-2602, 1999.

G.S. Tompa, L.G. Provost, C. Zhang and N. Glumac, “Rotating Disk Reactor-Low Pressure Metal Organic
Chemical Vapor Deposition (MOCVD) Production of ZnO and Related Films”, oral communication in the
International Workshop on ZnO, Dayton, USA October 7-8 1999.

T. Sekiguchi, K. Haga and K. Inaba, “ZnO films grown under the oxygen-rich condition”, J. crystal Growth
2147215, pp. 68-71, 2000.

K. Haga, M. Kamidaira, T. Sekiguchi and H. Watanabe, “ZnO thin films prepared by remote plasma-enhanced
CVD method”, J. crystal Growth 214/218, pp. 77-80, 2000.

C. Thiandoume, V. Sallet, R. Triboulet and O. Gorochov, to be published

B. Hahn, G. Heindel, E. Pschorr-Schoberer, W. Gebhardt, “MOCVD layer growth of ZnO using DMZn and tertiary
butanol”, Semicond. Sci. Technol. 13, 7 , pp. 788 — 791, 1998.

K. Tamura, A. Ohtomo, K. Saikusa, Y. Osaka, T. Makino, Y. Segawa, M. Sumiya, S. Fuke, H. Koinuma and M.
Kawasaki, “Epitaxial growth of ZnO films on lattice-matched ScAIMgO4 (0001) substrates”, J. Crystal Growth
214/215, pp. 59-62, 2000.

M. Kawasaki, A. Ohtomo, H. Koinuma, Y. Sakurai, Y. Yoshida, Z.K. Tang, P. Yu, G.K.L. Wang and Y. Segawa,
“Ultraviolet Excitonic Laser Action at Room Temperature in ZnO Nanocrystalline Epitaxial Films”, Mater. Sci.
Forum 264-268, pp. 1459-1462, 1998.

A. Ohtomo and M. Kawasaki, “ZnO/Mg,Zn,.,O Quantum Structures”, oral communication in the International
Workshop on ZnO, Dayton, USA October 7-8 1999.

Y. Chen, H.-J. Ko, S.-K. Hong, T. Yao and Y. Segawa, “Two-dimensional growth of ZnO films on sapphire (0001)
with buffer layers”, J. crystal Growth 214/215, pp. 87-91, 2000.

S.-K. Hong, H.-J. Ko, Y. Chen, T. Hanada and T. Yao, “Evolution of initial layers of plasma-assisted MBE grown
ZnO on (0001)GaN/sapphire”, J. crystal Growth 214/215, pp. 81-86, 2000.

A.BM. A. Ashrafi, A. Ueta, A. Avramescu, H. Kumano, 1. Suemune, Y.-W. Ok and T.-Y. Seong, “Growth and
characterization of hypothetical zinc-blende ZnO films on GaAs (001) substrates with ZnS buffer layer”, Appl.
Phys. Lett. 76,5, pp. 550-552, 2000.

Proc. SPIE Vol. 4412




57.

58.

59.

60.

61.

62.

63.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

77.

Y. Chen, D.M. Bagnall, Z. Zhu, T. Sekiuchi, K.-T. Park, K. Hiraga, T. Yao, S. Koyama, M.Y. Shen and T. Goto,
“Growth of ZnO single crystal thin films on c-plane (0001) sapphire by plasma enhanced molecular beam epitaxy”,
J. crystal Growth 181, pp. 165-169, 1997.

Y. Chen, H.-J. Ko, S.-K. Hong and T. Yao, “Layer-by-layer growth of ZnO epilayer on Al,O;(0001) by using a
MgO buffer layer”, Appl. Phys. Lett. 76,5, pp. 559-561, 2000.

K. Sakurai, M. Kanehiro, K. Nakahara, T. Tanabe, S. Fujita and S. Fujita, “Effects of oxygen plasma condition on
MBE growth of ZnO”, J. crystal Growth 209, pp. 522-525, 2000.

S. Yamauchi, H. Handa, A. Nagayama and T. Hariu, “Low temperature epitaxial growth of ZnO layer by plasma-
assisted epitaxy”, Thin Solid Films 345, pp. 12-17, 1999.

S. Yamauchi, T. Ashigaa, A. Nagayama and T. Hariu, “Plasma-assisted epitaxial growth of ZnO layer on
sapphire”, J. crystal Growth 214/215, pp. 63-67, 2000.

K. Iwata, P. Fons, S. Niki, A. Yamada, K. Matsubara, K. Nakahara, T. Tanabe and H. Takasu, “ZnO growth on Si
by radical source MBE”, J. crystal Growth 214/215, pp. 50-54, 2000.

H.-B. Kang, K. Nakamura, K. Yoshida and K. Ishikawa, “Single-Crystalline ZnO Films Grown on (0001) ALO,
Substrate by Electron Cyclotron Resonance-Assisted Molecular Beam Epitaxy”, Jpn. J. Appl. Phys. 36, pp. L933-
1935, 1997.

Y. Chen, H.-J. Ko, S.-K. Hong, T. Sekiuchi, Y. Segawa and T. Yao, “Plasma assisted molecular beam epitaxy for
ZnO based II-VI semiconductor oxides and their heterostructures”, oral communication in the International
Workshop on ZnO, Dayton, USA October 7-8 1999.

T. Khurlodava and T. Butkhuzi, “Optical and electrical properties of n- and p-type ZnO layers”, oral
communication in the International Workshop on ZnO, Dayton, USA October 7-8 1999.

AF. Kohan, G. Ceder, D. Morgan and C.G. Van de Walle, “First-principles study of native point defects in ZnO”,
Phys. Rev. B. materials physics., condens. matter mater. phys., 61,22 , pp. 15019 — 15027, 2000.

P.H. Kasai, “Electron Spin Resonance Studies of Donors and Acceptors in ZnO”, Phys. Rev. 130, pp. 989-795,
1963.

D.C. Look, J.W. Hemsky and J.R. Sizelove, “Residual Native Shallow Donor in ZnO”, Phys. Rev. Lett. 82,12, pp.
2552-2555, 1999.

K. Minegishi, Y. Koiwai, Y. Kikuchi, K. Yano, M. Kasuga and A. Shimizu, “Growth of p-type Zinc Oxide Films
by Chemical Vapor Deposition”, Jpn. J. Appl. Phys. 36, pp. L 1453-L 1455, 1997.

T. Yamamoto and H.Katayama-Yoshida, “ Solution using a codoping method to unipolarity for the fabrication of
p-type ZnO”, Jpn. j. Appl. Phys 38 , 2B, pp. 166 — 169, 1999.

M. Joseph, H. Tabata and T. Kawai, “p-Type Electrical Conduction in ZnO Thin Films by Ga and N Codoping”,
Jpn. J. Appl. Phys. 38, pp. L1205-L1207, 1999.

T. Aoki, Y. Hatanaka and D.C. Look, “ZnO diode fabricated by excimer-laser doping”, Appl. Phys. Lett. 76,22, pp.
3257-3258, 2000.

Y.R. Ryu, S. Zhu, D.C. Look, J.M. Wrobel, HM. Jeong and H.W. White, “Synthesis of p-type ZnO films”, J.
Crystal Growth 216, pp. 330-334, 2000.

N. Stuecheli and E. Bucher, “Low resistive p-type ZnSe a key for an efficient blue electroluminescent device”, J.
Electron. Mater. 18,2, pp. 105-109, 1989.

O. Pagés, M.A. Renucci, O. Briot, N. Tempier and R.L. Aulombard, “, J. Crystal growth 107, pp. 670, 1991.

O. Pagés, M.A. Renucci, O. Briot, T. Cloitre and R.L. Aulombard, “Depth profiling of carriers in ZnSe/GaAs
heterostructures by Raman spectroscopy”, J. Crystal Growth 117, pp. 569-572, 1992.

O. Pagés, M.A. Renucci, O. Briot and R.L. Aulombard, “Raman study of band bending at ZnSe/GaAs interfaces”,
J. Appl. Phys. 77, 3, pp. 1241-1248, 1995.

Proc. SPIE Vol. 4412




