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Solid State Commun. 99, 873 (1996).], zinc oxide is
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(1) Field of the Invention
This invention relates to the formation of high quality zinc oxide films in the fabrication of
electronic and optoelectronic devices, and more particularly, to the growth of zinc oxide on

epitaxial lateral overgrown (ELO) gallium nitride templates.

(2) Description of the Related Art

As a direct band gap semiconductor with a room temperature energy gap of 3.37 eV, zinc
oxide presents interesting electrical, optical, acoustic and chemical properties, which may find wide
applications in the fields of optoelectronics, sensors and catalysis. With a large exciton binding
energy (60meV) [R. D. Vispute, V. Talyaﬁsky, 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, Appl. Phys. Lett. 73, 348 (1998).] and low power thresholds [D. C. Reynolds, D. C. Look,

and B. Jogai, Solid State Commun. 99, 873 (1996).], zinc oxide is also being considered as a

promising material for UV and blue light emitting devices.[] M.H.Huang, S.Mao, H.Feick, H.Yan,



promi sing material for UV and blue light emtting

devices.[ MH Huang, S.Mao, H Feick, H Yan,Y. W,
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and Y. Segawa, Mater. Sci. Forum 264, 1459 (1998).; D
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K. L. Wang, and Y. Segawa, Mater. Sci. Forum 264, 1459

Mater. Sdi.ll288h.264D149 (182)ndD.IM. Bagifall, ThEnChen, ZZRhwy, TFYaVaS Kgyama, M.
Koyama, M Y. Shen, and T. Goto, Appl. Phvs. Lett. 70,

Y. Shen, %8@@“ Go28 Appl. MivsSLétkamt 2230 (1907yDp, EmtagiaDzinRoxidk dilte, have been

. Am Ceram Soc. 78.1931 (1995).] despite the high
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i on of °ron,” or copper to the
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70, 5005 ST LR A, 4 el 85 IO 1005

al . have reported the epitaxial growh of zi nc oxi de
despite ﬂ@ﬁngj)almsmmhrhef"(@eééhe "'Y‘ﬁlsgm&%‘%l natg ion is very
interesting since the lattice m snmatch between these
two materials is as low as 1.9% However, because of
the large dislocation density (~109 cm 2) in the
Ugal Ratents 5j560j5d@ agd SB26¥9 7ctos Kpikki eteal digpass growing zinc oxide on a

sapphire substrate. These patents teach the addition of nickel, iron, or copper to the zinc oxide to
improve lattice orientation. U.S. Patent 5,815,520 to Furushima also teaches growing zinc oxide on

sapphire.

Similarly to gallium nitride, zinc oxide has a wurtzite-type crystalline structure. Vispute et
al. have reported the epitaxial growth of zinc oxide on gallium nitride. This combination is very
interesting since the lattice mismatch between these two materials is as low as 1.9%. However,
because of the large dislocation density (~1 0° cm™) in the gallium nitride grown on c-sapphire, the
as-grown zinc oxide films on gallium nitride are known to contain a high density of defects, which
mainly include threading dislocations. Thus, it is important to obtain zinc oxide films with high
crystalline quality and low dislocation density for the realization of high-efficiency zinc oxide

devices. U.S. Patent 5,679,476 to Uemura et al discloses epitaxially growing a non-defect layer on



as-grown zinc oxide filnms on galliumnitride are known
to contain a high density of defects, which nmainly
w0 p@i7aeBa9é hr eadi ng di sl ocations. Thus, it is | PEDSGZNT/000117
to obtain zinc oxide filnms with high crystalline
qual ity and | ow di sl ocation density for the
realization of high-efficiency zinc oxide devices.
U S. Patent 5,679,476 to Uenura et al discl oses
epi taxi al | owi ng a non-def ect er ona substrate
a substratey &) SPRaten 6.8 G5, B19 Gt o GEIn gl SARHE NG oG P Pmssubstfafe
galliumnitride on a substrate. U S. patent 6, 62?
U.S. patetics, Kt 47860 Kato etpil episaxidlly\erepvomac oTide opgigghiugpnifrde layer Kato et
galliumnitride layer. Kato et al uses a growth
al uses a $tUvEh sabseratsheletin aaplpfalityas thy (6F01) kerf{coerr)aligned Hcegequence of
are aligned in a sequence of terraces at an

terraces at ﬂ?in’cﬂﬁfubﬁ An@B ek €.1ab 0. degtee vathaeshegrte ehagrbivingesplet The quality
he growi ng surface. The quality of Kato' s ZnO is not

of Kato’ sain(lj'lg lﬂota§s B%ﬁ AUR hatitPlof teZ40 Gridedd 6@ adhbyrdchs of the present
process of e present 1nvention. The epitaxia

Iateral overgrow h (ELO nethod relies on selective

epi taxy and growt h ani sotropy, which significantly

reduces the dislocation denS|ty of galliumnitride

fron1108 10 to 106 7 cm 2 . T. Ni shi naga,

lf\:glc(a?(n égtgg\(li%vég?ov&h m% @Fpt?xﬂi P‘gi/egn%n rsele&@zg {g%t%%g )and growth

Da Vi s, Phvs. Lett. 71, 2472 -7
anisotropgt w]aph ﬁggﬁ@cgﬁbﬁé@ggs ]bgéléstlocegpﬂ giqﬂs fg &l@lm nltng grom 105190 10%
(FACELO t hrough vari ous growth paraneters to z
2 [ TiMishigagil iNdkace ) S.Zhanga Mere! - Appldbys 27 Ik%ﬁ“r(éa%&g' tSh heleva, O.-
di sl ocation density to the sane |evel. £4
H. Nam, ¥1.|Iy.eRieinker, add RMB.eldayis, Appld Rhyk & etirtl, R47 (];93&)3} SSQHQW et.al have
J . Appl. Phvs. 40 L309 (2001)] Thus, it is prom sing
proposedt Padét-Cbhtzlel NELOT TR0 -ittirpuh @agrais| gmmthgaramﬁers dgo control the
obtain zinc oxide filnms with | ower

growth facets) and also successfully reduced the dislocation density to the same level. [Y.Honda,

invention,

Y .Iyechika, T. Maeda, H. Miyake and K. Hiramatsu Jpn. J. Appl. Phys. 40 1.309 (2001)] Thus, it is
promising to utilize the high-quality ELO gallium nitride to obtain zinc oxide films with lower
defect density. In this invention, an epitaxial growth of zinc oxide films using FACELO gallium
nitride template on sapphire (0001) is reported. By employing SiO; as a mask layer, the selective
growth of zinc oxide films has been realized. Electron microscopy studies show the films are
single crystalline structures with low dislocation density. Photoluminescence (PL) spectroscopy
demonstrates a strong ultraviolet (UV) peak from the zinc oxide. The green emission is also

effectively suppressed by the high crystalline quality of zinc oxide.



defect density. In this invention, an epitaxial growth
of zinc oxide filnms using FACELO galliumnitride

wWao esophzi4e6 on sapphire (0001) is reported. By en@i/egro0g000117
Si2 as a mask layer, the selective growth of zinc
oxide filnms has been realized. Electron m croscopy
studies show the filns are single crystalline
structures with [ ow di sl ocation density

Phot ol um nescence (PL) .spectro ate
Poigniighgpriicetiansi ol 18 Mgvorp ik *ﬁ?ﬁ%ﬁ@?‘}f? ﬂligth@ timg fligdes, laser
green emssion is also effectively pressed by the
diodes capabigh of ppgting bluaend gzgentlighb fing piher @Rﬁl(’dtg eloglranes %ﬂphcatwns Other
applications of the invention include UV detectors,
applicatiohs gleé irefide tiangpasknbeteslpctbasdieledirios eyl ségyablle of
emtting blue and green |light and other optica
el ectronics applications. O her applications also
i nclude transparent conductors, dielectrics and sol ar
cel I's. SUMVARY (ohvilHR ¥ BYENTEGNVIENTION herefore a
princi pal object of the present invention to provide a
new nmet hod of fabricating a zinc oxide sem conductor
epllayer on a patterned galliumnitride tenplate. It
her ob
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met hod of fabricating a zinc oxide sem conductor |ayer
is achieved. An underlying galliumnitride |ayer is
covered with a mask that includes an array of openings
therein. An overgrown galliumnit em conduct
It fseapether gbipg ok lavﬁntlﬁeg Wﬁ.%ﬁﬂﬁgﬁ fs‘EtWHP% P e Oxide substrate
| ayer through the array of openings. Zinc oxide is
wafer that iatseitabll¢ fpr grdusimial zinc oxide fabrication.

In accordance with the objects of the invention, a new method of fabricating a zinc oxide
semiconductor layer is achieved. An underlying gallium nitride layer is covered with a mask that
includes an array of openings therein. An overgrown gallium nitride semiconductor layer is formed
on the underlying gallium nitride layer through the array of openings. Zinc oxide is laterally grown
on the overgrown gallium nitride semiconductor layer to ferm a continuous overgrown single

crystalline zinc oxide semiconductor layer.

Also in accordance with the objects of the invention, an electronic or optoelectronic device
is achieved, comprising: an underlying gallium nitride layer having a predetermined defect density,

an overgrown gallium nitride layer contacting the underlying gallium nitride layer through an array



on the overgrown galliumnitride sem conductor | ayer

to forma continuous overgrown single crystalline zinc
wo@ziode2yesén conduct or | ayer. Al so in accor dancerP@i/s&200te00117

objects of the invention, an electronic or

opt oel ectroni c device is achieved, conprising: an

underlying galliumnitride | ayer having a

predet erm ned defect density, an overgrown gallium

_nitride |ayer contacting.the underlyin L1ium. .
of openings b+ sk B AR ek S A St e resting
wherein ( 1122) facets formin the overgrown ga%&k%géWcoxMe

in a lowaridefecti derisity dirany the piredetpgmingd slefegtudensiiar @ EPntHRALT
the predeterm ned defect density, a continuous film of
layer ovedliying tloxoctegrbay eelliowenitydergydr femune » gingvwridgateniieaaductor layer, and
nitride layer formng a zinc oxide sem conduct or
an optoelb@b@lc, ordiBroaRRcediiio éveed ihal entnusseinselxatst seomiondadei lgyer.
in the continuous zinc oxide sem conductor |ayer.
BRI EF DESCRI PTI ON OF THE DRAW NGS | n t he acconpanyi ng
drawi ngs formng a material part of this description,
there is shown: FIG [Aillustrates the cross

sectional vigptEphETraraMN ©PfHB DROVINGS oxi de
sem conductor structure fabricated according to the

present invention. FIGS. IB and 1C show two schematic
cross sectional views of the ZnO contai ni ng conmpound

senm conduct.or ,devi ce._accor di_ng. ' L. . .

. .t h :

iR ORGSR 4R T REECh Mol BBl deleriptign, there is shown
6 illustrate the cross sectional views of each

internedi ate fabrication step of the exanple in FIGI.

FIGS. 7A and 7B show the cross-sectional fca nin}gLO . de
FKi.&8t Hbrtraee B copy @@@Walaﬁ’&% (e ppxample of a zinc Oxi

semiconductor structure fabricated according to the present invention.

FIGS.1B and 1C show two schematic cross sectional views of the ZnO-containing

compound semiconductor device according to possible applications of the present invention.

FIGS. 2 through 6 illustrate the cross sectional views of each intermediate fabrication step

of the example in FIG.1.

FIGS. 7A and 7B show the cross-sectional scanning electron microscopy (SEM) and the top

view SEM images, respectively, of the zinc oxide/ELO gallium nitride grown for 30minutes.

FIGS. 7C and 7D show the cross-sectional SEM and the top view SEM images,

respectively, of the zinc oxide/ELO gallium nitride grown for 40minutes.



vi ew SEM i mages, respectively, of the zinc oxide/ ELO
galliumnitride grown for 30m nutes. FIGS. 7C and 7D
WG h@w1233e6 cr oss- sectional SEM and the top vi ewSEM2007/000117
i mages, respectively, of the zinc oxide/ ELO gallium
nitride grown for 40mnutes. FIG 8A is a high
resolution transm ssion el ectron m croscopy (HRTEM
i mage and the correspondi ng SAED pattern of zinc
oxide/ ELO galliumnitride interface. FIG 8B is a
Cross- sectional transm ssion el ectron mcroscopy (TEM
i mage with = 1100 near. the |nterface of
Fl@u%ﬁa@@atewlumrhtrwna@wnﬁ esirag icresePY g@?rfEM) image and the
tenperature mcro-PL s ectra taken fromtwo different
corresponkliay SAED ghtterh of zinn oxidwi Bled Eplbngaiiiridamipifacei de. FIG 10
is the X-ray diffraction w 2q scan of the epi-zinc
oxide /ELO galliumnitride /sapphire (0001)
heterostructure. FIG 11 A shows the AFM of the

F]ﬁ3 éBZ1[§|% rc?% Sg&IOQlﬁl &%Ewﬁ%@n Qb Biftobdob H €TEMY fllﬁ%- v(s;irt]h g=1100

he as grown zi nc OXi
d face. Inset shows the SEM
n%“ﬂWI@FH% %?&g@ %P%%ﬁo the two different sanples.
DESCRI PTI ON OF THE PREFERRED EMBODI MENTS Zi nc oxi de
films have been successfully grown on the ELO gallium
nitride tenplates of the present tion. . fth
FI&i- ghisghareany teoprsrefare) isra-ht- tSPede ‘iag ﬁg:a w8 4 f‘éf‘ﬁwreglons ot the
zinc oxide filnms with | ower defect density.
zinc oxid#HiLCheallmon eitridonpared to the conventional single
crystalline zinc oxidesubstrate growmh by the
hydr ot hermal net hod, the present invention can easily
be used to get a 2-
FIG. 10 is the X-ray diffraction ®/20 scan of the epi-zinc oxide /ELO gallium nitride

/sapphire (0001) heterostructure.

FIG. 11A shows the AFM of the epi-zinc oxide on the ELO gallium nitride surface.

FIG. 11B shows the AFM of the as grown zinc oxide on c-plane gallium nitride surface.

Inset shows the SEM of the same surface area of the two different samples.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

Zinc oxide films have been successfully grown on the ELO gallium nitride templates of the
present invention. The high-quality ELO gallium nitride is used to obtain zinc oxide films with

lower defect density. Furthermore, compared to the conventional single crystalline zinc oxide



inch and 3-inch zinc oxide substrate wafer. As such,
the proposed nethod of fabrication is also suitable

wo ooo7itzdect ri al zi nc oxi de fabrication. The preEDS€Z)07/000117
nmet hod for the growh of zinc oxide films on ELO
galliumnitride is described as follows: A 1-2mm
single crystalline galliumnitride | ayer grown on any
substrate, such as sapphire, by any well known nethod

st g5bbor B ooty SRS B S be D w2
. pl asma_enhanced chem cal vapor deposition (P at .a .
inch and tleingk zincurdosubsiseatvaigode wrn tthe PERPssdume PE %@mﬂom is also

(0001) surface. Then the SiQ2 mask is patterned into
suitable fot indpesgalamincentideofabmcation. gal | i um nitri de <1100>
direction by conventional photolithography. Next, the
galliumnitride is re-grown by netal organic chem cal
vapor deposition (MOCVD) with trinethyl gallium (TMz)

TROGr&f BB ingetif SdHfor w@e%gaal 90 Uiesxiflorfilis andINP gailium nitride is
H2 "as a carrier gas. xt, the ELO gal lium

describeﬁstf‘ohgﬁé;sapphi re substrates are put into a tube
urnace to grow zinc oxide filnms by chem cal vapor

deposition and condensation of Zn (99.9% purity)
powder in the presence of oxygen. It is found that the

AC08 L4 L SSS0EE RIS Ao B, s s s
by any vielghem GRIFA T 0 PReAgEs (O 0B rae: PBRIGH 1ERpr depositon
(MOCVI%}FSZhSi;;%Q;(Liaerrt isI aepnogittédc %91 ;t)larl]s?rtla terrlll?anicgc} %ﬂesrimtcgl %potrhgeposition
(PECVD) at a temperature of about 280°C on the gallium nitride (0001) surface. Then the SiO,
mask is patterned into stripes oriented in the gallium nitride <1T00> direction by conventional

photolithography. ~Next, the gallium nitride is re-grown by metal organic chemical vapor

deposition (MOCVD) with trimethyl gallium (TMGa) and ammonia (NH3) used as sources for Ga

and N, with H, as a carrier gas. Next, the ELO gallium nitride/sapphire substrates are put into a
tube furnace to grow zinc oxide films by chemical vapor deposition and condensation of Zn (99.9%

purity) powder in the presence of oxygen.

It is found that the photoluminescence from the zinc oxide films is centered at 379nm at
room temperature. The luminescence from the zinc oxide films is in the UV region, which is
suitable for the fabrication of UV LEDs. Further, it is noticed that the intensity of the green band in

zinc oxide PL spectra is very low as shown in Fig. 9B suggesting a low concentration of defects in



zinc oxide PL spectra is very low as shown in Fig. 9B
suggesting a | ow concentration of defects inthe

wo abriizabed zinc oxide films. This is because BCESG2007/000117
em ssion in zinc oxide is normally ascribed to the
oxygen vacancies and/or interstitial zinc ions in a
zinc oxide lattice. The present invention is now
described nore fully hereinafter with reference to the

the ebricf R GHEBHE LIPS SO, HNG Ht BRETOR Ty ey Bp gy asoibed
enbodi ed in many different forns and shoul d not be
to the oxyesefngacau@es s/ qrilpisEdal ZNCHPRS 1B ABHYi %bq’?tslét%g%t forth
herein. In the drawi ngs, the thicknesses of |ayers and
regi ons are exaggerated for clarity and are not drawn
to scale. Referring nowto FIG |A ELO zinc oxide
TiRt presdntriasermionoisdnay descritké poresBily hergiafteromvithy eeference to the
illustrated. The ELO zi nc oxide structures 100 include
accomparfinpURaknat in kotich dBodinbst batie inegntibes a@mhhivneThis invention may,
Silicon, SIiCor any other suitable substrates.

however, BV diedPine hRh AR Yoret SARPARAL Shd @ADL} b8 WaakthrteasliBihed to the
is used and a low tenperature galliumnitride buffer

embodim-l:lrﬁél es%:t 0t Hefeif' hé %Exbﬁgé apRhii&nsssRs tdrale®ersOdidl regions are
e abL!F?thon 0 hsubstra g 101 is well known to
t hose, ski in e ar nd need not be descri bed
e“ggaa$€8¥ﬁg¥ﬂy%HEHEBQF%§W%§)%%@Iiun1nitride | ayer 103 is
al so grown on the buffer |ayer 101b on top of
iggstratg 181a. The underlying galliumnitride |ayer
- may be between about 1.0 and 2.0 thick, and.may..
Referripg o Fdng Hdd? g8C g FUirish F%CO?#%*%@‘F P&%SB%‘H“V%“"H are
. deposition (MOCVD). The underlying aIIiun1nitrid%
illustrated. aybe Egéheinal axjdengigictimesy Hfedirudg ar%‘gatf@teépgf- hitgrsubstrate may be
defect density, for
sapphire, silicon, SiC or any other suitable substrates. However, preferably, a sapphire (0001)

substrate 101z is used and a low temperature gallium nitride buffer layer 1015 is grown on the

sapphire substrate 101a.

The fabrication of substrate 101 is well known to those skilled in the art and need not be
described further. An underlying gallium nitride layer 103 is also grown on the buffer layer 101b
on top of substrate 101a. The underlying gallium nitride layer 103 may be between about 1.0 and
2.0 pm thick, and may be formed using heated metal organic chemical vapor deposition (MOCVD).
The underlying gallium nitride layer generally has an undesired relatively high defect density, for
example dislocation densities of between about 10% and 10'° cm™. These high defect densities may

result from mismatches in lattice parameters between the buffer layer 1015 and the underlying



exanpl e di sl ocation densities of between about 108 and
1010 cn2 . These high defect densities may result

wo e@mm4gérat ches in |attice paranmeters bet weenP€Ti8G2007/000117
buffer layer 1A b and the underlyinggalliumnitride
| ayer 103. These hi gh defect densities may inpact
performance of mcroel ectronic and optoel ectronic
ggVIEeS in tEﬁG?nderlying galliumnitride |ayer 103.

) As shown in TA sk. such as a_ sil.Jcon di oxi .
sallium nisgdRloygs) (5 Tsoeh detiehnninae oy np s Bt ffies pf HiSeteotrone
|l ayer 103. The mask 105 includes an a{ ay of openings

and optoelderomic deviPpsah deandprlying galpeiiings layee ‘i% ri pes that
extend al ong the <1100> direction of the underlying
galliumnitride layer 103. The nmask 105 may have a
t hi ckness of about | OOnm and nay be forned on the
AYRHENH Vih TIGIBA,| & Umaski $uchdes b ajleon 1di8xids imapkpl s g formed on the
enhanced chem cal vapor deposition (PECVD) at about
underlyingsgﬂl%m Theideaglker1053. mpheb@agal 0% indaties sinngrrsyt afidapedings therein.
hot ol i t hogr aphy tzchniques and etched in a buffered
YRES Lided ) RRhUtASHR: thel GTObA @lesfon of the underlyin
Pmﬂﬂmjﬁl?ﬁ§%&§@g%%g§?%%%2}a%acetg éﬁ%iﬁnnni?ride | ayer 109 e

gallium n%ﬁgé!\?ap{f rgﬁg]h t?ﬁ% HRPsHS Ha&%agég k4B di7ab8& lodMBrand@day be formed

€ array of openings in w ndow area

107(see FL.G 3)., The zi.nc_pxi de ' 4
on the “%‘f‘ir]éf&gug%ﬂ% GHZHdg ;EaYeﬁ E’:Ug)d%séngz P%Eﬂl%m ge I g% g %HII%EF R,?pog deposition

that is grpwn by chem cal vapor deposition, and -
(PECVD) gk ebestt TH0Mke. GRiciarlay by ma Of HAICBST Sg ARG ppgolithosaphy

~ fromthe {112 2 } facets galliumnitride |ayer 109.

techniqueFhaad pahed a2 buiffsecddwripdluegy a¢id|(HF) 9408y be for med

usi ng vapor phase epitaxy (CVD) as described below. As

used herein, the term"lateral" denotes a direction

parallel to the faces of substrate 101.
FIG.1A also illustrates a {1122} facets gallium nitride layer 109 grown from the underlying

gallium nitride layer 103 and through the array of openings in window area 107(see FIG. 3). The
ELO zinc oxide semiconductor structure 100 also includes zinc oxide layer 111a that is grown by
chemical vapor deposition and a lateral zinc oxide layer 1115 that extends laterally from the {112
2} facets gallium nitride layer 109. The lateral zinc oxide layer 1115 may be formed using vapor
phase epitaxy (CVD) as described below. As used herein, the term “lateral” denotes a direction

parallel to the faces of substrate 101.

As shown in FIG.1A, lateral overgrown zinc oxide layer 1115 coalesces at interface 111a to
form a continuous single crystalline zinc oxide semiconductor layer 111. It has been found that the
threading dislocations in the lateral grown zinc oxide layer 111 will be bent into the lateral

direction even though some threading dislocations will remain and go through the top zinc oxide



As shown in FIG IA Ilateral overgrown zinc oxide
| ayer 1116 coal esces at interface Ill ato forma
we@onritzs4eas single crystalline zinc oxi de sen PORNSGOTN00117
layer 1 1 1. It has been found that the threading
di slocations in the |ateral grown zinc oxide layer 111
will be bent into the lateral direction even though
fgnetthreading dgslocations will remain and go through
~the top zinc oxidesurface i.n the w W. .
surface inthe WingPoRG LRIBAL B PRboR AT SaY SR iR Eyower defect
| ower defect depsi for exanple |ess
density, fo&manpﬂiedgﬁlsyhattlﬁgcm%\%/ éﬁ@rdiWértg?pkNﬁﬁaleVﬁﬁgtrg‘%l aé‘gpg% iay'ef 111bis
11\b is of device quality. Referring nowto FIGS. 2-5,
of device gwdliods of fabricating ELO zinc oxi de sem conduct or
structures according to the present invention will now
be described. As shown in FIG 2, an underlying gallium
nitride layer 103 is grown on a substrate 101. The
RFYBRE M 14 OfIamY2-5Nehdiidls aofsapfbiting BOOO Zjncseridd sahonductor
10 1a and a | ow tenperature grown galliumnitride

su'ucturesbéélfcﬁrﬂ{n WY 8le %x@ ¢ NGO Will §16Re batddERite800856AGK in FIG.2, an
galTiumnitride buffer |ayer 1015 nay be deposited on

underlyin% Eglliﬁﬁlgrﬁ%ﬁege@fes lfﬁ% gs?%rgwflr Qfa siulglstﬁtecfdld el sj_ubé’tﬁ‘a% i@lailrlay include a

nmetal organi ¢ chem cal vapor

. deposition ) . System to 30~ -+ hj
sor 0SSR G SR it st B 00 e
I C and, may_pe gro at ratyre, of .a -
low tempaiabes (06155600 51 SPHET B Qe Bt 0L AL R i (hesapphie
buffer layer using any well known nethod such as .
substrate rt@!l@om arcolse gxfﬁlemm%lyal@mé)lgtWﬁVd he \;Jéﬁs r O1SALE echemlcal vapor
~ epitaxy (HVPE) and netal organic chem cal vapor
depositionl OEMID oty steMOPUD)30~ e frm thich gTheneatin pitride, lygmBrmay beetween
galliumnitride layer 103 is nasked with a mask | ayer
1.0 and 2.0 pm thick, and may be grown at a temperature of at least 1000°C on the low temperature
gallium nitride buffer layer using any well known method such as molecular beam epitaxy (MBE),

hydride vapor phase epitaxy (HVPE) and metal organic chemical vapor deposition (MOCVD).

Referring to FIG.3, the underlying gallium nitride layer 103 is masked with a mask layer
105 that includes an array of openings 107 therein. The mask layer consists of a material (e.g. Si10,
or SixNy) that does not allow the growth of subsequent gallium nitride that is deposited on it; i..
selective to the deposition of gallium nitride. That is, GaN will only grow on the opening area 107
and will not grow on the mask materials 105. For example, SiO, or SiN can be used for the mask.
The mask layer may have a thickness of about 100nm and may be formed on the underlying
gallium nitride layer 103 using plasma enhanced chemical vapor deposition (PECVD) at 280°C.

The mask 105 may be patterned using standard photolithography techniques and etched in a
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105 that includes an array of openings 107 therein.
The mask |ayer consists of a material (e.g. SiQ2 or
wW®ERooRK234pdat does not all ow the growth of subsegIeG2007/000117

galliumnitride that is deposited on it; i.e.

sel ective to the deposition of galliumnitride. That
is, GaN will only grow on the opening area 107 and
will not grow on the nmask materials 105. For exanple,

SiOor SINC be used for the mask. The Kk . :
buffered hggorfiatie 28k QT PHSLER o PUEBSTE TR B o e PP Fighjne wsing
on the underlyin alliumnitride er '

Reactive Igh m@%&g&d&%@@up@&é%s%@y %t%lr}go%@é%%e gped. Inone
2800C. The mask 105 mmy be patterned using standard.
embodimguhdhobpeniragrlap ke dree idepleng thadl REHEgchion embiberadelying gallium

hydrofluoric acid (HF) solution. Oher conventi onal
nitride lay@Bl R AThstatio cdsvidihyofetecgnlingn mstidg wiRglaet dreeetol tha SEPcHinggrea can
(RIE) or Inductively Coupled Plasnma (I CP) etching may
be definesSAyRAIILS Bior tofueher Redpeshgahd stnichee opgbeé diped Gi7a 50% buffered
3nm wi de al ong the <l TOO> direction on the underlying
hydrochlogi@'a]lcﬂdtt@dﬂ kRS th FHESve b0Face Uxedek Bbrhied 0h thd wHdarl gibig fghiéium nitride
galliumnitride window area to the SiG2 wing area can
1ayer103.be defined as any value. Prior to further processing,
the structure nay be dipped in a 50% buffered
hydrochloric acid (HO) solution to renove surface
oxi des fornmed on the underlying galliumnitride |ayer

103. Referr] now to. F1G 4. the. ' '
Reipiting dgvl Ay 1158 i e JUGHE DR 0 pg G hldien the amay
openi ngs 107 to form {112 facet [ itri
of openinglyl67 19 Goaala2) | Pe FremB GnrgE e PP bt H underlying
103 and through the array of openings in w ndg [
gallium nitGde 10hend lxodh thacery of opeingsh Windey deca) /e Fﬂ'igéief?éyface‘fs F
be grown using MOCVD at about 900-9500C and with a
gallium nidtiés Buyerel (9nmay be grown using MOCVD at about 900-950"C and with a pressure in

the range of 200-500 Torr. Precursors of trimethylgallium (TMGa) at 80pmol/min and NH; at
around 11 slm may be used to form the gallium nitride layer 109. If gallium nitride alloys are
formed, additional conventional precursors of aluminum or indium, for example, may also be used.
Triethylgallium (TEGa) or ethyldimethyl gallium (EDMGa) can also be used as group I
precursors, while dimethylhdrazine ((H 2N 2 (CHs)). 1,IDMH,) is preferred as a N precursor. The
ELO gallium nitride layers are grown by controlling the facet planes via choosing the growth

temperature and the reactor pressure. The typical growth temperature and reactor pressure used for

achieving growth on the desired facet planes are 900~950 Canda pressure with the range of 200-
500 Torr, respectively. The original serrated ELO gallium nitride stripe 109 has a height of 5 pm

and a width of 7 pm, for example.
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the range of 200-500 Torr. Precursors of

trimethylgallium (TMz) at 80mmol/m n and NH at around
wda2@m743weray be used to formthe gallium nitriPBPer/bayer/000117

109. If galliumnitride alloys are fornmed, additiona

conventional precursors of alum numor indium for

exanpl e, may also be used. Triethylgallium (TEGa) or

et hyl di et hyl gallium (EDMz) can al so be used as

r LI . Whil e dipeth .
By S o B DA, BB £ o

al lrum t ;
gallium nitfige g@@@?mq@pg’:ﬁ éé’l ef/iegp‘?a?%/ﬁefréﬁy’rafr@%k r %\é\pf?@(?\%%g%gﬁ%gﬂilgltl%gléde an array

and the reactor pressure._The typical growth
of openirtge nifer thiatu pxtcah dlangaeither Bt @Bsar &1 LA ﬁ!ﬁ’r opsnings; @i fagn striped
gromh on the desired facet planes are 900-950 C and a
patterns. pressure with the range of 200- 500 Torr
respectively. The original serrated ELO gallium
nitride stripe 109 has a height of 5 nmand a w dth of
7 mm for exanple.lt is also understood that |atera

REEME v td WRG i HRCEL ONSUITRY nRAdYSHEhie shisstEiedrre put into a tube
overgrown galliumnitride sem conductor |ayer.

furnace tc‘)ggrr%g\jy;i.gg Bl B eY fé%itcﬁia\)’apgled LiSh R8E cbich M GE ZAbowder in

a o op$n|ngs at “extend al ong either <l TOO>
or < >, openi n f A p e
the preseR%q; é’% (rjqx/%%enn Oh e op(ﬁt]&u%i’s gf(ﬁxgh Ecﬁgﬁé 21{11?(!' ﬁrﬁnﬁle ﬂ%r i '@r causes lateral
ni tride/ sapphire sybst.rat are put into.a.t : :
overgn b g bR B A Sl SRt Ot sin i
_  _deposition and condensatjon of Zn. powder. in the iy
(1120) opbNBribes GP Gk gL A TG SORIE GG PR PHEEL Yy deposiion
oxide layer | | | causes |atera
and condensation of Zn (99.9% purity) powder in the presence of oxygen. An alumina boat with
Zn powder is placed at the center of a quartz tube and purged with Helium (99.999% purity)
flowine at a rate of 100 standard cubic centimeters per minute (sccm). The furnace temperature is
g p (scem) p

increased to around 750°C~850°C, and oxygen (99.99% purity) flow is introduced to the tube

reactor at a flow rate of 10~100 sccm, and preferably 10~20 scem.

The O, is mixed with He gas and the flow is maintained throughout the whole reaction

process. Pictures of the zinc oxide layer for 30-minute growth and 40-minute growth are shown in

FIG. 7.

Referring now to FIG.6, lateral overgrowth is allowed to continue until the lateral growth

fronts coalesce at interfaces 111a, to form a continuous zinc oxide layer 111. The total growth time
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overgrowt h of zinc oxide on the underlying gallium
nitride layer 109, to formlateral zinc oxide ( 1120)

wo 2wet1s34h4 The growth of the zinc oxide | ayer BAK8G®7/000117
formed by chem cal vapor deposition and condensati on
of Zn (99.9% purity) powder in the presence of oxygen.
An alum na boat with Zn powder is placed at the center
of a quartz tube and purged with Hel i um (99. 999%

oy v b B By P U gt e

is increased to around 750C~850C &nd ox&gﬁn %9& (;99% tes
exanmple, g expesppentplghickaess A 3-3 AL WES FHIFVRS AHEFeRTP BBy 0530 ginutes.
flow rate of 10-100 seem and preferably 10-20 seem
The O2 is mxed wwth He gas and the flow is maintained
t hr oughout the whol e reaction process. Pictures of the
AsZétioonOixil 6. IByretcrdetecirdtic rand uiptoedeetranin davivest oayi then be formed in
gromh are shown in FIG 7. Referring nowto FIG 6,

regions 11I 13t SedlceOMmey glsoBE Foringd &l tegivad 1t o itdesitédiue until the
| ateral gromh fronts coal esce at interfaces 1llla, to
forma continuous zinc oxide layer 111. The total
growth tinmemay be approxi mately 60 m nutes. The ZnO

E}Ialmlg[nst D X Pe S8l BndRRED esOfkel A& cHbMLBlol. MEFIGFSOr 1B and 1C

e, an experl msnta h| ckness of 8.9 mm was

schematically 's_-l?c\é? Ztn %erng tor Eﬂa‘;{?eso a:cgr%%rg'eﬁ%uheénbﬁﬁméﬁqymhe present

C ronic an ectroni c devices

may .t hen e for Vi C

invention (SR EHEE T P TBOR 17 ST i O HRE Al B 1 5% shown in
seni conduct or deV| ces are descri bed bel ow. FIGS.

FIG. 1A igpmitted byehangsimplar 1eferenss $ZnO seni conduct or

devi ces according to an enbodi nent of the present

In the semiconductor device shown in FIG. 1B, a GaN layer 101 is formed on the sapphire
substrate, and thereon the p-type GaN single crystalline templates (103 and 109) and the n-type

ZnO single crystalline layer 111b are grown sequentially.

The n-type ZnO single crystalline layer 111b is a ZnO single crystalline layer having a film
thickness determined by the requirement for coalescence of the ZnO grown from the GaN ridges.
The ZnO is doped by a group 1II element such as gallium (Ga) or aluminum (Al) to a concentration
of about 10'® cm™. Part of the n-type ZnO single crystalline layer 111b is removed to enable the
formation of the p-type contact with GaN 113. A first electrode 112 is formed as the metal contact

to the n-type ZnO.
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i nvention. Explanation for elenents used in FIGS. IB

and 1C that are identical to those shown in FIG IAis
woeornzddby giving simlar reference synbols. PET/8GmE07/000117

sem conductor device shown in FIG IB, a GaN layer 101

is formed on the sapphire substrate, and thereon the

p-type GaN single crystalline tenplates (103 and 109)

and the n-type ZnO single crystalline layer 11llb are

grown sequeptially. The n- e.Zn { ngl . '
oo Jorh ohanceenfist dFgr S S0R A SNEE, BT, LyBg1 1o end
filmthi ckness determ ned by the re uiremetbf r o
the first cingtapdsstldnt & BRTTRRS PG TSThFIoRoRR tiAS CINEA YRS xafpigle, indium
ZnO is doped by a group Il elenment such as gallium
(In) and alW@aipumr(A8l umi num (Al) to a concentration of about 10
18 cm3 . Part of the n-type ZnO single crystalline
| ayer 111b is renoved to enable the formation of the
p-type contact with GaN 113. A first electrode 112 is
Af M—{@Qﬁ(ﬁﬁ id pemRBt R fe@nigclor taarhple, a-p-yype A layerot@fehaving a
to Torm ohm c-contact between the n-type ZnO single

thickness©FX g6 ki ne layer 11Ib and the first electrode 112, it
'S prefuerable that the first electrode 112 is forned
by, for exanple, indium(ln) and alum num (A). A
pn-junction is fornmed by formng, for exanple, a

p-type N .| r. 103 Vi t hi f
A&egé@o?ja%@fsﬂif? di fimffﬁaﬁns@?e&?tﬁle%f BBl gt o R Pype CaN
expose - i i
sl crf AR RS, B oL PR B R! B spsan
GaN si :
layer 103 and t?lle rs]gcloﬁd %{e)c/:tsrggel lliBr] ?netal such as nickel (Ni), platinum (Pt), palladium (Pd),

gold (Au), etc., an alloy of two or more of these metals, or a multilayer stack or these metal films is

used.

In a semiconductor device as described above, a positive voltage is applied to the second
clectrode 113 relative to the first electrode 112, to allow a forward current across the pn-junction.
Recombination of electrons and positive holes in the region of the p-type GaN 109/n-type ZnO
111b interface, or the like, produces light emission. It is possible to use the resulting device as a

light emitting diode.

In the semiconductor device shown in FIG. 1C, a GaN layer 103 is formed on the sapphire
substrate, and thereon the ZnO 111b grown on the GaN ridges 109 is used as the substrate for the
further device structures. The n-type ZnO 114, ZnO/Mg/ZnO quantum well structures 115, and p-

type ZnO layers 116 are grown in this order.
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| ayer 103 and the second el ectrode 113, netal such as
nickel (N ), platinum (Pt), palladium (Pd), gold (Au),
wee@r/12am al | oy of two or nore of these netal SPCDEGZ07/000117
mul tilayer stack or these netal filnms is used. In a
sem conduct or device as descri bed above, a positive
voltage is applied to the second el ectrode 113
relative to the first electrode 112, to allow a
forward current across the pn-junction. Reconbination
of el ectrons and positive holes in the region of the
-type GaN 109/ n-t pe ZnQ 11b er f
Thp mdm@gmsnr@lﬁ Créﬁf‘ e Lyer 114 158 Y §081S °r¥%€8{i ﬂ? fe aSfirg a ilm

resulting device as a light emtting diode.

thickness sfelt gomeiuthesnrfaewif the mghlh Ahefed 1§ éopeé}({@ea\ﬁff"é@/ﬂfd%‘ﬁm such
is formed on the sapphire substrate, gnd thereon the

as galliumZ(CR) 1ok Ihrginomn(Adnta hneoGahirationgesabonn1§'s cys e fark &1 thgen-type ZnO
substrate for the further device structures. The

single cryQtaIIM@Qafd?QIhlé,reﬁBQd\/@f ZuBlegthenformativel bf terntyparoestact. A first

115, and ptype ZnO | ayers 116 are grown in this
electrode %@Mﬁs aQtﬁe&ﬂ@&a%BQaﬁﬂ DaheEn-Gip¥Tdl. | i ne layer 114 is a
single crystalline layer having a filmthickness

of 1-4 mmon the surface of the ZnO 11Ib. The ZnOis

doped by a group Il elenent such as gallium (Ga) or
(4 d th
i BPORTf EGy SROFETAL B8 20 LS 19 31 e

om0 AR LIS TR Bl AR g om0

to the n-type ZnO. In order to form ohm c-cont act
and alumipem@&n t he n-type ZnO single crystalline |ayer 114
and the

A pn-junction is formed by forming, for example, a p-type ZnO layer 116 having a

thickness of 1 to 4 pm.

A second electrode 119 is formed on a region of the exposed surface of the p-type ZnO
single crystalline layer 116. For making ohmic-contact between the p-type ZnO single crystalline
layer 116 and the second electrode 119, metal such as nickel (Ni), platinum (Pt), palladium (Pd),

gold (Au), etc., an alloy of two or more of these metals, or a multilayer stack or these metal films is

used.

In a semiconductor device as described above, a positive voltage is applied to the second

clectrode 119 relative to the first electrode 118, to allow a forward current across the pn-junction.
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first electrode 118, it is preferable that the first

electrode 118 is formed by, for exanple, indium (In)
w@na7atideé num (Al). A pn-junction is formed byPE¢DsGr00TN00117

for exanple, a p-type ZnO | ayer 116 having a thickness

of 1 to 4 mm A second electrode 119 is formed on a

regi on of the exposed surface of the p-type ZnO single

crystalline |ayer 116. For naki ng ohni c-cont act

.bet we the p- e..ZnO.single crystallin
Recombirgih of GeSB0s R BPBLLY Ue: T8¢ "SR Lt RSt bRl dibures 115, or
Ni ), platinum (Pt), |1 ad
th Tk, o 5Pt GPISERD. 179 HRSPBISGH CRHDE BB Yico, ¢ Slight Shiting diode.
mul tilayer stack or these netal filns is used. In a
sem conductor device as described above, a positive
voltage is applied to the second el ectrode 119
Inrtat abévegalttouph ehef ¢rysihl-ghbwitt subdieatd. 1Be magufariuging anethod of the ZnO

forward current across the pn-junction. Reconbi nati on

semicond@ftob6tI, @RS the AnPOsdntitordlubiot devicnadchelingti Gre afibadimments of the
guantum wel | structures 115, or the Ii ke, produces

resent 1n\)§h&l;ﬂ ar€ Bk 18hQT) thd fredept ROSHIAli€ndiQinea t6 B entudithémny
evice as a light emtting diode. In the above,

al t hough the crystal-growth substrate, the

manuf acturing nmet hod of the ZnO sem conductor crystal,
and the ZnO seni conduct or devi ce according to the
enbodi nents of the resent invention are explained, the

present invention is ngéél' 'Hfd to the enbodi nents.
EXAMPLE The fol | owi ng ﬁgﬁg"s given to show t he
i nportant features of the invention and to aid

The following Example is given to show the important features of the invention and to aid

in the understanding thereof. Variations may be made by one skilled in the art without departing

from the spirit and scope of the invention.

FIGS. 7A and 7C show cross-sectional SEM images of zinc oxide films grown on the ELO
gallium nitride templates of the present invention for 30 minutes and 40 minutes, respectively. In
Fig.7A, it can be seen that the original serrated surface of ELO gallium nitride triangular stripe has
a height of 5 um and a width of 7 pm. After zinc oxide growth, the near rectangle shape is ob;served
with a width of about 6.2 pm, indicating that the significant lateral growth of zinc oxide 11la
occurred on the ELO gallium nitride 109 and the faster growth facet is (1 120). Furthermore, no
growth was found on the SiO, mask layer. This shows that the zinc oxide top layer was selectively
grown on the ELO gallium nitride template. Such morphology originates from the different growth

modes between the ELO gallium nitride and c-gallium nitride surface. FIGS. 7B and 7D show the
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in the understanding thereof. Variations may be made
by one skilled in the art w thout departing fromthe
wa@piorie34add scope of the invention. FIGS. 7A apdI/3&007/000117
show cross-sectional SEMimages of zinc oxide filns
grown on the ELO galliumnitride tenplates of the
present invention for 30 mnutes and 40 m nutes,
regpect:vely. IndFig.7A, it can be seen that the
. original serrated suyrface of ELO gal liumnitri :
top view o {68 SEPlerATST AT 20T R ECRLAU A iR b pr 3prmins end
_ 7 mm After zinc oxide growth, the near rect I .
40mins, reshegielys Tho defevicrits(Firdled oap de Fowid JhBigsugass %}ﬁe fop layer, which
indicating that the significant lateral growh of zinc
may comofbnietht threding digocatibnamopagatinn Gogaibe iR srlipmgwitogdggnto the zinc
and the faster gromh facet is ( 1120). Furthernore,
oxide film30 growt h was found on the Si Q2 nmask | ayer. This shows
that the zinc oxide top |ayer was selectively grown on
the ELO galliumnitride tenplate. Such norphol ogy
oilglnates fron12§gTdifferent grow h nodes between the
FI gabL L HD (b4l MR TENCinfip8 BF tHeUid b tild/BEOSEHINAL Gitride interface,
E!gé. gg ana9%D shom1thet§p vi ew of the sgﬁﬁie after
from whi '01? %@tgéle den! tﬁ%fgchgmi&“fﬁhgés’s Gakld SdblericiRcd e Anal Svith those of

. Jmdns an A ;nnsa respectively. The defect pits
(circle an ou on e I f .
e g S B ER RN DR 258 0 Pl siv e
)ropagating fromthe ELO gal i itL [ j .
cson SHEREGAES) ol SRR, He Tl KR e e
the zinc oxide/ELO galliumnitride interface, fr8n1 . "
observed,wkiuding fromathe pEns Slere i BHENIPG LN R gEle gpd gpipm nitride
oxide are perfectly aligned with those of ELO gallium )
hexagonahsttuciuges. Zhel pattesn plse serifigsshe rerfopbenitasial gewth phipe oxide on gallium

| evel . The correspondi ng sel ective area
nitride and their high crystal quality. A cross-sectional TEM image with lower magnification is

presented in FIG. 8B to further show the interface of the zinc oxide/ELO gallium nitride. The
formation of the horizontal dislocations (HD’s) is very important due to the fact that HD’s can
dramatically decrease the threading dislocation (TD’s) density of the over grown gallium nitride
regions. The image in FIG. 8B shows that the laterally overgrown zinc oxide is essentially free of
TD’s and the HD’s lying on the (0001) plane of zinc oxide can be produced by 90°-bending of
TD’s in gallium nitride (TD 1). The effect of bending can be understood by considering the energy
of dislocation lines emerging from a free surface of a crystal. [J. P. Hirth and J. Lothe, Theory of
Dislocations, 2nd ed. Wiley, New York, (1982)] From the point of view of the dislocation line
tension, any dislocation would tend to become perpendicular to a free surface to diminish its
energy. As a result, dislocations would gradually change their line directions towards the normal

direction of the current facet plane, as can be seen in FIG. 8B, which suggests that high quality zinc
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electron diffraction (SAED) pattern is shown in the
inset. Only one set of SAED pattern is observed,

wo emalizidng fromthe very close lattice matchi NnBCHRGOBN0117
zinc oxide and galliumnitride hexagonal structures.
The pattern also verifies the perfect epitaxial growh
of zinc oxide on galliumnitride and their high
crystal quality. A cross-sectional TEMinage with

) | owe i ficati [ ' .
ovide kR TSR R0 sy RARIRER. ) Ty BBy O Bhhgs nivice
Using thegégé»?tﬁ oand)asry, PEhPALR A, BOCO G st PRl AR T, ealium
nitrde asasmtip e e J06r DG IOEYaH R AHE RO TE feomLAo kot ELO

i mge in FIG 8B shows that the laterally overgrown
gallium nttrigie;lagmfdlezihsogésewﬁbfl ly free of TD's and the HD s
lying on the (0001) plane of zinc oxide can be
produced by 90-bending of TDs in galliumnitride (TD
1). The effect of bending can be understood by
FICPOSHERS iRt HRcene (gyobedindi BémEA0 gaililrh n#sdeare §ishgwn in FIG.
froma free surface of a crystal. [J. P. Hrth and J.

B). whidtPk RGrin T REQE¥uRl bPisd LBt PNEn nAAdk. MG, Walwysholewhe PL spect
B).w 1({}(‘olr K, 112151.982)]uFr o%tt he po% nt o? vi ew of theys ° o sesEm

(0 obtainfly HRE B LSl RISECR, (s, HIIG008} hatfotBUA el @RMHbed to the

econme perpen ar to a free surface to dimnish

. its . AS I i sat i
510 sin B S AT ST ILELATL RS A Aol pst
urrent facetsﬂla

direction o tp €. Aas e .\ .
due o e etdoggr,t;‘f»w ?@P}%@ﬁ@ﬁ puieha e e) S B ions wit
) [ can be pseudonor phi ca r al th 112Q}
replices 9BnEbe Do MFSaE00 GRRILAAF Y B TRy L REE TgPbEriC: sk
~condi tions, high quali%y zinc oxjide e iIay?rs merﬁ .
layers vid BBO} wagretlohePD Rrakl dfihs Aine oxyls tHE CeRICS Maysghe pR7eV zime
Here, the HRTEM studies further confirmthe
oxide D36 Uideadxicitort yecofbfHia@on. From the PL studies, it is noted that full width at half
maximum (FWHM) of the zinc oxide peak line width is about 11 meV, which is better than the
result of 20meV from heteroepitaxial growth of zinc oxide directly on gallium nitride. Such small
FWHM of the zinc oxide films of the present invention is due to their high crystalline quality. Itis
further noticed that the intensity of the green band 97 in zinc oxide PL spectra is very low in FIG. 9
(b), suggesting a low concentration of defects in these fabricated zinc oxide films, since the green
emission in zinc oxide is normally ascribed to the oxygen vacancies and/or interstitial Zn ions in
zinc oxide lattice. [e. g. J. Joo, S. G. Kwon, J. H. Yu, T. Hyeon, Adv. Mater. 17, 1873, (2005).]

Thus, the method of the present invention can be readily used in the growth and fabrication of UV

LEDs and LDs.
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galliumnitride |ayer for zinc oxide growh. FIG 9

shows the PL spectrum (a) obtained fromELO gallium
wordoriizidarea | (shown in FIG 7B), which is neCTbg2007/000117

contributed by the ELO galliumnitride. FIG 9 al so

shows the PL spectrum (b) obtained fromthe ELO zinc

oxi de area FI (shown in FIG 7B), which is mainly

ascribed to the ELO zinc oxide layers. The PL spectra

FI(ggglg %}%)a glallt Jr%yﬁgﬁﬁ‘gc{tftoggﬁfgb lsg&nd&g{glgﬁzgﬂﬁt)ﬁdgiﬁﬁhi #6bm on the ELO

aks’ neutr qonor- DX exci ton
gallium nifr%‘sﬁ%&oﬁgir% ol emhssSigiishoy i o] GARR) defiis Mkl griae 101
und . 5okt o o oL i bRy ooet

clearly shows the 3.27eV zinc oxide DX free excjton
axis orientedicmoThiah & itm sapPhisen (000 ) planst The SR Djrpcking R Pt ot half
M wdth at half maxi mrum (FWHM of the zinc oxide peak
maximum! (FWeIV) dbihthie wirmbeonide drd gdym whiridh filss s femdttads ¥ femin and 5
result of 20meV from heteroepitaxial growh of zinc
arcmin, re§pdcffelgi rectly on galliumnitride. Such small FWAM of
the zinc oxide films of the present invention is due
to their high crystalline quality. It is further
noticed that the intensity of the green band 97 in

FI&! ngo LE tﬁé‘ﬁ&ﬁﬁgtrﬁ holohe bY tHeQWel drowtiCsantblé Rharacterized by the

suggesting a Iow concentration of defects in these

L e

. norfral 1y ascribe the | .

nitride unq\i/eg?d?qn%g%s %g\rx]/g{ c%\rfxd{_tirc])tgg gﬁegobéxee}zg\?\sg{ﬁgrgﬁ VBIEF %)t({lgx% sﬁfﬂc@qoughness of
eon, Adv. Ma 17, 5). 1 Thus. the

the lateral @SB R R €3 BRO B4 Bh EHEAC ]eCOTgfg‘ZW’%Pﬁ]‘ﬁ &g opige on -

. the growh and fabrication of W .
gallium nitride are 0.40nm and 3.67 nm, respectively. Atomic steps and terraces were observed

from the ELO zinc oxide sample. Only a few step terminations in AFM observations were
detected, which indicates the high quality of overgrown ZnO sample. The surface pits density of
the overgrown gallium nitride sample is more than 100 times reduced compared with the control
sample. These small pits are thought to be related to mixed screw and edge dislocations where the
step edges meet. This shows that the ELO zinc oxide growth method has an effect on the

dislocation behavior in the zinc oxide layer.

Various articles from scientific periodicals and/or patent literature are cited throughout this
application. Bach of such articles is hereby incorporated by reference in its entirety and for all

purposes by such citation.
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LEDs and LDs.FIG 10 shows an X-ray diffraction

W 2Qscan of the zinc oxide filmgrown on the ELO
w@adoriizaavéi tri de / sapphire (0001). The resul t SPGISG2007/000117

only (000X) fam |y of planes of zinc oxide 101 and

galliumnitride 103 indicating that the zinc

oxide/galliumnitride heterostructure is strongly

caxis oriented normal to the sapphire (0001) plane.

X%Qgﬁt?o%[ a8 Bedn aﬁ?cﬁ%g} sh\ﬁ‘lgqt i d AbscRBEd witRidréfdMe to the

€ zl nc oxl I|un1n|tr|de filnse

preferred qquv%dgrg? dg%%\xg it \ﬁ]éﬁi cm n@g og bly tﬁ(gﬁ% muﬂe% l;netflﬁ &% tla¥ $hYous changes

overgrowt h sanple c acterlzed the tom

in orm angheiads s e MRS ISP o8 BH e P S DP ST (b8 i Fation
Fig. 1IB grown on c-galliumnitride under the sane
growt h conditions. The root mean squared val ue of the
surface roughness of the lateral overgrown zinc oxide
on ELO galliumnitride and the control sanple zinc
oxide on cgalliumnitride are 0.40nm and 3. 67 nm
respectively. Atomic steps and terraces were observed
fromthe ELO zinc oxide sanple. Only a few step
term nations in AFM observations were detected, which
i ndi cates the high quality of overgrown ZnO sanpl e.
The surface pits density of the overgrown gallium
nitride sanple is nore than 100 tinmes reduced conpared
with the control sanple. These small pits are thought
to'be related to m xed screw and edge di sl ocati ons
where the step edges neet. This shows that the ELO
zinc oxide growt h nethod has an effect on the
di sl ocati on behavior in the zinc oxide |ayer.
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Various articles fromscientific periodicals and/or
patent literature are cited throughout this
w@ppliizavé on. Each of such articles is hereby PCT/SG2007/000117
i ncorporated by reference in its entirety and for al
pur poses by such citation.Wile the invention has been
particularly shown and described with reference to the
preferred enbodi nents thereof, it will be understood
. by t.hgse skilled in the art that various changes in
Vﬂwiwcglfﬁfgnd details may be made wi thout departing from
1 A method S it g SRR aRl bl HER o Rl o bt e
sem conduct or | ayer caonprising the steps of : maskj .
maghing AREPASHRE BTV HTHE b Prwtth 2yasR g fncdides B 3iplP openings
i ncl udes an array of openings therein; formng an
therein; overgrown gal lium nitride sem conductor |ayer on said
underlying galliumnitride |layer through said array. of
foragiegian gevergmun | gellomaldityidg reomicegdudiorc layss ge gl yadeglying gallium
overgrown galliumnitride sem conductor |ayer to form
nitride layer Siedtigh Rai@WsrapyLoEmings; @idngl e crystal line zinc oxide
sem conductor layer. 2. The method according to claim
latdraflY et WRhg SRBPkideIcAGaidf verprovgn gilliliasitridosemiconductor layer to form
opt 0el ectronic or mcroel ectronic device in said
- ' ' I RRAUGIRhdkBMEEyer3. The
aconﬁmx%%?ﬁggﬁﬁgkﬁéggﬁg%%gﬁgﬁggkﬁl wher ei n sai&rwasking step
conprises the step of: masking said underlying gallium
nitride layer with a mask that includes an array of

2. The me%ﬁordl aegording to claim 1 further comprising:

forming at least one optoelectronic or microelectronic device in said overgrown zinc oxide

semiconductor layer.
3. The method according to claim 1 wherein said masking step comprises the step of:
masking said underlying gallium nitride layer with a mask that includes an array of stripe

openings therein, wherein said stripe openings are orientated along a <1T00> direction of said

underlying gallium nitride layer.

4. The method according to claim 1 wherein said mask consists of a material that does not allow the

growth of subsequent gallium nitride deposited on it.

5. The method according to claim 4 wherein said mask comprises SiO, or SiN.

21



openi ngs therein, wherein said stripe openings are
orientated along a <1100> direction of said underlying
wa@aloriizaavai tride [ayer. 4. The nethod accordi nBCT/8G2007/000117

claim 1l wherein said mask consists of a material that
does not allow the growth of subsequent gallium
nitride deposited on it. 5. The method according to
cI?th4 wherein said mask conprises SiQ2 or SiN 6. The

6. The me‘&%ﬁﬁ?@g@ﬁg ?c{wcgﬁig'glegvﬁg l:nas'ra}fa@ MR s@éﬂ&boﬁiﬁirﬂes"tﬁé&bﬁ‘gﬁ step

LOTpri St e ks hng sal derlying gallium
] e r. w a t hat_.j.ncl :
sk ﬁsldd}s@%ﬁwg% e uPaP e T ar S LS RpF BoBbo fray of stipe
_ extend al ong a <1120> direction of sai nder | yi .
openings arelr, (WACFIR Paid gripgpRFRIng, exiqnd QISR 2@% g‘F&ﬁWSy‘ifggd underlying
‘ .c[a|n11 wherein said underlying galliumnitride |ayer
gdhunnnhnwlwﬁes a predeterm ned defect density, and wherein
in said subsequent formng said overgrown gallium
nitride |layer through said array of openings, ( 1122)
facets formresulting in a | ower defect density than

7. The m&fbd REQdREEONIAE] | dehaeh Gehshderlyit gathemmetrhisdayer includes a
according to claim?7 wherein said form ng said

predeterrnﬂYeﬁr(wféB@’rHeﬁﬁifJ laHdMtickdin Ge shidymbsceaemr fosringtdarl steegroom gallium
grow ng a ( 1122) facets galliumnitride [ayer using

nitride layef E}ﬁ&ééﬂ; ¥ @%&@f{a}ﬁﬁggﬁ% \AIP0Y fA8RGSHE k&Bking in 4 Newdrrlehed density

accor erein said netal organic

.. chem cal wvapor .deposition conprises flow ng TM&za at
than sa1d%r8§i%r:§aedr§§?c r‘%lgnﬁﬁg’nd amoni a at about || slgm at a
gro )

8. The method according to claim 7 wherein said forming said overgrown gallium nitride layer
comprises the step of growing a (1 122) facets gallium nitride layer using metal organic chemical

vapor deposition.

9. The method according to claim 8 wherein said metal organic chemical vapor deposition
comprises flowing TMGa at about 80 pmol/min and ammonia at about 1lsim at a growth

temperature of about 900 to 950°C.
10. The method according to claim 7 wherein said forming said overgrown gallium nitride layer

comprises the step of growing a (1 122) facets gallium nitride layer using metal organic chemical

vapor deposition, molecular beam epitaxy, or hydride vapor phase epitaxy.
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tenperature of about 900 to 9500C. 10. The net hod
according to claim7 wherein said formng said
w@@rgeawn galliumnitride |ayer conprises thePGI/e@E200f/000117
growing a (1122) facets galliumnitride |ayer using
nmet al organi c chem cal vapor deposition, nolecular
beam epi taxy, or hydride vapor phase epitaxy.1ll. The
nmet hod according to claim 7 wherein dislocations that
r ate.verticall ron [ ] ' kol aid
11. The B BEFWER cfiflp el TRIAHRERRAY LRGSR Vel from <
laterally .into said overgyown si.ngle.cr ' alel :
underlying gl SN HAISE: W osBH L RHEY 1ok GBS St Depl el Gnto sed
di sl ocati on defect density than said pr.edetern ne .
overgrowm sif gle crygtaliierane opade sprBat aidi7iRe %@%‘P)ﬁ%ﬁ@ OF% E’e’Y % :al'??"fa“on defect
wherein said underlying galliumnitride |ayer is grown
density thamsaid praths¢rnanesl dedeep densitig sapphire, silicon, SiC or
any other suitable substrate. 13. The nethod according
to claim12 further conprising: depositing a gallium
nitride buffer layer on said substrate at a
12. The nicBBRELASMME 16fclhat Weereabnaid ublfiyap¢aBh OiGidalager is grown on a
grow ng sald underlying galliumnitride |ayer on said
| LI de 081 & BRT of AYyRthadbuitibleasibstratd.ur e of at
substrate %ﬁaﬂsr%SH%gg%ﬁ%ﬂ& ﬁliﬁ&hA metﬁ%/d of fabricating a zinc
oxi de sem conductor |ayer conprising the steps of:
providing an underlying galliumnitride |ayer having a

r.edet er m ned .def I ty: . nasking said underlying
13. The “%moaiaﬁ?ﬂrﬁqu f‘? a g{/élrrﬁj lgmp(?oﬁf&%{t‘lsﬁggk that includes an
de%gsrit?r)x/g a? gallium nitride buffer layer on said substrate at a temperature of between about

500 and 600 °C; and

growing said underlying gallium nitride layer on said gallium nitride buffer layer at a

temperature of at least 1000 °C.

14. A method of fabricating a zinc oxide semiconductor layer comprising the steps of:

providing an underlying gallium nitride layer having a predetermined defect density;

masking said underlying gallium nitride layer with a mask that includes an array of
openings therein,

forming an overgrown gallium nitride layer through said array of openings wherein (1122)
facets form in said overgrown gallium nitride layer resulting in a Jower defect density than said

predetermined defect density;
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openi ngs therein; formng an overgrown galliumnitride
| ayer through said array of openings wherein ( 1 22)

wo awets34por m i n said overgrown gallium nitri deP¢’HyE2007/000117
resulting in a |l ower defect density than said
predeterm ned defect density;laterally overgrow ng a
zi nc oxide |ayer using chem cal vapor deposition on
said overgrown galliumnitride layer until said zinc

latgﬁé lggvérgy %{mg Q9ne %Qllﬁé Ilé}@r LG8 M RGO hpotQieBodittdredrdald/overgrown

e crysta ne zi nc oxi de semn conduct or

gallium nlllﬁl%éi, Laé/Fré ggt}lgs?ﬁru{n z1&g o@ﬁeqa%&eécﬁ 569%%0% a ccintmuous laterally grown

vice 1 contlnuous aterally
over grown zi nc oxi nlcon uct or Iayer 15. The
single Cryﬁélilﬁ%amﬁeéléiled?rﬁ’(‘jo?cg‘ctﬂr iMTiE fﬂgv\her ein said I at erally

overgrown zi nc oxide Iayer extends in.a <
fortting €1 iopipelspirane a7 HHARSIPSHIORY GXIIHIH; CPPHHHJ@“? gi%?uy overgrown

16. The nmethod according to claim 14 wherein said

zinc oxidd strécamldhgtonlagergr owi ng sai d zi nc oxi de | ayer conprises
t hermal vapor phase epitaxy fornmed by flow ng
10-1 G0sccm oxygen over a zinc source heated to a
tenperature in the range of 750C- 850C. 17. The net hod

15. The nR&eAr8Eddink o €lafh M Whetbinpid itergllyt brergoepsigfoxide layer extends in
provi ding a precursor in vapor form substantially

a<11oo>aﬁgardn%f@gid%délﬁ@gamﬂﬁﬁitﬂd@lapacr| pt A and subscri pt
are any conbi nation of integers; and heating said

underlylng galliumnitride | ayer wherein deconposition
of at |east sone of the

16. The method according to claim 14 wherein said laterally overgrowing said zinc oxide layer
comprises thermal vapor phase epitaxy formed by flowing 10-100sccm oxygen over a zinc source

heated to a temperature in the range of 750°C-850°C.

17. The method according to claim 15 comprising the steps of:

providing a precursor in vapor form substantially comprising of Zn,Op wherein subscript A
and subscript B are any combination of integers; and

heating said underlying gallium nitride layer wherein decomposition of at least some of the
vapor at the surface of the substrate leads to deposition of a film of zinc oxide by chemical vapor

deposition.

18. The method according to claim 17 wherein said heating comprises heating the surface of said

0 0
substrate to a temperature in the range from 700 C to 900 C.
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vapor at the surface of the substrate leads to
deposition of a filmof zinc oxide by chem cal vapor

waeleposrupon. 18. The nethod according to clai nPdSG2007/000117
wherein said heating conprises heating the surface of
said o 0o substrate to a tenperature in the range from
700 Cto 900 C 19. The nethod according to claim 14
wherein said overgrow ng continues for 30 to 60 i

19. The meflb@HicBRtine2B 1A 1l wadEinBhid overgaptiog beinnonfor 38 &y P @inutes.

conprising: an underlying galliumnitride [ayer having
a predeterm ned defect density; an overgrown gallium
nitride layer contacting said underlying gallium

20.Aneleca‘i911tgir; Igg &t%%{c%@}cpc{e%&guoﬁ rigg?:ay of openings in a mask

acets | d overgrown gallium

an vodrbi OB PIT R i YR i SRR (e Y

_ _ ( y; a continuous film
L A N R Y L
an array ol“ gggxgﬂ;gdai?lgn?ngsig (F;Ehgfelz'li? zil%gg:fg@?s;@rrgag ?fg!ﬁrgfog I %g@g&eﬁﬁf% layer
resulting in a lower defect density than said predetermined defect density;
a continuous film of zinc oxide layer overlying said overgrown gallium nitride layer
forming a zinc oxide semiconductor layer; and

i i ] ice 1 1 i zinc oxide semiconductor
an optoelectronic or microelectronic device in said continuous

layer.
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