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W e repor t t he imp ort ance of interf ace engineerin g in hetero epita xy w ith

examp les of plasma -assisted molecula r beam epitaxia l Zn O grow ths on ( 0001)
sapphire substrates and on (0001) Ga N /sapphire templates , w hose interf aces
are engineered to impro ve and to control prop erties of ZnO Ùlms. The grow th
of rocksalt structure MgO bu˜er on A l2 O 3 (0001) is develop ed for ZnO epi-

taxy . By employing the MgO bu˜er layer, the formation of 30£ rotated mixed
domains is prohibi ted and tw o-dimensional layer- by- layer grow th of ZnO
on sapphire substrate is achieved. H igh- resolu tion X - ray di˜ractio n reveals

the superior impro vement in a crystal quality of ZnO Ùlms w ith an MgO
bu˜er. Polarity of wurt zite structure ZnO Ùlms on Ga-p olar GaN /sapphi re
templates is controlled by changing interf ace structures. By forming a sin-
gle crystalli ne, mono clini c Ga 2 O 3 interf acial layer betw een GaN and ZnO

through O-plasma pre- exposure on the Ga- polar GaN surf ace, O-p olar ZnO
Ùlms are grow n. By forming the ZnO /GaN heterointerf ace w ithout an in-
terf acial layer through the Zn pre- exposure on the Ga- polar GaN surf ace,

Zn- polar ZnO Ùlms are grow n.

PAC S numb ers: 68.35.{p, 68.35.Dv, 81.15. {z, 81.15.H i, 81.10.A j

1. I n t rod uct io n

Zn O, one of wi de band gap semiconducto rs, has been revealed tha t thi s mate-
ri al is pro mising for exci to n-based photo nic devi ces in the ul tra -vi olet region [1{ 3].
The absence of a suita ble substra te f or ZnO epi taxy is an emerging issue in ZnO
epi ta xy. Ho moepita xy m ay pro vi de a pro mising soluti on for thi s issue and com -
m ercial ZnO substra tes are being suppl ied. Several beneÙts of homoepita xy, such
as (1) perfect latti ce m atching , (2) no therm al m ismatch, (3) no crysta l lographic
m ismatch, and (4) simpl e contro l of latti ce polari ty by using di ˜erent- polar sub-
stra tes, are exp ected. However, crysta l qual i ti es of the ZnO substra te are far f rom
tho se appl icable to ZnO epi ta xy for devi ces [4].

Al 2 O 3 (0001), one of the most popul ar oxi de substra tes, has wi dely been used
for the substra te for ZnO epi ta xy. Ho wever, there are considerable m ismatches in
thi s hetero epi ta xy system incl udi ng large latti ce m isÙt of 18.6%, crysta l lographic
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m ismatch, and therm al mismatch. Tho se m ismatches have caused vari ous prob-
lems incl udi ng a hi ghly di sordered hetero interf ace, a form ati on of 30£ -ro ta ted do-
m ains, and degraded crysta ll ini ty of ZnO layers [5]. R ecent achi evements in het-
eroepita xy of wi de band gap semiconducto rs on hi ghly m ismatched substra tes
largely rel y on how well a tem plate is created in between the epi layer and the sub-
stra te [6]. Theref ore, the expl ori ng and developm ent of epita xy techni que, whi ch
can provi de a sui tabl e templ ate for ZnO epi ta xy, are hi ghly needed for ZnO epita xy
on c -plane sapphi re consideri ng the mismatches in the system .

As a non-oxi de substra te, GaN is an attra cti ve m ateri al appl icable as a sub-
stra te f or ZnO epi ta xy. In the case of a ZnO / GaN system , there are several m eri ts
compared wi th the ZnO/ sapphi re: (1) smal ler latti ce m isÙt (1.9%), (2) no crysta l -
lographi c m ismatch, and (3) smal ler therm al m ismatch. Al tho ugh there are such
m eri ts in using GaN as a substra te for the ZnO epita xy, the getti ng of the high
qual i ty GaN substra tes is as di£ cul t as the case f or ZnO. Fortuna tel y, the recent
pro gress in m etal organic chemical vapor depositi on (MO CV D ) of GaN on c-plane
sapphi re can pro vi de a relati vel y hi gh qual i ty of GaN tem plate substra te on sap-
phi re, whi ch can be used as a substra te f or ZnO epi taxy . Because the polari ty of
such hi gh-qual i t y MOCVD GaN is typi cal of Ga-polar and both ZnO and GaN are
of wurt zi te structure, the polari ty of ZnO Ùlms on GaN may reÛect the polari ty
of underl yi ng GaN. Theref ore, a selective growth of Zn- and O-polar ZnO Ùlm s on
Ga-polar GaN is an attra cti ve issue f or the progress of hetero epi ta xy in materi al
system s of wurtzi te structure .

In thi s arti cle, the im porta nce of interf ace engineering in hetero epi ta xy is
dem onstra ted, the concept of whi ch can be appl ied to other materi al system s, wi th
our recent results of (1) drasti c impro vement in crysta l qual iti es of ZnO Ùlms on
c -plane sapphi re by usi ng a novel Mg O bu˜er layer [7, 8] and (2) contro l of ZnO Ùlm
polari ti es on Ga-polar GaN tem plates by contro l l ing interf ace f orm ati ons [9, 10].

2 . E x per i m en t a l

2.1. ZnO on Al 2 O 3 (0001)

Co mm ercial Al 2 O 3 (0001) substra tes were used. ReÛection high-energy elec-
tro n di ˜ra cti on (R HEED ) was used to moni to r the growth procedures. The depo-
siti on of Mg O bu˜er layer is carri ed out at 480£ C wi th a slow depositi on rate of
about 0.01 ¡A/ s under oxyg en ri ch condi ti ons. W e f ound tha t a low growth rate
is cri ti cal to the form ati on of an Mg O wetti ng layer on the Al 2 O 3 (0001) surface.
Af ter the depositi on of a nom inal 2 nm thi ck Mg O bu˜er, ZnO growth is carri ed
out at 480£ C for a few minutes and an anneal ing at 7 5 0 £ C under the exposure of
oxyg en pl asma for 5 m inutes is perform ed. The subsequent growth of the ZnO is
then carri ed out at a tem perature of 6 5 0 £ C, wi th a Zn beam Ûux around 0.22 nm / s
and oxyg en Ûow rate of 1.5 sccm under the plasma power of 300 W . RHEED inten-
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sity oscil lati ons using the specul ar spot can be recorded duri ng thi s growth stage.
X- ray di ˜ra cti on (XR D ) wa s used to inv estigate the structura l properti es of the
ZnO epi lay ers. T o di rectl y measure the bu˜er, thi n ZnO layers were grown and
grazing inci dent XR D was used for characteri zati on.

2.2. ZnO on GaN templ at e

4 ñ m-thi ck Ga-polar GaN epilayers grown by MOCVD on Al 2 O 3 (0001) were
used as tem plates for ZnO epita xy. The GaN tem plate was therm al ly cleaned at
700{ 750£ C in ul tra -high vacuum for about 1 h after being degreased in acetone and
m etha nol . The Zn Ûux was set to about 0.15À 0 :2 0 nm / s and O-plasma condi ti ons
were set to 300{ 400 W of power wi th an oxyg en gas Ûow rate of 3.5 sccm. The
growth under these condi ti ons gave a Ûux rati o tha t was oxygen ri ch. Two typ es
of pre-growth trea tm ents of the GaN surf ace were examined: (1) Zn pre-exp osure
for 2{ 3 m in, and (2) O-plasma pre-exposure for 3{ 5 m in. The interf ace structure
wa s observed by high-resoluti on tra nsmission electron m icroscopy (HR TEM) wi th
a zone axi s of [ 2 1 1 0 ] . Identi Ùcati on of interf acial layer was perf orm ed using a
di gi ta l di ˜ra cti on pattern (D D P) obta ined by fast Fouri er tra nsform (FFT) of
the HRTEM im age. The polari ty of the ZnO Ùlm s was determ ined by converg ent
beam electro n di ˜ra cti on (CBED ). The CBED patterns were obta ined at 100 keV
wi th a 20-nm pro be from several regions per sam ple wi th a zone axi s of [ 2 1 1 0 ] .
Exp erim ental CBED patterns from the ZnO and GaN layers were com pared wi th
sim ulated patterns for TEM specim en thi cknesses of 10{ 80 nm to determ ine the
polari ty .

3 . R esul t s an d d iscu ssio n

3.1. ZnO Ùlms wi t h MgO bu˜er on c -plane sapphire

Fi gure 1 shows the RHEED patterns recorded duri ng the ini ti al growth
stages. At the very beginni ng of Mg O depositi on, a di ˜use streaky pattern (Fi g. 1a)
evolves indicati ng the form atio n of an Mg O wetti ng layer on the Al 2 O3 (0001) sur-
face. Accordi ng to the growth rate the evaluated thi ckness is between one and two
m onolayers. The conti nui ng growth of Mg O leads to di ˜used spotty patterns in-
di cati ve of a tra nsiti on to the island growth mode (Fi g. 1b), whi ch is caused by
the near 9% in-plane latti ce mismatch i f Mg O grows wi th i ts [111] axi s norm al to
the Al 2 O3 (0001) pl ane. As the ZnO depositi on starts, spotty patterns (Fi g. 1c)
wi th a rod spacing of about 9% smaller emerge superim posing on the Mg O pat-
terns. As the growth is conti nuing, ZnO patterns gradual ly ta ke the places of the
Mg O pattern, and of the sam e ti m e, the RHEED spots elongate and connect wi th
each other. Fi na l ly, streaky R HEED patterns evolve. Such a pro cedure ta kes about
one hour, corresp ondi ng to the depositi on of a 200{ 300 nm thi ck Ùlm. In another
appro ach, anneal ing at 700£ C for about 5 m in is carri ed out on the low tem -



544 S.K. Hong, Y . Chen, H .J. Ko, T . Yao

perature grown ZnO layer wi th a thi ckness of around several nanometers. Sharp
streaky R HEED patterns (Fi g. 1d) were present after anneal ing. Com pari ng wi th
the growth of ZnO on Al 2 O 3 (0001) wi tho ut the use of an Mg O bu˜er, where a
colum nar growth usual ly ta kes place, the use of a Mg O bu˜er successful ly pro-
m otes the latera l growth of ZnO at an ini ti al stage and a Ûat ZnO templ ate is
created for subsequent two- dimensional (2D ) ZnO growth.

Fig. 1. RH EED patterns at di˜erent grow th stages: (a) the MgO wetting layer on

A l 2 O 3 (0001) substrate, (b) the MgO bu˜er layer after a 2D{3D transition, (c) the ZnO

layer grow n at 48 0 £ C on the MgO bu˜er, (d) the ZnO layer af ter annealin g at 750 £ C

for 5 min.

As an evidence of 2D layer-by- layer growth, R HEED intensi ty oscil lati ons
are recorded duri ng the consequent ZnO growth. Fi gure 2 shows the RHEED
specular beam intensi ty oscil lati ons wi th the inci dent electro n beam along the ZnO
h 1 1 2 0 i azim uth at vari ous growth tem peratures. Mo re tha n Ùfty oscillati ons are
recorded at the growth tem perature of 4 0 0 £ C, whi le onl y a few slight oscil lati ons
can be observed at 7 2 0 £ C. The fast damp of the R HEED osci llati ons at a higher
growth tem perature is due to the growth mode tra nsiti on from 2D nucl eati on
to step-Ûow m ode but not to the surface m orpho logy degrading, since the sharp
streaky R HEED pattern wi th the intense specular spot becom es even clearer at
hi gher tem peratures.
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Fig. 2. RH EED specular spot intensity oscilla tion s on the 00 ro d in h 11 20 i azimuth at

various grow th temp eratures. A rrow s indicate w here the grow th is interrupted.

Fig. 3. (a) ¨ À 2 È scan along the surf ace normal of a thin ZnO epilayer grow n on A l 2 O 3

(0001) w ith an MgO bu˜er ; (b) Grazing- in dent X RD mapping of the in- plan e di˜ractio n

p eaks.

In order to identi fy the crysta l structure of the bu˜er, an Mg O layer about
7 nm , thi cker tha n a usual ly used 2{ 3 nm bu˜er, wa s grown and covered by a
15 nm thi ck ZnO layer. The growth processesmoni tored by R HEED di d not show
any di ˜erence from a typi cal bu˜er, whi ch al lows us to use thi s sam pl ef or inv esti -
gati ng the crysta l structure of the Mg O bu˜er. Fi gure 3a shows the XR D ¨ À 2 È

scan along the surface norm al of the sam ple. Besides the ZnO (0002) and the
Al 2 O 3 (0006) peaks, a di ˜ra cti on peak at 2 È = 3 6 : 9 1 0 £ i s observed. Af ter correct-
ing the zero-error of the XR D di ˜ra ctom eter, an inter- pl ane di stance of 0.2434 nm
is obta ined. Thi s value corresp onds to the distance between (333) planes in bul k
Mg O wi th a stra in less tha n 0.07% indicati ng the ful ly relaxed Mg O growth along
[111] di recti on on Al 2 O 3 (0001) substra te. The fri nges conÙrm the thi ckness of the
Mg O layer of about 7 nm . The presence of interf erence fri nges also indi cates a
sharp interf ace wi th l i ttl e inter- di ˜usi on. To get further inform ati on of the struc-
tura l properti es, grazing-inci dent XR D m easurements were carri ed out. Fi gure 3b
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shows the in-pl ane reci procal space m appi ng. The rocksal t Mg O (2 20 ) peak ap-
pears in al ignm ent wi th ZnO (1 1 20 ) and Al 2 O 3 (3 3 0 0 ) . Thus the in-pl ane epi-
ta xi al relati onshi p is determ ined as ZnO [1100] =Mg O [110]= Al 2O3 [1120] , consistent
wi th the R HEED observati on [7]. No other structura l phases were observed by
grazing-inci dent XR D m easurem ents. Theref ore, we can exclude the al loy form a-
ti on from Al 2 O 3 / Mg O/ ZnO interf aces. W e kno w tha t the oxygen sub-latti ce wi th
hexagonal (ZnO and Al 2 O3 ) or cubi c (Mg O) close-packed structure determ ines the
latti ce matching of two oxi des. Theref ore, the latti ce mismatch is 18.6% and 8.3%
for ZnO(0 001)/ Al 2 O 3 (0001) and Mg O(1 11)/ Al 2 O 3 (0001), respectivel y. The m etal
cati ons occupy either the tetra gonal (Zn in ZnO) or the ortho gonal (Al in Al 2 O3 ,
and Mg in Mg O) vacancy form ed by oxyg en anions, whi ch leads to a chemical
m ismatch across the hetero -interf ace. The rocksal t Mg O Ùnds i ts in-plane latti ce
constant just at the interm ediate positi on between tha t of ZnO and Al 2 O 3 , as
wel l as i ts poly- covalent ionic bondi ng situa ti on. Thi s may expl ain why Mg O wets
Al 2 O 3 and ZnO adhere to Mg O. W e should clari fy tha t no impro vement in m or-
phology and crysta l qual ity can be obta ined i f ZnO is grown di rectl y on an Mg O
wetti ng layer. Thi s is reasonabl ebecause the release of stra in greatl y contri butes to
lowering the surface energy and reduci ng the m ismatch. Furtherm ore, the 2D{ 3D
tra nsiti on resulted islands pro vi de nucl eati on cores for the fol lowi ng ZnO growth.

Fig. 4. ` -scans of (a) ZnO (11 2 0 ) and (b) MgO (2 2 0) di˜ractio n peaks show the

in- plan e epitaxi al relations hi p. T he insertion in (b) indicates the geometry of scan.
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Fi gure 4 shows ` -scan wi th an incident angle of 0 : 3 5 £ . Mg O (2 2 0 ) peaks are
found coinci dent wi th ZnO (1 1 2 0 ) , whi ch conÙrms again tha t Mg O has a rock-
sal t structure and has the in-plane epita xi al relati onship as ZnO [1100] =Mg O [110] =

Al 2 O 3 [ 1 1 2 0 ] . From these resul ts, we speculate tha t the e˜ect of Mg O bu˜er is
m ainly in lowering the substra te surf ace energy, whi ch is favorabl e to the latera l
growth of ZnO. It should be stro ngly noted tha t Fi g. 4 indi cates six- fold rota ti onal
sym m etry along the h 0 0 0 1 i di recti on, whi ch means there are no form ati on of 30£

ro ta ted m ixed dom ains.
In Fi g. 5 we compare the high-resoluti on XR D results ta ken from the ZnO

epi layers grown on Al 2 O 3 wi th and wi tho ut an Mg O bu˜er. Fi gure 5a shows the
¨ À 2 È scans of (0002) peak. The presence of f ringes in the (0002) di ˜ra cti on peak
of the ZnO epi layer wi th a bu˜er indi cates a Ûat surf ace and interf ace. Thi s is also
conÙrmed by AFM measurement. For thi s sam ple, the ro ot mean square (rm s)
value of the surface roughness is less tha n 8 ¡A over a 10 ñ m È 1 0 ñ m area. The
FW HM of the (0002) ¨ -rocki ng-curve (Fi g. 5b) of the ZnO layer wi th an Mg O
bu˜er gives an extrem ely small va lue of 13 arcsecond when com pari ng wi th the 774
arcsecond of the layer wi tho ut Mg O bu˜er, whi ch indi cates Ùnely ordered c-planes
as a consequence of a well -contro lled layer-by- layer growth, and also im pl ies a
very low screw di slocati on density . For wurtzi te m ateri al grown along the c -axi s,

Fig. 5. H igh- resoluti on X RD ¨ -ro cking curves and ¨ À 2È scans of the ZnO epilayers

grow n on A l2 O 3 with (solid line) and without (dashed line) an MgO bu˜er.
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the most f avorabl e di slocati on is the pure edge di slocati on, whi ch causes l i ttl e
crysta l lographi c ti l t in the (0001) planes. In order to obta in the inform ati on of
to ta l dislocati on densi ty we exam ined the (1 0 1 5 ) asym metri c di ˜ra cti on peak of
ZnO. A ¨ -rocki ng curve is shown in Fi g. 5d. The FW HM is 108 arcsecond for
the ZnO layer wi th bu˜er and 1640 arcsecond f or the layer wi tho ut. In the case of
¨ À 2 È , the di ˜erences in peak wi dths are not as large as the rocki ng-curves. Thi s
is because the dislocati ons have less e˜ect on the inhom ogeneous stra in tha n on
the mosaicit y. Al l the XR D values shown here are as good as tha t of GaN grown
by MOCVD on Al 2 O 3 wi th a low tem perature bu˜er.

3.2. Pol ar i ty cont rol led ZnO Ùlms on Ga-polar GaN templ ates

Since the polari ty of the used GaN templ ates is Ga-polar (cati on-polar), the
growth of Zn- polar ZnO Ùlm s would be possibl e i f we could form \ N{ Ga{ O À Zn "
bondi ng at the interf ace. Ho wever, the form atio n of such an interf ace woul d not be
so easy because of reacti vi ty of the GaN surf ace wi th oxyg en, whi ch leads to the
form ati on of am orpho us and/ or polycrysta l l ine oxi de on GaN [11, 12]. Theref ore,
in order to form \ N{ Ga{ O{ Zn" bondi ng at the interf ace and to grow Zn- polar
ZnO Ùlm s on Ga-polar GaN, oxi datio n pro blems should be solved. On the other
hand, in order to grow O-polar ZnO Ùlms on Ga-polar GaN tem plates, bondi ng
sequences and hence polari ty shoul d be inv erted.

W e have exam ined two typ es of pre-growth trea tm ents in order to con-
tro l the interf ace bondi ng between the ZnO epi layer and GaN tem plate: (1) Zn
pre-exp osure for to achieve Zn- polar growth, (2) O-plasma pre-exp osure to f orm a
m onoclinic Ga2 O 3 interf ace layer, whi ch shoul d lead to the O-polar ZnO growth
on the Ga-polar GaN tem plate because i t has a center of sym metry .

Fi gure 6 shows RHEED evoluti ons for the tw o typ es of pretrea tm ents. Fi g-
ures 6a and b show R HEED patterns before and after Zn pre-exposure on the GaN
surf ace. As expected, RHEED did not show any appreci abl e change in term s of
bri ghtness and sharpness of the specular spot and the streaky rods, whi ch indi cates
smal l adsorpti on of Zn as is the case for Zn adsorpti on onto a GaAs surface [13].
Fi gures 6c and d show R HEED patterns before and after O-pl asma pre-exp osure
on the GaN surface. On exposing oxyg en pl asma onto a cl eaned GaN surface
wi tho ut Zn pre-exposure, however, the RHEED pattern showed an appreci able
change. A decrease in bri ghtness and size of the specular spot, and a change in
intensi ty of streaky rod were observed by O-plasma pre-exposure, whi ch indi cate
a modiÙcati on of the GaN surface by O-pl asma pre-exp osure.

The interf ace structure of the ZnO/ GaN hetero epita xi al layers has been in-
vesti gated by HRTEM. The interf ace structure showed a dra stic di ˜erence be-
tween the ZnO Ùlms wi th Zn and O-plasma pre-exp osures. No interf ace layer
wa s form ed in between the GaN tem plate and ZnO overl ayer in the case of Zn
pre-exp osure (Fi g. 7a), whi le an interf ace layer was observed f or the O-plasma
pre-exp osure case (Fi g. 7b). As shown in the inset of Fi g. 7b, a di ˜ra cti on pat-
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Fig. 6. RH EED patterns in h 11 2 0 i azimuth for two typ es of pretreatments on the GaN

surf aces; (a) before and (b) af ter Zn pre- exposure; (c) before and (d) af ter O-plasma

pre- exposure.

Fig. 7. H RT EM micrographs w ith the zone axis of [2 11 0] direction for ZnO Ùlms on

Ga- polar GaN templates w ith (a) Zn pre- exposure and (b) O -plasma pre- exposure. T he

inset in (b) shows a di˜racti on pattern obtained from the interf ace layer.
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tern obta ined by the Fouri er tra nsform of the interf ace layer im age showed a
sing le-crysta l l ine pattern. The distances between the di ˜ra cti on planes mark ed
by the arro ws are 0 : 5 2 Ï 0 : 0 1 ; 0 : 5 3 Ï 0 : 0 1 and 0 :4 7 Ï 0 : 0 1 nm . These inter-
pl ane spacings can be assigned to the (001), ( 2 0 0 ) , and ( 2 0 1 ) di ˜ra cti on pl anes
of monoclinic Ga2 O 3 and the zone axi s can be assigned to [010]. A deta i led
analysis of the interf ace layer suggested tha t the interf ace layer was indeed of
Ga2 O3 [14]. The ori enta ti on rel ati onshi p between ZnO, Ga2 O3 , and GaN woul d
be ZnO [2110 ]=Ga2O3 [010] =GaN[2110] and ZnO(0 001)/ Ga2 O 3 (001)/ GaN(0 001).
It is noted tha t both interf aces at ZnO/ Ga2 O 3 and Ga2 O 3 / GaN are sharp wi th
smal l interf ace Ûuctua ti on.

W e have further inv estigated possible in-pl ane ato m ic arra ngements at the
interf ace based on the observed orienta ti on relati onship usi ng the uni t cells of bul k
Ga2 O3 , GaN, and ZnO. Fi gure 8a shows a Ga2 O3 uni t cell vi ewed along the [010]
di recti on. A uni t cell of Ga2 O3 conta ins 8Ga and 12O ato m s, and 10 fracti onal
pl anes along the c-di recti on. Fi gure 8b shows a pro jecti on vi ew of tw o Ga2 O3

uni t cells along the di recti on norm al to the (001) plane, in whi ch one hexa gonal
uni t cell of GaN (or ZnO) is overl apped onto a Ga2 O3 uni t cell in accordance
wi th the observed ori entati on relati onshi p. In thi s schemati c diagram , we have
not considered in-plane or out- of -plane rearra ngement of atom s at the interf ace.
Al tho ugh the latti ce constant of Ga2 O3 along the [010] di recti on (0.304 nm ) is

Fig. 8. (a) Ga 2 O 3 unit cell view ed along the [010] direction. (b) Schematic diagram

show ing presumable in-plane lattice matching where Ga2 O 3 unit cell and hexagonal unit

of GaN (or ZnO ) are overlapp ed.



Int er face Engi neer ing i n Heteroepi taxy 551

slightl y smal ler tha n the in-pl ane latti ce constants of GaN (0.319 nm ) and ZnO
(0.325 nm ), the latti ce constant of Ga2 O 3 along the [100] di recti on (1.223 nm )
is about f our ti m es larger tha n the corresp onding latti ce parameters of GaN and
ZnO. Because of such large di ˜erence in the latti ce constant between Ga2 O 3 and
ZnO (or GaN), one-to -one di rect matchi ng of the three uni t cells is impossible.
Instea d, latti ce m atchi ng of one uni t of Ga2 O3 along the [100] di recti on and four
uni t cells of GaN or ZnO along the [ 0 1 1 0 ] di recti on is possible consideri ng dom ain
m atchi ng epita xy [15]. Thi s situa ti on m ay facil i ta te the epi taxi al growth of sing le
crysta l l ine ZnO in spite of the large latti ce m isÙt wi th the Ga2 O 3 interf ace layer.
Thus the latti ce m isÙts along the [010] (b = 0 : 3 0 4 nm ) and [100] (a = 1 : 2 2 3 nm )
axes of Ga2 O3 wi th the [2 1 1 0 ] (a = 0 : 3 1 9 nm ) and [ 0 1 1 0 ] (4

p

3 a= 2 = 1 : 1 0 5 nm )
di recti ons of GaN are reduced to { 4.7% and 10.7%, respectivel y. The corresp ondi ng
latti ce misÙts between Ga2 O 3 and ZnO are { 6.5% and 8.6%, respecti vely.

In deÙniti on, the polari ty is caused by the lack of inversion center. If a
crysta l l ine layer who se crysta l structure has an inversi on symm etry is deposited
on a surface of a Ga-polar GaN for exam ple, i t woul d be possible to interrupt the
pro pagati on of latti ce polari ty to the overl ayer on the interf ace lay er to inv ert the
polari ty . Here, it should be stro ngly noted tha t the m onoclinic Ga2 O 3 interf ace
layer has a center of symm etry , since the space group of Ga2 O3 i s C 2 =m . Theref ore,
the polari ty of the ZnO Ùlm wi tho ut any interf ace layer grown by Zn pre-exp osure
shal l be Zn- polar. On the other hand, the polari ty of the ZnO Ùlm wi th the mono-
cl ini c Ga2 O 3 interf ace layer shal l be O-polar, whi ch im pl ies polari ty inversion in a
wurtzi te crysta l from cati on polar (G a-polar GaN) to anion polar (O- polar).

The polari ti esof Ùlm s and inversion of crysta l polari ti es in the wurtzi te struc-
ture using an interf ace layer wi th a center of sym metry are conÙrm ed by di rect
determ inati on of the polari ti es by CBED patterns. Fi gure 9a shows exp erimenta l
CBED patterns of an upp er ZnO Ùlm and a lower GaN one from a Zn pre-exp osed
sam ple. The arrow indi cates the growth di recti on. The experim enta l CBED pat-
terns from the upp er ZnO and the lower GaN Ùlm s are nearly the same. These
indi cate tha t the polari ty of the upp er ZnO Ùlm is of Zn- polari ty because we have
used MOCVD grown Ga-polar GaN tem plates as substra tes and the CBED pat-
terns from GaN and ZnO are m ost l ikely very sim i lar consideri ng the structura l
sim i larit y between ZnO and GaN. Fi gure 9b shows experim enta l CBED patterns
of an upper ZnO Ùlm and a lower GaN one from an O-pl asma pre-exposed sampl e.
No te tha t the experim ental CBED patterns from the upp er ZnO and the lower
GaN Ùlms app ear opp osite. Thi s impl ies the polari ty of the ZnO Ùlm is opp osite
to tha t of the underl yi ng GaN, and hence the polari ty of ZnO Ùlm is of O-polar.
In order to determ ine the polari ty wi tho ut am bigui t y, com pari sons wi th simulated
CBED patterns from ZnO and GaN are perform ed. Fi gure 9c shows simulated
CBED patterns from wurtzi te ZnO and GaN. The simulated patterns correspond
to 28 nm and 45 nm thi ck ZnO and GaN, in whi ch the upw ard di recti ons are
al igned to Zn and Ga-polar, respectively.
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Fig. 9. Exp erimental C BED patterns of the upp er ZnO and low er GaN Ùlms from

(a) Zn pre- exposed sample and (b) O-plasma pre- exposed sample, and (c) simulated

C BED patterns of w urtzite ZnO and GaN w ith the zone axis of [2 11 0] direction. T he

arrow indica tes the grow th direction. The simulated patterns corresp ond to 28 nm and

45 nm thicknesses of ZnO and GaN , respectively , in w hich the upw ard direction s are

aligned to Zn and Ga polariti es.

A com parison of the exp erimenta l and sim ulated CBED patterns di rectl y
indi cates tha t the polari ty of ZnO Ùlm wi th O-plasma pre-exposure is of O-polar
and tha t of ZnO Ùlm wi th Zn pre-exp osure is of Zn- polar, whi ch indi cates tha t
we have contro l led polari ti es of wurtzi te crysta l by engineering the interf aces. W e
wo uld l ike to stress again tha t the present results suggest a general ized m etho d to
contro l the latti ce polari ty of Ùlm s by inserti ng an interf ace layer wi th a center of
sym m etry , thereby the conversi on of latti ce polari ty becomes possible. It should
be noted tha t the pro posed metho d for contro l l ing latti ce polari ty is m ore general
tha n any of the previ ous metho ds using inverted dom ains [16, 17].

4 . Co n cl usion s

The importa nce of interf ace engineering in hetero epita xy is demonstra ted
wi th exam ples of P-MBE ZnO epi taxy . The heterointerf aces in P- MBE grown
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ZnO Ùlm s on sapphi re and Ga-polar GaN tem plate substra tes are engineered to
im pro ve and to contro l the properti es. The growth of rocksal t structure Mg O
bu˜er on Al 2 O 3 (0001) is developed for ZnO epi ta xy. Latti ce m isÙt f or Mg O ( 111) =

Al 2O3( 0001) is 8.3%, whi ch im pl ies accom modatio n of the latti ce m ismatch of
18.6% for ZnO(0 001)/ Al 2 O3 (0 0 0 1 ) by about hal f and hal f at ZnO(0 001)/ Mg O(1 11)/
Al 2 O 3 (0001) interf aces. By using the Mg O bu˜er, the form ati on of 30£ ro ta ted
m ixed dom ains is prohi bi ted and two -di mensional layer-by- lay er growth of ZnO
on sapphi re substra te is achi eved. Hi gh-resoluti on X- ray di ˜ra cti on (HR XR D) re-
veals the superior crysta l qual ity of ZnO Ùlm s wi th a Mg O bu˜er.

ZnO/ GaN hetero interf ace wi tho ut any interf ace layer is form ed by the Zn
pre-exp osure on the GaN surface, whi ch results in the growth of Zn- polar ZnO Ùlms
on Ga-polar GaN tem plates. By the O-pl asma pre-exposure on the Ga-polar GaN
surf ace, single crysta l l ine, monoclinic Ga2 O 3 interf ace layer is form ed in between
ZnO and GaN. The polari ty of ZnO Ùlms wi th the Ga2 O 3 interf ace layer is O-polar.
The CBED result di rectl y shows tha t the polari ty of wurtzi te structure is inv erted
from the cati on polar (G a-polar GaN) to the anion polar (Zn- polar ZnO) by the
form ati on of m onoclinic Ga2 O 3 , whi ch has a center of symm etry .
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