ZnO epilayers on GaN templates: Polarity control and valence-band offset
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We report on the growth of polarity-controlled ZnO epilayers by plasma-assisted molecular-beam
epitaxy and the measurement of valence-band offset at the ZnO/GaN heterointerface. The polarity
of ZnO epilayers is determined by coaxial-impact-collision ion-scattering spectroscopy. The band
offset is determined by ultraviolet and x-ray photoelectron spectroscopy. The high-resolution
transmission electron microscopy study reveals the formation of an interface layer between the ZnO
and GaN epilayers in O-plasma preexposed samples, while no interface layer is formed in Zn
preexposed samples. Zn preexposure prior to ZnO growth results in Zn-polar ZnO epiayers
face, while O-plasma preexposure leads to the growth of O-polar ZnO epild@eface. The
interface layer is identified to be single-crystalline, monoclinic@a The estimated valence band
offset at the ZnO/Gal0001) heterojunction with Zn preexposure is 0.8 eV with a type-Il band
alignment. ©2001 American Vacuum SocietyDOI: 10.1116/1.1374630

I. INTRODUCTION II. GROWTH OF POLARITY-CONTROLLED zZnO
EPILAYERS ON GaN TEMPLATES
GaN, ZnO, and related alloys are wurtzite-structure wide- o
band-gap semiconductors and have attracted considerable at- | N€ Substrates used in this study are Ga-p@a0l GaN

tention because of their applications to short-waveIengtr‘?ﬁilay_ersl(4 '“m'tgiCk)' grown onc-Al,05 by m_(letal-organic
light-emitting devices. Those materials have been growr? emica 'Viﬁor Geﬁlostmo(i\lll(t)CVE). S&%;p' ayers werg_
with the c axis parallel to the growth direction, which results grown on ihe ©all tempiales by using a radio-
in either cation-polar or anion-polar layers. It has been dem[requency oxygen-plasma source and a Zn solid source. De-
j tailed procedures for substrate cleaning and PMBE growth

onstrated tha't the lattice polarlty has strong effects oL ditions have been reported elsewter@- or O-plasma
growth, material property, and device performahce.

L ) ) ; ) preexposure after thermal cleaning of GaN surfaces was car-
Epitaxial layers with opposite polarity can be easily Ob'ried out at 700 °C for 3 min prior to ZnO growth. ZnO ep-

tained by changing the polarity of the substrate, if polar SUbiIayers were grown at the same temperature.

strates with both polarities are available. There have been Figure 1 shows high-resolution transmission electron mi-
only few reports on the control of the lattice polarity of ep- croscopy(HRTEM) micrographs of the ZnO/GaN interfaces
ilayers grown on nonpolar substrates. The growth of GaNgy (a) Zn- and(b) O-plasma preexposures. The remarkable
epilayers with different lattice polarities on nonpolar,® gifference in these two types of interface is the formation of
substrates has been achieved by employing different initiadn interface layer in the case of O-plasma preexposure, while
processes, including surface nitridation, buffer-layer growthno interface layer is formed by Zn preexposure. The thick-
and annealing. In the case of ZnO epilayers on nonpolafess of the interface layer at the ZnO/GaN interface with
Al,O; substrates, only O-polar ZnO growth has beenO-plasma preexposure is estimated to be about 3.5 nm re-
reportec? gardless of O-plasma preexposure time for 1-15 min. The

This article will report the plasma-assisted molecular-interface layer is identified as single-crystalline monoclinic
beam epitaxyfPMBE) growth of polarity-controlled ZnO ep- Ga&0O; by diffraction pattern analysis in which th@021)
ilayers on Ga-polaf0001) GaN templates by engineering the plane of GaOs is parallel to the(0001) plane of GaN or
ZnO/GaN heterointerface, and band alignment at a ZnO/GaMnO.
heterointerface, determined by ultraviolet and x-ray photo- The epitaxy relationship between ZnO and GaN with the
electron spectroscopigs/PS and XP$ We note here that G&0s interface layer was found to be
there have been no experimental studies on the band offset at [2'1'1QIZnO”[010]6a203”[2'1'10JGaN
a ZnO/GaN heterointerface.

and
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In the case of O-plasma preexposure, the existence of a
Ga0; interface layer affects bonding sequence at the inter-
face. The atomic plane in a &3 unit cell parallel to the
interface is either the O or Ga plane. It is most likely that an
O plane is formed in the G@&; layer at the GgO;/GaN
interface to form O—Ga bonding with the topmost Ga atoms
at the GaN template surface. If this is the case, theOga
interface layer must have an O-terminated top surface, since
half of the unit cell parallel to the interface also has an
O-terminated surface and half of the unit cell satisfies the
ratio of Ga/O as 2/3 as well as a unit cell, which satisfies the
stoichiometry of GgO,;. Other terminations do not satisfy
the 2/3 ratio of the Ga/O, which implies that the O termina-
tion at half of the unit cell or one unit cell parallel to the
interface is stable. Here, it should be noted that the HRTEM
micrograph[Fig. 1(b)] of the GaOj; interface layer shows
well-defined planes parallel to the interface with the inter-
Fic. 1. HRTEM micrographs fota) Zn preexposed antb) O-plasma pre-  plane distance corresponding to one or half of the@zanit
fxpossgwsvzgf';;v;"gg :I'\IO';]% tgﬁlir#grfgicf?fté?”thlhge 'rse g)c(’ i(?;igasc;m cell. Therefore, it is most likely that the O plane is formed to
(ge\:vhile a 3.5-nm-thick interface layer is formed betwgen thpe ZnO/GaNp{%rm O-Ga bondings at the G@;/GaN interface. The ex-
heterointerface for the O-plasma preexposed ZnO satbpl@he interface ~ POsure of the Zn and O flux for ZnO growth followed by the
layer is identified as monoclinic G&;. Details are described in the text.  O-plasma preexposure will lead to strong and stable Zn—O

bondings at the ZnO/G@&; interface. The resultant stacking
sequence at the interface in the O-plasma preexposed
This epitaxial relationship would give rise to lattice strain in samples is a ‘‘N-GatGa0; Interface layer-Zn-0,”
the GaO; interface layer due to lattice misfit with the GaN which implies the growth of an O-poldf00-1) ZnO epil-
substrate or with the ZnO overlayer. Although the latticeayer.
constant of GgD; along the[010] direction (0.304 nm is
slightly smaller than the corresponding lattice parameters of
GaN (0.319 nm and znO(0.325 nm along the[2-1-10 - POLARITY OF Zn- AND O-PLASMA
direction, the lattice constant of @a; along a[100] direc- PREEXPOSED ZnO EPILAYERS
tion (1.223 nm is about four times larger than those of GaN  The lattice polarity of the ZnO epilayers was determined
and ZnO along thd01-10Q] direction. Therefore, we have by coaxial-impact-collision ion-scattering spectroscopy-
adapted the concept of domain matching epitaryatching  ICISS) (Shimadzu Co., TALIS 9700 Primary He ions
of one unit of GaOsalong[100] with four units of GaN or  with energy of 2 keV were used for the measurements. The
ZnO along[01-10Q]. Accordingly, the lattice misfits along the polar angle dependence of CAICISS signals along the azi-
[010] (b=0.304 nm and the[100] (a=1.223 nm axes of muth direction of[11-20] was measured. Figure 2 shows
Ga0; with the corresponding GafR-1-10] (a=0.319 nm  experimental data(closed squargésand simulated(open
and[01-1Q| (4\/§a/2= 1.105 nm directions are reduced to circles polar angle dependence of Zn signals fréan Zn-
—4.7% and 10.7%, respectively. The lattice misfits 0f@a and(b) O-plasma preexposed ZnO epilayéhngre, the spec-
and ZnO along the corresponding directions are also reduceca are plotted as a function of incidence angle, which is
to —6.5% and 8.6%, respectively. equal to 90° minus the polar angl&he spectra for the two

The different interface structures for Zn- and O-plasmasamples are significantly different. In the case of Zn preex-
preexposures offer a possibility of controlling the lattice po-posed ZnO epilayers, the observed angle dependence is char-
larity of ZnO epilayers. On exposing Zn beams onto a Gaacterized by three dominant peakséat24°, 50°, and 74°.
polar (000) GaN surface, Ga—Zn bonds may be initially This feature agrees well with the simulated spectrum ob-
formed at the surface. It is likely, however, that the Zn atomgained for the Zn-polar ZnO. In the case of O-plasma preex-
will be replaced with O atoms to form strongea©&0—-Zn  posed ZnO epilayers, the experimental angle dependence is
bonding during ZnO growth, since the Zn—QGaation— characterized by four dominant peaks &t22°, 36°, 54°,
cation bonding is weak and unstaBleompared with Ga—O and a broad peak ranging from 72° to 76°. This feature also
and Zn-O(cation—anion bondings. The bond energies of agrees well with the simulated spectrum obtained for the
Ga—0 and Zn-0 are 353.6 and 270.7 kJ/mol, respectfvelyO-polar ZnO. The simulation algorithm used was based on
Although no data are available for Zn—Ga bonding, it is mosthe three-dimensional two-atom triple-scattering mddk!.
likely that the bonding energy of Zn—Ga is much weakershould be noted that the present results agreed well with the
than Ga—O and Zn—0O because of weaker metallic bondingeported CAICISS spectra from the Zn- and O faces of bulk
Therefore, a “N-GaO-Zn" stacking sequence at the inter- ZnO? Therefore, we conclude that Zn preexposed ZnO ep-
face can be expected in the Zn preexposed samples, whidlayers have a characteristic of Zn polarity, while O-plasma
should result in a Zn-polai0001) ZnO epilayer. preexposed ZnO epilayers have a characteristic of O polarity.
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;:uT 5001 he" IV. VALENCE BAND OFFSET AT THE ZnO /GaN
£ (a) Zn pre-exposed l :9 1120 HETEROINTERFACE
% —®— Experimental - [ As shown in Fig. 1b), an O-plasma preexposed ZnO ep-
= —O— Simulated ilayer on a GaN template has an interface layer between the
N o / ZnO and GaN epilayers. Hence, measurement of the band
: " offset has been carried out for a Zn preexposed sample,
= " \ /o which has no interface layer. Here, we used ratype,
5 -.\ / n Fo/ \- MOCVD grown (000) Ga-polar GaN epilayer on AD;
£ 5: Oﬁo s 4 [ \ with a carrier concentration of 8.¥810'® cm 2 and a mo-
E bsuff bility of 197 cnf?/Vs. The ZnO epilayers showend-type
2 L conductivity®

0 0 20 8 40 50 60 70 80 90 The method used to measure the valence-band discontinu-

Incident angle, 0 (deg.) ity at the ZnO/GaN interface is similar to that of Waldrop
- and Granf. The basic scheme of this approach is to measure
2 the valence-band maximurtVBM) energy relative to the
§ | (b) O-plasma pre-exposed o core-level energy for each semiconductor and then use the
g —&— Experimental o measured difference between the two core-level energies at a
< —O— Simulated junction between the two semiconductors to determine the
N — / \. discontinuity of the VBM. Based on this approach, the
e / m .,% n l valence-band offsetAE,) can be described by the follow-
z A W / [ o ing formula:
[Z] \~ ] ] n
< / o % v / o/ [
= & / \ e \ AE,(ZnO/GaN = (3d— VBM)S3N— (3d— VBM)Z"0
E oo Cocoooo”
Ry I ) o - (BdGaN_ 3dzno)interface- (1)
i 0 I 10 ‘ 20 ‘ 30 a0 50 60 70 80 20
Incident angle, 0 (deg.) This method has been successfully applied for the evaluation

Fic. 2. Incidence-anglé#=90°, polar angle dependence of the Zn signal of band offsets for various heterOjunctloqzs including AIN/

measured by CAICISS from t]’(ﬁﬂ) Zn preexposed antb) O-plasma pre- GaN, GaAs/ZnSe, InN/GaN, and InN/AlN‘

exposed ZnO epilayers. The setup for the measurements is the same for both In order to estimate the valence-band offset, we have ex-

experiments and are shown (a). amined three kinds of samplegt) A 4-um-thick Ga-face
GaN epilayer on sapphire grown by MOCVD, which was
used as a substrate for the ZnO epilayer, for the determina-
tion of the VBM and Ga3d energies of GaN(2) A 65-nm-

The CAICISS results clearly indicate that we have selec—thICk ZnO epilayer grown by PMBE for determination of the

tively grown ZnO epilayers with both polarities by PMBE VBM and Zn 3d energies of ZnO{(3) A 2-nm-thick ZnO

even on Ga-polar GaN. We stress that the observed polari@p”ayer for determination of t.he difference between thel Ga
. ) . . d and Zn3d core-level energies at the ZnO/GaN heteroint-
of the ZnO epilayers is the direct consequence of the inter-

face bonding di d in Sec. Il erface.
ace bonding discussed In Sec. 1. All UPS and XPS measurements were perfornegdsitu

The origin of such different characteristics of the CA- using an ultrahigh-vacuunimiddle 10°** Torr) XPS/UPS
ICISS spectra can be understood by considering the Surfa%mbined system. We have used ARUPS(YG Co., Ltd),
structures of Zn- and O-polar ZnO, shadow cones formed b%quipped with a He source(21.22 eVf with an energy reso-
the surface Zn and O atoms, focusing, and shadowing effecigion of 61.5 meV for the UPS measurements, and CLAM2
of scattered ions. For example, in the case of a Zn-polajyG co., Ltd), equipped with x-ray sources of AKa
surface with an ion-incident angle of 36°, Zn atoms on thg1486.5 ey and MgK « (1253.6 eV for the XPS measure-
third and fifth layers are shadowed by O atoms on the seconghents. The measured binding energies are calibrated by us-
and fourth layers, respectively. Therefore, signals scattereghg the Au 4, level (for XPS) and the Fermi edge of Au
from the Zn atoms are not observed. On the other hand, iffor UPS. The UPS and XPS measurements were carried out
the case of an O-polar surface with an ion-incident angle ohfter Ar" ion sputtering at an ion-beam voltage of 1.0-1.5
36°, Zn atoms on the second and fourth layers are not shagy and current of 30—4QA for 10-120 s in order to re-
owed by O atoms on the first and third layers. Additionally, move surface contaminations. The cleanness aftéridn
the focusing effect would occur because the Zn atoms on theputtering is checked by monitoring the intensities and posi-
fourth layer are located on the edge of shadow cones formetibns of C lsand O & peaks. All measurements were carried
by the O atoms on the first layer, which results in strongout at 40.2 K.
signals scattered from the Zn atoms. The CAICISS spectra at The difference in the VBM and the Gad energies is
other incident angles can be understood similarly. determined to be 17.5 eV, which agrees well with previously
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value!®

Intensity (arb. unit)

eVv.

1432

measurements, which also agrees well with the reported

Figure 3a) shows an UPS VB spectrum of a 65-nm-thick
ZnO epilayer. The features of the VB spectrum agree very
well with the previously reported UPS spectrum (6001
ZnO* From Fig. 3a), we have determined the VBM energy
to be 3.4 eV, which agrees well with the reported vditie.
The core-level energy of Z8d determined by the XPS mea-
surement is 10.7 eV, as shown in Figbg which also agrees
well with the reported value¥:*® Therefore, the difference
in the VBM and the Zrn3d energies is determined to be 7.3

Figure 3c) shows the relative energy positiotiee center

42 1 10 8 8 7 6 5 403 2 4 o012 of the Ga3d peak is set as zeraf the Ga3d and Zn3d
Binding energy (eV) core-level peaks obtained from a 2-nm-thick ZnO sample.
The difference between the core-level energies between Ga

eV.16

Intensity (arb. unit)

—T7 71— 71— T 3d and Zn3dis determined to be 9.4 eV. Based on the XPS

. and UPS data from the thick ZnO and thick GaN epilayers
and the ZnO/GaN interface, we have determined the valence-
band offsets at the ZnO/GaN heterointerface to be 0.8 eV
with a type-1l band alignment. Figure 4 shows a schematic
flatband diagram for théd001) ZnO/GaN heterojunction de-
termined in the present study. We note that the theoretical
valence-band offset for ZnO/GaN heterointerfaces is 1.0-2.2

V. CONCLUSIONS

We have selectively grown both Zn- and O-polar ZnO
epilayers by PMBE on Ga-polar GaN templates and experi-
mentally determined the valence-band offset at (®@01)
ZnO/GaN heterointerface. Zn preexposure prior to ZnO
growth leads to the growth of Zn-polar ZnO epilayers, while

A L O-plasma preexposure prior to ZnO growth results in the
L f 9.4 eV : 1 growth of O-polar epilayers. An interface layer was formed
r .". : . between the ZnO and GaN epilayers in the O-plasma preex-
i S ] posed sample and it is identified as single-crystalline, mono-
-"é’ - S ‘. clinic Gg0s. No interface layer is formed in the Zn preex-
2T 2 ] posed sample. The origin of the different lattice polarities of
ﬁ L o '. i the ZnO epilayers on Ga-polar GaN can be explained suc-
>0 ° 3 : cessfully by the proposed bonding sequences at the hetero-
- ® » -
[ f
N i 3 : ]
£ Ga3d , 1 GaN
. . CBM
W T Zno cBM
I 1 1 1 ! I I I L1 A
-6 -4 -2 ¢} 2 4 6 8 10 12 14 Eg=339 eV
Relative Binding Energy (eV) Eg=3.37 eV
VBM
Fic. 3. (a) UPS VB spectrum from the 65-nm-thick ZnO epilayéy) XPS t AEv= 0.8 eV I - l VBM
Zn 3d core-level spectrum from the 65-nm-thick ZnO epilay@). XPS 736V
spectrathe Ga3d level was set to be the origin of the energy axitGa3d 17.5 eV v e
and Zn3d core levels from a 2-nm-thick ZnO epilayer grown on qud+- ' Zn3d
thick GaN epilayer. AE= 9.4 eV
Ga3d
reported values of 17.1-18.4 é¥/The VBM of GaN was GaN[0001]//Zn0[0001]

determined to be 1.9 eV from UPS measurements, which
agrees well with the reported valtiéThe binding energy of

L

Fic. 4. Schematic band diagram for the ZnO/GaN heterointerface with Zn

the Ga3d core level was determined to be 19.4 eV by XPSpreexposure determined by UPS and XPS measurements.
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