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A series of wurtzite MgZnO quasi-ternary alloys, which consist of wurtzite MgO/ZnO superlattices,
were grown by molecular-beam epitaxy on sapphire substrates. By changing the thicknesses of ZnO
layers and/or of MgO layers of the superlattice, the band-gap energy was artificially tuned from
3.30 to 4.65 eV. The highest band gap, consequently realized by the quasi-ternary alloy, was larger
than that of the single MgZnO layer, we have ever reported, keeping the wurtzite structure. The band
gap of quasi-ternary alloys was well analyzed by the Kronig—Penny model supposing the effective
masses of wurtzite MgO as 0139 and (1-2)m, for electrons and holes, respectively.
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Zinc oxide (ZnO) and related semiconductor crystals alloying, such as phase separation or alloy scattering. There-

have recently attracted increasing interest toward applicatiofore, by the MgO/ZnO superlattice quasi-ternary alloy, one
to ultraviolet (UV) light emitters' deep UV sensorstrans-  may expect the possibility of extending the band-gap energy
parent thin-film transitord, multifunctional integrated cir- over 4.45 eV attained by the single MgznO layer. Actually,
cuits, and so on. For the actual device applications, the bandh the present work, we report the quasi-ternary alloy with its
gap engineering is one of the indispensable issues to beand gap of as large as 4.65 eV, which is wide band gap
achieved, for example, the alloying with magnesium oxiderealized with a wurtzite ZnO-based semiconductor.
(MgO) to make MgZnO can increase the band-gap energy The motivation for the MgO/ZnO superlattice quasi-
from 3.3 eV for wurtzite ZnO to 7.8 eV for rocksolt MgO ternary alloys is supported by the fact that a thin wurtzite
(Ref. 4 with fairly small mismatching(0.1% (Ref. 5 in ~ MgO layer can be grown on a wurtzite ZnO layer. We em-
bond lengths of ZnO and MgO. ployed molecular beam epitaxfMBE) for the growth on

However, in a lot of research on the growth of MgZnO, a-plane (1120) sapphire substrates using solid sources of
one encounters the fatal problem of phase separ%ﬁon,zinc (Zn) and magnesiuniMg) together with rf radical oxy-
where a segregated nanophase embedded in the host maigen source. Details of the growth system and process have
is precipitated. Accordingly, in the previous works, the been published elsewheleFollowing the cleaning of sub-
maximum band gap extended from ZnO and achieved witlstrate surface in the MBE growth chamber, a ZnO buffer
wurtzite MgZnO has been limited to 3.9 éV.For that prob-  layer was grown at 390 °C, then it was annealed at 710 °C
lem, we have recently proposed the use of a high-qualityvithout irradiation of any source for the improvement of
ZnO buffer layer to firmly fix the crystal structure of the both the crystallinity and surface morphology. Figure 1
layer successively grown on it to wurtzite and, as a result, thehows the reflection high-energy reflectic®HEED) pattern
growth of single-phase wurtzite NJgn;_,O with magnesium when a MgO layer is grown on the ZnO buffer layer at
(Mg) contentx of as high as 0.51 with band-gap energy of 490 °C, where the growth rate of MgO was about
4.45 eV has been reportéd. 4 nm/min. The oxygen flow rate and rf power of the radical

In the present letter, the attempt to realize the wider bandell were kept at 0.30 sccm and 400 W, respectively. The
gap, as well as to easily and widely control the band gap, is
reported by the use of MgO/ZnO superlattice quasi-ternary
alloys, instead of MgZnO ternary alloys. A quasi-ternary al-
loy of AX and BX layers(A and B are cation, X is anigror
of YC and YD layers(Y is cation, C and D are catign
consists of AX/BX or YC/YD superlattices, which is recog-
nized equivalent to a ternary alloy,B, X or YC,D,_, from ZnO buffer
the view point of the band-gap energy. One of the advantages
of quasi-alloy$®*®is that their band gap can be tuned by the
thicknesses of the constituent binary layers, allowing easy
modulation of band gap energy along the growth direction.
Further, one may not encounter any problem arising from

'
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dauthor to whom correspondence should be addressed; electronic maiFIG. 1. Variation of RHEED patterns of MgO on a ZnO buffer layer with
fujita@iic.kyoto-u.ac.jp the growth time. The growth rate of MgO was about 4 nm/min.
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FIG. 2. RHEED patterns of a MgZnO quasi-ternary alloy during the growth, 02 ’’’’’’ é """"" "1 = '-‘-mg' =
that is, 5 min(about 20 nm and 20 min(about 80 nm after starting the Energy [eV]
growth, showing wurtzite structure throughout the growth.

FIG. 4. An example of optical transmission spectrum of a MgZnO quasi-
beam pressures of Zn and Mg were at about1®© Torr  temary alloy with wide band gap, in comparison to that of the MgZnO
and 2x 107 Torr respectively. single layer of wurtzite structure and possessing the highest band-gap energy

- . of 4.45 eV.
As shown in Fig. 1, after starting the growth of MgO on
ZnO, no significant change in the RHEED pattern was found

until the growth time of 2 min(about 8 nm in thicknegs  zZnO and MgO layers. The maximum band gap attained was
However, as the growth proceeded, it changed the spotty.65 eV, which is higher than our previous achievement with
one, suggesting severe degradation and/or incorporation efwurtzite Mg, 5,2, 44O single layer. It should be noted that
the rocksalt structure. This implies that the MgO on ZnQin Fig. 4, the spectra near the absorption edges of MgZnO
takes a wurtzite structure until its thickness exceeds a criticajuasi-ternary alloys are not steep in comparison with the
value. MgZnO single layers. One of the reasons may be the fluc-
Therefore, it could be possible to fabricate MgO/ZnO tuation of the layer thicknesses, as suggested from the TEM
superlattice quasi-ternary alloys, keeping the wurtzite strucresult shown in Fig. 3.
ture, by limiting the thickness of the MgO below the critical The x-ray diffraction(XRD) 6—26 spectra of the quasi-
one, for examples<10 nm. Figure 2 shows the RHEED pat- ternary alloys and the MgzZnO single layer are depicted in
terns during the growth of a MgO/ZnO superlattice. TheFig. 5. For the quasi-ternary alloys with the band gap
streaky pattern, suggesting wurtzite structure, was continus.30 to 4.65 eV, only the peaks similar to tt@002 peak
ously seen throughout the growth. from the wurtzite MgZnO were observed, suggesting that the
The MgO/ZnO superlattice structure was characterizedvigznO quasi-ternary alloys keep the wurtzite structure. The
by transmission electron microscopyEM). Figure 3 shows peak position slightly shifts to a higher degree with the in-
the dark-field TEM image of one of the superlattices. Thecrease of the average Mg content in the quasi-ternary alloys.
striped structure of the superlattice of 60 periods, as we de- Then, attempts will be given to analyze the band gap
signed, with the thickness of each constituent layer of abouénergy values, obtained from the optical transmission mea-
1 nm was confirmed. This implies that Zn and Mg atomssurement, by the theoretical calculation based on the Kronig-
hardly diffuse each other to form the short-period superlatPenny model. As a fundamental parameter for the calcula-
tice acting as a quasi-ternary alloy. However, in Fig. 3, manytion, the valence-band offset at the MgO/ZnO interface must
dislocations and thickness fluctuation of the constituent laybe determined. Ultraviolet photoelectron spectrosodigS
ers are present. It may be due to the unoptimized structurig a useful tool for this purpose, but the clear signal was not
design and growth conditions, at present. obtained from the wurtzite MgO/ZnO structure because the
The band gap of the MgZnO quasi-ternary alloys wasmMgO layer was too thin. Therefore, we prepared the series of

determined from the transmission spectra of the films. Anvig,zn,_O single layers withx of 0, 0.20, and 0.40, and
example of the spectrum, in comparison with that of a single

MgZnO layer, whose thickness is about 650 nm, is shown in

Fig. 4. Calculating the band gaps from the spectra, it is L 2ZnO | Mgzno ), a-sapphire
shown that the arbitral tuning of the band-gap energies from - (0002) (0"’/"2) MgZno
3.30 to 4.65 eV is achieved by changing the thicknesses of — @ guis‘i‘-t;orrglry alloy
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FIG. 5. XRD 6#-26 spectra of MgZnO quasi-ternary alloys, in comparison
FIG. 3. Cross-sectional TEM images of a MgZnO quasi-ternary alloy with ato that of the MgzZnO single layer of wurtzite structure and possessing the

(MgO/Zn0OXx 60 superlattice. highest band-gap energy of 4.45 eV.
Downloaded 30 May 2007 to 130.54.110.22. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



192911-3 Tanaka, Fujita, and Fujita Appl. Phys. Lett. 86, 192911 (2005)

TABLE . Structures of MgO/ZnO superlattices and their band gaps detertained more accurately thaid—2)m,. The results are sum-
mined from optical transmission spectra. The theoretical values of the ban arized in Table |

gaps calculated by using the Kronig—Penny model under the assumption o L .
the band offset at MgO/Zn0O as 1.22 eV and the effective masses of wurtzite In summary, we reported the fabrication of wurtzite Mg

MgO as 0.36n, for electrons and1—2)m, for holes are also shown in the £NO quasi-ternary alloys by applying MgO/ZnO short-

table for comparison. period superlattices. The band gaps were tuned from 3.30 to
as large as 4.65 eV, which was larger than that achieved by
Bandgap(eV) Bandgap(eV) the wurtzite MgZnO single layer, and were well explained by
MgO (nm) ZnO (nm) (measurel (calculated the Kronig—Penny model using the band offset at MgO/ZnO
0.20 0.20 3.65 3.45 as 1.22 eV and the effective masses of wurtzite MgO as
0.50 0.50 3.60 3.66 0.30my for electrons and(1-2)m, for holes. Using these
0.90 0.90 3.50 357 MgZnO quasi-ternary alloys, it is expected to become easier
1.0 0.27 4.15 4.18 to design the various and unique ZnO-based semiconductor
15 0.27 4.60 4.63 devices.
4.0 0.90 4.60 4.63 ) )
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