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The substrate effect on the optical band gap of the Mgg 53Zng 470 thin films
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MgZnO thin films were deposited on c-plane sapphire and fused quartz substrates with the same growth
parameters by rf-reactive magnetron sputtering. Both the MgZnO thin films on the two substrates are
single hexagonal phase and show similar Mg content. However, the absorption edge of MgZnO thin film
on sapphire substrate shows a blue shift compared with that on fused quartz substrate. Similar shift
also appears in the photoresponse of the detectors based on them. These phenomena were attributed to
the more Mg atoms in grain boundary caused by the smaller grain size in MgZnO film on fused quartz

© 2010 Published by Elsevier B.V.

1. Introduction

Recently great interest has been concentrated on ultravi-
olet (UV) photodetectors due to their versatile applications,
such as missile warning and tracking, engine/flame monitoring,
chemical/biological agent detecting, and covert space-to-space
communication [1-4]. MgxZn;_4O is an ideal material for UV
detecting because it possesses high UV absorption coefficients, high
visible transparency [5-8] and large tunable band gap energy range
(3.37-7.8eV) [9-12]. Also, it is abundant, inexpensive, and envi-
ronmentally friendly. Ultraviolet band (UV-B) (280-320 nm) solar
radiation has a significant effect on earth’s ecosystem and human
health [13]. The development of reliable and low-cost UV-B mon-
itoring devices is thus an important issue. Hexagonal MgyxZn;_,O
film, with a Mg mole fraction around 0.5, is a very promising mate-
rial for UV-B detection, due to its suitable band gap and superior
radiation endurability. Although phase separation phenomenon
would exist in hexagonal MgxZn;_,O film in this Mg content region,
a lot of investigations have been made [14-19]. Recently, hexago-
nal MgyxZn;_,0 films with Mg composition around 50% have been
grown by MOCVD, MBE and rf magnetron sputtering, etc. [20-22].
Generally, Mg content is considered as the most crucial factor on the
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band gap of the MgZnO, and then response cut-off edge of MgZnO
detectors. However, the band gap of MgZnO is also influenced by
grain size and Mg content distribution in the films. Especially for
the alloy with Mg content around 50%, which is located in the ther-
modynamic metastable zone, the crystal quality is very sensitive to
growth parameters, even substrate.

As found in this letter, difference in substrates results in the shift
of the absorption edge and response peak with the same growth
parameters, although the thin films still possess the same hexag-
onal structures and apparent Mg content of 0.53. The shift was
attributed to the more interstitial Mg atoms at boundary resulted
from the smaller grain size in MgZnO film on fused quartz substrate
than that on sapphire.

2. Experimental

MgZnO thin films were deposited on fused quartz and c-plane sapphire sub-
strates by rf-reactive magnetron sputtering method. High purity (99.99%) Mg target
and Zn (99.99%) target were used as target materials. The sputtering chamber was
pumped down to a high vacuum of 5.0 x 10~ Pa by a turbo molecular pump. Ultra
pure (5N) Ar and O, gases were introduced into the sputtering chamber as the
sputtering gases through a set of mass flow controllers with flow rates of 30 and 30
standard cubic centimeters per minute (SCCM), respectively. During sputtering pro-
cess, the chamber pressure was kept at 2.6 Pa. The substrate temperature was kept at
600 °C. The rf powers were set as 200 W on Mg target and 100 W on Zn target, respec-
tively. The fused quartz and sapphire substrates were placed at equivalent positions
on the susceptor. The susceptor was rotated at 20 rpm to guarantee film uniformity.
The thicknesses of thin films on different substrate are both about 200 nm for 2 h
of growth time. Photodetectors with metal-semiconductor-metal (MSM) structure
were fabricated on MgyZn;_,O thin films using a standard photolithography tech-
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Fig. 1. XRD patterns of MgZnO films on fused quartz (curve A) and sapphire (curve
B) substrates.

nique. Au was used as the electrode metal material. The electrode fingers are 5 um
wide and 500 wm long, and the spacing gap between electrode fingers is 5 um. The
structure of Mg,Zn;_,O films was characterized by X-ray diffraction (XRD). Mg con-
tent was measured by Energy-dispersive X-ray Spectroscopy (EDX), the accuracy
of which is 0.1%. Scanning electron microscope (SEM) was used to characterize the
surface morphology and the thickness of the MgZnO thin films with uncertainty of
1-2 nm. UV-visible spectral analysis was employed to record the transmission and
absorption spectra. The spectral responsivity was measured using a standard lock-
in detection system with a 124 A Lock-In Amplifier and a 150 W Xe lamp as light
source.

3. Results and discussion

Fig. 1 shows the XRD results of Mgg53Zng470 films on both
substrates. Single hexagonal (000 2) peak indicates the good ori-
entation of the two Mgy 53Zng 470 thin films. The diffraction peak of
the sample on sapphire shows larger intensity and narrower width
than that on amorphous quartz substrate. Through gauss fitting, the
full width at half maximum (FWHM) of the samples on sapphire
and quartz are 0.7° and 0.8°, respectively. From Scherrer equation
Ly 1=0.89A/Bcos 8 [9] (Ly: size of crystal grain vertical to diffrac-
tion surface, A: wavelength of X-ray, B: FWHM, 0: Bragg angle),
the average grain size of the samples on sapphire and quartz are
estimated to be 19nm and 15 nm, respectively. Fig. 2 shows the
plots of (ahv)? as a function of photon energy (hv) of MgxZn;_,O
films on fused quartz and sapphire substrates. For semiconductor
like MgZnO, the formula between the absorption coefficient a and
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Fig. 2. Plot of (whv)? as a function of photon energy (hv) of the MgyZn;_,O thin films
grown on fused quartz (curve A) and sapphire substrates (curve B). (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the web
version of the article.)

band gap (Eg) is a(hv)=A*(hv — Eg)!/2, so from the tangent line of
the plot of (ahv)? as a function of photon energy (hv), the band
gap could be obtained from the value of hv when a(hv) =0. Through
this method the band gaps of the two MgZnO thin films are 4.29 eV
on sapphire and 4.21 eV on fused quartz. The spectral response of
the MSM type UV detectors based on MgyxZn;_,O films on both
the two substrates are shown in Fig. 3(a) and (b). The responsiv-
ity of the detector was calculated by equation R=I/P, where R is
the responsivity, I is light current and P is incident light power. For
MgxZn,_,0 detector on fused quartz, the response peak locates at
283 nm with a value of 7mAW-1 under 30V bias. For MgyZn;_,0
film on sapphire, the response peak locates at 270 nm with a value
of 2mAW-1 under 30V bias. It can be said that both the detec-
tors exhibit good UV-B response. The peak/550 nm rejection ratios
reach four and three orders of magnitude for the devices on quartz
and sapphire, respectively. Here, it should be noted that the MgZnO
thin film on sapphire shows a wider band gap (4.29 eV) than that
on fused quartz (4.21 eV). The similar blue shift is also observed for
the detectors on the two substrates. To understand the mechanism
of substrate effect, Mg content, structure and surface morphology
were characterized as follows.

Mg content is considered generally to be the dominant factor on
the band gap of MgZnO alloys. EDX results show the Mg content in
the MgxZn,_,O films, as seen in Fig. 4. Mg content of MgxZn;_,O
films on sapphire and fused quartz is 53.52 and 53.76 in atom per-
cent, respectively (Fig. 5). This Mg content difference between the
two samples is the same with the order of random error, and is too
small to bring such a large band gap difference between the two
thin films.

Since the band gap shift is not supported by the EDX result,
the crystal quality arises as an important factor that should be
accounted in. In Fig. 3, although the EDX shows the similar Mg
contents in the two thin films on different substrates, it cannot
exclude the possibility that some Mg content concentrates at the
grain boundary in the films. There are a few reports that have
indicated that experimentally Mg composition is apt to concen-
trate on the boundary in the films [23]. In fact, the Mg contents
in present MgZnO films are surely larger than that with the same
band gap reported early [24]. So there would be some Mg existed
in the grain boundaries in the Mgg 53Zng 470 thin films on both the
substrates. From XRD results, no phenomenon indicates the occur-
rence of phase separation in the MgZnO with Mg composition over
50%, which is larger than reported value that could maintain sin-
gle hexagonal structure. It also supports the possibility that a part
of Mg is not in lattice. Comparing the XRD peak positions of the
samples on different substrate, it can be found that the XRD peak
of MgZnO film on quartz shows a small angle direction to that on
sapphire, which indicates the alloy on quartz possesses larger lat-
tice constant. It means that there are more Mg atoms at the grain
boundary. In the SEM photograph of surface morphology shown in
Fig. 4, the grain size of the Mg 53Zng 470 film on quartz is signifi-
cantly smaller that on sapphire. That is to say, the boundary of the
sample on quartz is denser than that on sapphire, which results in
more Mg concentrating on boundary.

Moreover, it has also been widely accepted that the effects of
grain boundaries plays an important role in variation of band gap
(Eg). Similar study on ZnO thin films on different substrates has
been discussed [25], following the treatment of Dohler [26] for
compositionally modulated superlattice. The effective band gap is
defined as:

EM=EQ - @+ &, 1)

where Eg is the undistorted band gap, @ is the barrier height at
the grain boundary, and &; is the first quantized level of 1D gas.
Here, from Eq. (1), more grain boundaries means narrower ngf of
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Fig. 3. Spectral response of MSM structure UV detectors based on MgZnO films on (a) fused quartz and (b) sapphire substrates.
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Fig. 4. EDX of MgZnO films on fused quartz (a) and c-plane sapphire (b) substrates.

Fig. 5. SEM of MgZnO films on fused quartz (a) and sapphire (b) substrates.

MgxZn;_x0 film on quartz than that of the film on sapphire sub-
strate. Compared with perfect single ZnO crystal, the band gap
of ZnO thin film with 30-80 nm grain size on fused quartz could
shift to lower energy direction for 120 meV [25]. In our case, the
difference between grain sizes of Mgy 53Zng 470 films on different
substrate is 4 nm. Although the effect of different density of grain
boundaries is not enough to bring such a big band gap shift as much
as 80 meV (4.29-4.21 eV), it supported the band gap shift here.

4. Conclusion

Hexagonal Mg 53Zng 470 thin films were deposited on sapphire
and fused quartz substrates by rf-reactive magnetron sputtering.
Although being fabricated with the same growth parameters, the
band gap of Mg 53Zng 470 film on fused quartz is smaller than that
on sapphire substrate. EDX, XRD and SEM results indicate that there

is more Mg concentrates at grain boundary, which is the dominant
reason for the red shift of band gap. Denser boundary in the sample
on quartz than that on sapphire is also considered to answer for
this decrease in band gap.
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