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Cubic Mgo.55Zn0.450 thin film alloys have been deposited on Si substrates at low growth temperature. The
topography of the cross section of the epitaxial film by scanning electronic microscope demonstrates good mor-
phology and high interfacial quality. The high (001) orientation and wide band-gap (E4 > 5.5¢eV) of the cubic
Mgo.55Zn0.45 O thin films accord with the guidelines for metal-insulator—silicon (MIS) device applications. Using
the cubic ternary thin films as insulators, MIS structures have been fabricated. The capacitance—voltage mea-
surements show the flat band voltage shift V¥g of 11.8 V and mobile ion density D,. of 5.57 X 10'° cm™2 for the
MIS structure. Leakage current density as low as ~ 1077 A/cm?® is obtained at E = 700 kV/cm by the current—
voltage measurements. These unique structural and electrical properties of the fabricated MIS devices indicate
that cubic MgZnO materials could become a new candidate for high-x dielectrics used in silicon integrated circuit

technologies.

PACS: 77.55.+f, 73.40.Qv, 73.61. —r

In the silicon based capacitance and complemen-
tary metal-oxide—semiconductor (CMOS) integrated
circuit industry, the necessity of finding an alterna-
tive to SiO5 as the gate material becomes impera-
tive as device dimensions shrink towards the 0.1-um
range. At this channel length, oxide thickness should
be in the order of 15-20A. Such ultra-thin oxides
may not be usable for the manufacture of high per-
formance CMOS circuits due to gate leakage current
through the film and the effect of boron penetration
from the polysilicon gate contact. High-k dielectrics
are widely studied in order to suppress gate leakage
current for the realization of scaled-down ULSI de-
vices. For example, rare-earth metal oxides such as
Ce0,,11 HfO,,23] Y,05,[45] and Zr0,,[®! which ex-
hibits a small equivalent oxide thickness (EOT) and
small leakage current density have attracted much at-
tention recently as alternative gate dielectrics. How-
ever, within the alternative candidates very few di-
electrics are promising with respect to the guidelines
for CMOS devices that require high permittivity, wide
band gap, high interface quality and thermodynamic
stability. The recently synthesized wide band gap, cu-
bic MgZnO (having NaCl crystal structure), grown
on silicon is possibly a new candidate for high-x di-
electrics used in silicon technologies.

Wide band gap (E,; > 5.0eV), cubic Mg,Zn;_,O
(z > 0.33) thin-film alloys have recently been de-
posited on different substrates. In 2002, Choopun et
all”l reported the realization of wide band gap (5—
6eV), cubic-phase Mg,Zn;_, O thin-film alloys grown
on sapphire by pulsed laser deposition. The struc-
tural transition from hexagonal to cubic phase has

been observed for Mg composition greater than 33
at.%. More recently, Qiu et al®l reported the suc-
cessful growth of cubic Mg,Zn;_,O thin films on Si
substrates by reactive electron beam evaporation at
very low substrate temperature (200-250°C). X-ray
diffraction showed that the cubic thin films deposited
on Si are highly (001) oriented, in contrast to that
being highly (111) oriented when grown on sapphire.
Its optical absorption edge higher than 5.5eV was ob-
served from transmission measurements. These prop-
erties per se render reasonable applications for the
high-x gate oxide. However, the electrical properties
of the materials have not been studied. Knowledge
of the electrical properties of the cubic MgZnO are
required for its application in the fabrication of the
micro-electronic devices, such as random access mem-
ory (RAM) and CMOS devices.

In this Letter, we report that cubic MgZnO thin
film alloys have been deposited on Si substrates at
low growth temperature. Morphological, structural
and optical properties of the cubic MgZnO thin films
are studied with respect to the guidelines for metal-
insulator—silicon (MIS) device application. Then MIS
have been fabricated using the cubic MgZnO thin
films as insulators. Finally, the electrical characteri-
zations including leakage current—voltage (I-V) and
capacitance—voltage (C—V') for the MIS structures are

performed.
Cubic MgZnO films were grown in a re-
active e-beam evaporation system.[®  Ceramic

(MgO).1(Zn0)g .9 target with high purity of 99.99%
was used as the source material. The deposition of
MgZnO thin films was carried out in oxidizing ambient
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(high-purity oxygen gas introduced into the growth
chamber) with chamber pressures of 2 x 10~ Torr.
The significant resistivity increases of MgZnO films
grown under oxygen gas ambient indicate the effective
ionization of a fraction of oxygen gas incorporated in
the lattice. The ionization of oxygen gas in the growth
chamber is attributed to the collision of oxygen gas
with high-energy electron beams.

It is known that when oxide materials such as ZrO,
and HfO, are grown on silicon, the elimination of an
amorphous silicon oxide interfacial layer between high-
k oxide dielectrics and Si substrate would be diffi-
cult because of oxygen diffusion into silicon substrates
when growth temperature is high. This concern also
exists in the growth of the cubic MgZnO thin films,
though the low substrate temperature used in these
growth experiments lessens the concern. To realize
reliable growth experiments and the precise control of
the SiO; interfacial layer, a thin SiO5 layer (65 nm) on
low-resistivity silicon substrates (0.01 Qcm) had been
intentionally formed by dry-oxygen oxidation method
before the MgZnO film growth. This can prevent
further oxidation of the silicon substrate during the
MgZnO deposition that was performed under oxidiz-
ing ambient.

The cubic MgZnO thin films with various thick-
ness (100-1500nm) were deposited on SiO5/Si(001)
at the temperature of 250°C with the growth rate
of ~ 0.7 um/h, which was calibrated by ez situ film
thickness measurements using a TENCOR a-step pro-

filer. Inductively coupled plasma (ICP) and optical
absorption band edge measurements obtained the Mg
composition in the ternary alloy as 55%.11% A field
emission scanning electron microscope (FE-SEM) and
x-ray diffraction were used to analyse the interfacial
structure and the crystallization of the oxide.

The deposited Mgg 55Zn9.450/Si02/Si (001) thin
films were then subjected to the processing for the fab-
rication of MIS structures. The MIS structures were
fabricated by photolithography and wet chemical etch-
ing. For the fabrication of Al/Mgg 55Zng.450 /SiO5/Si
MIS structures, the surfaces of the samples were ultra-
sonically degreased with organic solvents, rinsed in de-
ionized water, and dried with nitrogen. The metallic
contact for the epitaxial MgZnO surface of the struc-
ture was aluminium with thickness of 150 nm, which
was deposited by electronic beam evaporation. The
MIS structures were formed by photolithography with
square Al patterns (area of 1.5x 1073 cm?). They were
then superficially etched in a concentrated solution of
HPOj3 for 1min at 60°C and in HF:H,O (1:10) for
15s. Finally the thinned Si substrate surface was also
deposited with aluminium for Ohmic contact. The
-V characteristics were measured by an HP4156A
semiconductor parameter analyser. High frequency
(1M Hz) C-V hysteresis curves were also acquired by
sweeping the gate voltage from inversion to accumula-
tion by an HP4280A impedance analyser with a slow
varying voltage ramp rate (0.5V/s) at room temper-
ature.

MgZnO /11
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Fig.2. A cross-sectional image of
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Fig. 1. (a) X-ray diffraction of cubic Mgp.55Zng.450 film grown on Si(001). (b) The
comparison of transmission spectra for the cubic MgZnO and hexagonal ZnO films.

The Mgo.55Zn0.450 thin films grown on SiO5/Si
(001) are of cubic phase and crystalline with a prefer-
ential (001) orientation with the (002) diffraction peak
dominating the XRD curve, as shown in Fig.1(a).
The dominant (002) diffraction peak from the cubic
Mgg.55Zng 450 thin film is at 42.82° which is slightly
smaller than the calculated diffraction angle (26) of
42.92° for cubic MgO (a = 0.424nm). Figure 1(b) is

Photon energy (eV)

field-emission scanning electron micro-
scope for the cubic Mg 557Zng.450 film
on Si with a 65nm SiO3 buffer. In-
set: the fabricated MIS structure. I3,
S, I2 and I1 denote Al electrodes,
Si substrate, SiO2 and MgZnO film,

respectively.

the transmission spectra for the cubic Mgg 55Zng. 450
and hexagonal ZnO epilayers grown on sapphire sub-
strates using the same growth parameters as that of
Mgg.557Zng 450 grown on Si. The fundamental absorp-
tion band edge for the cubic Mgg 55Zng 450 is higher
than 5.5eV, in comparison with 3.37 eV for the hexag-
onal ZnO films. The wider band gap of the cubic
Mgp.55Zn¢.450 (E4 > 5.5€V) is a fundamental crite-
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rion for the material to be used as high-x dielectric
which is a precondition to achieve low leakage current
for MIS devices.['!] Tt can be seen in the transmission
spectra that ZnO films demonstrate sharper absorp-
tion band edge than that for the cubic Mgg 55Zng 450
films. The declined absorption band edge for the
Mgo.55Zn9 450 films is attributed to the random dis-
tribution of Mg atoms in the ternary alloys, which is
consistent with the broadened line width of the (002)
XRD diffraction peak (FWHM=0.28.) for the cubic
Mgo.55Zng 450 film shown in Fig. 1.

Figure 2 shows the cross-sectional FE-SEM micro-
graph for the cubic Mgg 55Zng.450 epitaxial layer on
SiO5/Si. A clear boundary is observed between the
Mg .55Zng.450 thin film and the SiO; layer which was
formed on the Si substrate before the deposition of
the Mgg 55Zng 450 thin film. In contrast, the inter-
face between SiO5 and Si is difficult to identify be-
cause of O2~ diffusion into the Si substrate in the
process of the formation of SiO layer by dry-oxygen
oxidation. The thickness of the cubic Mgg 55Zng 450
film is 300 nm and the SiO5 film is 65 nm as measured
by the FE-SEM. The inset shown in Fig. 2 is the MIS
device fabricated in this work. It is found that after
HPOj; etching, the surface of the MgZnO is shiny and
smooth. No desquamation phenomenon was observed
in the whole processing, which indicates good chemi-
cal bonding between the Mgy 55Zng 450 epilayer and
the substrate.

Using the fabricated Mg 55Zn0450 MIS
device, electrical ~ characterizations  of  the
Al/Mgp 55Zng.450/Si05/nT-Si pMOS capacitor was
performed at room temperature. High frequency C-
V hysteresis curves were acquired by sweeping the
gate voltage from inversion to accumulation (forward
sweep: —25V to 20V) and back to inversion (reverse
sweep: 20V to —25V). A typical C-V characteristic
curve for the MIS structure is shown in Fig.3. The
dielectric constant e for the cubic Mgg55Zng 450 is
measured to be 10.7 (to be published).!?]

The equivalent oxide thickness (EOT) of high-x
dielectrics, dgoT, can be defined as

E’I‘S

_dphyv (1)
70

dgot =

where ¢, is the dielectric constant of the high-x ma-
terial, .., is the dielectric constant of silicon dioxide,
and dp,y is the physical thickness of the ternary films.
Interface characteristics of the MIS samples with dif-
ferent EOTs were studied by the conventional capaci-
tance method,[*3] via small ac signal admittance mea-
surements at frequency 1 MHz. The charge polarity
in the ternary films is determined from a flat band
voltage shift Vgg. The flat band capacitance Crp can
be obtained from the measured C-V curves and the

following formula:

C 1
= = ; (2)
Co 1 4 Ero ( ersi€okod’ )1/2
ersi V@ NydZor

where €,¢ and ¢,g; are the dielectric constants of ox-
ide material and silicon (Si) respectively, kq is Boltz-
mann’s constant, ¢ is the electron charge, Ny is the
donor doping density in the Si substrate, and Cy and
dror are the capacitance and EOT of the insulating
layer. From the calculated Cgg value and the C-V
curve shown in Fig. 3, we know that the flat band volt-
age shift Vpp is 11.8 V. The positive flat band voltage
shift for the Mg 55Zn0450 layer indicates that the
charges involved in the Mg 55Zng 450 films are nega-
tive, which arise from the diffusion of the Si substrate
of the high-density donor doping (10 /cm3).

It can be seen from Fig.3 that the hysteresis for
the MIS structure is small (AVgg = 0.6 V). The mo-
bile charge density Dy, can be estimated from the
measured AVgp by the following formula:

Dume = C, , 3
Ve 3)

where A is the area of the capacitor and AVggp is
the difference of flat band voltage shift between the
forward and backward sweeping. The mobile charge
density in the MIS device is calculated to be 5.57 x
10'%cm~—2.

For comparison, MIS structures with SiO5 layer on
Si were also fabricated by the same procedure as the
Mgo.55Zn9.450 MIS device. The inset in Fig. 3 is the
C-V result for the SiO5/Si MIS structure. It is found
that the Vgp value for the SiO5/Si MIS structure is
3.4V, which is smaller than that of the Mgg 55Zng 450
MIS structure. The mobile charge density D,,. from
Eq. (3) is 1.9 x 10'*c¢cm ™2, which is larger than the
Dy, value for the Mgg.55Zng.450 MIS structure. The
lower mobile charge density for the Mg 55Zng 450
MIS structure indicates that the Mgg 55Zng 450 films
may not have high density of crystal boundaries and
defects through which the mobile charge can tunnel.

The measured [-V characteristic for the MIS de-
vice of Al1/300 nm Mg 55Zn0.450/65nm SiOy/n™Si is
shown Fig. 4(a). It can be seen that under the electri-
cal field of 700kV /cm, the leakage current density is
very low, 5.0 x 10~ A /cm? for the device with 110 nm
EOT and 5.4 x 107 7A/cm? for the device with 70 nm
EOT. In contrast, as shown in Fig.4(b), the leak-
age current density measured from the MIS structure
that contains the 65nm SiO, layer is rather higher,
~1073A/cm?.

The measured leakage current at room tempera-
ture consists of three different conduction mechanisms
including Ohm current J;, Fowler-Nordheim (F-N)
tunnelling current Jo, and Frenkel-Poole (F-P) cur-
rent J3 which is generated from defects and electron
traps in the insulators under high electrical field. The
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leakage current can be expressed in the form
J =a1J1 + axJs + aszJs,
E, Js

(4)

where J; ~ ~ E%exp(=bi/E), J3 ~

the electrical field. The observed I-V characteristics in
the Mgo.55Zn0.450 MIS device (110nm EOT) shown
in Fig. 4 follow the Ohm current rule, while the I-V
characteristics for the SiO5 MIS device shown in the

Eexp(bavV E), by and by are the constants, and E is  inset follow high electrical field F-P mechanism.[14:15]
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Fig. 3. (a) High- Fig. 4. (a) Leakage current den- Fig. 5. (a) The leakage current den-

frequency (1 MHz) C-V characteristic
for the Mgp.55Zngp.450 MIS structure.
(b) C-V characteristic for a SiO2 MIS

structure.

sity versus electrical field for the
Mgo.55Zng.450 MIS structure. The
dotted line is the measured data and
the solid line is the fitting. (b) The
leakage current density versus electri-
cal field for the SiOy MIS structure.

sity versus bias voltage for the cubic
Mgo.55Zng.450 MIS structures with
EOTs of 65, 110 and 250 nm. (b) The
leakage current densities versus EOT
at different bias-voltages.

Figure 5(a) shows the leakage current curves for
three cubic Mgg 55Zng.450 MIS structures with EOT
of 65, 110 and 250nm. It can be seen that all three
curves basically follow the Ohm current rule. As
shown in Fig.5(b), when the bias voltage is smaller
than 10V, for all three Mgy 55Zng 450 MIS devices,
good linear dependence of leakage current densities on
the EOTs is observed. However, when the bias volt-
age is higher than 15V, which means a higher applied
electrical field, the leakage current obviously deviates
from the linear relation. The deviation from linear
relation indicates that other conduction mechanisms,
such as F-P mechanism and Schottky emission, 1416l
may be involved in the thin EOT (70 nm) sample.

In conclusion, we have successfully grown highly
(001) oriented cubic Mgg.55Zn0.450 on Si(001) by a re-
active e-beam evaporation system. The cross section
image of FE-SEM for the cubic Mgg 55Zng.450 film
displays good morphology and high interfacial quality.
The band gap of the cubic Mgg 55Zng 450 is measured
to be higher than 5.5eV. Using the cubic ternary thin
films as an insulator, MIS structures have been fabri-
cated. The C-V measurements show a flat band volt-
age shift Vgg of 11.8 V and mobile ion density D,

of 5.57 x 10'°cm~2 for the MIS structure. Leakage
current density as low as ~ 107 7A/cm? is obtained
at electrical field of 700kV/cm. These unique struc-
tural and electrical properties of the fabricated MIS
devices demonstrate that the cubic MgZnO grown on
silicon is promising for the application to alternative
gate dielectrics in silicon technology.
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