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Interfacial characteristics of Al/Al,05/Zn0O/n-GaAs MOS capacitor®
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The interfacial characteristics of Al/Al,03/ZnO/n-GaAs metal-oxide—semiconductor (MOS) capacitor are investi-
gated. The results measured by X-ray photoelectron spectroscopy (XPS) and high-resolution transmission electron mi-
croscopy (HRTEM) show that the presence of ZnO can effectively suppress the formations of oxides at the interface be-
tween the GaAs and gate dielectric and gain smooth interface. The ZnO-passivated GaAs MOS capacitor exhibits a very
small hysteresis and frequency dispersion. Using the Terman method, the interface trap density is extracted from C-V
curves. It is found that the ZnO layer can effectively improve the interface quality.
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1. Introduction

The metal-oxide—semiconductor field-effect transistor
(MOSFET) has been the workhorse of the semiconductor tech-
nology for a couple of decades. Following the Moore’s law,
Si-based MOSFET is approaching to the dimension limits.
M-V compound materials, such as GaAs, are receiving spe-
cial attention as future channel materials due to their high
electron mobilities, large energy band gaps, and high criti-
cal breakdown fields compared with Si. However, a major
problem is the lack of high quality and thermodynamically sta-
ble dielectric that can be used to fabricate high quality GaAs
MOSFET. ! High interface trap density!? can lower the chan-
nel electron mobility, thus leading to the degradation of device
electrical properties. For GaAs MOS devices, the values of
interface trap density reported by different authors were be-
tween 5x 10! cm=2-eV1-6.9%x10'2 cm—2.eV—!,B! but for
Si/Si0, MOS, it is 10'% cm=2.eV~!. In order to effectively
reduce the interface trap density, lots of efforts have been de-
voted to high k dielectrics'¥ and the passivation layer. It was
found that high k materials, such as HfO,,! Ga,03,!%! and
TiO, deposited by atomic layer deposition (ALD) or molecu-
lar beam epitaxy (MBE), together with Ge!”l or TN®! as the
passivation layer, can lead to the reduction of the interface trap
density to some extent. In this paper, the interfacial properties
of Al/Al,03/ZnO/n-GaAs MOS capacitors are investigated.

2. Experiment

The GaAs wafers used in this paper were single-polished,

n-type (100) oriented, Si-doped with a doping concentration of
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4% 10" cm™3-5 % 10'7 cm™3. Prior to deposition, the samples
were first chemically degreased using acetone, cleaned in HCI
for 1 min for native oxide removal, and then dipped in NH4OH
for 1 min to remove elemental As, and dried in N,. The ALD
technique was used to deposit a thin ZnO interface passiva-
tion layer (IPL) of 2 nm, and followed by Al,O3 deposition
with a thickness of 9 nm. Post deposition annealing (PDA)
was carried out in an N, ambient at 500 °C for 1 min by rapid
thermal annealing. Al metal deposited by sputtering was used
to form the gate electrode with an area of 5.8x 1073 cm?, and
low resistance Ohmic contact on the back side of the wafers.
XPS was performed to analyze the interface on the GaAs sur-
face, in which the XPS data were collected using K-Alpha
(made by VG, UK). HRTEM was adopted to investigate the
interfacial structure of Al,03/ZnO/n-GaAs. The capacitance—
voltage (C-V) measurements were carried out using Keithley
590.

3. Results and discussion

Figure 1 shows the high-resolution transmission electron
microscopy (HRTEM) image of Al,O03/Zn0O gate stack on n-
GaAs. It can be found clearly that the interface on n-GaAs is
smooth and the thickness of ZnO layer is 2 nm measured by
HRTEM and ellipsometry.

Figure 2 shows the C-V characteristics of Al/Al,O3/n-
GaAs and Al/Al,03/Zn0O/ n-GaAs MOS capacitors measured
at a frequency of 100 kHz. It can be observed that the accu-
mulation capacitance for the Al,03/ZnO gate stack is higher
than that for single Al,O3, though the physical thickness for
Al,O3/Zn0 gate stack is thicker than that for the directly de-
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posited Al,O3. The result is likely to be explained by the fact
that the presence of ZnO on n-GaAs can suppress the low-k
interfacial layer growth on n-GaAs surface and cause higher
equivalent dielectric constant of the dielectric stack, thus lead-
ing to higher accumulation capacitance. The hysteresis was
determined by sweeping the gate voltage from inversion to ac-
cumulation and then sweeping back to obtain the difference
between flatband voltages. The reduced hysteresis for n-GaAs
MOS capacitor with the deposition of ZnO prior to Al,O3 may
be attributed to the decrease of interface trap density and the

improvement on dielectric quality.

Fig. 1. The HRTEM image of the Al;03/ZnO gate stack on n-GaAs.
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Fig. 2. (color online) The C-V characteristics of GaAs MOS capacitor
with and without ZnO as the passivation layer measured at 100 kHz.

Figure 3 shows the frequency variation of the C—V char-
acteristics for GaAs MOS capacitors with and without ZnO.
The frequency dispersion could be possibly attributed to the
interface trap density. Compared with the Al/Al,O3/n-GaAs
capacitors, the Al/Al,03/ZnO/ n-GaAs capacitors have very
small frequency dispersion, thus suggesting a lower interface

trap density, ultimately a better interface quality.
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Fig. 3. (color online) (a) The C-V characteristics of ZnO passivated
GaAs MOS capacitor measured in a frequency range from 10 kHz to
1 MHz, and (b) the C-V characteristics of GaAs MOS capacitor with-
out ZnO measured at different frequencies.

In order to analyze the interface trap density on the GaAs
surface, Dj; can be extracted from capacitance—voltage curves

using the Terman method as follows:

W) = e e ()
v=50 @
Cil) = Coy [(j—gg)l e @
Diye) = XL, @
Ei—Ei = q¢B — qVs, ®)]

where Coy is the insulator capacitance, Y the surface potential
of GaAs, V, the gate voltage, C; the substrate capacitance, &
the relative dielectric constant of the substrate, E; the energy
level of the interface trap state, E; the intrinsic Fermi level,
q¢s the doping-induced Fermi level in the bulk GaAs, g the
unit charge, and N the doping concentration of the substrate.
Based on the experimental C-V curves, we can extract the val-
ues of Cs using Eq. (1). Then the relationship between y; and
V, can be extracted from Eq. (2). Fitting the experimental data
by Matlab, an approximate functional relationship between
and V; can be developed. According to Egs. (3), (4), and (5),
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we can obtain the curves of Dj; versus E; — E; as presented in
Fig. 4.
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Fig. 4. (color online) Curves of the Dj; versus E; — E; for the cases with
and without ZnO.

It can be obviously seen that the interface trap density for
Al/Al,03/Zn0O/n-GaAs MOS capacitor is lower than that with-
out ZnO, which means that the presence of a thin layer of ZnO
can effectively reduce the interface trap density, thus improv-
ing the interfacial properties on the GaAs surface. The midgap
Dj; for our MOS capacitor is 2.6x10'! cm2.eV~!, while the
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values of Dj for Z,0,/Si/p-GaAs and HfA10/SiO,/p-GaAs are
3x102 cm™2.eV~! and 5x10'"" cm~2-eV~!, respectively.

Figures 5(a) and 5(b) show the Ga 3d spectra for Al,O3
films deposited for the samples without and with ZnO passiva-
tion. The peak at 19.2 eV is due to Ga—As bond, while the peak
at 21 eV is due to Ga—O bond. From Fig. 5(a), it can be seen
clearly that large amounts of Ga—O are observed for n-GaAs
MOS without ZnO passivation. However, the amount of Ga—O
decreases dramatically for ZnO IPL-passivated n-GaAs MOS
capacitor. From Figs. 5(c) and 5(d), it can also be seen that
the amount of As—O! (the peak at 44.50 eV) has an obvious
reduction as a thin ZnO layer is inserted between GaAs and
Al>O3. The presented results show that Ga—O and As—O that
are related to the interface states can significantly degrade the
interfacial properties. However, the ZnO interface passivation
layer can act as the oxygen reaction barrier and the presence
of ZnO on n-GaAs effectively reduces the Ga and As oxides
and suppresses the formation of low k interfacial layer on the
GaAs surface, ' thus improving the interface quality. It could
be the reason why the interface trap density is reduced after the
deposition of ZnO in Fig. 4 and why the presence of ZnO can
lead to higher accumulation capacitance in Fig. 2.
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Fig. 5. XPS spectra for Al;O3/n-GaAs and Al,03/ZnO/n-GaAs: (a) Ga 3d XPS spectra without ZnO, (b) Ga 3d XPS spectra with
ZnO, (c) As 3d XPS spectra without ZnO, (d) As 3d XPS spectra with ZnO.

Looking into this issue, it is tightly related to the crys-
talline structure of ZnO, where each zinc atom is surrounded
by four oxygen atoms at the corners of a tetrahedron, and vice
versa. The structure is a well-knit one, which has notable
properties including large bond strength indicated by the large
cohesive energy (—7.692, —7.679, and —7.455 eV for ZnO

with wurtzite, zinc-blende, and rocksalt phases, respectively)
and high melting point (1975 °C) as well as extreme stabil-
ity of exciton indicated by the large exciton binding energy
(60 meV). Owing to its superior structure stability, the struc-
ture of ZnO remains the same during the deposition of Al,O3,

which makes ZnO a strong barrier between Al,O3 and GaAs,
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effectively reducing the chance of the contact of Ga and As on
the surface of GaAs with the oxygen atoms in Al;O3. On the
other hand, ZnO has such a high exciton binding energy that
the Zn—O bonds cannot be easily destroyed, which means that
it is almost impossible for ZnO to react with Ga and As at the
interface, though there exist oxygen atoms in ZnO.

4. Conclusions

In this paper, the studies on the C-V characteristics of
Al/Al,03/n-GaAs and Al/Al,03/ZnO/n-GaAs MOS capaci-
tors have been presented with extracting the interface trap den-
sity using the Terman method. It can be seen that a thin layer of
ZnO (2 nm) can effectively lower Dj;. XPS results show that
the amounts of Ga—O and As—O bonds reduce dramatically
due to inserting the ZnO layer between Al,O3 and n-GaAs.
XPS data may explain the reduction of Dj; and the increase of
accumulation capacitance. The incorporation of ZnO interface
passivation layer provides improved C-V characteristics with
low hysteresis and frequency dispersion. In general, a ZnO
layer between GaAs and high k dielectric provides a good way
to passivate the GaAs surface and improve the interface qual-
ity for future application in MOS devices.
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