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Sodium beta-alumina (SBA) is deposited on AlGaN/GaN by using a co-deposition process with sodium and
Al>03 as the precursors. The X-ray diffraction (XRD) spectrum reveals that the deposited thin film is amorphous. The
binding energy and composition of the deposited thin film, obtained from the X-ray photoelectron spectroscopy (XPS)
measurement, are consistent with those of SBA. The dielectric constant of the SBA thin film is about 50. Each of the
capacitance—voltage characteristics obtained at five different frequencies shows a high-quality interface between SBA
and AlGaN. The interface trap density of metal-insulator—semiconductor high-electron-mobility transistor (MISHEMT)
is measured to be (3.5~9.5)x10'% cm~2.eV~! by the conductance method. The fixed charge density of SBA dielectric
is on the order of 2.7x10'2 cm~2. Compared with the AlGaN/GaN metal-semiconductor heterostructure high-electron-
mobility transistor (MESHEMT), the AlGaN/GaN MISHEMT usually has a threshold voltage that shifts negatively.
However, the threshold voltage of the AlGaN/GaN MISHEMT using SBA as the gate dielectric shifts positively from
—5.5 V to —3.5 V. From XPS results, the surface valence-band maximum (VBM-Ey) of AlGaN is found to decrease from
2.56 eV to 2.25 eV after the SBA thin film deposition. The possible reasons why the threshold voltage of Al1GaN/GaN
MISHEMT with the SBA gate dielectric shifts positively are the influence of SBA on surface valence-band maximum
(VBM-EF), the reduction of interface traps and the effects of sodium ions, and/or the fixed charges in SBA on the

two-dimensional electron gas (2DEG).

Keywords: sodium beta-alumina, AlGaN/GaN, MESHEMT, MISHEMT

PACS: 61.72.uj, 77.55.D-

1. Introduction

Semiconductors and gate dielectrics are two field-
effect transistor (FET) material components. Over
the past few years, the material science community has
paid much attention to the development of gate insula-
tors for GaN-based semiconductors. Various high di-
electric constant (HK) insulators, such as Al,O3,[!=7]
HfO,,[1:3:8= 1] 710y, [912:13] §j5N, 14151 and organic

[16] have been used for GaN-based metal-

dielectric,
insulator—semiconductor high-electron-mobility tran-
sistors (MISHEMTS).

Sodium beta-alumina (SBA) has an unusual crys-
tal structure, its structure has two-dimensional alter-
nating thin layers of aluminium oxide (about 1.13 nm)
and sodium ions. The sandwich structure of SBA dic-
tates the motion of the sodium ions, i.e., they can

move freely only in the direction parallel to the lat-
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tice plane. In the direction normal to the plane, how-
ever, the motion of the sodium ions is restricted to
a range of a few angstroms by the adjacent alumina
layers. Consequently, SBA has a very high relative
permittivity.'”) Pal et al.['8! used the SBA thin films
as HK gate dielectrics for transparent field-effect tran-
sistors. And they concluded that the SBA thin film is
a good candidate of HK gate dielectric.

In this paper, we use the SBA thin film as
the gate dielectric of an AlGaN/GaN MISHEMT.
A high-quality interface between SBA and AlGaN
is obtained. @ The interface trap density of the
AlGaN/GaN MISHEMT and the fixed charges in
SBA are estimated. Usually, the threshold volt-
age of the AlGaN/GaN MISHEMT shifts nega-
tively compared with that of the AlGaN/GaN metal-
semiconductor heterostructure high-electron-mobility
transistor (MESHEMT). However, the threshold volt-
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age of the AlGaN/GaN MISHEMT with the SBA thin
film as gate dielectric positively shifts from —5.5 V to
—3.5 V. The possible reasons for the unusual shift are
the influence of SBA on the surface valence-band max-
imum (VBM-E¥r), the reduction of interface traps and
the effects of sodium ions and/or the fixed charges in
SBA on the two-dimensional electron gas (2DEG).

2. Experiment

The schematic illustrations of the AlGaN/GaN
MESHEMT and the MISHEMT are shown in Fig. 1.
Each of the A1GaN/GaN epilayers is grown by metal-
organic chemical vapour deposition (MOCVD) and
consists of a 2-um GaN buffer layer and a 30-nm un-
doped Al 25Gag.75N layer on a sapphire substrate.
The SBA is grown on AlGaN and Pt/Si using co-
deposition by oxide molecular beam epitaxy (MBE)
with sodium and Al;Og3 as the precursors. The sodium
and Al,Og3 precursors are evaporated by using ther-
mal evaporation and electron beam evaporation re-
spectively. The wafer is divided into two parts. One
part is for the AlGaN/GaN MISHEMT, and the other
is for the MESHEMT.
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undoped GaN (2 pm)

sapphire
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Fig. 1. (color online) Schematic illustrations of (a)
MESHEMT and (b) MISHEMT.

The devices each with a gate width of 100 um
and gate length of 3 um are fabricated by conven-
tional GaN-based FET fabrication steps. Ohmic con-
tact is prepared by electron beam to evaporate a mul-
tilayered Ti/Al/Ni/Au (30 nm/80 nm/30 nm/50 nm)
in sequence, followed by a rapid thermal annealing at

825 °C for 30 s in an Ny ambient. After that, the SBA
or AlyOg3 layer is deposited on a gate place. Then the
Ni/Au (100 nm/50 nm) contact is deposited to form
Schottky contact by electron beam evaporation. An
MESHFET without SBA thin film is prepared in the
procedure the same as the device processing procedure
of the remaining part of the wafer, except the step for
the deposition of the gate dielectric.

The composition of thin film is determined by
XPS, which is used for obtaining the evolution of
valence-band maximum (VBM-Ep) after SBA has
been deposited on AlGaN. The capacitance and device
performance are measured at room temperature by us-
ing Agilent 4294A and Agilent 4155B semiconductor
parameter analyzer for dc characteristics respectively.

3. Results and discussion

X-ray diffraction (XRD) spectrum reveals that
the deposited thin film is amorphous. The Na 1s and
Al 2p core level XPS spectra of the as-deposited SBA
are shown in Figs. 2(a) and 2(b) respectively. As
shown in Fig. 2(a), the Na 1s XPS binding energy
spectrum shows a peak at about 1071.4 eV. It is in
good agreement with the standard value 1071.7 eV,
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Fig. 2. The X-ray photoelectron spectroscopy (XPS)

spectra of (a) Na 1s and (b) Al 2p.
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indicating that Na is in its Na™ state. Using the same
method, we can determine Al in its AI3T state shown
in Fig. 2(b). The atomic ratio of Na:Al is found to be
about 1:11 by integrating the areas of the peaks. Thus
it indicates that the deposited thin film is consistent
with sodium beta-alumina.

Capacitance-voltage (C-V) measurement is car-
ried out on a metal-insulator—-metal structure for SBA
at a high frequency (1 MHz). The oxide capacitance
C' is measured to be 201 pF for 70-nm SBA. The di-
electric constant eox of SBA is estimated to be 50
using the following equation:

cocoxA

C= ) (1)

where g( is the vacuum permittivity; the capacitor
area, A, is 3.14x10™* c¢m?; dox is the thickness of
SBA. The estimated dielectric constant is significantly
higher than that of AlOs (9), which is caused by
sodium ions, and it is also higher than those of some

dox

other inorganic high-k materials such as HfO5 (25)
and ZrOy (25).
sodium ions is restricted by the unusual structure and

It demonstrates that the motion of

SBA can be a candidate for gate insulator dielectric
for its high permittivity. The SBA thin film deposited
as the gate dielectrics shows a good capacitance char-
acter on the metal-insulator-semiconductor structure
in Fig. 3. Based on Eq. (1) and the following equation:

1 1 1
+ ; 2
Cox (2)

where Chyisgpmr is  the gate capacitance of
MISHEMT with SBA gate dielectric; CyesgemT 1S
the gate capacitance of MESHEMT; Cox is the ca-
pacitance contributed by gate dielectrics. The gate
area, A, is 7700 um?, by which the thickness of SBA
thin film can be estimated to be about 11.4 nm.
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Fig. 3. Capacitance—voltage characteristics of the
MESHEMT and MISHEMT.

C-V characteristics of the MISHEMT obtained
at five different frequencies varying from 100 Hz to
1 MHz are shown in Fig. 4, each of which displays a
weak frequency dispersion from the depletion to accu-
mulation, and a high-quality interface between SBA
and AlGaN. In addition, the capacitance is signifi-
cantly dependent on the frequency at accumulation,
which is attributed to the interface trap density (Dj)
and the fixed charge in the SBA.
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Fig. 4. Frequency-dependent C—V characteristics of the
AlGaN/GaN MISHEMT.

The wvalues of D;; of the MESHEMT and
MISHEMT are calculated to be (0.5~1.5)x 10" cm=2-
eV~ and (3.5~9.5)x 1019 cm~2.eV 1!, respectively, by
the conductance method.'9! After +5-V gate voltage
and 10-min treatment at 120 °C, the C-V character-
istics of the MISHEMT are measured. The flat band
voltage (Vp) shift is approximately 0.18 V, and the
fixed charge density is estimated to be on the order of
2.7x10'2 ¢cm~2 for the SBA dielectric.

Compared with the AlGaN/GaN MESHEMT,
the threshold voltage of AlGaN/GaN MISHEMT has
a threshold voltage that usually shifts negatively.
For example, the threshold voltage of AlGaN/GaN
MISHEMT with Al,O3 gate dielectric shifts from
—5.5 V to —7.5 V compared with that of the
MESHEMT at Vps = 10 V as shown in Fig. 5. How-
ever, when SBA is deposited as the gate dielectric,
the threshold voltage of the MISHEMT shifts posi-
tively from —5.5 V to —3.5 V at Vpg = 10 V as shown
in Fig. 5. We conclude that the causation for the un-
usual change of threshold voltage is the introduction
of sodium ions. The possible reason is the influence
on the surface potential after SBA has been deposited
on AlGaN.
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Fig. 5. Comparison of threshold voltage between
MESHEMT and MISHEMT at Vpg =10 V.

Modified from a generally used formula by taking
into account the effects of charge polarization, surface
and buffer traps, the threshold voltage of the undoped
AlGaN/GaN devices can be expressed as[?’]

d AFE, FE
Vth:q%B——a——c+ f0

€ e e € Chy

where ¢p is the metal-semiconductor Schottky bar-
rier height; d is the GaN barrier-layer thickness; o is
the density of 2DEG at the barrier—AlGaN/GaN in-
terface; € is the dielectric constant of AlGaN; AFE¢ is
the conduction-band offset at the AlIGaN/GaN hetero-
junction; Eyo is the difference in energy between the
intrinsic Fermi level and the conduction band edge
of the GaN channel; Ny is the net-charged surface
traps per unit area; Ny is the effective net-charged
buffer traps per unit area; C}, is the effective buffer-
to-channel capacitance per unit area. When SBA is
deposited as the gate dielectric, the Ng; is reduced and
the sodium ions and/or the fixed charge reduce the
density of 2DEG (o), which can positively shift the
threthold voltage. Additionally, the SBA also affects
bn.

To further understand the effect, the XPS mea-
surement is performed, and the obtained results are
shown in Fig. 6. The VBM-Ey decreases from 2.56 eV
to 2.25 eV after SBA has been deposited on AlGaN,
suggesting that the surface potential has increased as
the result of SBA effect. Assuming that the band gap
of AlGaN does not change, the surface potential of
AlGaN increases about 0.31 eV. Therefore, the result
of XPS measurement displays the increase in surface
potential of AlGaN/GaN heterostructure. A possible
reason for this increase is that the sodium ions induce
the acceptor-like stats, or eliminate the donor-like sur-

(21]

face stats.'“"] These factors could push the Fermi level

closer to the valence band, which causes the 2DEG un-
der the dielectric oxide decrease, and then the thresh-

old voltage moves closer to zero.
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Fig. 6. Comparison of valence-band spectrum of AlGaN
with and without SBA.

4. Conclusion

In this paper, we studied the sodium beta-
alumina (SBA) thin films as the gate dielectric for
AlGaN/GaN MISHEMT. The dielectric constant of
SBA thin film is approximately 50; the interface
trap density of the AlGaN/GaN MISHEMT is about
(3.5~9.5)x10*° cm~2eV~1; and the fixed charges in
SBA thin film is on the order of 2.7x10'? cm™2.
Conventionally, the threshold voltage of Al1GaN/GaN
MISHEMT shifts negatively compared with that of
the MESHEMT. However, the threshold voltage of
AlGaN/GaN MISHEMT with SBA as gate dielec-
tric exhibits an unusual positive shift from —5.5 V to
—3.5 V. The surface VBM-FEFf decreases from 2.56 eV
to 2.25 eV after the SBA deposition on AlGaN. The
possible reasons for the positive shift of threshold volt-
age are the influence of SBA on the surface valence-
band maximum (VBM-EF), and effects of the re-
duction of interface traps and the effects of sodium
ions and/or the fixed charges in SBA on the two-

dimensional electron gas (2DEG).
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