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Electrical properties of InAlP native oxides for metal–oxide–semiconductor
device applications
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Data are presented on the insulating properties and capacitance–voltage characteristics of metal–
oxide–semiconductorsMOSd device-thicknesssbelow ,100 nmd native oxides formed by wet
thermal oxidation of thin InAlP epilayers lattice matched to GaAs. Low leakage current densities of
J=1.4310−9 A/cm2 and J=8.7310−11 A/cm2 are observed at an applied field of 1 MV/cm for
MOS capacitors fabricated with 17 and 48 nm oxides, respectively. Transmission electron
microscopy images show that the In-rich interfacial particles which exist in 110 nm oxides are
absent in 17 nm oxide films. Quasistatic capacitance–voltage measurements of MOS capacitors
fabricated on bothn-type andp-type GaAs show that the InAlP oxide–GaAs interface is sufficiently
free of traps to support inversion, indicating an unpinned Fermi level. These data suggest that InAlP
native oxides may be a viable insulator for GaAs MOS device applications. ©2005 American
Institute of Physics. fDOI: 10.1063/1.1861981g
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Due to the wide array of high electron mobility alloys
varying band gaps that can be epitaxially grown on its
face, GaAs remains the most widely used semiconducto
high-speed electronic applications. While Schottky gate
commonly used in high-speed GaAs transistors, the
stricted forward biassa few tenths of a voltd that can be
applied without excessive gate leakage currents limits
power handling capability. The electrical characteristic
native oxides of GaAs are far inferior to those of SiO2 on Si,
and an alternative insulator has long been pursued1,2 to en-
able the preferred metal–insulator–semiconductor gate s
ture. Many deposited insulator/ GaAs structures have
investigated, although only a few have yielded promis
results.3–6 Native oxide films on GaAs can offer advanta
of processing convenience and low cost. Wet thermal ox
of AlGaAs7 have been studied but found to suffer from m
gap traps caused by residual interfacial As.8 These traps lea
to increased interface recombination velocity9,10 and high
leakage currents.11 However, the wet thermal oxides
As-free In0.5sAl xGa1−xd0.5P slattice matched to GaAsd10,12–21

have been found to possess excellent insulating13,17,18 and
interfacial properties10,15,17,20and may provide a viable n
tive oxide for III–V metal–oxide–semiconductorsMOSd
devices.21

In this letter, we report on the detailed electrical pro
ties and microstructure of In0.485Al0.515P native oxides scale
to reduced thicknesses more suitable for MOS device a
cations than the 110 nm oxides reported previously17,20

Current–voltagesI –Vd measurements on MOS capacit
fabricated with oxides formed from thin InAlP epilaye
show very low leakage current densities while capacita
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voltage sC–Vd measurements indicate that the thin ox
support inversion. Transmission electron microscopysTEMd
images elucidate the microstructure of the InAlP native
ide of different thicknesses. We have elsewhere demons
a GaAs-based MOS field effect transistor using a
s,10 nmd native oxide of In0.485Al0.515P as the gat
insulator.21

Samples are grown by metalorganic chemical v
deposition.N-type heterostructures grown on Si-dopeds2
31018 cm−3d GaAs substrates consist of 500 nm of Si-do
s,1016 cm−3d GaAs, an undoped In0.485Al0.515P layer with
one of three different thicknessess63, 31, or 15 nmd, and a
50-nm-thick undoped GaAs cap layer. Thep-type hetero
structures are grown on semi-insulating GaAs substrates
consist of 1000 and 500 nm C-doped GaAs layerss231018

and 131017 cm−3, respectivelyd, an undoped In0.485Al0.515P
layer s63, 31, or 15 nmd, and a 50 nm undoped GaAs c
layer.

The GaAs cap layers are removed by a 4:1 citric a
30% H2O2 selective etch before samples are thermally
dized at 500 °C from the surface in a 2-in. -diam quartz
furnace with 0.68 l /min of UHP N2 bubbled through 95 °
H2O. The 63, 31, and 15 nm InAlP layers are fully oxidiz
and expand upon oxidationsfor 65, 30, and 15 min, respe
tivelyd to corresponding oxide thicknessessobtained from
TEM imagesd of 110±1.6, 48±1.7, and 17±1.1 nm, resp
tively. Variable-angle spectroscopic ellipsometry meas
ments show that the InAlP oxide has a real refractive in
of ,1.58 for the wavelength range from 600 to 1700 nm
negligible absorptionsimaginary indexkø10−3d with an on-
set of absorption below 600 nm indicating a band gap fo
oxide sfrom a Tauc plot22d of ù4.0 eV.19

MOS structures are fabricated by the evaporatio

Cr/Au gate electrodes onto the oxide surface.I –V measure-

© 2005 American Institute of Physics5-1

http://dx.doi.org/10.1063/1.1861981


ucto
ency

a
re-
e st

ns
thin

ctric

ar-
re-
vid-
. At
ities
.7
all
m
rren
and
, the
er

nm
ed
tive
rties

ark
nm
ar

so
f

nd a
e ab-
ens

ion
y the
trate

r
the
ring
t in
lloy

during

-
on
il-

ctors
hole
s—
OS

the

d
ly
t-
ide

in-
nt fre-
ll
ped-

itors

e

-
e

arly

062105-2 Cao et al. Appl. Phys. Lett. 86, 062105 ~2005!
ments are carried out using an Agilent 4156C semicond
parameter analyzer. Quasistatic and high-frequ
s100 kHzd C–V measurements are performed using
Keithley model 82C–V measurement system. All measu
ments are done at room temperature in a shielded prob
tion. All capacitors have a contact area of 240mm
3240 mm s5.8310−4 cm2d. TEM cross-sectional specime
were prepared by standard methods of mechanical pre
ning swith dimple grinding or wedge polishingd followed by
2 kV Ar-ion milling.

Figure 1 shows leakage current density versus ele
field for MOS capacitors fabricated withsad 17 nm andsbd
48 nm oxide films onn-type GaAs. The jaggedness appe
ing in sbd results from the 10 fA resolution of the measu
ment instrumentation. The electric field is obtained by di
ing the applied voltage by the measured oxide thickness
field of 1 MV/cm, the measured leakage current dens
are 1.4310−9 A/cm2 for the 17 nm oxide and 8
310−11 A/cm2 for the 48 nm oxide. Breakdown fields for
InAlP native oxides in this letter are in the 3–6 MV/c
range. Table I lists a comparison of these leakage cu
density and breakdown field results with other native
deposited oxides on GaAs. At the same field strength
48 nm InAlP oxide of Fig. 1sbd exhibits more than one ord

FIG. 1. Typical current density vs electric field curves for MOS capac
with sad 17-nm- andsbd 48-nm-thick InAlP native oxide films onn-type
GaAs substrates. The capacitor contact areaA=5.8310−4 cm2. Sweep rat
is 10 mV/s.

TABLE I. Comparison of the leakage current densities,JL, at applied field
of 1 MV/cm sexcept as notedd and breakdown fields,EB, for various depos
ited and native oxide insulators and thicknesses,d, on GaAs. All devices ar
MOS capacitors except as noted.

Insulator dsnmd JLsA/cm2d EBsMV/cmd Ref.

Ga2O3sAs2O3d
a 30 1.2310−4 5.3 25

Gd0.31Ga0.1O0.59/Ga2O3 64 1310−9 3.5 6
Al2O3 8 9310−8 5 4

InAlP oxide 110 9310−11b 6.3 17
Al2O3

a 16 ,10−4c d 5
AlGaAs oxide 45 4.9310−7 3.8 26
Ga2O3sAs2O3d 65 2310−7 4.7 27
InAlP oxide 48 8.7310−11 3–6 This work
InAlP oxide 17 1.4310−9 3–6 This work

aMOSFET.
bMaximum measurement voltage of 5 Vs0.45 MV/cmd.
cRange reported for voltages,3 Vs,1.88 MV/cmd.
d
Not reported.
r

a-

-

a

t

of magnitude less leakage than the 64
Gd0.31Ga0.1O0.59/Ga2O3 dielectric stack of Ref. 6. Compar
to other candidate insulator/ GaAs structures, InAlP na
oxides clearly possess the excellent insulating prope
needed for MOS device applications.

As shown in the bright-field TEM images of Fig. 2, d
particles exist near the oxide/ GaAs interface in the 110
oxide of Fig. 2sad, while no dark interfacial particles appe
in the 17 nm oxide of Fig. 2sbd. Such particles were al
evident in TEM images of .100 nm oxides o
In0.5sAl0.9Ga0.1d0.5P grown at 500–550 °C.12 Figure 2sbd is
representative of the entire observable area for this a
second wedge-polished cross section specimen, with th
sence of particles also confirmed for plan-view specim
snot shownd in which possible loss of particles due to
milling and electron beam interactions is suppressed b
fact that they are protected from the vacuum by the subs
and overlying oxide film. The interfacial particles in Fig. 2sad
are believed to be indium rich based onZ-contrast TEM
images19 and secondary ion mass spectrometry12 and Auge
depth profiling.18 The size of the particles increases with
progressive consumption of the InAlP epilayer du
oxidation.19 We hypothesize that In, the heaviest elemen
the structure, outdiffuses more slowly than the other a
constituents and hence accumulates near the interface
oxide growth, forming In-rich particles.

Figure 3 shows 100 kHz high-frequencysCHd and qua
sistatic sCQd C–V measurements for the 17 nm oxides
both n-type andp-type GaAs under standard microscope
lumination as is required for wide band gap semicondu
due to the low thermal generation rate of electron–
pairs.23 The clear existence of three operational regime
accumulation, depletion, and inversion—of these M
structures for bothn- and p-type samples indicates that
Fermi level is unpinned. Thicker oxidess48 and 110 nmd on
both types of GaAs also show similar unpinned behaviorsnot
shownd. The frequency dispersionsoffset between CQ an
CH curves in accumulationd seen in Fig. 3 is common
observed2,23,24 in III–V MOS structures. While possibly a
tributable to a low resistivity interfacial region of the ox
which reduces the effective oxide thickness and thus
creases the apparent capacitance at low measureme
quenciessMaxwell–Wagner effect23d, it is in general not we
understood. Using bias-dependent swept-frequency im

FIG. 2. Comparison of bright field TEM images ofsad 110-nm- andsbd
17-nm-thick InAlP wet thermal native oxide films. The particles cle
visible in sad are not present anywhere in samplesbd.
ance spectroscopy, a total interface state density of 8
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31011 cm−2 has previously been found for the 110 nm ox
on n-type GaAs.20 The absence of particles in the interfac
region of the 17 nm oxide shown in Fig. 2sbd may lead to a
still lower interface state density for thinner InAlP ox
films.

In summary, with their excellent insulating propert
and unpinned Fermi level, the native oxides of InAlP sh
promise for the gate dielectric in GaAs MOS device ap
cations. Interfacial particles observed for thicker InAlP ox
films are not present in the thinner 17 nm oxide films,
leakage current densities are lower at equivalent
strength than the best reported results for comparable d
ited oxide films. Wet thermal growth of InAlP native oxi
films potentially offers a simpler, lower cost manufactur
technology for GaAs MOS devices.
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