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Electrical characterization of native-oxide InAlP ÕGaAs
metal-oxide-semiconductor heterostructures using
impedance spectroscopy
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InAIP native oxide/GaAs metal-oxide-semiconductor~MOS! capacitors have been characterized
using bias- and temperature-dependent swept-frequency impedance spectroscopy. An equivalent
circuit model has been developed for these MOS capacitors that accurately fits the measured
impedance over the full frequency range from 40 Hz to 10 MHz. From the bias dependence of the
circuit model parameters, the distribution in energy of the interface states was found to be consistent
with an exponential distribution, with a total interface state density of 831011 cm22 and an average
activation energy of 0.34 eV below the conduction band edge. The temperature dependence of the
impedance spectra was also examined, and an activation energy of 0.44 eV from the conduction
band edge was determined, in good agreement with the bias-dependent impedance measurements.
© 2004 American Institute of Physics.@DOI: 10.1063/1.1669078#
to
or
gh
tt
e
t
f
r

ar

d
pl
a
to
-
ct
r
or

ec
sin
in

ET
ig
n

M
gh

m-
the
d
x-

ula-

es
il-
ss-
of

k-
t of
-
his
r
ter-
al-
d
pec-

ri-
por

As
o
he
i-
et
e-

or
INTRODUCTION

III –V compound semiconductor metal-semiconduc
field-effect transistors and high electron mobility transist
are widely used in mobile communication systems and hi
speed optoelectronic circuits. In these transistors, a Scho
contact is used as the gate electrode. However the us
Schottky gates can lead to excessive gate leakage curren
also restrict the forward gate bias to only a few tenths o
volt, leading to limited power handling capability in powe
amplifier applications. In addition, the modest Schottky b
rier height between common gate metals andIII –V com-
pound semiconductors typically results in depletion-mo
operation. This leads to a need for multiple power sup
voltages and results in increased circuit complexity. An
tractive alternative approach is the use of a metal-insula
semiconductor~MIS! gate structure. The inclusion of an in
sulator layer between the gate metal and semicondu
channel permits a much larger gate voltage swing, while p
serving a very low gate leakage current. Metal-insulat
semiconductor field-effect transistors~MISFETs! are also
promising for realizing true enhancement-mode field-eff
transistor operation, which provides the advantages of u
a single power supply voltage and simultaneously reduc
standby power consumption.

To realize these potential advantages, practical MISF
require a gate insulator with a large band gap and a h
quality insulator/semiconductor interface for efficient cha
nel modulation. Over the past several decades, many
structures onIII –V materials have been examined. Althou
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the electrical quality of the GaAs-based MIS structures de
onstrated to date is not as good as those obtained from
more mature SiO2 /Si system, some of them have yielde
promising results for electronic device applications. For e
ample, MISFETs have been demonstrated with gate ins
tors of Ga2O3 grown by molecular beam epitaxy,1 oxidized
GaAs prepared by ultraviolet and ozone treatment,2 Al2O3

grown by atomic layer deposition,3 and wet-thermally oxi-
dized AlGaAs.4,5 Thermal oxidation has potential advantag
for MISFET fabrication because it offers substantial flexib
ity in device heterostructure design and fabrication proce
ing. Previous research has shown that the native oxide
In0.49Al0.51P lattice-matched to GaAs has a much lower lea
age current density and higher dielectric strength than tha
oxidized AlGaAs,6,7 making it attractive for device applica
tions if the interface state density can be controlled. In t
article, the suitability of InAlP native oxide on GaAs fo
device applications is examined by characterizing the in
face state properties of InAlP native oxide/GaAs met
oxide-semiconductor~MOS! capacitors using bias- an
temperature-dependent variable-frequency impedance s
troscopy.

DEVICE FABRICATION AND CHARACTERIZATION

InAlP native oxide/GaAs MOS capacitors were fab
cated on a heterostructure grown by metalorganic va
phase epitaxy. The heterostructure was grown on an1 GaAs
substrate, and consists of 500 nm of Si-doped Ga
(131017 cm23), 63 nm of undoped InAIP lattice-matched t
GaAs, and a 50 nm thick undoped GaAs cap layer. T
InAIP layer was wet-oxidized for 60 min at 500 °C immed
ately after removing the GaAs cap layer by selective w
etching in a citric acid and hydrogen peroxide solution. D

gia
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tails of the fabrication process have been publish
previously.6 During oxidation, the InAlP oxide volume ex
pands by a factor of about 1.8 to a final oxide thickness
114.6 nm, as measured by variable-angle spectroscopic e
sometry. Thermally evaporated Cr/Au films were used
both the gate metal on the oxide surface as well as the b
side ohmic contact to then1 substrate. Capacitors with area
from 1303130 to 3403340mm2 have been fabricated.

The current-voltage characteristics of the MOS capa
tors were measured with an Agilent 4155B semiconduc
parameter analyzer. A typical leakage current density of
310210 A/cm2 at 5 V bias was obtained for these device
demonstrating the good insulating quality of the InAIP th
mal oxide.

To assess the oxide-semiconductor interface quality,
impedance of capacitors with different areas was meas
on-wafer from 40 Hz to 10 MHz as a function of applie
direct-current~dc! bias. The measurements were calibra
using full on-wafer open/short/load compensation, and a
signal level of 20 mV root-mean-square was used for
measurements to ensure a small-signal linear response
measurements were performed in a dark, light-tight prob
chamber.

Measured susceptance and conductance versus
quency curves at four selected dc bias voltages are show
Fig. 1 for a typical InAlP oxide/GaAs device. Both the su
ceptance and conductance have been divided by angula
quency to accentuate the substantial deviation from pure
ear capacitive behavior observed over this frequency ra
Similar dispersive characteristics have previously been
ported by other researchers on several different insula
compound semiconductor structures.8

To assist in the interpretation of the measured results
have developed an equivalent circuit model which is an
tension of the commonly used model for MOS capacito9

This model, shown in Fig. 2, extends the conventional M
capacitor model by including an additional parallelRC cir-
cuit to model the behavior of an interfacial layer and int
face states between the oxide and the semiconductor.
existence of such an interfacial layer between the oxide
the semiconductor has been verified for the InAlP oxi
GaAs interface by the observation of an interfacial prec
tate region using transmission electron microscopy~TEM!.6

In this extended modelCox is the oxide capacitance,Cs is the
capacitance of the interfacial region between the oxide
the GaAs, andCsc andGsc are the capacitance and condu
tance, respectively, of the space charge region inside
GaAs. Cit and Git are the frequency-dependent capacitan
and conductance, respectively, due to the interface sta9

The broad spectral features that are observed in imped
spectra have been reported to originate from an interf
state density that is continuously distributed over
bandgap.9 For oxides on GaAs, the interface state distrib
tion is expected to have a distribution that decays appr
mately exponentially with energy away from the ba
edge.10 Assuming an interface state distribution of the for

Nit~E!5ge2a~Ec2E!/kT ~1!
Redistribution subject to AIP license or copyright, see http://jap.aip.org/ja
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in the vicinity of the conduction band edge, one can sh
that the interface state capacitance and conductance in
equivalent circuit model are given by11

Cit5
q

vtm
Nit~Efn!~11v2tm

2 !a/2 tan21~vtm!, ~2!

Git

v
5

q

vtma
Nit~Efn!@~11v2tm

2 !a/221#, ~3!

whereq is the electron charge,v is angular frequency, and
Efn is the Fermi energy at the oxide/semiconductor interfa
The capture time constanttm is given bytm51/cnn, where
cn is the capture rate for electrons andn is the electron con-
centration at the oxide/semiconductor interface.

To find the circuit model parameters~and thus the inter-
face state density and distribution parameters!, the equivalent
circuit shown in Fig. 2 combined with Eqs.~2! and~3! were
fit to the measured impedance spectra using nonlinear le
squares curve fitting. The fits were performed with 33 b
voltages over the bias range of 0 to 8 V, covering deplet
through accumulation of the oxide/GaAs interface. Good
over the full frequency range and gate bias voltage ra
have been achieved, as shown in Fig. 1.

FIG. 1. Typical normalized measured and modeled susceptance and co
tance vs frequency characteristics of an InAlP native oxide/GaAs MOS
pacitor for several bias conditions at room temperature.
p/copyright.jsp
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Figure 3 shows the circuit model parametersCox , Cs ,
Csc, andGsc, obtained from the impedance spectra fitting
a function of bias voltage.Cox , Cs , Csc, andGsc have been
normalized with respect to capacitor area. As can be see
Fig. 3, Cox is constant throughout the voltage range as
pected, andCs is also nearly constant with bias voltage, i
dicating that the effective thickness of this interfacial layer

FIG. 2. Equivalent circuit including interfacial layer used to fit the measu
electrical characteristics of InAlP native oxide/GaAs MOS capacitors.
Redistribution subject to AIP license or copyright, see http://jap.aip.org/ja
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not bias dependent. Further, the large capacitance ofCs in-
dicates it is a comparatively thin layer, consistent with TE
results.6 Figures 3~c! and 3~d! show that bothCsc and Gsc

increase when biased from depletion to accumulation as
pected because of the decrease in the depletion layer th
ness in then-type GaAs. In addition, Fig. 3~b! shows that the
capture time constanttm decreases when biased from dep
tion to accumulation due to the increase in the surface e
tron concentration, as expected. The interface-state distr
tion parametersg anda in Eqs.~1!–~3! are bias independent
with values of 6.131012 cm22 and 0.196, respectively, de
termined from the fitting procedure. From Eq.~1! and the
fitting parameters, the interface state density is computed
integratingNit(E) over the band gap. The calculated tot
interface state density is 831011 cm22, suggesting a rela-
tively good oxide-semiconductor interface has been
tained. Since the interface states are distributed over the b
gap rather than having a discrete energy level, the ‘‘eff
tive’’ activation energy is the difference between the cond
tion band edge and the average energy of the populatio
occupied interface states. ForNit of the form in Eq.~1!, the
effective activation energy~average occupied level! can be
expressed as

Ec2Eactivation52
kT

a
lnF1

g
Qit,avgG , ~4!

where

Qit,avg5
1

Eg
Qit,total5

1

Eg
E

Ev

Ec
Nitfn~E!dE. ~5!

In these expressions,Eg is the band gap of GaAs and fn(E) is
the Fermi distribution function. Using the parameters o

d

FIG. 3. Equivalent circuit model parameters as a function of applied bias voltage.~a! Capacitance of oxideCox and of interfacial regionCs , ~b! capture time
constanttm , ~c! capacitance of space charge regionCsc, and~d! conductance of space charge regionGsc.
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tained from impedance spectroscopy measurements in Fi
the effective activation energy is estimated to be 0.34
below the conduction band edge.

The impedance spectra of the MOS capacitors have
been measured at several different temperatures from 1
90 °C. The temperature dependence of the conductanc
shown in Fig. 4 for a typical device biased in accumulati
~applied bias voltage57 V). From Fig. 4, a clear shift in the
frequency of the normalized conductance peak is obser
Figure 5 shows ln(T2t) versus inverse temperature, wheret
51/2p f peak and f peak is the frequency of the conductanc
peak in the spectrum.12 From the least-squares fit to th
Arrhenius plot ~correlation coefficientr 50.997), we ob-
tained an activation energy of 0.44 eV. This value is in go
agreement with the result calculated above from roo
temperature bias-dependent impedance measurements, s

FIG. 4. Normalized conductance vs frequency curves as a function of
perature for an InAlP native oxide/GaAs MOS capacitor biased in accu
lation ~7 V!.

FIG. 5. Arrhenius plot of conductance peak frequency vs temperature fo
InAlP native oxide/GaAs MOS capacitor biased in accumulation~7 V!. The
activation energy extracted from the slope is 0.44 eV.
Redistribution subject to AIP license or copyright, see http://jap.aip.org/ja
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ing that our extended equivalent circuit model with an exp
nential interface state distribution is consistent with bo
variable-bias and variable-temperature measurement res
We believe that the modest discrepancy in activation ene
between these two methods arises from deviations in the
tual interface distribution from a pure exponential form. T
comparatively close agreement that is obtained, howe
suggests that the overall trend of the interface state distr
tion is approximately exponential.

CONCLUSION

In this article, we have demonstrated the suitability
impedance spectroscopy for the characterization of Ga
based MOS capacitors with an InAlP native oxide as the g
insulator. An extended equivalent circuit model has been
veloped to model the measured electrical characteris
This extended model is based on the conventional MOS
pacitor model, but includes additional elements to acco
for the presence of an interfacial layer between the oxide
the semiconductor. The interface state distribution is e
mated from bias- and temperature-dependent 40 Hz–10 M
impedance measurements, revealing a relatively low tota
terface state density of 831011 cm22. This suggests that the
InAlP native oxide is a promising insulator for advanc
MIS electronic device applications and merits further stud
to optimize structure and process conditions that could
ther reduce the interface state density.

ACKNOWLEDGMENTS

The authors would like to acknowledge Zhuowen Su
Dr. Alan C. Seabaugh, and Dr. Gregory L. Snider for use
discussions. This work was supported by the Air Force O
fice of Scientific Research, Grant No. AF-F49620-01-1-03

1M. Passlack, J. K. Abrokwah, R. Droopad, Z. Yu, C. Overgaard, S. I.
M. Hale, J. Sexton, and A. C. Kummel, IEEE Electron Device Lett.23,
508 ~2002!.

2K. Iiyama, Y. Kita, Y. Ohta, M. Nasuno, S. Takamiya, K. Higashimin
and N. Ohtsuka, IEEE Trans. Electron Devices49, 1856~2002!.

3P. D. Ye, G. D. Wilk, J. Kwo, B. Yang, H.-J. L. Gossmann, M. Frei, S.
G. Chu, J. P. Mannaerts, M. Sergent, M. Hong, K. K. Ng, and J. Bu
IEEE Electron Device Lett.24, 209 ~2003!.

4C. B. DeMelo, D. C. Hall, G. L. Snider, D. Xu, G. Kramer, and N
El-Zein, Electron. Lett.36, 84 ~2000!.

5E. I. Chen, N. Holonyak, Jr., and S. A. Maranowski, Appl. Phys. Lett.66,
2688 ~1995!.

6P. J. Barrios, D. C. Hall, G. L. Snider, T. H. Kosel, U. Chowdhury, and
D. Dupuis,Proceedings of the International Symposium: III-Nitride Bas
Semiconductor Electronics and Optical Devices and Thirty-Fourth Sta
Of-The-Art Program On Compound Semiconductors~SOTAPOCS
XXXIV !, edited by F. Ren, D. N. Buckley, S. N. G. Chu, and S. J. Pear
~The Electrochemical Society Proceedings Peenington, N.J., 20!,
p. 258.

7A. L. Holmes, Ph.D Thesis, The University of Texas at Austin, 1999.
8H. Hasegawa and T. Sawada, Thin Solid Films103, 119 ~1983!.
9E. H. Nicollian and J. R. Brews,MOS (Metal Oxide Semiconductor) Phys
ics and Technology~Wiley, New York, 1982!.

10S. Kochowski, K. Nitsch, and R. Paszkiewicz, Thin Solid Films348, 180
~1999!.

11S. R. Dhariwal and B. M. Deoraj, Electron. Lett.26, 2110~1990!.
12G. W. Charache and E. W. Maby, J. Appl. Phys.78, 3488~1995!.

-
u-

an
p/copyright.jsp


