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Electrical characterization of native-oxide InAIP  /GaAs
metal-oxide-semiconductor heterostructures using
impedance spectroscopy

Xiang Li, Y. Cao, D. C. Hall, and P. Fay?®
Department of Electrical Engineering, University of Notre Dame, 275 Fitzpatrick Hall,
Notre Dame, Indiana 46556

X. Zhang® and R. D. Dupuis®
Microelectronics Research Center, The University of Texas at Austin, Austin, Texas 78712

(Received 8 December 2003; accepted 20 January)2004

INAIP native oxide/GaAs metal-oxide-semiconductOS) 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>oi8'! cm™2 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 Physic§DOI: 10.1063/1.1669078

INTRODUCTION the electrical quality of the GaAs-based MIS structures dem-
) ] onstrated to date is not as good as those obtained from the
11 =V compound semiconductor metal-semiconductor,qre mature SiQISi system, some of them have yielded
field-effect transistors and high electron mobility transistorspromising results for electronic device applications. For ex-
are widely used in mobile communication systems and highample, MISFETs have been demonstrated with gate insula-
speed optoelectronic circuits. In these transistors, a Schottky, .o ¢ GaO0; grown by molecular beam epitakyoxidized
contact is used as the gate electrode. However the use gf;aq prepared by ultraviolet and ozone treatnfeAt,Os
Schottky gates can lead to excessive gate leakage current aﬂﬂ)wn by atomic layer depositichand wet-thermally oxi-
also restrict the forward gate bias to only a few tenths of gji,e4 A|GaAs*® Thermal oxidation has potential advantages
volt, leading to limited power handling capability in power ¢, \|SFET fabrication because it offers substantial flexibil-
amplifier applications. In addition, the modest Schottky baryy, in device heterostructure design and fabrication process-
rier height between common gate metals ahd-V com-  jng  previous research has shown that the native oxide of
pound. semlcqnductors typically results in depletlon—mode'nO Al 5P lattice-matched to GaAs has a much lower leak-
operation. This leads to a need for multiple power supply,ge cyrrent density and higher dielectric strength than that of
voltages and results in increased circuit complexity. An at- iqized AlGaAs®’ making it attractive for device applica-
tractive alternative approach is the use of a metal-insulatorg, s if the interface state density can be controlled. In this
semiconductokMIS) gate structure. The inclusion Qf an in- article, the suitability of InAlIP native oxide on GaAs for
sulator layer between the gate metal and semiconduciqfg,ice applications is examined by characterizing the inter-
channel permits a much larger gate voltage swing, while prégyce state properties of InAIP native oxide/GaAs metal-
serving a very low gate leakage current. Meta"i“S“Iator'oxide-semiconductor(MOS) capacitors using bias- and

semiconductor field-effect transistofMISFETS are also  omperature-dependent variable-frequency impedance spec-
promising for realizing true enhancement-mode f'eld'eﬁedtroscopy.

transistor operation, which provides the advantages of using
a single power supply volltage and simultaneously reducm%EVICE FABRICATION AND CHARACTERIZATION
standby power consumption.

To realize these potential advantages, practical MISFETs  InAIP native oxide/GaAs MOS capacitors were fabri-
require a gate insulator with a large band gap and a higheated on a heterostructure grown by metalorganic vapor
quality insulator/semiconductor interface for efficient chan-phase epitaxy. The heterostructure was grown an &aAs
nel modulation. Over the past several decades, many MiSubstrate, and consists of 500 nm of Si-doped GaAs
structures ol —V materials have been examined. Although (1< 10 cm™3), 63 nm of undoped InAIP lattice-matched to

GaAs, and a 50 nm thick undoped GaAs cap layer. The
| A INAIP layer was wet-oxidized for 60 min at 500 °C immedi-
ectronic mail: pfay@nd.edu

Ypresent address: School of Electrical and Computer Engineering, Georgﬁtely aft_er remc_)Ving_ the GaAs cap layer py 59|ec_tive wet
Institute of Technology, Atlanta, Georgia 30332. etching in a citric acid and hydrogen peroxide solution. De-
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tails of the fabrication process have been published
previously? During oxidation, the InAIP oxide volume ex-
pands by a factor of about 1.8 to a final oxide thickness of
114.6 nm, as measured by variable-angle spectroscopic ellip-
sometry. Thermally evaporated Cr/Au films were used as
both the gate metal on the oxide surface as well as the back-
side ohmic contact to the™ substrate. Capacitors with areas
from 130x 130 to 340k 340 um? have been fabricated.

The current-voltage characteristics of the MOS capaci-
tors were measured with an Agilent 4155B semiconductor
parameter analyzer. A typical leakage current density of 8.6

—— Measurement
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Normalized Susceptance, B/w (nF/cm?)
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x 1010 A/lcm? at 5 V bias was obtained for these devices, : 6V |8 M L
demonstrating the good insulating quality of the InAIP ther- 35103 M 10 ™
mal oxide. Frequency (Hz)

To assess the oxide-semiconductor interface quality, the (a)
impedance of capacitors with different areas was measured 6
on-wafer from 40 Hz to 10 MHz as a function of applied T T Measurement
direct-current(dc) bias. The measurements were calibrated | - —-Model i
using full on-wafer open/short/load compensation, and a test 6V 8V

signal level of 20 mV root-mean-square was used for all

measurements to ensure a small-signal linear response. All
measurements were performed in a dark, light-tight probing

chamber.

Measured susceptance and conductance versus fre-
guency curves at four selected dc bias voltages are shown in
Fig. 1 for a typical InAIP oxide/GaAs device. Both the sus-
ceptance and conductance have been divided by angular fre-
quency to accentuate the substantial deviation from pure lin- 10° 10* 10° 10° 107
ear capacitive behavior observed over this frequency range. Frequency (Hz)

Similar dispersive characteristics have previously been re- (b)

ported by other researchers on several different InSl'”ator}flG. 1. Typical normalized measured and modeled susceptance and conduc-

compound. Se_micon.duc'[or StrL.JCtU?es- tance vs frequency characteristics of an InAIP native oxide/GaAs MOS ca-
To assist in the interpretation of the measured results, weacitor for several bias conditions at room temperature.

have developed an equivalent circuit model which is an ex-
tension of the commonly used model for MOS capacitors.

This model, shown in Fig. 2, extends the conventional MOS the vicinity of th duction band ed h
capacitor model by including an additional paralRC cir- ![2 ¢ ?hw?lr]cl ny Ef[ i,on ue 'O_? an ed ge, (;netcan S| 0\3’]
cuit to model the behavior of an interfacial layer and inter- at the intertace state capacitance and conductance in the

face states between the oxide and the semiconductor. Tﬁeequwalent circuit model are given Hy

existence of such an interfacial layer between the oxide and q

the semiconductor has been verified for the InAIP oxide/ Cy=—N;/(Es)(1+ szﬁﬂl)a/Ztan_l(a)Tm), (2
GaAs interface by the observation of an interfacial precipi- @Tm

tate region using transmission electron microscopgM).® G

In this extended modét,, is the oxide capacitanc€s is the S Ni( Eq)[ (14 0?72)32—1], ©)
capacitance of the interfacial region between the oxide and ¢ @7m@

the GaAs, anCs. and G are the capacitance and conduc-yhereq is the electron chargey is angular frequency, and
tance, respectively, of the space charge region inside the s the Fermi energy at the oxide/semiconductor interface.
GaAs.Cj; and G;; are the frequency—depend(_ant capacitancerpq capture time constant, is given by, = 1/c,n, where
and conductance, respectively, due to the interface sqcatescn is the capture rate for electrons ands the electron con-
The broad spectral features that are observed in impedane@tration at the oxide/semiconductor interface.
spectra _have been reported to originate from an interface 1y find the circuit model parametefand thus the inter-
state density that is continuously distributed over theg,ce state density and distribution parametete equivalent
pano!gar?. For oxides on GaAs, .thellnterface state d'smb“fcircuit shown in Fig. 2 combined with Eq&2) and (3) were
tion is expected to have a distribution that decays approXiit 1o the measured impedance spectra using nonlinear least-
mate% exponentially with energy away from the bandgqares curve fitting. The fits were performed with 33 bias
edge.” Assuming an interface state distribution of the form voltages over the bias range of 0 to 8 V, covering depletion
through accumulation of the oxide/GaAs interface. Good fits
over the full frequency range and gate bias voltage range
Ny (E)=ge a(EcB/KT (1)  have been achieved, as shown in Fig. 1.

Normalized Conductance, G/w (nF/cmz)
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not bias dependent. Further, the large capacitand@;ah-
dicates it is a comparatively thin layer, consistent with TEM
results® Figures 3c) and 3d) show that bothC, and G,
increase when biased from depletion to accumulation as ex-
pected because of the decrease in the depletion layer thick-
ness in ther-type GaAs. In addition, Fig.(®) shows that the
capture time constant,, decreases when biased from deple-
tion to accumulation due to the increase in the surface elec-
tron concentration, as expected. The interface-state distribu-
tion parameterg anda in Egs.(1)—(3) are bias independent,
with values of 6. 10'? cm™2 and 0.196, respectively, de-
termined from the fitting procedure. From Ed) and the
fitting parameters, the interface state density is computed by
integratingN;(E) over the band gap. The calculated total
interface state density is»810' cm™?, suggesting a rela-
tively good oxide-semiconductor interface has been ob-
tained. Since the interface states are distributed over the band
gap rather than having a discrete energy level, the “effec-
tive” activation energy is the difference between the conduc-
tion band edge and the average energy of the population of
occupied interface states. Fi, of the form in Eq.(1), the
effective activation energyaverage occupied levyetan be
expressed as

FIG. 2. Equivalent circuit including interfacial layer used to fit the measured

electrical characteristics of INAIP native oxide/GaAs MOS capacitors. kT 1
Ec— Eactivatior — a In _Qit,avg}i (4)
g
Figure 3 shows the circuit model parametég, Cs,
Csc, andGg, obtained from the impedance spectra fitting as
a function of bias voltageC,,, Cs, Cs., andG¢. have been 1 c
normalized with respect to capacitor area. As can be seen in Qit,avg:E_gQit,totaI:E_g f £ Nifn(E)dE. ®)

Fig. 3, Co is constant throughout the voltage range as ex-

pected, andC, is also nearly constant with bias voltage, in- In these expressiongy is the band gap of GaAs ang(E) is
dicating that the effective thickness of this interfacial layer isthe Fermi distribution function. Using the parameters ob-
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FIG. 3. Equivalent circuit model parameters as a function of applied bias vol@deapacitance of oxid€,, and of interfacial regiorC,, (b) capture time
constantr,,, (c) capacitance of space charge reg®g, and(d) conductance of space charge reg®g .
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ing that our extended equivalent circuit model with an expo-
nential interface state distribution is consistent with both

15°C 45°C 75°C . : _
30°C 60°C 90°C variable-bias and variable-temperature measurement results.

6 T 1T TTTTI T T T Trry T T T TTIrt

We believe that the modest discrepancy in activation energy
between these two methods arises from deviations in the ac-
tual interface distribution from a pure exponential form. The
comparatively close agreement that is obtained, however,
suggests that the overall trend of the interface state distribu-
tion is approximately exponential.

Normalized Conductance, G/o (pF)

CONCLUSION
In this article, we have demonstrated the suitability of
ob— vt vl impedance spectroscopy for the characterization of GaAs-
10* 10° 10° 10’ based MOS capacitors with an InAIP native oxide as the gate
Frequency (Hz) insulator. An extended equivalent circuit model has been de-

veloped to model the measured electrical characteristics.

FIG. 4. Normalized conductance vs frequency curves as a function of tem=, . . .
perature for an InAIP native oxide/GaAs MOS capacitor biased in accumrLTJ]-Thls_ extended modgl is based o_n.the conventional MOS ca-
lation (7 V). pacitor model, but includes additional elements to account

for the presence of an interfacial layer between the oxide and

the semiconductor. The interface state distribution is esti-

tained from impedance spectroscopy measurements in Fig. fhated from bias- and temperature-dependent 40 Hz—10 MHz

the effective activation energy is estimated to be 0.34 eMmpedance measurements, revealing a relatively low total in-

below the conduction band edge. terface state density o810 cm™2. This suggests that the
The impedance spectra of the MOS capacitors have alsmAIP native oxide is a promising insulator for advanced

been measured at several different temperatures from 15 IS electronic device applications and merits further studies

90°C. The temperature dependence of the conductance tis optimize structure and process conditions that could fur-

shown in Fig. 4 for a typical device biased in accumulationther reduce the interface state density.

(applied bias voltage 7 V). From Fig. 4, a clear shift in the
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