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Abstract—This paper presents a distributed circuit model for
bulk-oxide traps based on tunneling between the semiconductor
surface and trap states in the gate dielectric film. The model is
analytically solved at dc. It is shown that the distributed bulk-
oxide trap model correctly depicts the frequency dispersion in
the capacitance– and conductance–voltage data of Al2O3–InGaAs
MOS devices that do not fit the conventional interface state
model. The slope degradation or stretch-out of the measured
capacitance–voltage curve near flatband can be also explained by
the distributed bulk-oxide trap model.

Index Terms—Bulk-oxide trap, III–V, MOS, tunneling.

I. INTRODUCTION

R ECENTLY, III–V compound semiconductor MOSFETs
have been intensely investigated to replace silicon CMOS

for high-performance digital applications. In many reports in
the literature [1]–[6], frequency dispersion is commonly ob-
served in the capacitance– and conductance–voltage data of
high-κ/III–V MOS devices. Examples are shown in Fig. 1
for atomic layer deposition (ALD) Al2O3 on an n-type
In0.53Ga0.47As MOS capacitor. Dispersion in the strong ac-
cumulation region cannot be explained by the conventional
interface states whose time constant in such bias regions is far
shorter than the period of typical measurement frequencies, i.e.,
1 kHz–1 MHz [7], [8]. On the other hand, trap states inside the
gate insulator, called bulk-oxide traps or border traps, do have
long time constants as they interact with the conduction band
electrons via tunneling [9]. In addition, when the conventional
conductance method [7] for interface states is applied to the
high-to-low transition region (maximum slope) of the C−V
data, the frequency dispersion of conductance does not follow
the well-known peak behavior. In addition, the C−V stretch-
out with respect to the ideal curve indicates an interface state
density far exceeding that extracted from the dispersion in that
region. Such a discrepancy can be resolved by a bulk-oxide
trap model in which the low-frequency component causing
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Fig. 1. Experimental (a) C−V and (b) G−V data of Al2O3/n-InGaAs MOS
at 1 kHz, 2 kHz, 3 kHz, 5 kHz, 10 kHz, 30 kHz, 50 kHz, 100 kHz, and 1 MHz.

C−V stretch-out is larger than the high-frequency component
responsible for dispersion.

In our previous publication [10], a distributed bulk-oxide trap
model was proposed to explain the dispersion in strong accu-
mulation of Al2O3/n-In0.53Ga0.47As MOS data. In this paper,
the model is completed by adding integration of the bulk-oxide
trap density with respect to energy for calculating the equivalent
admittance. A slightly different differential equation is derived
and numerically solved to yield frequency-dependent capaci-
tance and conductance of the MOS device. The model is vali-
dated and calibrated by the Al2O3/n-In0.53Ga0.47As MOS data
in both strong accumulation and flatband regions. The model is
also applied to account for the C−V stretch-out in the device.

II. C−V AND G−V DATA OF AL2O3

ON N-TYPE INGAAS MOS

Fig. 1 shows the multiple-frequency C−V and G−V data
measured from a Pt/Al2O3/n-In0.53Ga0.47As MOS capacitor.
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Fig. 2. C−V of Pt/Al2O3/n-In0.53Ga0.47As MOS measured at 1 MHz
compared with quasi-static C−V of ideal MOS without traps.

Since InGaAs is intended for making high-mobility nMOS-
FETs, bulk-oxide electron traps near the conduction band
energy are investigated by biasing the n-type layer into accu-
mulation. The capacitor is fabricated under similar processing
procedures as in [13]. The semiconductor layer structure is
1-µm 2 × 1016 cm−3 doped n-In0.53Ga0.47As on 100-nm 5 ×
1018 cm−3 doped n-In0.53Ga0.47As on n+ InP substrate. The
Al2O3 film is prepared by 50 cycles of ALD with trimethylalu-
minum precursor and water vapor oxidant. The sample is then
annealed in forming gas for 30 min at 400 ◦C.

The Al2O3 data exhibit frequency dispersion characteristics
in C−V and G−V . To determine Cox, quasi-static C−V for an
ideal Al2O3/n-In0.53Ga0.47As MOS is simulated and compared
with the 1-MHz C−V data, which are least affected by the
traps in Fig. 2. Both the quantum confinement and nonparabolic
band effects are incorporated in the simulation. By matching
the simulated capacitance in accumulation to the 1-MHz data
at somewhat higher gate voltages to account for the stretch-
out effect due to traps, Cox is extracted to be 1.06 µF/cm2

(see the long dashed line near the top of the figure). Because
of the low density of states of the In0.53Ga0.47As conduction
band, the accumulation capacitance is considerably lower than
the oxide capacitance Cox. In addition, labeled in Fig. 2 are
Vg values for Ec, Ev , and Vfb, where the Fermi level crosses
those energy values at the surface. Most of the steep transition
region in the 1-MHz C−V curve is actually near flatband or
in moderate accumulation, not depletion. The degradation of
the C−V slope in the 1-MHz data in this region is due to
stretch-out or slow charge/discharge of trap states during the
gate bias sweep. The dispersion in strong accumulation cannot
be explained by parasitic resistance in series with the MOS
capacitor because the dispersion is observed at low frequencies
of a few kilohertz, where the series resistance should have no
effect. It cannot be explained by the conventional interface
states either since their time constant in accumulation cannot
be so long that the capacitance dispersion persists at a few
kilohertz. Near the flatband or in moderate accumulation, the
parallel conductance in the semiconductor Gp, as defined in
Fig. 3, is calculated from the measured Ctot(ω) and Gtot(ω)
for a given bias point. Instead of exhibiting a peak behavior
as predicted in the standard interface state model, the Gp/ω

Fig. 3. (a) Equivalent circuit for Cp and Gp. (b) Experimental Gp/ω versus
ω (log scale) at Vg = 0.3 V.

Fig. 4. Schematic of tunneling between bulk-oxide traps in the gate insulator
and conduction band of the semiconductor.

versus log(ω) plot in Fig. 3 is rather featureless, indicative of
wide distribution of trap time constants more in line with the
bulk-oxide trap model.

The C−V humps in the negative Vg bias region correspond-
ing to depletion and weak inversion do exhibit a peak Gp/ω
behavior and are attributed to a localized density of interface
states. Analysis of these features is not covered in this paper.

III. DISTRIBUTED BULK-OXIDE TRAP MODEL

In MOS devices, traps in the bulk gate dielectric film can ex-
change charge with mobile carriers in the semiconductor bands
through tunneling. Fig. 4 schematically shows the tunneling
process between bulk-oxide traps and conduction band in an
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n-type MOS device biased in accumulation. The time constant
associated with charge exchange between bulk-oxide traps and
semiconductor is governed by the tunneling mechanism that
gives exponential dependence on the trap distance x from the
interface [9], [11]

τ(x) = f0τ0e
2κx. (1)

Here, τ0 = (nsσvth)
−1 is the time constant of the interface

traps inversely proportional to the carrier density at the semi-
conductor surface ns, σ is the trap cross-sectional area, and vth
is the electron thermal velocity. Other parameters in (1) are as
follows: f0 is the Fermi–Dirac function that a trap at energy E
is occupied by an electron, and κ is the attenuation coefficient
for an electron wave function of energy E decaying under an
energy barrier Eox

C > E

κ =
√

2m∗ (Eox
C − E)/�. (2)

m∗ is the electron effective mass in the dielectric film and Eox
C

is the energy of the top of the dielectric barrier, as indicated
in Fig. 4.

For a given gate dc bias, bulk-oxide traps at a certain depth x
and energy E change occupancy in response to a small-signal
ac modulation. Bulk-oxide traps at energy close to E = Ef are
most responsible for the small-signal capacitance. The effects
of bulk-oxide traps at a specific depth and energy on the small-
signal MOS admittance can be modeled by a serial combination
of capacitance and conductance. The bulk-oxide traps within an
incremental depth ∆x at x and an incremental energy value ∆E
at E are represented by incremental capacitance ∆Cbt(E, x)
and incremental conductance ∆Gbt(E, x) connected in series.
If the density per volume per energy of bulk-oxide traps is Nbt

in units of cm−3Joule−1, then [7], [9]

∆Cbt(E, x) =
f0(1− f0)q

2Nbt

kT
∆E∆x. (3)

∆Gbt(E, x) and ∆Cbt(E, x) are related by time constant τ(x)

∆Cbt(E, x)/∆Gbt(E, x) = τ(x) = f0τ0e
2κx. (4)

To integrate for a continuous energy distribution of bulk-oxide
traps, the serial connection of ∆Cbt(E, x) and ∆Gbt(E, x)
at a given x must be first converted to a parallel combination
of incremental admittance. Because the factor f0(1 − f0) is
sharply peaked at E = Ef , κ in (2) is set to be a constant with
E = Ef in the integration. The total incremental admittance at
x is then

∆Ybt(x) =

∫
E

1
1

jω∆Cbt(E,x) +
1

∆Gbt(E,x)

=
q2Nbt ln(1 + jωτ0e

2κx)

τ0e2κx
∆x. (5)

For a continuous distribution of bulk traps throughout the oxide
thickness, the equivalent circuit of the MOS device is of a
distributed form shown in Fig. 5, where the oxide capacitance
is broken into an infinite number of serial segments with
branches of ∆Ybt(x) connected at different depths. Here, εox

Fig. 5. Equivalent circuit for bulk-oxide traps distributed over the depth of the
insulator. The semiconductor capacitance is represented by Cs.

is the permittivity of the insulator and Cs is the semiconductor
capacitance.

If we define Y (x) to be the equivalent admittance at a point
x looking into the semiconductor in Fig. 5, the recursive nature
of the distributed circuit gives the admittance of the next point
x+∆x as

Y (x+∆x) = ∆Ybt(x) +
1

∆x
jωεox

+ 1
Y (x)

. (6)

Substituting (5) for ∆Ybt(x), the first-order terms in ∆x then
yield a differential equation for Y (x)

dY

dx
= − Y 2

jωεox
+

q2Nbt ln(1 + jωτ0e
2κx)

τ0e2κx
. (7)

The boundary condition is Y (x = 0) = jωCs. This differential
equation is the correct one to use over the one we derived earlier
without energy integration [10], although either equation can
fit to the same sets of data by readjusting parameters Nbt, κ,
and τ0. In general, a slightly lower Nbt is needed in the new
equation to produce the same amount of dispersion.

In general, (7) needs to be numerically solved to obtain the
total admittance seen by the gate

Y (x = tox) ≡ Gtot + jωCtot. (8)

A typical example of the solutions Ctot versus lnω and Gtot

versus ω is given in Fig. 6. In the high frequency limit, ωτ0 ≥ 1,
none of the bulk-oxide traps respond to the ac signal and Ctot

is equal to Cox in series with Cs as expected. For the mea-
surement frequencies of 1 kHz–1 MHz, 1.4 × 10−6 < ωτ0 <
1.4 × 10−3, Ctot linearly varies with ln(1/ω), and Gtot linearly
varies with ω, i.e., Gtot/ω ≈ constant. Both are consistent with
the data trends in Fig. 1. Constant Gtot/ω reflects the fact that,
for a given gate bias, response of bulk-oxide traps spans a wide
spectrum of frequencies due to their depth distribution, i.e., a
clear distinction from conventional interface traps [7]. For a
given frequency of ω < 1/τ0, the depth of traps that respond to
the small signal can be estimated by letting the factor ωτ0e2κx

in (7) equal unity, i.e., x ∼ (2κ)−1 ln(1/ωτ0). This is typically
in the range of 0.1–1 nm.

For ω = 0 or dc, Fig. 5 becomes a purely capacitive circuit
and (7) is reduced to a real equation for capacitance C(x)

dC

dx
= −C2

εox
+ q2Nbt. (9)
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Fig. 6. Example of numerical solution to (7): (a) real and (b) imaginary parts
of Y (x = tox) versus ωτ0 with Nbt = 4.2 × 1019 cm−3 eV−1 and τ0 =
2.3 × 10−10 s.

The boundary condition is C(x = 0) = Cs. For uniform Nbt,
(9) can be analytically solved to yield

C(x)=C0

(Cs+C0) exp
(
2qx

√
Nbt/εox

)
+(Cs−C0)

(Cs+C0) exp
(
2qx

√
Nbt/εox

)
−(Cs−C0)

. (10)

Here, C0 = q
√
εoxNbt. If 2qtox

√
Nbt/εox � 1, then C(x =

tox) ≈
√

q2εoxNbt [see the left plateau in Fig. 6(a)], insensitive
to Cs. This is, of course, only a matter of theoretical interest,
as in practice, it would take much longer than the age of the
universe to charge up all the bulk traps in the oxide!

Of particular interest is the case in accumulation where Cs is
very high. From (10), Ctot(DC) ≈ C0 coth(C0/Cox), always
larger than Cox. This is in contrast with the interface state or
lumped-circuit border trap models, which do not produce dis-
persion when shorted out by large semiconductor capacitance.
Dispersion in accumulation is therefore a good indicator of
distributed bulk-oxide traps.

IV. CORRELATION OF THE MODEL WITH

MULTIFREQUENCY C−V AND G−V DATA IN

STRONG ACCUMULATION AND NEAR FLATBAND

The experimental capacitance and conductance versus fre-
quency data in strong accumulation in Fig. 1 (Al2O3/n-InGaAs
at Vg = 2.9 V) are compared with model calculations in
Fig. 7. For model parameters, semiconductor capacitance Cs

Fig. 7. Al2O3 MOS experimental (a) Ctot(ω) and (b) Gtot(ω) dispersion
data (open circles) at Vg = 2.9 V in Fig. 1 compared with those calculated from
the distributed bulk-oxide trap model (solid lines). A single bulk-oxide trap den-
sity Nbt = 4.2 × 1019 cm−3 eV−1 is assumed in both Ctot(ω) and Gtot(ω)
calculations. The rest of the model parameters are Cox = 1.06 µF/cm2, tox =
5 nm, Cs = 2.7 µF/cm2, κ = 5.1 nm−1, and τ0 = 2.3 × 10−10 s.

is chosen such that the serial combination of Cox and Cs

gives Ctot slightly below the measured 1-MHz capacitance at
Vg = 2.9 V. κ is calculated from (2) with m∗ = 0.5m0 and
Eox

C − E = 1.99 eV. Both the slopes of Ctot versus ln(1/ω)
and Gtot versus ω are sensitive to bulk-oxide trap density
Nbt. By choosing a single fitting parameter, uniform Nbt =
4.2 × 1019 cm−3 eV−1, good agreement is achieved between
the model and the measured Ctot and Gtot data from 1 kHz to
1 MHz in Fig. 7(a) and (b). Parameter τ0 is chosen so that Ctot

is consistent with CoxCs/(Cox + Cs) at a frequency ωτ0 → 1,
where the traps have no effect [see lower right of Figs. 6(a) and
7(a)]. For an assessment of sensitivity to the fitting parameters,
Fig. 7 also shows two curves (dashed) calculated with 10%
variation of Nbt for best fitting.

Fig. 8 shows the model correlation with data near the flatband
voltage, i.e., in the region of steep C−V transition in Fig. 1. A
lower bulk-oxide trap density of Nbt = 2.2 × 1019 cm−3 eV−1

is found to fit both the capacitance and conductance versus
frequency data. Note that the zero-depth trap time constant τ0
here is much longer than that in strong accumulation (see Fig. 7)
such that nonlinearity starts to show up in Gtot at 1 MHz. This
is consistent with the lower surface electron density near the
flatband.
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Fig. 8. Al2O3 MOS experimental (a) Ctot(ω) and (b) Gtot(ω) dispersion
data (open circles) at Vg = 0.3 V in Fig. 1 compared with those calculated from
the distributed bulk-oxide trap model (solid lines). A single bulk-oxide trap den-
sity Nbt = 2.2 × 1019 cm−3 eV−1 is assumed in both Ctot(ω) and Gtot(ω)
calculations. The rest of the model parameters are Cox = 1.06 µF/cm2, tox =
5 nm, Cs = 0.635 µF/cm2, κ = 5.47 nm−1, and τ0 = 1.35 × 10−7 s.

V. CORRELATION OF THE MODEL WITH C−V
STRETCH-OUT NEAR FLATBAND

It is shown in Fig. 2 that, in addition to giving rise to C
and G dispersions, oxide traps also cause a degradation of the
dCtot/d Vg slope near the flatband and moderate accumulation
compared to the ideal simulated curve. Such a “stretch-out”
of the 1-MHz C−V is commonly employed to extract the
interface state density (Terman method) based on the relation
∆Vg/∆Ψs = 1 + (Cs + Cit)/Cox, where Ψs is the surface
potential and Cit is the capacitance due to interface states.
Applying this method to the observed C−V slope degrada-
tion in Fig. 2 would yield an interface state density of 5.4 ×
1012 cm−2 eV−1. This level of interface state density would
result in a much higher dispersion than the experimental data.
For example, it leads to a Gp/ω peak value of 0.35 µF/cm2, i.e.,
about 5.5 times the data in Fig. 3(b).

The discrepancy between low-frequency stretch-out and
high-frequency dispersion is readily resolved with the bulk-
oxide trap model that predicts much richer low-frequency com-
ponent than high frequency [see Fig. 6(a)]. Physically, the slow
sweep rate of Vg allows charging and discharging of more
traps by tunneling deeper into the oxide. An expression for

Fig. 9. Real part of (∆Vg/∆Ψs)trap/(∆Vg/∆Ψs)no trap versus fre-
quency at Vg = 0.3 V for Al2O3 MOS with uniform Nbt and other parameters
extracted from high-frequency C and G dispersions in Fig. 8 (solid line).
(Dashed line) Ratio calculated with a nonuniform Nbt that produces the
observed stretch-out at a frequency in the range of the C−V sweep rate.

the frequency-dependent ∆Vg/∆Ψs can be derived from the
distributed bulk-oxide trap model. We define the differential
potential at a point x in the oxide in Fig. 5 as V (x), then

V (x+∆x)− V (x) =
Y (x)V (x)

jω(εox/∆x)
(11)

where Y (x) is the admittance at x solved by (7). Therefore

d V

dx
=

Y (x)V (x)

jωεox
(12)

∆Vg

∆Ψs
=

V (x = tox)

V (x = 0)
= exp


 1

jωεox

tox∫
0

Y (x)dx


 . (13)

For dc, Y (x) = jωC(x), where C(x) is given by (10) for
uniform Nbt. Equation (13) gives
(
∆Vg

∆Ψs

)
trap

=
(Cs + C0) exp(2C0/Cox)− (Cs − C0)

2C0

× exp

(
− C0

Cox

)
(14)

where C0 = q
√
εoxNbt. Note that this dc expression assumes

that bulk-oxide traps all the way to the metal gate are en-
gaged. In reality, the sweep rate of Vg is finite and we expect
an experimental ∆Vg/∆Ψs value lower than the dc value
of (14).

For the Al2O3 MOS biased at Vg = 0.3 V, ∆Vg/∆Ψs is
computed from (13) using the uniform Nbt and other param-
eters extracted from the high-frequency C and G dispersions
in Fig. 8. Fig. 9 plots the real part of ∆Vg/∆Ψs with respect
to (∆Vg/∆Ψs)no trap = (Cox + Cs)/Cox as a function of fre-
quency (solid curve). The imaginary part is negligible. The
experimental stretch-out of Vg can be estimated by comparing
the dCtot/d Vg slope of the 1-MHz C−V data to that of the
ideal simulated C−V in Fig. 2. However, since both Nbt and
τ0 are bias dependent, the contribution of bulk-oxide traps to
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Fig. 10. Total capacitance of ideal simulation (solid line) and 1-MHz data
(solid dots), as well as Ctot,ωτ0�1 from model fitting (open circles) versus Vg

near the flatband bias condition. The extracted Nbt at Vg = 0.2 V and Vg =
0.4 V are 1.81 × 1019 cm−3eV−1 and 2.6 × 1019 cm−3eV−1, respectively.
The extracted τ0 at Vg = 0.2 V and Vg = 0.4 V are 2.5 × 10−7 s and 6 ×
10−8, respectively.

the 1-MHz Ctot is also bias dependent and has the effect of
steepening the slope. A more accurate way is to determine
the slope using the extracted Ctot,ωτ0�1 = CsCox/(Cs + Cox)
near Vg = 0.3 V. This is shown in Fig. 10, which gives a
dCtot,ωτ0�1/d Vg slope a factor of 1.74 smaller than that of the
simulated C−V with no stretch-out. This factor is compared
to the computed ratio in Fig. 9 since dCtot,ωτ0�1/d Vg is
inversely proportional to ∆Vg/∆Ψs for the same Ctot,ωτ0�1

and Ψs between the two curves. While the calculated dc ratio
of 1.71 is comparable to the measured inverse-slope ratio, the
calculated ratio of 1.31 at ∼0.1 Hz corresponding to the sweep
rate is lower. The model-to-data match can be fine tuned by
allowing nonuniform Nbt, with higher trap densities toward
the gate. The dashed curve in Fig. 9 shows the model calcu-
lation with a nonuniform Nbt that reproduces the experimental
(∆Vg/∆Ψs)trap at 0.1 Hz without affecting the dispersions at
higher frequencies.

While our work has shown that charging and discharging
of bulk-oxide traps at 1 kHz–1 MHz can be satisfactorily
explained by an elastic-tunneling-based model, recent research
on reliability of thin dielectrics by bias-temperature stress us-
ing random telegraph noise and time-dependent defect spec-
troscopy techniques has revealed inconsistency of trap capture
and emission with the elastic tunneling model [14]–[17]. It is
not clear whether the difference is due to different types of
traps in the oxide or due to different stress and characterization
techniques.

VI. CONCLUSION

In conclusion, a distributed bulk-oxide trap model based on
tunneling between the semiconductor surface and trap states in
the gate insulator has been developed. It fundamentally differs
from the conventional interface state model in that there is a
wide frequency spectrum of bulk-oxide trap response at a given
gate bias. It is more physical than previously published lumped-
circuit models in the literature. The model is validated with the
Pt/Al2O3/n-In0.53Ga0.47As dispersion data in strong accumu-

lation and near the flatband. Unlike surface states, which are
in units of areal density, bulk-oxide traps are characterized by
a volume density, extracted from fitting of the capacitance and
conductance data.

It is further shown that the commonly employed method
of extracting the interface state density from C−V stretch-
out could yield unphysical numbers inconsistent with the high-
frequency dispersion data. On the other hand, the bulk-oxide
trap model, in particular, with nonuniform trap density in the
oxide film, can explain C−V stretch-out independent of the
dispersion at higher frequencies.
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