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Capacitance and Conductance for an MOS System
in Inversion, with Oxide Capacitance and

Minority Carrier Lifetime Extractions
Scott Monaghan, Senior Member, IEEE, Éamon O’Connor, Rafael Rios, Senior Member, IEEE,

Fahmida Ferdousi, Liam Floyd, Eimear Ryan, Karim Cherkaoui, Ian M. Povey,
Kelin J. Kuhn, Fellow, IEEE, and Paul K. Hurley, Member, IEEE

Abstract— Experimental observations for the In0.53Ga0.47As
metal–oxide–semiconductor (MOS) system in inversion indicate
that the measured capacitance (C) and conductance (G or Gm),
are uniquely related through two functions of the alternating
current angular frequency (ω). The peak value of the first
function (G/ω) is equal to the peak value of the second function
(−dC/dloge(ω) ≡ −ωdC/dω). Moreover, these peak values occur
at the same angular frequency (ωm), that is, the transition
frequency. The experimental observations are confirmed by
physics-based simulations, and applying the equivalent circuit
model for the MOS system in inversion, the functional rela-
tionship is also demonstrated mathematically and shown to be
generally true for any MOS system in inversion. The functional
relationship permits the discrimination between high interface
state densities and genuine surface inversion. The two function
peak values are found to be equal to C2

ox/(2(Cox + CD)) where
Cox is the oxide capacitance per unit area and CD is the
semiconductor depletion capacitance in inversion. The equal peak
values of the functions, and their observed symmetry relation
about ωm on a logarithmic ω plot, opens a new route to
experimentally determining Cox. Finally, knowing ωm permits
the extraction of the minority carrier generation lifetime in the
bulk of the In0.53Ga0.47As layer.

Index Terms— Al2O3, capacitance, conductance,
III–V, In0.53Ga0.47As, interface state defects, inversion,
metal–oxide–semiconductor (MOS) system, minority carrier
generation lifetime, oxide capacitance, semiconductor quality.
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I. INTRODUCTION: CONTEXT AND MOTIVATION

THE measurement and analysis of the metal-oxide-
semiconductor (MOS) system has played a central

role in the development of silicon-based complementary
MOS (CMOS) technology over the past 50 years. The mea-
surement of the capacitance (C) and conductance (G or Gm)
of the MOS structure as a function of applied bias, alternating
current (ac) signal frequency (ω), and temperature, allows for
the determination of a wide range of properties such as the gate
oxide capacitance, the semiconductor doping concentration,
metal gate work functions, the density of interface states,
and fixed charges in the oxide. The impedance-based analysis
methods are described in [1] and [2].

To achieve an improvement in the energy efficiency
of logic devices, there is currently a growing interest in
exploring alternative semiconductors to silicon in either
MOSFET [3]–[6] or tunnel FET [7]–[10] configurations. This
has prompted research into applying the techniques proposed
in [1] and [2], which were developed primarily for silicon-
based MOS systems, to alternative semiconductors such as
In0.53Ga0.47As (Eg ∼ 0.75 eV) and Ge (Eg ∼ 0.66 eV)
[11]–[27]. Considering the case of In0.53Ga0.47As-based
MOS structures, there has been considerable progress in
recent years in reducing the interface state density (Dit)
[13], [17], [19], to the point where genuine surface inver-
sion can be observed for both n- and p-type In0.53Ga0.47As
MOS capacitors [18]. Because of the reduced energy gap of
In0.53Ga0.47As (∼0.75 eV) compared with silicon (∼1.12 eV),
it is possible to measure a minority carrier response of the
In0.53Ga0.47As MOS structure in inversion at room temper-
ature and within the frequency range typical for impedance
meters (20 Hz to 1 MHz) [18].

The objective of this paper is to report on an observed
relationship between specific functions of the capacitance and
conductance for the In0.53Ga0.47As MOS system in inversion.
During an investigation of the inversion behavior of the capaci-
tance and conductance of the In0.53Ga0.47As MOS system as a
function of ac angular frequency (ω), the authors observe that
the peak values of Gm/ω and −dC/dloge(ω) (≡ −ωdC/dω)
are equal, and that these equal peak magnitudes occur at
the same value of ω. This paper also demonstrates how this

0018-9383 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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relationship can be used to verify true inversion, and can
be applied to extract the oxide capacitance and estimate the
minority carrier generation lifetime.

The rest of this paper is structured in the following way.

1) Section II presents details of the In0.53Ga0.47As MOS
experimental samples, the observed capacitance–voltage
(C–V ) and Gm/ω–V experimental relationship, and the
observation in inversion (at any given gate voltage) that
G/ω and −ωdC/dω versus the angular frequency ω have
an equal magnitude and this also occurs at the same
angular frequency.

2) Section III describes the results of a physics-based ac
simulation of the equivalent In0.53Ga0.47As MOS system
and shows that the experimentally observed relationship
between G/ω and −ωdC/dω also results from the
physics-based simulation of the ideal case.

3) Section IV provides a comparison of physics-based
simulations of the ideal case to that of the experimental
results, and it is demonstrated that through this approach
the bulk minority carrier lifetime in the In0.53Ga0.47As
layer can be determined.

4) In Section V, by applying the equivalent circuit model
for any MOS structure in inversion, the observed rela-
tionship of G/ω and −ωdC/dω is shown to be true, and
hence confirmed generally true for any MOS structure in
inversion. Further details are included in the Appendix.

5) In Section VI, the practical application of the observed
relationship between G/ω and −ωdC/dω for the deter-
mination of the oxide capacitance (Cox) is demonstrated,
which can be especially challenging for thin oxides and
alternative III–V MOS structures.

6) Section VII provides the Conclusion and the Appendix.

II. EXPERIMENTAL: SAMPLE DETAILS WITH

C–V AND Gm/ω–V OBSERVATIONS

The experimental results and analysis presented are for
metal/Al2O3/In0.53Ga0.47As/InP MOS capacitors with both
n- and p-doped In0.53Ga0.47As epitaxial layers. In0.53Ga0.47As
epitaxial layers (2 μm) were grown by metal organic vapor
phase epitaxy on InP (100) substrates. For the n-type sam-
ples, the In0.53Ga0.47As layers were doped with sulphur to
∼4.4×1017 cm−3 on heavily n-doped (S at ∼2×1018 cm−3)
InP substrates. For the corresponding p-type samples,
the In0.53Ga0.47As layers were doped with zinc to ∼ 2.0 ×
1017 cm−3 on heavily p-doped (Zn at ∼3.3 ×1018 cm−3) InP
substrates.

The focus of this paper is to report on the characteris-
tic behavior of the capacitance and conductance in inver-
sion, and to achieve inversion for an In0.53Ga0.47As-based
MOS capacitor it is necessary to reduce Dit levels. Previous
studies have shown that following an optimized (NH4)2S
surface preparation genuine inversion can be achieved in the
In0.53Ga0.47As MOS system [18], and this surface prepara-
tion approach is used for the experimental samples in this
paper. The In0.53Ga0.47As surfaces were initially degreased
by sequentially rinsing for 1 min each in acetone, methanol,
and isopropanol. Before the Al2O3 deposition, the samples

were immersed in (NH4)2S solution (10% in deionized H2O)
for 20 min at room temperature (∼295 K). An (NH4)2S
concentration of 10% for 20 min at room temperature has
been found to be the optimum in terms of suppressing the
formation of In0.53Ga0.47As native oxides, and in reducing
the high-k/In0.53Ga0.47As interface state density [12], [13].
The optimum 10% (NH4)2S concentration has subsequently
been confirmed to yield improvements in fully fabricated
In0.53Ga0.47As MOSFETs [28]. Following the 10% (NH4)2S
surface preparation, the transit time to the atomic layer
deposition (ALD) chamber has been demonstrated to have a
significant impact on the resulting interface state concentra-
tions [12], [13]. The experimental results presented here are for
a transfer time from the aqueous (NH4)2S solution to the ALD
chamber of ∼3 min. The Al2O3 dielectric, with a nominal
thickness of 8 nm, was deposited by ALD at 300 °C using
trimethyl aluminium (TMA) and H2O. The first pulse in the
ALD process was the TMA.

The gate metal contacts were formed by electron beam
evaporation of Ni (70 nm) and Au (90 nm) by using a liftoff
process. No back metal contacts were used to the InP substrate.
The C–V and Gm/ω–V measurements were recorded using
an E4980A Agilent LCR meter. The measurements presented
were performed at 25 °C, on-wafer in a microchamber probe
station (Cascade Microtech, model Summit 12971B) in a dry
air (dew point <−65 °C) and dark environment.

Fig. 1(a), (b), (d), and (e) shows the C–V and G/ω–V
response from 20 Hz to 1 MHz for the Al2O3/n-In0.53
Ga0.47As and Al2O3/p-In0.53Ga0.47As MOS capacitors,
showing the expected behavior for an inverted surface [18].

As shown in Fig. 1(a), the high-frequency capacitance at
1 MHz (for any gate bias <−2 V) reaches the expected high-
frequency minimum capacitance based on the In0.53Ga0.47As
doping concentration. Fig. 1(d) shows a similar behavior for
any gate bias >∼1.5 V. At low frequencies the capacitance
tends toward Cox. At intermediate frequencies, the value
of the constant capacitance in inversion is limited by the
minority carrier supply rate to the inversion region. It is
important to emphasize that for gate voltages corresponding to
strong inversion, interface states (Dit) cannot contribute to the
minority carrier response, as all of the interface states are either
empty (n-type In0.53Ga0.47As in inversion) or fully occupied
(p-type In0.53Ga0.47As in inversion), and their occupancy does
not change with the small ac modulation on the gate. In this
case, the minority carriers generated in response to the small ac
signal are supplied by generation of electron/hole pairs in the
In0.53Ga0.47As depletion region where the Fermi-level (E f )
crosses the intrinsic level (Ei ), which is located away from
the In0.53Ga0.47As/Al2O3 interface. At higher temperatures,
minority carrier supply, based on diffusion of minority carriers
(n2

i /N) from the quasi-neutral region, also contributes to the
minority carrier response [1, pp. 112–114].

For an inverted MOS structure, the transition frequency
(2π fm = ωm ) is defined as the frequency at which the
capacitance is midway between the lowest and highest
capacitance measured in strong inversion. The transition
frequency is highlighted as the magenta-colored curve as
shown in Fig. 1(a) and occurs at a frequency ( fm) of 25 kHz.
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Fig. 1. (color online) Experimental measurements at room temperature
of multifrequency (a) and (d) C–V responses, and (b) and (e) Gm/ω–
V responses (the solid symbols are for frequencies < ωm/2π , and the
open symbols are for frequencies > ωm/2π ), from 20 Hz (blue) to the
transition frequency (magenta) to 1 MHz (red) for n-type and p-type
Al2O3(8 nm)/In0.53Ga0.47As/n+-InP MOS structures with a Ni/Au gate,
respectively. The experimentally extracted Gm/ω and −ωdC /dω are plotted
as a function of the angular frequency (ω), for the n-type and p-type
In0.53Ga0.47As MOS systems in (c) and (f), respectively, at gate voltages
corresponding to strong inversion (Vg = −4 V and Vg = +2.8 V,
respectively). Moreover, the frequency at which the capacitance of (a)
and (d) in the inversion region transcends from low frequency to high
frequency, known as the transition frequency, corresponds to the fre-
quency of the maximum value of Gm/ω in inversion, as demonstrated
in (b) and (e), which is expected for true surface inversion behavior
[1], [18]. The peak values of Gm/ω and −ωdC/d ω for each type of
doped semiconductor structure are both equal in magnitude and occur at
the same angular frequency ω, as shown in (c) and (f) for n-type and
p-type, respectively. The value of ω at which these peaks occur corresponds
to the transition frequency, as identified in (a), (b), (d), and (e). The transition
frequencies for the n-type and p-type MOS structures are ∼25 kHz (×2π)
and ∼514 Hz (×2π), respectively.

Fig. 1(b) shows the corresponding G/ω–V response over
the same frequency range, where the maximum value of
G/ω corresponds to the same transition frequency as shown
in Fig. 1(a), where fm = 25 kHz. The Al2O3/p-In0.53Ga0.47As
MOS structure [Fig. 1(d) and (e)] also presents C–V and
G/ω–V behavior similarly consistent with surface inversion,
with a transition frequency ( fm ) of 514 Hz.

It is evident from an inspection of the inversion regions
as shown in Fig. 1(a), (b), (d), and (e) that Gm/ω has a
maximum value around the frequency corresponding to the
maximum rate of change of the capacitance with respect
to frequency. As shown in Fig. 1(c) and (f), Gm /ω and
−dC/dloge(ω) (≡ −ωdC/dω) are plotted versus ω, for the
n-In0.53Ga0.47As and p-In0.53Ga0.47As MOS structures,
respectively. The plots are presented for a gate bias cor-
responding to strong inversion at the Al2O3/In0.53Ga0.47As
interface (−4 V for the n-In0.53Ga0.47As MOS structure and
+2.8 V for the p-In0.53Ga0.47As MOS structure).

As shown in Fig. 1(c) and (f), it is evident that the peak
magnitudes of Gm/ω and −ωdC/dω are equal and that their

Fig. 2. (color online) Physics-based simulations at room temperature
of multifrequency (a) and (d) C–V responses, and (b) and (e) Gm/ω–
V responses (the solid symbols are for frequencies < ωm/2.π , and the
open symbols are for frequencies > ωm/2π ), from 20 Hz (blue) to the
transition frequency (magenta) to 1 MHz (red) for simulated n-type and
p-type Al2O3(8 nm)/In0.53Ga0.47As/InP MOS structures, respectively. The
simulated Gm/ω and −ωdC /dω are plotted as a function of the angu-
lar frequency (ω), for the simulated n-type and p-type In0.53Ga0.47As
MOS systems in (c) and (f), respectively, at gate voltages corresponding
to strong inversion (Vg = − 4 V and Vg = +2.8 V, respectively).
The relevant simulation parameters are given throughout. The simulation
is for the ideal case of no interface states, fixed charges, or border
traps. The minority carrier generation lifetimes (τg) for the n-type and
p-type In0.53Ga0.47As depletion regions were adjusted to match the transition
frequencies of ∼25 kHz (×2π) and ∼514 Hz (×2π) in the simulated peak
values in (c) and (f), matching the experimental findings shown in Fig. 1,
giving minority carrier generation lifetimes of 11 and 930 ps, respectively.

peak values occur at the same angular frequency, which
corresponds to the transition frequency (ωm) of the n-type and
p-type In0.53Ga0.47As MOS structures.

For other Al2O3/In0.53Ga0.47As MOS structures in inver-
sion which display different transition frequencies, we
have observed (not shown) that these peak magnitudes of
Gm/ω and −ωdC/dω are equal and occur at the transition
frequency. These observations suggest that the relationship
between Gm/ω and −ωdC/dω is general and not specific
to the particular In0.53Ga0.47As MOS structures examined.
To explore this possibility, the relationship between Gm/ω and
−ωdC/dω was investigated using physics-based simulations
of Al2O3/In0.53Ga0.47As MOS structures using a Synopsys
Sentaurus Device Simulator, with the details in the following
section.

III. SIMULATED C–V , G/ω–V, AND FUNCTIONAL

RESPONSES IN INVERSION

Fig. 2 shows the simulated C–V and Gm/ω–V response
from 20 Hz to 1 MHz for Al2O3/n-In0.53Ga0.47As/n+InP
[Fig. 2(a) and (b)] and Al2O3/p-In0.53Ga0.47As/p+InP MOS
capacitors [Fig. 2(d) and (e)]. The simulations assume the
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ideal case of no interface states, no fixed charges, and no
border traps in the Al2O3/In0.53Ga0.47As/InP MOS structures.
In the simulation, the minority carriers are provided by thermal
generation of electron/hole pairs through deep levels (located
near the midgap energy) in the In0.53Ga0.47As depletion
region, or by diffusion from the quasi-neutral bulk region.
The minority carrier generation lifetime (τg) values used in
the simulations are 11 ps for n-In0.53Ga0.47As and 930 ps
for p-In0.53Ga0.47As. At a temperature of 300 K, electron–
hole pair generation in the depletion region is the dominant
mechanism of minority carrier supply to the inversion region,
and the minority carrier generation rate is U = ni/2τg (where
ni is the In0.53Ga0.47As intrinsic carrier concentration, taken
as 6.3 × 1011 cm−3 [29]) [30], [31].

From the simulated C–V responses shown in Fig. 2(a)
(n-type) and Fig. 2(d) (p-type), the capacitance is approxi-
mately constant as a function of the applied gate voltage in
the regions of strong inversion of the Al2O3/In0.53Ga0.47As
interface. The corresponding simulated G/ω–V responses
shown in Fig. 2(b) and (e) also indicate a constant G/ω
value as a function of gate voltage in inversion. At given
voltages in inversion, the value of G/ω peaks at values
of ω occurring at the corresponding transition frequencies of
the simulated C–V responses shown in Fig. 2(a) and (d).
As shown in Fig. 2(c) and (f), the physics-based simu-
lated Gm /ω and −ωdC/dω are plotted versus ω, and exhibit
the same behavior as the experimental n-In0.53Ga0.47As and
p-In0.53Ga0.47As MOS structures as shown in Fig. 1(c) and (f),
respectively.

Comparing the plots shown in Fig. 1(a)–(f) and 2(a)–(f),
respectively, we find a striking agreement. While the exper-
imental C–V and G/ω–V responses shown in Fig. 1 are
stretched out along the gate voltage axis due to the presence
of interface states and the possible contribution of traps in
the Al2O3 close to the Al2O3/n-In0.53Ga0.47As interface [21],
the salient features associated with the expected multifre-
quency C–V and G/ω–V response for an inverted surface
are observed in the experimental data. The experimental and
simulated Gm/ω and −ωdC/dω versus ω exhibit peaks at the
same frequency and with the same magnitude.1 The simulated
full width half maximum of −ωdC/dω is less than that for
Gm/ω, as observed in the experimental characteristics. The
same behavior of Gm/ω and −ωdC/dω is also noted for
simulations of silicon MOS structures (not shown), where the
value of (ωm) is shifted to lower frequencies (<1 Hz) than
exhibited by In0.53Ga0.47As, due to the generally higher values
of minority carrier lifetime in silicon (typically in the 100 μs
to 1 ms range for device grade silicon [32]).

1It is noted from simulations that G/ω and −dC/dloge(ω) (≡ −ω dC/dω)
also exhibit peak values in the accumulation region of the C–V response (at
very high frequencies in the GHz range), and in the case of a Dit response in
the gate bias range of the C–V response corresponding to depletion. The peak
values of − ωdC /dω and G/ω in accumulation, and of −ωdC /dω and G/ω
in depletion (with Dit), do not have the same magnitudes or ωm dependencies
as the strong inversion case and are not discussed further in this paper.

Fig. 3. (color online) Measured (black line and filled circles) and simulated
(solid red line) Gm/ω plotted as a function of the angular frequency (ω).
(a) For Al2O3(8 nm)/n-In0.53Ga0.47As/InP MOS structure in strong inversion
for a gate voltage of Vg = −4 V. (b) For Al2O3(8 nm)/p−In0.53Ga0.47As/InP
MOS structure in strong inversion for a gate voltage of Vg = +2.8 V. The
simulations are for the ideal case of no interface states, fixed charges, or
border traps. The relevant simulation parameters are shown. There is a good
agreement between the measured and simulated plots over a wide range of ac
frequency, demonstrating that interface states and/or border traps are playing
a negligible role in the measured conductance at these gate voltages in strong
inversion.

IV. COMPARISON OF PHYSICS-BASED SIMULATION AND

EXPERIMENTAL G/ω–ω RESPONSES IN INVERSION

Fig. 3(a) and (b) shows the measured and physics-
based simulated G/ω versus ω for the Al2O3/n-In0.53Ga0.47
As/n+InP and Al2O3/p-In0.53Ga0.47As/p+InP MOS capacitor
structures, respectively. There is very good agreement in the
form of the measured and simulated G/ω over a wide range of
ac frequency, demonstrating that interface states and/or border
traps are playing very little role in the measured conductance
at the gate voltages selected in strong inversion (−4 V for
n-In0.53Ga0.47As and +2.8 V for p-In0.53Ga0.47As). The mea-
sured and simulated −ωdC/dω characteristics are also in very
good agreement for both the Al2O3/n-In0.53Ga0.47As/n+InP
and Al2O3/p-In0.53Ga0.47As/p+InP structures (not shown).

The values used in the physics-based simulations are shown
in Fig. 3. These compare well with the nominal experimental
values. The value of k = 8.6 for the ALD deposited Al2O3 was
evaluated from an Al2O3 thickness series on n-In0.53Ga0.47As
[33], [34]. The alignment of the simulated peak angular
frequencies with the experimental values (ωm ) is achieved by
altering the simulated minority carrier generation lifetime (τg)
in the In0.53Ga0.47As layer. The minority carrier genera-
tion lifetime determines the minority carrier generation rate
(U = ni/2τg), where ni is the intrinsic carrier concentration
in the In0.53Ga0.47As.

The values of τg required in the simulations to match the
experimental peak angular frequencies are 11 ps for the
n-type In0.53Ga0.47As and 930 ps for the p-type
In0.53Ga0.47As. The difference in the (τg) values for the
n- and p-type In0.53Ga0.47As reflects the difference in the
values of ωm for the two samples. This τg value of 930 ps
obtained for the p-type In0.53Ga0.47As (2 × 1017 cm−3, Zn)
compares well with values reported in [35]. The value of 11 ps
obtained for the n-type In0.53Ga0.47As (4 × 1017 cm−3, S)
is lower than reported in [36]. However, a difference in τg

values to previous literature reports is not unexpected as τg

values are strongly dependent on the density and capture cross
section values of defects which align with the midgap energy
in the semiconductor, and τg values spanning the range 20 μs
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Fig. 4. (a) Equivalent circuit model for the MOS system in inversion, based
on the maximum depletion capacitance (CD) in series with the inversion layer
capacitance (CINV). The provision of minority carriers to the inversion layer
is modeled by a generation/recombination conductance (Ggr). (b) Equivalent
circuit model for the case of strong inversion where ωCINV � Ggr. Following
[1, p. 118, Fig. 4.5(d) and (e)] for (a) and (b), respectively.

to 25 ps have been reported for In0.53Ga0.47As with doping
concentrations from ∼1 × 1014 to ∼2 × 1019 cm−3 [36].

It is noted that based on the temperature dependence of the
conductance in inversion (not shown), the activation energies
for the experimental n- and p-type In0.53Ga0.47As MOS sam-
ples examined in this paper are 0.31 eV (n-In0.53Ga0.47As)
and 0.37 eV (p-In0.53Ga0.47As) for temperatures less than
140 °C [18], indicating that generation of electron hole pairs
through midgap states in the In0.53Ga0.47As depletion region
is the dominant mechanism of minority carrier supply in the
experimental samples examined in this paper.

V. EQUIVALENT CIRCUIT INVERSION MODEL AND THE

MATHEMATICAL DERIVATION OF G/ω AND −ωdC /dω

The observations from experimentation and from physics-
based simulations that G/ω and −dC/dloge(ω) (≡ −ωdC/dω)
have peak values at the same frequencies and that the peak
values have the same magnitudes suggest that the relation-
ship is generally true for the MOS system in inversion.
Therefore, it should be possible to derive this relationship
based on the equivalent circuit model for the MOS system
in inversion. An equivalent circuit model was proposed by
Nicollian and Brews [1, p. 118, Fig. 4.5(d) and (e); see also
pp. 115–148] for the MOS system in inversion based on
capacitance and conductance elements.

Fig. 4(a) shows the equivalent circuit for the MOS system in
inversion, comprising the inversion layer capacitance (CINV) in
series with a frequency dependent conductance (Ggr(ω)) that
represents the supply of minority carriers to the inversion layer
through generation and recombination. This series combina-
tion of Ggr(ω) and CINV appears in parallel with the depletion
capacitance (CD), and finally this parallel combination is in
series with the oxide capacitance (Cox).

As the MOS structure is driven further into inversion,
CINV increases exponentially with the oxide/semiconductor
surface potential. In the condition where ωCINV � Ggr(ω),
the equivalent circuit shown in Fig. 4(a) reduces to that shown
in Fig. 4(b). The remainder of this analysis deals with the
circuit model condition shown in Fig. 4(b), but it can be easily
shown2 that as CINV tends toward infinity the equivalent circuit
model as shown in Fig. 4(a) approaches the model as shown

2We have derived, but not included (due to page length constraints), the
circuit model as shown in Fig. 4(a) for C, G, Gm/ω, and −ωdC /dω, and
determined the minimum inversion capacitance values that agree with our
experimental results at the inversion gate voltages selected, which indicate
that a strong inversion is achieved.

Fig. 5. (color online) Comparison for G/ω (red) and −ωdC /dω (black)
derived from the equivalent circuit models of (1) and (2) (open squares),
and the physics-based simulations (closed circles). (a) For Al2O3(8 nm)/n-
In0.53Ga0.47As. (b) For Al2O3(8 nm)/p-In0.53Ga0.47As MOS structures in
inversion. For the physics-based simulations, the parameters used are those
used for Fig. 3. For the equivalent circuit model, the parameters entered into
the model are the oxide capacitance (Cox), the maximum depletion capaci-
tance in inversion (CD), ω, and ωm to give Ggr(ω) = ωm(Cox + CD) [1].

in Fig. 4(b). For the circuit model as shown Fig. 4(b), the
C and G/ω terms of the total circuit impedance are given by

C = Cox

[
1 − ω2Cox(Cox + CD)

(Ggr(ω))2 + ω2(Cox + CD)2

]
(1)

G/ω = Ggr(ω)
ωC2

ox

(Ggr(ω))2 + ω2(Cox + CD)2 . (2)

Equations (1) and (2) provide a potential route to investi-
gate whether the relationship between G/ω and −ωdC/dω
observed through experiments and physics-based simulations
can be shown mathematically to be true in all cases. As a
first step, it is important to first check that the equivalent
circuit model as shown in Fig. 4(b) provides an accurate
description of the MOS system in inversion. To check this, the
equivalent circuit model predications for G/ω and −ωdC/dω
are compared with the case of strong inversion obtained from
the physics-based simulations. The results are shown in Fig. 5
and indicate that the equivalent circuit model is in excellent
agreement with the physics-based simulations over the full
angular frequency range of ω. For the equivalent circuit model,
the parameters entered in are CD , COX, ω, and ωm to give
Ggr(ω) = ωm(Cox + CD) (1). For the physics-based simula-
tions, the parameters entered in are the same as those shown
in Fig. 3. It is demonstrated in Fig. 5 that by matching only
the transition frequency (ωm) through its relationship to τg ,
the physics-based simulations and the equivalent circuit model
mathematical derivations provide excellent agreement. Given
the simplicity of the equivalent circuit model, we therefore
investigate the mathematical relationship between G/ω and
−ωdC/dω using (1) and (2).

The Appendix shows that, regardless of the dependence
of the unknown function Ggr(ω) on ω, G/ω will exhibit a
maximum value when ω = ωm , and this maximum value is
given by

[G/ω]max = C2
ox

2(Cox + CD)
. (3)

Also, at ω = ωm , Ggr(ω) must satisfy the condition

Ggr(ωm) = ωm(Cox + CD). (4)

Furthermore, provided that the derivatives of Ggr(ω) are
zero at ωm , the graph of −ωdC/dω will also have a local
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maximum at the same angular frequency ω = ωm , and the
value of this maximum is

[−ωdC/dω]max = C2
ox

2(Cox + CD)
. (5)

Equations (3) and (5) lead to the same peak value magnitudes
for both expressions, so based on the equivalent circuit as
shown in Fig. 4(b), the experimental and simulated relationship
between G/ω and −ωdC/dω can be demonstrated mathemat-
ically based on selected conditions on the function Ggr(ω).
The Appendix shows that, for the case of Ggr(ω) having a
constant value, the Kramers–Kronig relations [37], [38] hold
between the real (G/ω) and imaginary (−ωdC/dω) parts of
the overall impedance. In this case, G/ω and −ωdC/dω are
related at all angular frequencies, as presented in this paper.
This agrees with [1, p. 198] for any circuit made up solely of
passive elements.

Finally, the equivalent circuit model (and by inference the
experimental data and the physics-based simulations) predict
that the magnitudes of the peaks in both functions are uniquely
related only via the oxide capacitance and the maximum
depletion capacitance in inversion, which leads us to a new
and simple method of determining the oxide capacitance of
MOS-based devices, which is considered in the following
section.

VI. PRACTICAL APPLICATION OF THE G/ω AND

−ωdC /dω RELATIONSHIP IN THE EVALUATION OF COX

It can be a challenge to accurately determine Cox in narrow
band gap III–V-based MOS systems due to the effects of
interface states and traps in the gate oxide, combined with the
low density of states in the III–V conduction band. The effect
is compounded for thin oxides with high leakage currents over
the bias range of the C–V response, when low-frequency noise
can also be a complicating factor. Indeed, it is also generally a
challenge for the case of silicon-based MOS systems when the
equivalent oxide thickness is around 1.5 nm or below owing to
the effect of oxide leakage on the C–V response [39], which
affects both quasi-static C–V measurements over the full bias
range and ac-based impedance measurements in accumulation.

The consequence of the equality between (3) and (5), that
the maximum peak values of G/ω and −ωdC/dω are equal,
is that an alternative approach is possible to determine Cox
based on multifrequency C–V and G–V measurements. More-
over, the measurements are performed with the MOS system
biased in the condition of inversion. This has advantages for
samples where oxide leakage is an issue in strong accumu-
lation, or in III–V-based MOS devices where establishing
the value of Cox from Cmax can be complicated because of
the presence of accumulation frequency dispersion, Dit in the
conduction band, and/or the low conduction band density of
states [13], [15].

For the experimental samples examined in this paper, the
oxide thickness values have been determined by transmission
electron microscopy (TEM) analysis; the dielectric constant
of the ALD-deposited Al2O3 has been evaluated from an
Al2O3 thickness series as 8.6 [33], [34], and the doping
concentrations in the In0.53Ga0.47As layers are known from the

Fig. 6. (color online) Experimental data plots of Gm/ω and −ωdC /dω for
both the n- and p-type In0.53Ga0.47As MOS structures as shown in Fig. 1.
Gray shaded area: expected peak value range based on a theoretical oxide
capacitance range calculated from an Al2O3 thickness in the range 8–9 nm
(from TEM) and a relative permittivity value of 8.6 [33], [34]. The maximum
peak values of Gm/ω and −ωdC /dω can be measured precisely in this range
using C2

ox/(2(Cox + CD)) from (3) and (5), and illustrating the usefulness
for extracting Cox.

growth process and semiconductor characterization methods.
As a consequence, the samples provide a good test to assess
whether the predications of (3) and (5) are in line with
the experimental observations. Fig. 6 shows the experimental
values of Gm/ω and −ωdC/dω plotted for both the n- and
p-type In0.53Ga0.47As MOS structures in inversion. The gray
shaded area is the expected peak value range based on a
theoretical oxide capacitance range calculated from an Al2O3
thickness in the range 8–9 nm (from TEM) and a relative
permittivity value of 8.6. As can be seen from Fig. 6, the
actual peak values of Gm/ω and −ωdC/dω are within the
expected range of Cox and can be measured precisely in
this range by using C2

ox/(2(Cox + CD)) from (3) and (5),
illustrating the usefulness for extracting Cox for the MOS
system in inversion.3

A further relevant observation is that the functions Gm/ω
and −ωdC/dω exhibit symmetry about ωm when plotted on a
logarithmic ω axis. This implies that the function Ggr(ω) also
has a mathematical symmetry about ωm .

The function Ggr(ω) can be extracted directly from the
experimental data [using (1) and (2), see the Appendix]
and from the required symmetry in Ggr(ω) around ωm .
There is also a third condition from (4), that at ωm the
following relationship holds, Ggr(ω) = ωm(Cox + CD). These
three conditions can be used to obtain a more accurate
evaluation of Cox. This is shown in Fig. 7 for the Al2O3/
n-In0.53Ga0.47As/n+InP sample.

The method to extract and refine the accuracy of Cox
as shown in Fig. 7 is as follows: from the experimental
results the value of ωm is known (solid black vertical line

3As the MOS structure is driven further into inversion with the applied gate
voltage, more accurate peak values are obtained and so more accurate Cox
extractions are achieved. Hence, for practical MOS systems, the measurements
could be performed at reasonably low inversion gate voltages, before gate
oxide leakage influences the data, and then extrapolated to gate voltages
further into inversion.
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Fig. 7. (color online) Plot of the function Ggr(ω) versus ω for the Al2O3/
n-In0.53Ga0.47As/n+InP MOS device for a range of Cox values. The values
of Ggr(ω) obtained from the experimental results are shown as solid lines and
derived from the expression for Ggr(ω) = G(ω)(Cox + CD)/(Cox − C(ω))
(see the Appendix). Dotted lines: values of Ggr(ω) which are required
from the symmetry condition. Solid black vertical line: experimentally deter-
mined value of ωm . Black box: value of Ggr(ω) at ωm which is equal to
ωm(Cox+CD), and is shown for the case when all three conditions for Ggr(ω)
coincide at ωm . An accurate value is obtained for Cox when all of the three
functions coincide, which in this case corresponds to Cox = 0.0078 F/m2.
The data shown is for Vg = − 4 V (the equivalent treatment for the p-type
sample is analogous, giving Cox ∼ 0.0077 F/m2 when Vg = +2.8 V).

shown in Fig. 7). A value of Cox is then selected (with CD

calculated independently), and Ggr(ω) is determined
(Ggr(ω) = ωm(Cox + CD)), which will represent a point
on the line drawn at ωm . Ggr(ω) can also be determined across
the full frequency range from the experimental results, using
the same Cox value. With this value of Cox, a corresponding
Ggr(ω) can be evaluated from the requirements of symmetry
(see the Appendix). The correct value of Cox is obtained
when these three values of Ggr(ω) coincide at ωm . This is
shown in Fig. 7. The plots are shown for changes in Cox
in increments of 0.0002 F/m2, and the approach can be
clearly seen to be very sensitive to changes in Cox. When
all three conditions coincide at ωm , we achieve a value of
Cox ∼ 0.0078 F/m2. As shown in Fig. 7, when the correct
value of Cox is selected, the values of Ggr(ω) derived from
the experimental results, and those obtained from symmetry,
become approximately constant about ωm , which is the
requirement for the two functions G/ω and −ωdC/dω to
have coinciding local maxima at ωm . The same approach also
works for the Al2O3/p-In0.53Ga0.47As/p+InP sample (not
shown) and yields a Cox ∼ 0.0077 F/m2.

VII. CONCLUSION

Experimental measurements for the n-type and p-type
In0.53Ga0.47As MOS system demonstrate a unique relationship
between particular functions of the capacitance (C) and con-
ductance (G or Gm) in inversion versus the ac signal angular
frequency (ω), where the maximum peak value of the function
G/ω is equal to the maximum peak value of the function
−dC/dloge(ω) (≡−ωdC/dω). Moreover, these maximum peak
values occur at the same angular frequency (ω = ωm ). The

experimental observation has been confirmed by physics-based
ac simulations of the In0.53Ga0.47As MOS system, showing
that the equality holds for the case of inversion. It has also
been demonstrated that the relationship between G/ω and
−ωdC/dω can be derived based on the equivalent circuit for
the MOS system in inversion, and that the equality between
G/ω and −ωdC/dω at the transition frequency (ω = ωm )
is generally true for any MOS system in inversion provided
certain conditions on the minority carrier generation and
recombination conductance function (Ggr(ω)) apply.

This relationship between G/ω and −ωdC/dω at ω = ωm

provides a new approach to distinguish between genuine
surface inversion and high interface state defect density values
in narrow band gap MOS structures. In addition, the location
of ωm , in conjunction with physics-based ac simulations,
yields the minority carrier generation lifetime (τg) in the
In0.53Ga0.47As layer, which could be helpful in evaluating
the quality of the semiconductor crystal, and to predict the
expected minimum OFF-state current in MOSFETs [40], [41].
Furthermore, as the peak values of the two functions G/ω
and −ωdC/dω at ω = ωm are equal to C2

ox/(2(Cox + CD)),
where Cox is the oxide capacitance per unit area and CD

is the semiconductor depletion capacitance in strong inversion,
the method can be used to extract the oxide capacitance of
the MOS system in inversion. In addition, the low- and high-
frequency symmetry could be used to filter out the effects of
low-frequency noise. Finally, as the measurements are made
in inversion, it could be less sensitive to oxide leakage and to
the effect of frequency dispersion in accumulation, which are
typically reported for narrow band gap III–V MOS systems.
Hence, the method could potentially be applied to any MOS
system regardless of the materials used, device architecture or
technology node scaling level.

APPENDIX

We have observed experimentally that the graphs of
f1(ω) = G(ω)/ω and f2(ω) = −ωdC(ω)/dω both have the
same local maximum value at the same value of ω. They also
both exhibit a very clear graphical symmetry when plotted
against the logarithm of ω (regardless of the logarithmic scale,
say x).

We defined ωm for any MOS system to be the angu-
lar frequency at which the decreasing capacitance C(ω) is
midway between its low-frequency limit (Cox) and its high-
frequency limit CDCox/(CD +Cox), that is, Cmid = 0.5(Cox +
(CD.Cox/(CD + Cox))). Because (1) = Cmid at ωm , then
equating and solving for Ggr(ωm) we find that the unknown
function Ggr(ω) must satisfy Ggr(ω) = ωm(CD + Cox) when
ω = ωm .

Therefore, f ′
1(ωm) = 0. Differentiating once again

gives f ′′
1 (ωm) < 0, thus f1(ω) has a local maximum

at ω = ωm , and the value of this local maximum is
f1(ωm) = C2

ox/(2(CD + Cox)). A further calculation shows
that f1(ωm)(1 − (G′

gr(ωm)/(CD + Cox))) = f2(ωm). Hence,
the two functions will cross at ω = ωm only if G′

gr(ωm) = 0,
hence this is a requirement on Ggr(ω).

Although it cannot be demonstrated using higher order
derivatives that f2(ω) has a local maxima at ωm , it is possible
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to demonstrate that f2(ω) has a local maxima by using the
symmetry about ωm which is evident in the experimental and
simulated functions f1(ω) and f2(ω) (Figs. 1–3, 5, and 6).

It can easily be shown that any function f (ω) that exhibits
graphical symmetry about ω = ωm in a plot of f (ω) versus
any logarithmic scale x of ω necessarily has the mathemat-
ical symmetry f (ω) = f (ω2

m/ω). Since f1(ω) = G(ω)/ω
exhibits graphical symmetry about ω = ωm when plotted
against Logx(ω), we must therefore have f1(ω) = f1(ω

2
m/ω)

satisfied. This can only happen if Ggr(ω) has the mathematical
symmetry

Ggr

(
ω2

m

ω

)
= (Cox + CD)2ω2

m

Ggr(ω)
. (6)

We observe that the preceding relationship returns our
earlier expression of Ggr(ω) = ωm(CD + Cox) when ω = ωm

as required. Differentiating (6) twice across with respect to ω
and setting ω = ωm immediately gives us the requirement that
G′′

gr(ω) = 0.
Although Ggr(ω) is not a constant function, it does appear

constant about ω = ωm and belongs to a large family of
so-called flat functions. This property of the Ggr(ω) function
ensures Ggr(ω) has the symmetry in (6) about ω = ωm , and
that all derivatives of all orders are zero at ω = ωm , con-
sequentially ensuring that f1(ω) and f2(ω) exhibit graphical
symmetry as observed when plotted against logx(ω) and will
have the same local maxima at ω = ωm as also observed.

From (1) and (2) it follows that Ggr(ω) = G(ω)(Cox+CD)/
(Cox − C(ω)). Consequently, Fig. 7 shows plotting Ggr(ω)
using this expression, the symmetry expression of (6), and
Ggr(ω) = ωm(CD+Cox) when ω = ωm . When Ggr(ω) has this
constant value about ω = ωm , the Kramers–Kronig relations
hold. For a linear causal time-invariant system which in the
angular frequency domain is represented by r(ω) = g(ω)i(ω),
with i(ω) being the input and r(ω) being the output response,
then the real and imaginary parts of the measured quantity
g(ω) = gR(ω) + igI (ω) are related by

gR(ω) = −2

π
P

∞∫
0

xgI (x)

x2 − ω2 dx (7a)

gI (ω) = 2ω

π
P

∞∫
0

gR(x)

x2 − ω2 dx . (7b)

If Ggr(ω) is a constant about ω = ωm and taking gR(ω) =
G(ω)/ω2 and gI (ω) = (C(ω) − Cox)/ω, (7a) and (7b) give

G(ω)

ω2 = −2

π
P

∞∫
0

(
x

x2 − ω2

)(
C(x) − Cox

x

)
dx . (8)

Because P
∫ ∞

0 (1/(x2 − ω2))dx = 0 then f1(ω) and f2(ω)
will intersect when (dC(ω)/dω) = (−G(ω)/ω2) = (2/π)
P

∫ ∞
0 ((C(x)/(x2 − ω2)))dx . This leads to our functions

crossing at ω = Ggr/(CD + Cox), that is, at ω = ωm

as before. We also have ((C(ω) − Cox)/ω) = (2ω/π)P
∫ ∞

0
(G(x)/(x2(x2 − ω2)))dx so that C(ω) − Cox = (2ω2/π)P

∫ ∞
0 ((1/x2)(G(x)/(x2 − ω2)))dx . Differentiating across with

respect to ω and calculating ωdC(ω)/dω quickly gives

f1(ω) − f2(ω) = ωωmC2
ox(ω − ωm)2

(Cox + CD)(ω2 + ω2
m)2 . (9)

Equation [9] explicitly shows the relationship between our
two functions f1(ω) and f2(ω) for a constant Ggr(ω). Also
note that f1(ω) and f2(ω) are equal in (9) for ω = ωm , as
observed.
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