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The capacitance-voltage �C-V� characteristic is calculated for p-type In0.53Ga0.47As
metal-oxide-semiconductor �MOS� structures based on a self-consistent Poisson–Schrödinger
solution. For strong inversion, charge quantization leads to occupation of the satellite valleys which
appears as a sharp increase in the capacitance toward the oxide capacitance. The results indicate that
the charge quantization, even in the absence of interface defects �Dit�, is a contributing factor to the
experimental observation of an almost symmetric C-V response for In0.53Ga0.47As MOS structures.
In addition, nonparabolic corrections are shown to enhance the depopulation of the � valley, shifting
the capacitance increase to lower inversion charge densities. © 2010 American Institute of Physics.
�doi:10.1063/1.3436645�

High bulk-mobility III-V semiconductors, such as
In0.53Ga0.47As �simply InGaAs from here on�, have recently
garnered attention1 as a potential solution to metal-oxide-
semiconductor �MOS� transistor-scaling beyond the mini-
mum feature size of 22 nm.2,3 As a consequence, it is impor-
tant to understand the theoretical variation in surface charge
density and capacitance as a function of voltage in InGaAs
MOS systems. In addition, practical InGaAs MOS structures
exhibit a high density �typically�1012 cm−2� of interface
states, which will degrade the subthreshold slope in InGaAs
MOS field-effect-transistors �MOSFETs�.4–6 The character-
ization of Dit in InGaAs MOS systems is based on an analy-
sis of the measured capacitance or conductance of the MOS
structure as a function of applied bias. An analysis of inter-
face states from capacitance is based on the deviation of the
measured capacitance-voltage �C-V� response from the ideal
C-V, and as a consequence, the calculation of the ideal C-V
response is of interest from both a theoretical perspective and
for the calculation of Dit levels for InGaAs MOS structures.

Due to the low density-of-states �DOS� in the InGaAs �
valley, the theoretical C-V characteristics of InGaAs MOS
systems can exhibit an asymmetric response, with a reduced
capacitance as the Fermi level enters the conduction band.7

The results reported in Ref. 7 employed a classical approach,
and did not include charge quantization or nonparabolic cor-
rections. Generally, the � valley of III-V semiconductors ex-
hibits a small effective-mass and strong nonparabolicity.8,9

The “heavier” satellite valleys can play an important role,
especially under strong quantization,10 making it necessary
to include charge quantization and nonparabolic corrections
to more accurately model the valley occupations and corre-
sponding C-V characteristics. In this work we extend the
results presented in Ref. 7 to include charge quantization and
nonparabolic corrections, as well as including the effect of
the occupancy of the X and L satellite valleys on the C-V
response.

The calculation11 consists of the numerical solution to
the Schrödinger equation, as follows:

�−
�2

2mx

d2

dx2 + V�x�����x� = E����x� , �1�

where E� and �� are the energy subband minima and enve-
lope wave functions in subband �, and mx is the effective
mass along the direction of quantization. The effective po-
tential energy is V�x�=−e��x�+Vim�x�+Vxc�x�, where −e��x�
is the potential energy, Vim�x� is the image potential12 and
Vxc�x� is the exchange-correlation energy.13,14 Equation �1� is
solved self-consistently with Poisson’s equation, as follows:

d2��x�
dx2 = −

e

�s
�p�x� − nqm�x� − Na� , �2�

where �s is the semiconductor dielectric constant, p�x� is the
classical hole density calculated with Fermi–Dirac statistics,
and Na is the constant p-type doping. The quantum mechani-
cal electron-density is calculated as follows:15,16

nqm�x� =
kT

	�2�



g
md,
	�1 + 2��E
 − U
��F0���

+ 2�kTF1���
��
�x��2, �3�

where F0��� and F1��� are the Fermi–Dirac integrals of
order 0 and 1, �= �EF−E
� /kT, U
 is the expectation value
of the potential energy,16 � is the nonparabolicity
parameter,15,16 g
 and md,
 are the degeneracy and DOS ef-
fective mass in subband 
, T is the temperature, and EF is
the Fermi level. For comparison, the C-V response is also
calculated using the classical electron density, n�x�, with
Fermi–Dirac statistics. Note that Eqs. �1� and �3� have im-
plicit valley and ladder indices when including the oblong X
and L valleys.

From Gauss’s law, the net sheet-charge in the semicon-
ductor is Qs=−�sEs, where Es the electrical field at the semi-
conductor surface. The semiconductor capacitance is thena�Electronic mail: terrance.oregan@tyndall.ie.
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calculated as Cs��s�=dQs /d�s, where Qs depends implicitly
on the surface potential, �s, and the total MOS capacitance
is, as follows:

1

Ctot
=

1

Cox
+

1

Cs + Cit
, �4�

where Cox=�ox / tox is the oxide capacitance, �ox is the oxide
dielectric constant, and tox is the physical oxide thickness.
The interface-trap capacitance is: Cit��s�=dQit /d�s, where
the interface-trap density in Fig. �4� of Ref. 7 is used in Fig.
4 to calculate the interface sheet charge, Qit, at the dielectric/
semiconductor interface. Now the gate voltage can be written
as: VG=�s+
ms−Qs /Cox−Qit /Cox, where 
ms=
m−
s is
the difference between the metal and semiconductor work-
functions.

The device parameters used in this work are Na=2
�1017 cm−3, the gate dielectric is 2 nm of Al2O3 with
�s=9�0 �tox=10 nm is also used in Fig. 3�, and the metal
workfunction is set to 5.05 eV. The literature reveals a wide
range for the energy separations between the top of the va-
lence band and the satellite-valley-minima. For instance,
Ref. 17 suggests EL=1.2 eV and EX=1.33 eV, Ref. 9 sug-
gests EL=1.3713 eV and EX=1.3422 eV, Ref. 18 calculates
EL=1.29 eV and EX=1.78 eV, and an unpublished pseudo-
potential calculation performed by one of us �M.V. Fischetti�
finds EL=1.49 eV and EX=1.98 eV. In this paper we use
the extreme values �EL=1.49 eV, EX=1.98 eV and EL
=1.2 eV, EX=1.33 eV� to explore the entire range in the
literature. The nonparabolicity parameter used in the � val-
ley, ��=1 eV−1, is a compromise between the almost para-
bolic behavior seen for mx along the �100� confinement di-
rection, and the nonparabolic behavior seen for the DOS-
effective-mass in two-dimensional. Because of a lack of data,
the Si nonparabolicity parameters15,16 are used for the satel-
lite valleys, �L=�X=0.5 eV−1.

Figure 1 shows the valley occupation �sum over all sub-
band occupations within each valley� as a function of the
electron sheet density, ns, in the channel. As ns increases in
Fig. 1�a�, the satellite valleys become occupied as the lighter
mass �-valley is more strongly quantized, shown in Fig. 2�a�
for the parabolic case. Figure 1�b� shows that including non-
parabolic corrections further exasperates this trend, pushing
the occupation of the satellite valley to smaller ns, because
the strong nonparabolic correction in the � valley results in a
narrowing of the energy-level spacing, shown in Fig. 2�b�.

Figure 1 also shows that satellite-valley occupation �thin
lines� shifts to lower ns when using EL=1.2 eV and EX
=1.33 eV.

For reference, Figs. 3�a� and 3�b� show the electron
sheet density as a function of gate voltage for tox=2 nm and
tox=10 nm, respectively. Figure 3�c�, tox=2 nm, illustrates
the impact of the subband occupancy and nonparabolic
bands on the resulting C-V response for the case of the �
valley only and for the inclusion of the X and L valleys with
parabolic and nonparabolic bands. To highlight the region of
interest, the C-V response is shown from the onset of strong
inversion. From the figure, the inclusion of the satellite val-
leys results in a marked increase �“shoulder”� in the capaci-
tance �1.5 V, ns=6�1012 cm−2 for EL=1.49 eV, EX
=1.98 eV and 1.1 V, ns=3�1012 cm−2 for EL=1.2 eV,
EX=1.33 eV� as the occupancy of the L valleys becomes
significant. Moreover, the increase in the capacitance is
shifted to lower gate voltages when nonparabolic corrections
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FIG. 1. �Color online� Relative valley occupations vs electron sheet density
for parabolic bands �a� and with nonparabolic corrections �b�. The thick
lines are for E�=0.73 eV, EL=1.49 eV, EX=1.98 eV �MVF, unpublished�,
and the thin lines are for E�=0.74 eV, EL=1.2 eV, and EX=1.33 eV
�Ref. 17�.
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FIG. 2. �Color online� Energy subband minima vs electron sheet density for
parabolic bands �a�, and with nonparabolic corrections �b�. The energies of
the lowest subband in each valley are shown and are referenced to the
lowest conduction band at the oxide/semiconductor interface, Ec �x=0.
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FIG. 3. �Color online� Electron sheet density vs gate voltage for tox

=2 nm �a� and tox=10 nm �b�. Total capacitance �Dit=0� for tox=2 nm �c�
and tox=10 nm �d�. The four cases are: �1� parabolic � valley only, �2� �
valley with nonparabolic corrections, �3� all valleys assuming parabolic
bands, and �4� all valleys with nonparabolic corrections. Note that EL

=1.49 eV and EX=1.98 eV except for the symbols which are case �4� with
EL=1.2 eV and EX=1.33 eV. The horizontal lines in �c� and �d� are Cox.
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are included, corresponding to the results shown in Fig. 1.
Figure 3�d� is the same as Fig. 3�c� except tox=10 nm. In
this case the onset of the shoulder is visible for EL
=1.49 eV and EX=1.98 eV but is pronounced for EL
=1.2 eV and EX=1.33 eV.

Figure 4 shows the full C-V characteristics with and
without a Dit profile across the InGaAs energy gap. In Fig. 4
we see that interface states alone, without charge quantiza-
tion included, can explain the symmetric C-V characteristics,
as presented in Ref. 7. The shoulder in the capacitance and
subsequent increase toward Cox, which appears when includ-
ing charge quantization, is completely masked by the Cit
contribution. We note here that the same Dit distribution in
Ref. 7 is used here, while in reality the distributions are most
likely dependent on oxide thickness and growth conditions.
We notice that the capacitance shoulder is shifted to lower
gate voltages in Fig. 4�b�. This shift is a direct result of the
occupation of the satellite valleys �especially the X valley�

which is strongly dependent on EL and EX as shown in
Fig. 1.

In conclusion, we have shown that including charge
quantization and nonparabolic corrections in p-In0.53Ga0.47As
MOS structures results in the occupation of the satellite val-
leys and an associated increase in capacitance for channel
electron-densities in the range ns=3–6�1012 cm−2 depend-
ing on EL and EX. Conclusive agreement in the literature for
the bandstructure of In0.53Ga0.53As is needed so that quanti-
tative comparisons to experimental C-V characteristics can
be made. This effect could be a contributing factor to the
symmetric-maximum capacitance generally observed for n-
and p-doped InGaAs MOS structures. This work suggests the
emergence of interesting C-V features for InGaAs MOS
structures if Dit can be reduced.

This research was supported by the Science Foundation
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