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MOS Capacitance–Voltage Characteristics:
V. Methods to Enhance the Trapping Capacitance�
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Abstract: Low-frequency and High-frequency Capacitance–Voltage (C–V) curves of Silicon Metal–Oxide–
Semiconductor Capacitors, showing electron and hole trapping at shallow-level dopant and deep-level generation-
recombination-trapping impurities, are presented to illustrate the enhancement of the giant trapping capacitances by
physical means via device and circuit designs, in contrast to chemical means via impurity characteristics previously
reported. Enhancement is realized by masking the electron or/and hole storage capacitances to make the trapping
capacitances dominant at the terminals. Device and materials properties used in the computed CV curves are se-
lected to illustrate experimental realizations for fundamental trapping parameter characterizations and for electrical
and optical signal processing applications.
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1. Introduction

We recently reported an investigationŒ1�4� (referred also
as I, II, III and IV) of the capacitance–voltage (CV) character-
istics of silicon and germanium Metal–Oxide–Semiconductor
(MOS) capacitors (MOSCs) including the capacitance
arisen from electron and hole trapping at the shallow-
energy-level donor and acceptor dopant impurities and
at the deep-energy-level donor, acceptor and amphoteric
generation–recombination–trapping (g–r–t or grt or GRT)
chemical impurities. These included all possible impurities,
thus, they can be generalized with the acronym of d–g–r–t,
dgrt or DGRT impurities. The results also apply to shallow
and deep energy levels from physical defects, such as the
point-defect-vacancies (missing a host atom at its lattice site,
such as VSi, VGe and VC in the monoatomic semiconductors Si,
Ge and C; VGa and VAs in GaAs and other binary III–V, II–VI,
ternary and many-atom-species compound semiconductors),
the pair defects-divancies (VSiVSi, VGeVGe, VGaVAs/, and
self-interstitials (ISi, IGe, and IGa and IAs in GaAs). The results
also apply to impurity-defect pairs, such as OSiVSi which
involves only one lattice point with the impurity displaced
from the lattice site and other physical configurations that are
favored from the high-temperature processing steps or from
displacement radiation damage (A host atom is displaced
by an energetic ion during the exposure to an energetic ion
beam, such as ion implantation used in the silicon integrated
circuit fabrication and production processes.) See Chapter 2 of
Ref. [5] for a more detailed discussion of these imperfections
(chemical impurities and physical defects) in crystalline
solids.

The trapping capacitance can show a large presence in
the capacitance–voltage (CV) characteristics at the two mea-

surement or application terminals of the MOSC, because the
trapping capacitance can be made very large, to many times
the oxide capacitance, by increasing the concentration of the
d–g–r–t impurities. The large trapping capacitance can pro-
vide unprecedented sensitivity, for the characterization of the
fundamental electrical and optical properties of these elec-
tronic or electron and hole traps at the dopant and generation-
recombination-trapping impurities and at the physical defects,
as well as for new electrical and optical signal processing appli-
cations. In the first four reportsŒ1�4�, we described the results of
enhancing the trapping capacitance at the two electrical signal
terminals, solely by chemical means, namely, by the selection
of the impurity species, which have large electron or hole bind-
ing energies, and by the use of two impurity species to bring
out the large trapping capacitance of the second species in the
gate voltage range of low masking from electron and hole stor-
age capacitances. In this fifth report V, we describe the CV
curves at the two signal terminals that avoid and eliminate the
charge storage capacitance of the majority or minority carri-
ers, or both, which masks the trapping capacitances, in order to
bring out to the two terminals of the MOSCs, the full magni-
tude of the trapping capacitances.

2. Computed Capacitance–Voltage Characteris-
tics with Trapping Capacitance

The equations used in this report V, are those employed in
I–II–III–IVŒ1�4�.

The terminal capacitance of anMOS capacitor is the series
connection of the oxide capacitance, Cox, with the semicon-
ductor surface space-charge layer capacitance, Csz, given by
Cgz D CoxCsz=.Cox C Csz/. The semiconductor surface space-
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charge layer capacitance, referenced to terminal z denoted by
Csz, generally contains three charge storage capacitances in
parallel which are due to: the electrons and holes stored in
the conduction and valence bands in the semiconductor surface
space-charge layer, Cn and Cp; and the electrons stored at the
electron traps, Cnt, and the holes stored at the hole traps, Cpt.
We shall denote all the trapping capacitances as a sum with the
symbolCt D CntCCpt while for a specific electron or hole trap,
such as Cn-P for the electron trapping capacitance at the phos-
phorus donor impurity, Cp-B for the hole trapping capacitance
at the boron acceptor impurity, and Cn-Au and Cp-Au for the am-
photeric gold impurity in silicon that can trap one electron at
one energy level and one hole at another energy level in the
silicon energy gap. The filling and emptying of these storage
sites, or the charging and discharging of these sites, are the ki-
netic transition processes of the electrons and holes which give
rise to the charging-discharging rate or frequency-dependent
capacitances. Therefore, the surface space-charge layer capac-
itance is given by Csz D Cn C Cp C Ct. Thus, it is obvious
that to make the trapping capacitances prominent or dominant
between the two signal terminals, g (g for gate) and z (to be
discovered or designed in this paper-V), the electron and hole
charge storage capacitances, Cn and Cp need to be minimized
or eliminated when measured from the two terminals, g and z,
for integrated circuit applications via metal–conductor-lines to
connect the terminals.

To streamline illustrating many examples, we follow
the presentation scheme employed in the previous three re-
portsŒ2�4�, modified for the present objective of showing the
trapping capacitances, minimally masked or not masked by the
mobile electron and hole charge storage capacitances. Thus,
each of the twelve figures, one for each of twelve chemical
impurity selections, consists of four parts, (a), (b), (c) and (d),
to demonstrate the physical schemes of eliminating the elec-
tron or/and hole charge storage capacitances. The terminal ca-
pacitance between the gate and z terminals, in the presence
of all the semiconductor capacitances (electron and hole stor-
age and trapping), is given by the gate oxide capacitance in
series with the semiconductor capacitance which consists of
all the charge storage capacitances of band and trap electrons
and holes, Cgz D CoxCsz=.Cox C Csz/. Figure (a) is the phys-
ical and terminal configuration in which the contact of the z-
terminal to the semiconductor is an infinite source and drain
of electrons and holes, that is, a contact whose generation and
recombination rate of electrons and holes are infinite relative
to the rate of change of the measuring voltage or current, or the
sinusoidal frequency of the small-signal that is measuring the
capacitance current through the two terminals, which is known
as the ohmic contact with zero resistance. This is usually de-
noted by b for base or body, and z D b and Csz D Csb where
Csz D Csb D CnCCpCCt D CnCCpCCntCCpt. This is given
by the CV curves in Figures (a) of the twelve figures. They are
the same as the Figure (a) of the figures given the previous
three reportsŒ2�4�. Thus, Figure (a) shows the total measurable
capacitance between the two terminals g and b given by Cgb D

CoxCsb=.Cox C Csb/ D Cox.Cn C Cp C Ct/=.Cox C Cn C Cp C

Ct/ D Cox.Cn CCp CCnt CCpt/=.Cox CCn CCp CCnt CCpt/.
Figure (b) is the terminal capacitance between the gate and a
contact z to the body which can source and sink (drain) only
electrons such as the n+layer or n+region on the n-type or p-

type body, thus, z D n, and the semiconductor capacitance is
denoted by Csz D Csn D Cn C Ct D Cn C Cnt C Cpt. Fig-
ure (c) has the hole source and drain, Csz D Csp D Cp C Ct D

CpCCptCCnt. Figure (d) has a body contact z which is neither
the hole nor the electron source and drain, such as a capacitive
or electrical displacement current contact from a second insu-
lated gate with a much larger gate area and thinner equivalent
gate oxide. Thus, Csz D Ct D Cpt C Cnt. It is noted that the
carrier trapping capacitance can still appear in the absence of a
contact that sources and drains the trapping carrier, on account
of the equilibrium concentration of the carrier and via the re-
combination transition of the trapped majority carrier with a
band minority carrier.

Figures 1(a) to 1(d) show the CV curves of MOSCs on
an n-type silicon with a 50 meV shallow energy level donor
dopant impurity such as phosphorus. Figures 2(a) to 2(d) show
the CV curves for a deeper dopant impurity in Si. Figures 3(a)
to 3(d) contain two impurity species consisting of a shallow
donor and a shallow acceptor while Figures 4(a) to 4(d) contain
two impurity species consisting of a shallow donor and a deep
acceptor. Figures 5(a) to 5(d) contain two donor species, one
shallow and one deep, while Figs. 6(a) to 6(d), two acceptor
species. Figures 7(a) to 7(d) model the double-donor or two-
electron trap such as Sulfur, in phosphorus doped n-type Si,
while Figs. 8(a) to 8(d), in boron doped p-type silicon. Sim-
ilarly, Figs. 9(a) to 9(d) are those for the double acceptor or
two-hole trap zinc in p-Si, while Figs. 10(a) to 10(d), in n-Si.
Figures 11(a) to 11(d), and 12(a) to 12(d) are those for the am-
photeric gold generation-recombination-trapping center in n-Si
and p-Si respectively.

In the next and sixth report, we shall show another method
for enhancing andmodulating the trapping capacitance, and de-
scribe the application details using the giant trapping capaci-
tance. Using the present analyses and formulas, CV curves for
other combinations of dgrt impurities and defects, and their
complexes, are readily obtained for application-specific pur-
poses at signal terminals of a variety of electrical and optical
frequency ranges, as illustrated by the prophetic nomogram,
Energy Conversion Chart, given by Shockley 62 years agoŒ7�.
In detector applications, using an impurity in Germanium with
energy level from 0.01 eV to 0.33 eVŒ3�, the corresponding
range of the lower cut-off frequency is from 2.4 THz to 80
THz, while using an impurity in Silicon with energy level from
0.05 eV to 0.60 eVŒ3�, the corresponding range of the lower
cut-off frequency is from 12 THz to 145 THz. Signal can also
be generated by radiative capture of an electron or a hole by
the trap, and the rate can be calculated directly or from the in-
verse of photo-ionization cross-section such as that made for
the double-donor sulfur in siliconŒ8�. It should be obvious that
the giant trapping capacitance in MOSC is infinitely easier to
implement than the methods described by the articles in the lat-
est issue on Terahertz electronics in Science China Information
SciencesŒ9� and their references, for examples, Terahertz de-
tectors based on superconducting hot electron bolometersŒ10�,
and Terahertz radiation sources based on free electron lasers
and their applicationsŒ11� and Terahertz source based on optical
Cherenkov radiationŒ12�. And its circuit integration for signal
processing is easily implemented, monolithically by the silicon
MOS integrated circuit technology on the same silicon chip,
much easier than those recently describedŒ13�.
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Fig. 1. Signal terminal capacitance of MOSCs on n-Si with a 50 meV donor impurity such as Phosphorus at NDD D 1016 to 1018 cm�3. Csz
is (a) Cn C Cp C Ct, (b) Cn C Ct, (c) Cp C Ct and (d) Ct.

Fig. 2. Signal terminal capacitance of MOSCs on p-Si with a 150 meV acceptor impurity such as Indium at PAA D 1016 to 1018 cm�3. Csz is
(a) Cn C Cp C Ct, (b) Cn C Ct, (c) Cp C Ct and (d) Ct.
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Fig. 3. Signal terminal capacitance of MOSCs on Si with a 50 meV donor (Phosphorus) at NDD D 1018 cm�3 and a 50 meV acceptor (Boron)
at PAA D 1016 to 1018 cm�3. Csz is (a) Cn C Cp C Ct, (b) Cn C Ct, (c) Cp C Ct and (d) Ct.

Fig. 4. Signal terminal capacitance of MOSCs on Si with a 50 meV donor (Phosphorus) at NDD D 1018 cm�3 and a 250 meV acceptor
(Thallium) at PAA D 1016 to 1018 cm�3. Csz is (a) Cn C Cp C Ct, (b) Cn C Ct, (c) Cp C Ct and (d) Ct.
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Fig. 5. Signal terminal capacitance of MOSCs on Si with a 50 meV donor at NDD50 D 1018 cm�3 and a 250 meV donor at NDD250 D

1016 to 1018 cm�3. Csz is (a) Cn C Cp C Ct, (b) Cn C Ct, (c) Cp C Ct and (d) Ct.

Fig. 6. Signal terminal capacitance of MOSCs on Si with a 50 meV acceptor at PAA50 D 1018 cm�3 and a 250 meV acceptor at PAA250 D

1016 to 1018 cm�3. Csz is (a) Cn C Cp C Ct, (b) Cn C Ct, (c) Cp C Ct and (d) Ct.
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Fig. 7. Signal terminal capacitance of MOSCs on Si with a 50 meV donor at NDD D 1018 cm�3 and a Sulfur double-donor, EC � 180 meV
and EC � 380 meV, at NSulfur D 1016 to 1018 cm�3. Csz is (a) Cn C Cp C Ct, (b) Cn C Ct, (c) Cp C Ct and (d) Ct.

Fig. 8. Signal terminal capacitance of MOSCs on Si with a 50 meV acceptor at PAA D 1018 cm�3 and a sulfur double-donor, EC � 180 meV
and EC � 380 meV, at NSulfur D 1016 to 1018 cm�3. Csz is (a) Cn C Cp C Ct, (b) Cn C Ct, (c) Cp C Ct and (d) Ct.
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Fig. 9. Signal terminal capacitance of MOSCs on Si with a 50 meV donor at NDD D 1018 cm�3 and a Zinc double-acceptor, EV C 660 meV
and EV C 310 meV, at PZinc D 1016 to 1018 cm�3. Csz is (a) Cn C Cp C Ct, (b) Cn C Ct, (c) Cp C Ct and (d) Ct.

Fig. 10. Signal terminal capacitance of MOSCs on Si with a 50 meV acceptor at PAA D 1018 cm�3 and a Zinc double-acceptor, EV C 660

meV and EV C 310 meV, at PZinc D 1016 to 1018 cm�3. Csz is (a) Cn C Cp C Ct, (b) Cn C Ct, (c) Cp C Ct and (d) Ct.
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Fig. 11. Signal terminal capacitance of MOSCs on Si with a 50 meV donor at NDD D 1018 cm�3 and an amphoteric Gold, EC � 540 meV and
EV C 350 meV, at NGold D 1016 to 1018 cm�3. Csz is (a) Cn C Cp C Ct, (b) Cn C Ct, (c) Cp C Ct and (d) Ct.

Fig. 12. Signal terminal capacitance of MOSCs on Si with a 50 meV acceptor at PAA D 1018 cm�3 and an amphoteric Gold, EC � 540 meV
and EV C 350 meV, at NGold D 1016 to 1018 cm�3. Csz is (a) Cn C Cp C Ct, (b) Cn C Ct, (c) Cp C Ct and (d) Ct.
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3. Summary and Acknowledgment

The main purpose of this survey-calculation report is to
demonstrate the elimination of the majority and minority car-
rier storage capacitances in order to make the trapping capac-
itance dominating the signal terminal capacitance. Instead of
the chemical method of selecting the impurities in the previous
four reports, I, II, III and IVŒ1�4�, this fifth report presented the
physical method, or the device structure method, of providing
a specific contact to the base or bulk of the semiconductor as
the second signal terminal to complement the first signal termi-
nal, the MOS metal gate. These second signal terminals can be
the terminal to the electron or n+ contact, the hole or p+ con-
tact, and the dielectric or displacement current contact from a
second insulated-gate Metal/Oxide contact to the MOS capac-
itor structure. We thank Xiamen University President, Dr. Zhu
Chongshi, and Dean of Physics, Dr. Wu Chenxu, for support
of this work.
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