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MOS Capacitance–Voltage Characteristics:
IV. Trapping Capacitance from 3-Charge-State Impurities�
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Abstract: Metal–Oxide–Semiconductor Capacitance–Voltage (MOSCV) characteristics containing giant carrier
trapping capacitances from 3-charge-state or 2-energy-level impurities are presented for not-doped, n-doped, p-
doped and compensated silicon containing the double-donor sulfur and iron, the double-acceptor zinc, and the
amphoteric or one-donor and one-acceptor gold and silver impurities. These impurities provide giant trapping ca-
pacitances at trapping energies from 200 to 800 meV (50 to 200 THz and 6 to 1.5 �m), which suggest potential
sub-millimeter, far-infrared and spin electronics applications.
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1. Introduction

The low-frequency and high-frequency capacitance-
voltage (LFCV, HFCV) characteristics of the
Metal–Oxide–Silicon (MOS) diode structures were theo-
retically and comprehensively investigated and reported by
the senior author, Sah, in the early 1960’sŒ1�. The effects from
the dopant impurities in the Si substrate on the low-frequency
capacitance were analyzed. Impurities described in Ref. [1]
included the 1-energy-level acceptor and donor impurities
without excited states, and the 2-energy-level or 3-charge-state
impurities. Due to computation limited by slide-ruleŒ2; 3�, these
1960 theoretical studiesŒ1� were limited to a few samples.

Our interest in the MOS capacitance–voltage characteris-
tics was renewed recentlyŒ2�, due to potential applications of
the giant capacitance from trapping of electrons and holes at
the donor and acceptor impurities, because these impurities
are incorporated at high concentrations in the device struc-
tures of Metal–Oxide–Silicon capacitors (MOSCs) and tran-
sistors (MOSTs) of nanometer Si MOS integrated circuits. Us-
ing exact Fermi–Dirac distribution for the band electrons and
holes, and the impurity occupation factor for the electrons and
holes trapped at the single-energy-level donor impurity centers
in our first computations, reported in Ref. [2], the LFCV and
HFCV were numerically computed for MOSCs on n-type Si
(n-MOSCs) with Phosphorus as the donor impurity. This was
followed in our secondŒ3� and thirdŒ4� reports, by varying the
trap or bound-state energy level parameters of the 1-energy-
level 2-charge-state impurities to delineate the parameters that
produce the largest trapping capacitancesŒ3� and also to charac-
terize the common donor and acceptor dopant impurities in sil-
icon and germanium semiconductorsŒ4� for possible signal pro-
cessing applications. In this fourth paper, we report the unique
features that are present in the MOSCV characteristics from
electron and hole trapping at the 2-energy-level 3-charge-state

donor, acceptor and amphoteric impurities, modeled for sulfur,
iron, zinc, gold and silver in silicon. A special feature is noted,
in indirect energy gap semiconductors such as Si and Ge in this
study, for deep-level (more-than half-gap and even full-gap) 2-
energy-level impurities which can trap only under transient but
not steady-state.

2. Theory and Results

The formulas used in theHFCV andLFCV calculations are
those used in the previous reportsŒ2�4� for the 2-charge-state 1-
energy-level impurity centers. In this report, these earlier for-
mulas are extended to the 3-charge-state 2-energy-level impu-
rities following that of Ref. [1] which used the distribution or
occupancy by trapped electrons or holes on the 3-charge-state
2-energy level impurities given by the 1958 Sah-Shockley for-
mulationŒ5�.

The MOSCVs computed in this paper are in silicon, con-
taining three impurity species. These are the 2-charge-state 1-
shallow-energy-level dopants, the Group-V donor (phospho-
rus) andGroup-III acceptor (boron), and the five 3-charge-state
2-deep-energy level impurities. We used the following four
model impurities fromGroup IB (Au), IIB (Zn), VIB (S or Sul-
fur), and VIIIA (Fe). The Group IB silver (Ag) with its nearly
symmetrically placed 1-donor and 1-acceptor energy level, is
modeled for the ideal perfectly symmetrical case. These im-
purities are selected solely and only as model representatives
since their trapping energy levels were not so precisely deter-
mined experimentallyŒ4� and predicted theoretically, although
firmly physics based, only be taken as empirical because of the
large central cell perturbation known as the core charge differ-
ence between the host and the foreign atomsŒ6�.

The CV curves are computed for the four impurities (S,
Fe, Zn, Au) in pure or not-doped silicon, n-doped (phospho-
rus donor doped) and p-doped (boron acceptor doped) silicon,
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Fig. 1. Capacitance–Voltage curves of not-doped-Si MOSCs containing Sulfur, a substitutional 2-electron trap. Xox D 3.5 nm. T D 300 K. NDD
D PAA D 0. NTT D (1, 5, 10, 50, 100) � 1016 S/cm3. EC � ESulfur-1electron D 380 meV. gSulfur-1electron D 2. EC � ESulfur-2electron D 180
meV. gSulfur-2electron D 1. (a) Cgb-lf. (b) Cgb-hf. (c) Cgb-lf � Cgb-hf. (d) Ct. (e) CSulfur. (f) Normalized-Shifted CSulfur.

and exact-compensation-doped (equal phosphorus and boron
concentrations to simulate the boundary of the p/n junction)
with dopant concentrations fixed at 1018 cm�3 and the impu-
rity concentration varied to cover the range of 1016cm�3 to the
impurities’ maximum solid-solubility limit in Si �1018 cm�3.
These four impurities and four dopant combinations, give six-
teen figures. Figure 17 is the complete symmetry case with the
amphoteric silver as the model. Figure 18 gives a classical ex-
ample that was computed and plotted, both by hands, 50 years
ago.

The six sub-figures in each of the seventeen newly com-
puted figures are (a) LFCV, (b) HFCV, (c) (LF–HF) CV,

(d) CtrapV including the dopants, (e) CimpurityV excluding the
dopants, and (f) Normalized impurity-trap capacitance versus
shifted gate-voltage, (Cimpurity/Cpeak/ versus (VGB � VGBpk/.
The data used are given in the captions of each of the eighteen
figures.

For the first three CV figures, Figs. 1 to 3, we selected
the double-donor or two-electron trap, the group-VIB Sulfur,
which has six outer shell or valence electrons, therefore, two
of the six valence electrons can be released to the conduction
band of silicon with the remaining four to satisfy the four tetra-
hedrally located covalent bonds of the diamond lattice of sili-
con. We also leverage the similarity of the sulfur core charge
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Fig. 2. Capacitance–Voltage curves of n-doped Si MOSCs containing Sulfur, a substitutional 2-electron trap. Xox D 3.5 nm. T D 300 K. PAA D

0.NDD D 1018 As/cm3.EC � ED D 49meV. gD D 2.NTT D (1, 5, 10, 50, 100)� 1016 S/cm3.EC � ESulfur-1electron D 380meV. gSulfur-1electron
D 2. EC � ESulfur-2electron D 180 meV. gSulfur-2electron D 1. (a) Cgb-lf. (b) Cgb-hf. (c) Cgb-lf � Cgb-hf. (d) Ct. (e) CSulfur. (f) Normalized-Shifted
CSulfur.

to that of the silicon core, namely Sulfur is isocoric to Silicon,
as coined by Pantelides, Ning and SahŒ6�, therefore not such
a large perturbation. See the Slater Table given in Ref. [7] for
the core charge distribution and hence the core charge differ-
ence, via the outer-most maximum of the radial charge density
variation.

For the second three figures, Figs. 4, 5 and 6, we select
a second double-donor or two-electron trap, the Group VIIIA
iron, Fe, with two outer shell or valence electrons, to model the
huge core perturbation from the large difference between the

Fe (Z D 26) and Si (Z D 14) core-charge distributions. The
difference is so huge that the one-electron donor ground state
is perturbed down so deep from the conduction band edge that
it is below the Si midgap, EC � EFe2C D 800 meV, while the
two-electron Fe donor state is near the midgap, EC � EFe1C

D 550 meV. If the Fe2C 1-electron ground state were deeper,
down to the Si valence band edge, at k D (0.8, 0, 0), away
from the k D (0, 0, 0) valence band edge, on account of the
indirect energy band of Si, then, this Fe-model donor ground
state would be occupied by a hole tunneled from the valence
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Fig. 3. Capacitance–Voltage curves of p-doped Si MOSCs containing Sulfur, a substitutional 2-electron trap. Xox D 3.5 nm. T D 300 K. NDD D

0. PAA D 1018 B/cm3. EA � EV D 45 meV. gA D 4. NTT D (1, 5, 10, 50, 100) � 1016 S/cm3. EC � ESulfur-1electron D 380 meV. gSulfur-1electron
D 2. EC � ESulfur-2electron D 180 meV. gSulfur-2electron D 1. (a) Cgb-lf. (b) Cgb-hf. (c) Cgb-lf � Cgb-hf. (d) Ct. (e) CSulfur. (f) Normalized-Shifted
CSulfur.

band. Then, the occupation of the two donor energy levels to
give the three donor charge states cannot persist and are always
not occupied, or Fe donor is always in the doubly positively
charged state, and the other two charge states, singly charged
and neutral, cannot exist under equilibrium or nonequilibrium
d. c. steady-state, only under transient (faster than the tunnel-
ing rate, phonon assisted to supply the k change). The lower
Fe donor energy level, EC � EFe2C D 800 meV, reported in
the 1960’sŒ4�, was not so deep down to a level at or below the
valence band edge of silicon. But this example offers an inter-
esting possibility of hidden charge states that are only observ-

able under fast enough transient before the valence band hole
can tunnel to the hole trap.

For the third group of three CV figures, Figs. 7, 8, and
9, we selected the Group-IIB Zinc-like double acceptors. Al-
though zinc is not isocoric with silicon (The IIA Mg or Mag-
nesium, Z D 12, is but not reported.), and Zn has much more
core charge (Z D 30) spreading slight further (0.32A) than that
of silicon (Z D 14 and 0.20A)Œ7�, the core charge perturbation
from the substitution zinc is still not sufficiently large to deepen
the first acceptor energy level to far above the Si midgap, like
the just-described model Fe. So, the two Zn acceptor levels are
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Fig. 4. Capacitance–Voltage curves of not-doped-Si MOSCs containing Iron, a substitutional 2-electron trap. Xox D 3.5 nm. T D 300 K. NDD
D PAA D 0. NTT D (1, 5, 10, 50, 100) � 1016 Fe/cm3. EC � EIron-1electron D 800 meV. gIron-1electron D 2. EC � EIron-2electron D 550 meV.
gIron-2electron D 1. (a) Cgb-lf. (b) Cgb-hf. (c) Cgb-lf � Cgb-hf. (d) Ct. (e) CIron. (f) Normalized-Shifted CIron.

only slightly deeper than the two Sulfur donor levels. And these
three CV figures for Zn in Figs. 7–9, are mirror images of the
same CV curves for S in Figs. 1–3.

The three CV figures (Figs 10, 11, and 12) in the next group
are for the Group-IB Gold (Au) which has one valence electron
and which can trap an electron or a hole, to be the single nega-
tive or acceptor and single positive or donor charge state. This
dual charge state property of either in the acceptor or the donor
charge state is known in semiconductor physics as amphoteric.
The origin of the presence of bound state for two complemen-
tary particles, electron and hole, can be understood from the

large core charge difference between the Gold core (Z D 79)
and the Silicon core (Z D 14), that enables the trapping or bind-
ing of either a conduction-band electron at EC �EAu-1electron D

540 meV or a valence-band hole atEAu-1hole �EV D 350 meV,
to the electrically neutral gold perturbation potential.

Finally, the fifth group consists of four CV figures, instead
of three, (Figs. 13, 14, 15 and 16) which are for the four model
impurities just described (S, Fe, Zn and Au) in exactly com-
pensated silicon at the equal dopant acceptor and donor con-
centration, equaling the maximum solubility of the impurity in
silicon, with the impurity concentration as the constant para-
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Fig. 5. Capacitance–Voltage curves of n-doped Si MOSCs containing Iron, a substitutional 2-electron trap. Xox D 3.5 nm. T D 300 K. PAA D

0. NDD D 1018 As/cm3. EC � ED D 49 meV. gD D 2. NTT D (1, 5, 10, 50, 100) � 1016 Fe/cm3. EC � EIron-1electron D 800 meV. gIron-1electron
D 2. EC � EIron-2electron D 550 meV. gIron-2electron D 1. (a) Cgb-lf. (b) Cgb-hf. (c) Cgb-lf � Cgb-hf. (d) Ct. (e) CIron. (f) Normalized-Shifted CIron.

meter increasing from a low value of 1015 cm�3 to the maxi-
mum solubility (4 � 1016 S/cm3, 3 � 1016 Fe/cm3, 6 � 1016

Zn/cm3, and 12 � 1016 Au/cm3/. These are designed as model
representations for the practical situation at the ‘metallurgical’
boundary of the p/n junction where the net dopant acceptor and
donor concentrations are equal and exactly cancel each other in
charge. However, they also could be used by leverage this con-
dition for enhanced sensitivity from large trapping capacitance
signals.

Figure 17 is designed to determine if there are special fea-
tures in the CV curves in the case of a completely symmetri-

cal case of identical electron and hole bands and also identical
electron and hole traps. The Group-IB Silver (Ag) approaches
this model since it is amphoteric, like gold with one valence
electron and the Silver core (Z D 47) charge difference from
the Silicon core (Z D 14) charge is not so large as that of Gold
(Z D 79) just described, so that the electron and hole binding
energies are more symmetrically located with respect to the sil-
icon midgap, EC � EAg-1electron D 220 meV (540 for Au) and
EAg-1hole � EV D 320 meV (350 meV for Au). Silver is also
of technical importance as the lifetime killer to reduce the re-
covery time during switching in high power Silicon Controlled
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Fig. 6. Capacitance–Voltage curves of p-doped Si MOSCs containing Iron, a substitutional 2-electron trap. Xox D 3.5 nm. T D 300 K. NDD D

0. PAA D 1018 B/cm3. EA � EV D 45 meV. gA D 4. NTT D (1, 5, 10, 50, 100) � 1016 Fe/cm3. EC � EIron-1electron D 800 meV. gIron-1electron
D 2. EC � EIron-2electron D 550 meV. gIron-2electron D 1. (a) Cgb-lf. (b) Cgb-hf. (c) Cgb-lf � Cgb-hf. (d) Ct. (e) CIron. (f) Normalized-Shifted CIron.

RectifierŒ7� while not significantly increasing the leakage cur-
rent during the off state. In Fig. 17, we made two trapping lev-
els perfectly symmetrical in computing the CV curves, with the
parameter values given in its figure caption. These CV curves
show the complete symmetry with respect to flat-band which
is slightly off from VGB D 0 due to the inadvertent inclusion
or not removing the work function difference between the alu-
minum metal gate and silicon body.

As a historical epilogue, Fig. 18 is a copy of the LFCV of
the silicon MOSC containing gold, which was computed using
slide rule and plotted by hand 50 years agoŒ1�. These old CV
curves are nearly identical to those shown in Fig. 10(a).

3. Summary

In this study, we have demonstrated the effects on the CV
curves from electron and hole trapping at impurities with two
energy levels and three-charge-states in silicon MOS capaci-
tors, which are not-doped, p-doped, n-doped and completely-
compensating-doped that simulates the p/n junction bound-
ary. Five two-energy-level three-charge-state impurities are se-
lected as models to illustrate the CV variations. These are
the double donor impurity two-electron trap, such as Sulfur,
the double donor impurity two-electron deep-level trap such
as Iron, the double acceptor impurity two-hole trap such as
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Fig. 7. Capacitance–Voltage curves of not-doped-Si MOSCs containing Zinc, a substitutional 2-hole trap. Xox D 3.5 nm. T D 300 K. NDD D

PAA D 0. PTT D (1, 5, 10, 50, 100) � 1016 Zn/cm3. EZinc-1hole � EV D 660 meV. gZinc-1hole D 4. EZinc-2hole � EV D 310 meV. gZinc-2hole D

2. (a) Cgb-lf. (b) Cgb-hf. (c) Cgb-lf � Cgb-hf. (d) Ct. (e) CZinc. (f) Normalized-Shifted CZinc.

Zinc, the amphoteric impurity deep-level 1-electron and 1-hole
trap such as gold, and the amphoteric impurity mid-deep-level
1-electron and 1-hole trap such as silver. We also presented
the CV curves of a MOSC which has the idealized complete-
symmetry of band electrons and holes and also trapped electron
and hole at the idealized 1-electron and 1-hole amphoteric im-
purity. The results of these exercises, hopefully, will provide
the guide for more accurate or new experimental characteri-
zation of the fundamental parameters (energy levels, charge
states, and eventually excited states and kinetic rate coeffi-

cients) of these impurity traps, and will also provide a guide
for potential applications of the trapping capacitance in MOS
devices with high sensitivity in the sub-millimeter and far in-
frared ranges, in addition to the p/n/p/n Silicon Controlled Rec-
tifiers with lower power dissipationŒ7� and the terrestrial solar
cells with improved efficiencyŒ8�.
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EZinc-2hole � EV D 310 meV. gZinc-2hole D 2. (a) Cgb-lf. (b) Cgb-hf. (c) Cgb-lf � Cgb-hf. (d) Ct. (e) CZinc. (f) Normalized-Shifted CZinc.
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Fig. 10. Capacitance–Voltage curves of not-doped-Si MOSCs containing Gold, a substitutional amphoteric 1-electron and 1-hole trap. Xox D

3.5 nm. T D 300 K. NDD D PAA D 0. NTT D (1, 5, 10, 50, 100) � 1016 Au/cm3. EC � EGold-1hole D 540 meV. gGold-1hole D 3. EGold-1electron
� EV D 350 meV. gGold-1electron D 1. (a) Cgb-lf. (b) Cgb-hf. (c) Cgb-lf � Cgb-hf. (d) Ct. (e) CGold. (f) Normalized-Shifted CGold.
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Fig. 11. Capacitance–Voltage curves of n-doped Si MOSCs containing Gold, a substitutional amphoteric 1-electron and 1-hole trap. Xox D 3.5
nm. T D 300 K. PAA D 0. NDD D 1018 As/cm3. EC � ED D 49 meV. gD D 2. NTT D (1, 5, 10, 50, 100) � 1016 Au/cm3. EC � EGold-1hole
D 540 meV. gGold-1hole D 3. EGold-1electron � EV D 350 meV. gGold-1electron D 1. (a) Cgb-lf. (b) Cgb-hf. (c) Cgb-lf � Cgb-hf. (d) Ct. (e) CGold. (f)
Normalized-Shifted CGold.
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Fig. 12. Capacitance–Voltage curves of p-doped Si MOSCs containing Gold, a substitutional amphoteric 1-electron and 1-hole trap. Xox D 3.5
nm. T D 300 K. NDD D 0. PAA D 1018 B/cm3. EA � EV D 45 meV. gA D 4. NTT D (1, 5, 10, 50, 100) � 1016 Au/cm3. EC � EGold-1hole
D 540 meV. gGold-1hole D 3. EGold-1electron � EV D 350 meV. gGold-1electron D 1. (a) Cgb-lf. (b) Cgb-hf. (c) Cgb-lf � Cgb-hf. (d) Ct. (e) CGold. (f)
Normalized-Shifted CGold.
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Fig. 13. C–V curves of compensated Si MOSCs containing a model Sulfur, a substitutional 2-electron trap. Xox D 3.5 nm. T D 300 K. NDD D

PAA D 40 � 1015 cm�3. EC � ED D EA � EV D 50 meV. gD D 2. gA D 4. NTT D (0, 1, 5, 10, 40) � 1015 S/cm3. EC � ESulfur-1electron D

400 meV. gSulfur-1electron D 2. EC � ESulfur-2electron D 200 meV. gSulfur-2electron D 1. (a) Cgb-lf. (b) Cgb-hf. (c) Cgb-lf � Cgb-hf. (d) Ct. (e) CSulfur.
(f) Normalized-Shifted CSulfur.
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Fig. 14. C–V curves of compensated Si MOSCs containing a model Iron, a substitutional 2-electron trap. Xox D 3.5 nm. T D 300 K. NDD D

PAA D 30 � 1015 cm�3. EC � ED D EA � EV D 50 meV. gD D 2. gA D 4. NTT D (0, 1, 5, 10, 30) � 1015 Fe/cm3. EC � EIron-1electron D

800 meV. gIron-1electron D 2. EC � EIron-2electron D 550 meV. gIron-2electron D 1. (a) Cgb-lf. (b) Cgb-hf. (c) Cgb-lf � Cgb-hf. (d) Ct. (e) CIron. (f)
Normalized-Shifted CIron.
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Fig. 15. C–V curves of compensated Si MOSCs containing a model Zinc, a substitutional 2-hole trap. Xox D 3.5 nm. T D 300 K. NDD D PAA
D 60 � 1015 cm�3. EC � ED D EA � EV D 50 meV. gD D 2. gA D 4. PTT D (0, 1, 5, 10, 60) � 1015 Zn/cm3. EZinc-1hole � EV D 600 meV.
gZinc-1hole D 4. EZinc-2hole � EV D 300 meV. gZinc-2hole D 2. (a) Cgb-lf. (b) Cgb-hf. (c) Cgb-lf � Cgb-hf. (d) Ct. (e) CZinc. (f) Normalized-Shifted
CZinc.
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Fig. 16. Capacitance–Voltage curves of compensated Si MOSCs containing a model Gold, a substitutional amphoteric 1-electron and 1-hole
trap. Xox D 3.5 nm. T D 300 K. PAA D NDD D 120 � 1015 cm�3. EC � ED D EA � EV D 50 meV. gD D 2. gA D 4. NTT D (0, 1, 5, 10, 50,
120) � 1015 Au/cm3. EGold-1hole � EV D 350 meV. gGold-1hole D 1. EC � EGold-1electron D 550 meV. gGold-1electron D 3. (a) Cgb-lf. (b) Cgb-hf.
(c) Cgb-lf � Cgb-hf. (d) Ct. (e) CGold.(f) Normalized-Shifted CGold.
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Fig. 17. Capacitance–Voltage curves of 100% compensated model Si MOSCs containing a model Silver, a substitutional amphoteric 1-electron
and 1-hole trap. Xox D 3.5 nm. T D 300 K. ESi-gap D 1200 meV. NC D NV D 2.50 � 1019 cm�3. PAA D NDD D 100 � 1015 cm�3. EC �

ED D EA � EV D 50 meV. gD D gA D 2. NTT D (0, 1, 5, 10, 50, 100) � 1015 Ag/cm3. ESilver-1hole � EV D EC � ESilver-1electron D 350
meV. gSilver-1hole D gSilver-1electron D 2. (a) Cgb-lf. (b) Cgb-hf. (c) Cgb-lf � Cgb-hf. (d) Ct. (e) CSilver. (f) Normalized-Shifted CSilver.
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Fig. 18. Low-frequency Capacitance–Voltage curves of undoped-Si MOS capacitors containing Gold, an amphoteric 1-electron and 1-hole trap.
Computed by the senior author using the three slide rules shown in Ref. [2] during 1961–1964 and reported as Fig. 16.1.20 on page 67 of the
1964 reportŒ1�. The NTT D 1016 and 1017 Au/cm3 CV curves are identical to the corresponding two CV curves in Fig. 10(a) of this 2011
calculation using a Lenovo T60 personal computer and 64-bit Intel Fortran and IMSL, except the voltage scale due to the difference in oxide
thickness, 0.2 �m or 200 nm in 1961 and 3.5 nm in 2011.
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