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Dielectric Absorption Caused by Traps in
MIM/MOS Capacitors: A New Model Validated
Through TCAD
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Abstract—We propose here a flexible physics-based
model to calculate the capacitance and conductance in
MIM and MOS capacitors, accounting for traps with dif-
ferent energy and space distributions in the dielectric.
The proposed model is validated against calibrated TCAD
simulations. Furthermore, the frequency and temperature
dependencies of the loss tangent obtained from the TCAD
simulations have been analyzed and compared with experi-
mental trends reported in the literature, highlighting their
relation with the trap location in the oxide and the elec-
tron trapping process. These findings offer insight into the
trap-induced effects in MIM capacitors, helping to deter-
mine the physical origin of the dielectric absorption (DA)
phenomenon affecting relevant CMOS circuits such as
analog-to-digital converters (ADCs).

Index Terms— Capacitance, conductance, dielectric
absorption (DA), oxide traps, tangent of the loss angle.

|. INTRODUCTION

IM and MOS capacitors are extensively used as fun-

damental building blocks in analog, RF, and mixed
signal ICs for a wide range of applications. Among these, this
work focuses on analog-to-digital converters (ADCs), where
MIM capacitors are employed to sample the analog data. Due
to this, the ADCs performance is affected by the dielectric
absorption (DA) effect [1], [2], [3], [4], a physical mechanism
occurring in the capacitors which results in the frequency
dispersion of the capacitance value and limiting the resolution
and the achievable number of bits of the ADC. Even if different
physical mechanisms (such as dipoles or Maxwell-Wagner
interfacial polarization) may impact the frequency dependence
of the permittivity [5], [6], [7], in CMOS technologies the
DA is often associated with the presence of border traps
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Fig. 1. (a) Experimental tangent of the loss angle reported in the liter-

ature versus the measurement frequency. Note that the tans increase
at high frequency shall be attributed to the effect of unwanted series
resistances [23], [25], [26]. (b) Arrhenius plot of the experimental tans
from the literature, showing an increasing tan ¢ with the temperature T.
The large variance of values and trends over frequency and T may
originate from different trap distributions in energy and space, as well
as from the different dielectric materials (reported in the legend).

in the dielectric [8], [9], [10], [11], [12]. In particular, DA
induces a decreasing capacitance C and an increasing parallel
conductance G with increased applied AC signal frequency
[9], [13], [14], which results into the specific frequency trends
of the measured tangent of the loss angle (tand = G/wC)
observed in the literature [15], [16], [17], [18], [19], [20],
[21], [22], [23], [24] and reported in Fig. 1. Although other
figures of merit can be used to monitor the DA (e.g. the
Voltage coefficients of the capacitance), this work focuses
on tand, since it is strictly related to the capacitor quality
factor (Q = 1/tan¢) and it is the key parameter for describ-
ing the DA effects on ADC operation as demonstrated in

[2].

© 2025 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
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Fig. 2. (a) Simulated structure consisting of a TP of TiN, a BP of either

TiN or Si with &, = 20 nm and a SiO, region of f,x = 30 nm. The trap
distribution Ngt(x, E) could be uniform (b) or Gaussian (c) in space and
uniform (d) or Gaussian (e) in energy.

In Fig. 1, the spread of the tan¢ values and of the corre-
sponding trends over frequency [Fig. 1(a)] and temperature
(b) suggests that the DA in different capacitors/dielectrics
originates from traps having different concentrations, as well
as different distributions in space and energy [27].

Hence, tan ¢ and its dependency on the device architecture,
material, and measurement conditions may be considered as a
monitor of the trap-related effects causing the DA. Therefore,
it is useful to investigate how various trap distributions impact
tan ¢ and, thus, the circuits/systems deploying the capacitors.

In the past, DA has been routinely modeled through the
equivalent resistance-capacitance model proposed by Dow et
al. [28], which, however, does not provide physical insight
into the DA origin. Instead, Yuan et al. [29] proposed a circuit
model to describe the DA in a MOS capacitor affected by traps
distributed along the dielectric and exchanging carriers only
with the semiconductor substrate. The model is based on the
following differential equation, whose solution [obtained by
integration along the direction x, Fig. 2(a)] describes the total
admittance of the MOS device:

ay  Y? jwg?Npr (x)

dx 1 + jwt (x)
where &,y is the oxide permittivity, Ngr is the trap density per
unit area and energy, and 7 is the time constant associated with
the charge exchange between traps and the semiconductor.
In a MOS device, this equation must be numerically solved
with the boundary condition Y(x = 0) = jwCs, where Cg is
the semiconductor capacitance. Equation (1) accounts only for
the traps whose energy is aligned with the Fermi level in the
bulk semiconductor, and it does not consider the band bending
associated with the electric field in the oxide due to the bias
applied to the capacitor when calculating the trap response
to the AC signal. The assumption that charge can only be
exchanged between traps and the semiconductor prevents the
application of this model to MIM capacitors, where traps
typically exchange charge with both electrodes.

To overcome the limits of the model of [29], we here
propose a new model based on explicit integrals to calculate
the capacitor admittance when traps communicate with both
electrodes and are non-uniformly distributed in space and
energy, thus allowing to reproduce various tand trends over
frequency and temperature. Furthermore, we avoid the use
of empirical fitting parameters by employing state-of-the-
art expressions for the elastic and phonon-assisted electron
tunneling between electrodes and traps. The model is validated
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through extensive comparison with TCAD simulations of MIM
and MOS capacitors with defective dielectrics.

The manuscript proceeds as follows. Section II describes
the analyzed devices, the trap distributions and the TCAD
simulation framework; Section III derives the model proposed
to calculate the capacitance and conductance in the presence
of traps; Section IV compares the model with the TCAD
simulations for different trap distributions in energy and space
and with experiments.

[1. ANALYZED DEVICES AND TCAD SIMULATION
MODELS

Fig. 2(a) sketches the studied device, highlighting the dif-
ferent trap distributions Ngt(x, E) considered in our analysis.
The capacitors have a 20-nm TiN top plate (TP), a 30-nm
Si0; region, and a 20-nm bottom plate (BP). This latter can be
composed either by TiN or Si, thus obtaining a MIM or a MOS
capacitor, respectively. Concerning Npr(x, E), Fig. 2(b) and (c)
report template spatial trap distribution interacting only with
the BP in the TCAD simulations: 1) a uniform one extending
5 nm from the BP/SiO, interface and 2) a Gaussian profile
centered at the BP/SiO, interface with o = 1 nm. Similar
distributions can also be placed close to the other electrode,
thus having traps that exchange charge with the TP. In energy,
we considered traps either uniformly distributed over 2 eV
[Fig. 2(d)] or distributed as a Gaussian profile with oo = 1 eV
[Fig. 2(e)]. In both cases, the energy distribution is centered
0.5 eV below the BP Fermi level.

For TCAD simulations, we used the Synopsys Sentaurus
tool [30] (version W-2024.09). For trapping, we considered
either elastic or inelastic tunneling processes. For elastic
tunneling, the capture rate between one of the two electrodes
and a trap at position x is calculated as [30]

3 . 3/2 V.
o= —V’”’%gﬂ (Ec (x) = E)*0[E - Ec (0)]-
Er—E\ ¥ (x,E)P

where m; and my are the tunneling and free electron masses,
respectively, gc is the prefactor of the Richardson constant,
Vr and E are the trap volume and energy, Er is the Fermi
level in the electrode, Ec(x) is the SiO, conduction band (CB)
bottom at the trap position x, while E¢(0) is the semiconductor
CB minimum at the interface (if the electrode is TiN this
values defaults to —11.7 eV), @ is the step function, T is the
temperature, and k is the Boltzmann’s constant.
For inelastic tunneling we use [30], [31]

\ /mlm8k3 T3gcViShw AE
exp |:—S (B+D+ == +X] :

I+ \x 2kT
! 2
4 Er —Ec(0) ¥ (x, E)|
A=) F 3
(z+z) ”2( KT ) ¥ (0, E) P )
where S is the Huang—Rhys factor, 7w is the phonon energy,

/s = [exp(iw/KkT) — 177! is the Bose—Einstein occupation, z =
25 (fz(fz + 1)'2, I is the number of phonons involved in

CcC =
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UTILKI To show that the TCAD results agree with DA models
such as the one in [29], we compare (1) with simulations
Fig. 3. TCAD simulations of tan¢§ of the MIM stack in Fig. 2(a) with considering a uniform Neatr = 107 eV-lem™3 in enerey and
uniform Ngt = 10'® eV-'em= by using (a) elastic or (b) inelastic & BT gy

tunneling. Only for inelastic tunneling, tans increases with T as in
Fig. 1(b). (c) Arrhenius plot of the data in (b) fit with the Arrhenius
law (dashed lines) by using the parameters: Ay, = 0.672, Ea 1kHz =
7.69 meV, A1 MHz = 0.409, EA1 MHz = 11.7 meV, A1oo MHz = 0.265, and
En 100 M1z = 16.8 meV. Traps exchange electrons only with the BP and
are uniform in energy and space [Fig. 2(b) and (d)].

trapping, x = (> +z%)"/?, AE = Eg — E. In (2) and (3)

¥ (x, E)IP _ v(0,E)
¥ O.E)P ~ v(xE)
where I is the tunneling probability calculated with the WKB

approximation and v(x, E) is the electron velocity inside the
trap calculated as

V@B=Jﬂ%§%ﬂ 5)

and v(0, E) is the electron velocity in the BP/TP. For the MOS
stack, v(0, E) is computed by using (5) at the energy Ec(0).
For the MIM stack, instead, v(0, E) = v(x, E). Note that the
capture rate c is related to the time constant 7 in (1) through
the Fermi function f; in the electrode as [32]

_ Jo(E)
"~ c(x, E)
Table I lists the parameters used in the TCAD simulations,
while Fig. 3(a) presents the typical tan § simulated with TCAD
for a MIM with traps uniformly distributed in space and
energy as in Fig. 2(b) and (d) (Mg = 10" eV-lem™)
and by considering elastic tunneling. Although the frequency

e (x, E) 4

T(x, E) (6)

space [Fig. 2(b) and (d)] interacting only with the BP. Equation
(1), originally developed for MOS capacitors, can also be
used for MIM structures by neglecting the semiconductor
capacitance (i.e., with a boundary condition Y(0) = 0). Fig. 4
compares the TCAD results in terms of conductance G (a),
capacitance C (b) and the corresponding tané (c) with those
of (1), in which 7(x) = 19e**, k is modeled through the WKB
approximation (see caption of Fig. 4) and 7 is used as the
unique fitting parameter [29].

Fig. 4(a) shows that (1) accurately reproduces the conduc-
tance G of the TCAD simulation over the whole range of
AC frequencies f for both capacitors. Here, we reported G/ f
to highlight how G increases with f [27], [29], and the G/f
curves exhibit a slight decrease with f, thus indicating that G
increases sublinearly with f. Also the normalized capacitance
is well reproduced by (1) [Fig. 4(b)]. The relative decrease of
the MOS capacitance is much larger than in the MIM. In fact,
in this latter the capacitance due to traps compares to only the
oxide capacitance C,x, while in the former case it compares
to the series of Cox and the semiconductor capacitance Cg
[29], hence to a smaller equivalent capacitance. This results
in a wider C decay over many frequency decades for the
MOS, while in the MIM, the decrease is smaller and mainly
concentrated in the first f decades. Finally, Fig. 4(c) compares
the simulated tan ¢ and the (1) results. Note that tan § follows
quite closely the shape of the G/ f curves in (a), thus indicating
that the main information on tan¢ is enclosed in the G/f
curve, hence in the G increase with f. In the MOS case,
tan¢ is flatter, also reflecting the more gradual C decrease
over f [2].
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Fig. 4. (a) G/f, (b) normalized C, and (c) tan § calculated through TCAD

(symbols) and fit with (1) (lines) for the MIM and MOS capacitors. T =
300 K and Ngt = 10'7 eV-'cm3 is uniform in energy and space. For
the MOS device (green squares), Si doping is 10’8 cm=3 corresponding
to Cg = 18 mF/m* (estimated from TCAD simulation). In (1), we impose
7(x) = 19€*, where x = ' \/2mymq(E - E), and flat-band conditions
as in [29]. Best fit of the TCAD simulation is obtained for 7o =8-107"0 s
for the MOS, and 79 = 2 - 10~'* s for the MIM.

In summary, when considering only charge exchange
between traps and the BP, TCAD simulations and (1) agree
well, for both MIM and MOS capacitors, in the whole explored
f range, but it is worth recalling again that the model of [29]
relies on the empirical parameter 7y, assumes flat-band con-
ditions, and it is typically used with uniform Ngt, confirming
the need for a more general DA model. As a last remark,
all the results in this section confirm that TCAD results can
be considered a dependable benchmark for the DA model
developed in the next section.

[1l. MODEL FOR CAPACITANCE AND CONDUCTANCE
VERSUS FREQUENCY

We assume that the border traps induce small perturbations
in the total capacitor admittance [36]. The equivalent circuit
for traps distributed along the oxide is reported in Fig. 5(a).
The oxide capacitance per unit area without traps is Cox =
Eox/tox, Where tx is the oxide thickness, and it is divided into
infinitesimal portions £,x/Ax in correspondence with the trap
locations. The admittances connecting the traps to both the
electrodes of the capacitor are represented by AYpy (trap to
BP) and AYpt' (trap to TP).

When considering a single trap located at x and with an
energy E, exchanging charge only with one capacitor plate
(typical case for a thick oxide), the equivalent circuit is that
in Fig. 5(b), where AYgt is modeled as a series connection of
a conductance AGgt and a capacitance ACgt [29]. Following

AYpr(x,E)

(a)

ng

Sox
Ix L

R

Eox ottom
—__ Ax plate
]
AY'gr(x,E)
—_}
AYpr(x, E)
(b)
Top plate @ I I I I Le® Bottom
SOX 0x plate
tox — X x

Fig. 5. (a) Equivalent circuit for traps distributed along the oxide of
the capacitor. (b) Equivalent circuit used to derive the model when a
trap exchanges charge with only the BP. The oxide capacitance Cox is
divided into eox/Xx and eox/fox — X in correspondence of the trap located
at x.

[32], the capacitance variation per unit volume and energy is:

2 fo(1 = fo)
kT
where ¢ is the electron charge. Then, we have AGpr =
ACgt/7T, where 7(x, E) is again the characteristic trap time
already used in (1) and (6) [29], [32]. So AYgy can be written

as

ACpr (x,E)=g¢q Npt (%, E) )

W TACTAXAE .WACRTAXAE
1+ (wr)? 1+ (wr)?
where Ax and AE are the discretization steps in space and

energy, respectively.

On the other hand, the total admittance of the circuit shown
in Fig. 5(b) is given by

AYpr (%, E) = ¥

fox—X X

jw& . (.jwsnx + AYBT)

Y = 9

oo 2y Ay
and, by separating the real and imaginary parts of (9), we get

X*AYpr . [ WEox X% (tox — X) AYpr

tox (1 4+ 8)

- toxz 1+p) wsoxtoxz (1 +ﬂ)i| (10

where

B= [x(IOX_X)AYBT:r' (11)

('UEOX tOX

Since the border traps are expected to represent a small
perturbation with respect to the whole capacitor, we can
assume S < 1, which leads to

2 2
Eox X W TAC,
Y:jwl+(—) ( 2+
0X Tox 1 + (w‘r)

O.)ACBT

j1 n (a)T)z) AxAE.
(12)

Thanks to the assumed perturbative approach, the conduc-
tance given by all the traps interacting with the BP is evaluated
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Fig. 6. Comparison of G (a), AC (b), and tan § (c) of the MIM capacitor,
computed either by (13) and (14) (green solid line) or 1 [29] (red dashed
line) or TCAD (symbols). Traps are uniformly distributed in energy and
space and interact only with the BP.

starting from the real part of Y and integrating it over energy
and space
0.) TACBT

o= [ e [ [

Similarly, the capacitance COIltrlbllthIl due to the traps is
obtained by integrating in space and energy the imaginary part

of Y as
)
A
_ ACsr ,uE.

o= [[ (35 -en)aae= [ | g
(14)

Now, by combining (7), (13), and (14) calculating 7 from (3)
and (6), it is possible to predict the DA induced in a capacitor
by a whatever trap distribution Npt(x, E).

The equations above account for the contribution of traps
interacting solely with the BP. For traps coupled with the TP,
equations almost identical to (13) and (14) are obtained, in
which the term (#,x — x) replaces the term x and ACgr and
7 are evaluated at the TP (i.e., the tunneling is from/to TP
to/from traps and the Fermi energy to be used in (6) is the
one of the TP). These additional contributions to AC and G
are then added to (13) and (14) to obtain the total DA due
to traps interacting with both the electrodes. The proposed
model can also be applied to a MOS capacitor by just adding
in series the semiconductor capacitance Cs to the total oxide
capacitance [which includes the trap contribution described

by (14)].

— = TR _gxdE.  (13)

IV. MODEL VALIDATION AND RESULTS

First, Fig. 6 compares the results from (13) and (14) with (1)
and TCAD simulations for two trap densities Ngr uniformly

Frequency [Hz]

Fig. 7. TCAD simulations of the MIM capacitor and the results of
(13) and (14) for uniform Ngt as in Fig. 2(b) (green squares) or with
a Gaussian profile in space as in Fig. 2(c) (red circles). Trap distribution
in energy is uniform for both simulations. Panel (a) shows the G/f curve,
(b) capacitance increase with respect to Cox, and panel (C) the tans
curve.

distributed in energy and space near the BP as in Fig. 2(b)
and (d). Here, for the sake of a fair comparison, 7(x,E)
calculated through (3) and (6) is used in (13) and (14),
but also in (1). The three approaches agree well, validating
the proposed model, especially for low Ngr. For high trap
densities, the assumption that traps induce a small perturbation
to the total admittance is not valid, leading to small differences
between our model and TCAD results.

Then, Fig. 7 compares our model against TCAD simulations
for different trap distributions in space: 1) uniform Npr =
10" eV~lem™ (red circles) and 2) Gaussian profile with peak
210" eV-lem™ at the BP/SiO, interface (green squares).

The Ngr values have been selected to ensure the same total
number of traps in the two cases. Fig. 7, highlights how the
two spatial distributions lead to a markedly different frequency
dependence of the G/f curve (a) and, thus, of tan¢d (c). In
particular, the Gaussian distribution results in a more constant
G/ f and tan ¢ across the simulated frequency range, compared
to the uniform Ngt case that shows a G/ f and tan § decreasing
with f. The flat G/f in Fig. 7(a) (red circles) indicates a G
increasing almost linearly with f, also resulting in a quite
linear decrease of C over the frequency decades [Fig. 7(b)]
[2]. Fig. 7 demonstrates not only the validity of our model for
various trap profiles, but also that different Ngt(x, E) produce
different tand trends over f.

Fig. 8 confirms that our model agrees well with the TCAD
also for traps uniform in space near the BP/SiO, interface,
but distributed in energy following a Gaussian profile with
peak 10'® eV-'lecm™, o = 1 eV and placed 0.5 eV below the
Fermi level at the BP/SiO, interface. Note that in Fig. 8(b)
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a MIM capacitor. Green line and yellow dots: traps only at the BP/SiO»
interface (b) (N> = 10'® eV-Tem™3). Blue line and red symbols: traps at
both sides (c) with density N = 10'® eV-1em™3 at the BP/SiO, interface
and Ny =2-10'8 eV-Tcm™2 at the TP/SiO; interface.
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the Gaussian distribution (triangles) leads to a tan¢d trend
very similar to that due to a uniform trap distribution in
energy (black crosses, reported as a reference). This suggests
that the tand versus f behavior is primarily governed by the
trap’s spatial distribution. This is because the dominant DA
contribution comes from traps located at the BP Fermi level
[29] and, in the two distributions, Ngt(x, EF) is very similar,
thus leading to comparable tan¢ values for both simulations.

Fig. 9(a) compares G calculated through our model and the
TCAD, considering two scenarios: traps exchanging charge
only with the BP (green line and yellow dots), and traps
interacting with both electrodes (blue line and red symbols).
Traps are uniformly distributed in energy and space near each
interface [Fig. 9(b) and (c)]. The good agreement demonstrates
how the proposed model correctly handles also the more
general case in which traps interact with both capacitor plates.

To prove the capability of our model to reproduce experi-
ments, allowing the extraction of the trap spatial distribution
from DA experiments, in Fig. 10(a), we adjusted the trap
parameters to match the measured tan6 on the HfO,-based
MIM of [24]. Our model reproduces well the data by using
the spatial trap distribution in Fig. 10(b). Fig. 11 shows that
(14) can accurately reproduce also measurements for MIM
capacitors (TayOs dielectric) at different temperatures [18] by
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Fig. 10. (a) Experimental tan¢ of [24] and model consisting of (13)

and (14) with calibrated parameters. (b) Space trap profile used to
reproduce the experiments: a constant baseline of 5- 10'® eV-"ecm=3 is
superimposed to a Gaussian tail (1.35 - 10%° eV-cm™3 peak at 7.2 nm
from the LaNiOz/HfO, interface, o = 0.8 nm). Traps are uniform in
energy between 0.5 and —1.5 eV with respect to Eg in the BP. Tunneling
parameters are: S = 17, hw = 70 meV, m; = 0.2, Vy = 107'° cm?3, and
LaNiO3/HfO, tunneling barrier 0.9 eV [31].
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Fig. 11. (a) Normalized experimental capacitance of [18] reproduced by
14. (b) tan ¢ of [18] and model consisting of (13) and (14) with calibrated
parameters. (c) Extracted space trap profile: a constant baseline of 102°
eV-'ecm3 is superimposed to a Gaussian tail (1.4-10%" eV-'cm=3 peak
at 6.6 nm from the TiN/TaxOs interface, o = 0.75 nm). Traps are uniform
in energy between 0.1 and 1.5 eV with respect to Ef in the BP. Tunneling
parameters are: S = 12, fiw = 60 meV, m; = 0.45, Vr = 107'° cm?3, and
0.8 eV tunneling barrier [37], [38], [39].

a proper tuning of the spatial and energy distribution of traps
[Fig. 11(c)]. Indeed, by using the same trap profile, the model
reproduces the C (Fig. 11(a), two temperatures) and tand
values (b). Experimental tan ¢ is available only for 7 = 125 °C
[18], but for completeness, the simulated tand at T = 25 °C
is shown too. The trap profile in Fig. 11(c) is qualitatively
similar to that reported in [40] for the same device. Note that,
in the explored f range, the portion of the trap distribution
contributing to the DA is shown in Figs. 10(b) and 11(c).
A finer tuning of the parameters to improve the matching in
Figs. 10 and 11 is beyond the scope of this work. It is also
worth noticing that reproducing data at different 7 with the
model of [29] would require adjusting empirically 7 with T
and probably defining an effective Ngr changing with 7.

V. CONCLUSION

A model describing the DA effects on MIM/MOS capacitors
due to border traps with arbitrary distribution in energy and
space and interacting with both capacitor plates has been
developed and extensively validated through TCAD simula-
tions. The model has also been used to interpret experimental
results, extracting the trap profiles. The proposed formulation
effectively extends the capability of available DA models.
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Concerning the simulation results, the increase of G in
frequency mainly determines the tan¢ versus f trend, also
suggesting that the capacitance value plays a marginal role in
the tan¢ behavior. Furthermore, the spatial trap distribution
largely impacts the tan ¢ versus f trend, showing a decreasing
tand for traps uniformly distributed, whereas a trap density
lowering toward the oxide depth results in a flatter tan¢.
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