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Parameter Extraction and Power/Performance
Analysis of Monolithic 3-D Inverter (M3INV)
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Abstract— An equivalent circuit model of monolithic
3-D inverter (M3INV) considering the electrical cou-
pling between the stacked metal–oxide–semiconductor
field-effect transistors (MOSFETs) is proposed. We con-
duct the parameter extraction with technology computer-
aided design (TCAD) simulations, where LETI-UTSOI model
in HSPICE is used for the bottom PFET and the top
NFETs. Their parameters are extracted by fitting their
current–voltage (for dc analysis) and capacitance–voltage
(for transient ac analysis) characteristics. The parameters
extracted from the LETI-UTSOI model contain the electrical
coupling at the gate of the bottom MOSFET. In order to
extract external capacitances such as monolithic intertier
via (MIV)-to-MIV and MIV-to-contact in M3INV, we use two
structures, the first that contains MIVs and metal lines and
the second that does not. We observe that the dc and
transient characteristics of M3INVs built using our extracted
parameters match the TCAD mixed-mode circuit simulation
results considerably well. Finally, we build and analyze ring
oscillators using our M3INV to demonstrate the coupling
impact on power and performance.

Index Terms— Circuit simulation, compact modeling,
coupling, monolithic 3-D integrated circuit (IC), parameter
extraction.

I. INTRODUCTION

MONOLITHIC 3-D integration, where each layer is
stacked vertically and sequentially over the previously

fabricated layers, is an emerging and promising technology
that enables ultrafine-grained vertical integration of devices
and interconnections. This technology can offer a convinc-
ing pathway to lower power consumption, higher operating
frequency, multifunction, and potential cost reduction in inte-
grated circuits (ICs) [1]–[9].
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There have been extensive studies of process and device
technologies for monolithic 3-D ICs (M3ICs) [2]–[10], but
most of them have ignored the electrical coupling between
stacked devices in M3IC. It has been recently reported that
when the interlayer dielectric (ILD) distance TILD of the mono-
lithic 3-D inverter (M3INV) is very thin (<50 nm in the case of
SiO2 for ILD material), the SPICE model for the metal–oxide–
semiconductor field-effect-transistor (MOSFET) devices in the
stack [11] cannot be used directly due to their electrical cou-
pling [12], [13]. In order to simulate the M3INVs (or M3ICs)
consisting of coupled devices, an accurate electrical model
that includes the coupling between the stacked devices is
essential. This goal cannot be achieved unless key electrical
parameters are accurately extracted, because they are used as
initial parameters when modeling the transistor behavior. The
correct extraction of the M3INV electrical parameters is thus
extremely important for the adoption of the technology.

In this paper, we propose an equivalent circuit of the
M3INV with coupled MOSFETs. Our parameter extraction
method for the equivalent circuit of M3INV is described
(Section II). Next, dc and ac transient parameters are extracted
(Sections III and IV). We compare the extraction results with
the technology computer-aided design (TCAD) mixed-mode
circuit simulation results (Section III). We also provide the
power and delay impact study of the parasitics in ring oscil-
lators (ROs) (Section IV). Finally, Section V concludes this
paper.

II. PARAMETER EXTRACTION METHOD

Fig. 1 shows the schematics of our M3INV structure [12].
Fig. 1(a) and (b) shows the 3-D structures of M3INV
with and without monolithic intertier vias (MIVs) and metal
lines (MLs), respectively. Fig. 1(c) shows the cross section of
A–A’ cutline shown in Fig. 1(a). We use both the structures to
extract internal and external capacitances more accurately. Our
M3INV consists of nMOSFET and pMOSFET in the upper
and lower tiers, respectively. The channel width of pMOSFET
is larger than that of nMOSFET in accordance with their
mobility differences [7]: the channel widths of nMOSFET
and pMOSFET are 200 and 290 nm, respectively. The doping
concentration of source (S)/drain (D), lightly-doped drain
under the side-wall, the channel, and the substrate in each
MOSFET are 1021, 1018, 1015, and 1017 cm−3, respectively.
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Fig. 1. Schematics of our M3INV cell structure. (a) Structure with MIVs
and MLs. (b) Structure without MIVs and MLs. (c) 2-D cross section
of A–A’ cutline in (a). The materials used and doping concentration in
silicon body are shown with different colors.

Fig. 2. Equivalent circuit of M3INV. (a) Internal capacitance only,
where the MOSFET models are used. (b) Both internal and external
capacitances, where the coupling capacitance caused by MIVs and MLs
are added. Cndpd, Cnsps, Csubns, and Csubps are negligible because
n-drain (nd) and p-drain (pd) are common and sources (ns and ps) and
substrate (sub) are biased as dc.

Detailed length and thickness of the M3INV structure are
shown in Table I. SiO2 is used for all insulators at the gate,
ILD, and Box. N-poly and P-poly silicon are used for the gate
material of nMOSFET and pMOSFET, respectively.

Fig. 2 shows an equivalent circuit of our M3INV. Fig. 2(a)
shows an equivalent circuit of M3INV without MIVs and MLs.
Because the top nMOSFET has an asymmetric and indepen-
dent double-gate SOI MOSFET structure, BSIM-IMG (version
102.8) [11] or LETI-UTSOI MOSFET (version 2.1) [11], [14]
models can be used for the top nMOSFETs in M3INV. The

TABLE I
DEVICE/ELECTRICAL PARAMETER DESCRIPTIONS

AND DIMENSIONS [12]

bottom transistor of M3INV is a well-known SOI struc-
ture with a Si substrate, and the BSIM-SOI and LETI-SOI
models are generally used for the SOI structure. How-
ever, because p-type BSIM-SOI model has one problem
that the positive bulk–source bias is negatively applied and
M3INV has the ultrathin body SOI of below 10 nm, the
LETI-UTSOI MOSFET model [11], [16] is suitable for the
bottom pMOSFET. Instead of using two different models
(LETI-UTSOI and BSIM-IMG) for the bottom pMOSFET
and top nMOSFET, a single model (LETI-UTSOI MOSFET
model) for both pMOSFET and nMOSFET is used.

Fig. 2(b) shows the equivalent circuit including both internal
capacitances (by the bottom and top MOSFETs) and exter-
nal capacitances (by MIVs and MLs). These reference data
are used in our TCAD simulation using ATLAS [15]. The
models used for TCAD simulation are CVT, SRH, AUGER,
and FERMI. The circuit parameters of M3INV used in our
HSPICE simulation [11] are extracted from the reference
data using the following parameter extraction procedure: first,
the SPICE dc/transient parameters of each stacked MOSFET
are extracted by fitting the TCAD device simulation results of
M3INV without MIVs and MLs. Second, dc/transient response
of M3INV obtained with HSPICE using the extracted parame-
ters is verified with TCAD mixed-mode circuit simulations
of M3INV. Finally, using TCAD simulation, the external
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Fig. 3. Current–voltage characteristics of the bottom pMOSFET.
(a) Ipds–Vpgs characteristics at different Vpds and Vsub = 0 V.
(b) Ipds–Vpgs characteristics at different Vsub and Vpds = −1 V.
(c) Ipds–Vpds characteristics at different Vpgs and Vsub = 0 V.
(d) Ipds–Vpds characteristics at different Vpgs and Vsub = 1 V. The
squares and lines denote TCAD and HSPICE simulation results, respec-
tively. We use W/L = 0.29/0.03 µm.

capacitances are extracted from the capacitance differences
between the case with versus without MIVs and MLs, where
a gate–source voltage is applied under the subthreshold region
of MOSFET operation.

III. DC PARAMETER EXTRACTION

Fig. 3 shows the current–voltage characteristics of the
bottom pMOSFET. We show the following four simula-
tion results. Fig. 3(a) Ipds–Vpgs characteristics under Vpds
(=−0.2, −0.4, −0.6, −0.8 and −1 V) and Vsub = 0 V.
Fig. 3(b) Ipds–Vpgs characteristics under Vsub (=0, −0.5, and
−1 V) and Vpds = −1 V. Fig. 3(c) Ipds–Vpds characteristics
under Vpgs (=−0.2, −0.4, −0.6, −0.8, and −1 V) and
Vsub = 0 V. Fig. 3(d) Ipds–Vpds characteristics under Vpgs
(=−0.2, −0.4, −0.6, −0.8, and −1 V) and Vsub = 1 V. The
squares and lines denote our TCAD and HSPICE simulation
results, respectively. Following the parameter extraction pro-
cedure in [16], we extract the parameters of LETI-UTSOI
MOSFET model as shown in Table II. We observe that
HSPICE simulation results match those of TCAD simulation
accurately.

Fig. 4 shows the current–voltage characteristics of the top
nMOSFET. We show the following four simulation results.
Fig. 4(a) Inds–Vngs characteristics under Vnds (=0.2, 0.4,
0.6, 0.8, and 1 V) and Vpgs = 0 V Fig. 4(b) Inds–Vngs
characteristics under Vpgs (=0, 0.5, and 1 V) and Vnds = 1 V.
Fig. 4(c) Inds–Vnds characteristics under Vngs (=0.2, 0.4, 0.6,

TABLE II
SUMMARY OF THE EXTRACTED PARAMETER OF LETI-UTSOI

MODEL FOR THE BOTTOM PMOSFET

Fig. 4. Current–voltage characteristics of the top nMOSFET.
(a) Inds–Vngscharacteristics at different Vnds and Vpgs = 0 V.
(b) Inds–Vngscharacteristics at different Vpgs and Vnds = 1 V.
(c) Inds–Vndscharacteristics at different Vngs and Vpgs = 0 V.
(d) Inds–Vndscharacteristics at different Vngs when Vpgs = Vngs. The
squares and lines denote TCAD and HSPICE simulation results, respec-
tively. We use W/L = 0.2/0.03 µm.

0.8, and 1 V) and Vpgs = 0 V. Fig. 4(d) Inds–Vnds characteris-
tics under Vngs (=0.2, 0.4, 0.6, 0.8, and 1 V) and Vpgs = Vngs,
respectively. In Fig. 4(d), the gates in both tiers are applied
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TABLE III
SUMMARY OF THE EXTRACTED PARAMETER OF LETI-UTSOI

MODEL FOR THE TOP NMOSFET

as common (Vngs = Vpgs) because they are used as one input
in the inverter. The drains in both MOSFETs are common
(Vnds = Vpds) and can be operated as the output. The squares
and lines denote our TCAD and HSPICE simulation results,
respectively. Following the parameter extraction procedure
in [16], we extract the parameters of LETI-UTSOI model as
shown in Table III. We observe that HSPICE simulation results
match those of TCAD simulation accurately.

In order to verify the validity of the extracted dc parameters,
the M3INV coupled between the stacked MOSFETs, volt-
age transfer characteristics (VTCs) of M3INV are obtained
with TCAD mixed-mode circuit simulations in ATLAS [15].
In TCAD mixed-mode simulation, the dc/transient analysis of
M3INV without any MIVs and MLs was performed. This sim-
ulation provides a viable way to obtain accurate descriptions of
the electrical coupling effects between the stacked MOSFETs
in M3INV because there exist no compact models of the
M3INV [12]. Fig. 5 shows VTCs of the M3INV for two differ-
ent substrate voltages (Vsub = 1 and 0 V). Squares (and solid
lines) and circles (and dashed lines) denote the substrate biased
with Vdd (=1 V) and ground, respectively. We observe that
HSPICE simulation results match TCAD simulation results
considerably well. It shows that the HSPICE model of M3INV
reflects well the dependence on the substrate bias.

IV. AC/TRANSIENT PARAMETER EXTRACTION

In order to accurately perform ac/transient analysis of
M3INV, transconductance gm (= dInds/dVngs or dIpds/dVpgs),
and capacitances obtained from TCAD simulations are fitted
with HSPICE simulations at a frequency of 1 MHz. TCAD
simulations of M3INV with and without MIVs and MLs can
be used to calculate both the internal and external capacitances.

Fig. 5. VTCs of M3INV. The symbols and lines denote TCAD mixed-
mode and HSPICE simulation results, respectively. Squares (and solid
lines) and circles (and dashed lines) denote Vsub = Vdd and 0 V
(grounded), respectively. Vdd (=1 V) is the dc bias of M3INV. Inset:
external bias of M3INV.

Fig. 6. (a) Transconductance–voltage characteristics at different
drain–source voltages. (a) Bottom pMOSFET when Vsub = 0 V.
(b) Top nMOSFET when Vpgs = 0 V. The squares and lines denote
TCAD and HSPICE simulation results, respectively.

First, the internal capacitances in each stacked MOSFET
are extracted using TCAD simulation results, where MIVs
and MLs are excluded as shown in Fig. 1(b). The external
capacitances are extracted using TCAD simulations, where
both MIVs and MLs are included as shown in Fig. 1(a). Thus,
we obtain the external capacitance value from the difference
between the two structures: with MIVs/MLs versus without
MIVs/MLs.

Fig. 6(a) and (b) shows the gm-gate voltage characteristics
of the top and bottom MOSFETs in M3INV, respectively.
When the drain–source voltage is 0.2 V for the top MOSFET
and −0.2 V for the bottom, we observe a minor mismatch
at high gate–source voltage values. However, we observe that
our HSPICE simulation results match closely with those of
TCAD simulations in overall.

Fig. 7(a) shows the total gate capacitance (Cpgpg) of the
bottom pMOSFET in M3INV. Fig. 7(b) shows the total gate
capacitance (Cngng) of the top nMOSFET in M3INV. The
symbols and lines denote TCAD and HSPICE simulation
results, respectively. The blank and filled symbols denote
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Fig. 7. (a) Gate capacitance (Cpgpg) of bottom pMOSFET at differ-
ent Vpdss and Vsub = 0 V. (b) Gate capacitance (Cngng) of the top
nMOSFET at different Vnds and Vpgs = 0 V. The symbols and lines
denote TCAD and HSPICE simulation results, respectively. The filled
symbols (and dashed lines) and blank symbols (and solid lines) denote
TCAD (and HSPICE) simulation results of M3INV with and without MIVs
and MLs, respectively. The parameters (for capacitances) of M3INV with
MIVs and MLs are extracted from HSPICE simulations.

TABLE IV
SUMMARY OF EXTERNAL CAPACITANCES. CNDNS , CNGSUB , CPGSUB ,

AND CPDPS ARE NOT SHOWN BECAUSE THEY

ARE NEGLIGIBLE SMALL

TCAD simulation results of M3INV with and without MIVs
and MLs, respectively.

The external capacitance is extracted from the capacitance
differences between including versus excluding MIVs and
MLs. We use Vpgs = 0.5 V (or Vngs = −0.5 V) as a bias point
in the subthreshold region because the external capacitances
are independent of the bias, which are shown in Table IV.

Fig. 8 shows the transient response of M3INV shown in
Fig. 5 (inset). Load capacitance CL = 1 fF is used. Symbols
and lines denote TCAD mixed-mode circuit simulation and
HSPICE simulation results of M3INV, respectively. Black
squares (and solid lines), red circles (and solid lines), and blue
triangles (and solid lines) denote the input voltage VIN, output
voltages VOUTs of M3INV with and without MIVs and MLs,
respectively. The HSPICE simulation results match closely
with those of TCAD mixed-mode. Error of the propagation
delay for the high-to-low transition td(HL) is 0.9 ∼ 1.9%, and
error of falling time t f , and rising time tr is 3.2 ∼ 7.2%
between the HSPICE results and the TCAD mixed-mode.
In the M3INV structure that includes MIVs and MLs, the prop-
agation delay for the high-to-low transition td(HL), falling
time t f , and rising time tr is larger than those in the M3INV
without MIVs and MLs, as shown in Table V. This is
due to the additional coupling capacitances introduced by
MIVs and MLs.

Fig. 8. Transient response of M3INV. Symbols and lines denote TCAD
mixed-mode circuit simulation and HSPICE simulation results of M3INV,
respectively, and black squares (and solid lines), red circles (and solid
lines), and blue triangles (and solid lines) denote the input voltage VIN,
output voltages VOUTs of M3INV with and without MIVs and MLs,
respectively. Load capacitance CL = 1 fF.

TABLE V
INVERTER TRANSIENT ANALYSIS

TABLE VI
FO3 RO PERFORMANCE USING M3INV

MODELS WITHOUT MIV AND MLS

TABLE VII
FO3 RO PERFORMANCE USING M3INV MODELS WITH MIV AND MLS

Tables VI and VII show the power consumption and per-
formance of fan-out-3 (FO3) RO built using our M3INV.
The ROs in Table VI do not contain parasitics originated
from MIVs and MLs, whereas the ones in Table VII do.
Thus, the comparison between Tables VI and VII reveals the
impact of these parasitics on the power and performance of
RO-based circuits. First, we note that the parasitic impact
on power is minimal, where the degradation is only 15 µW
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roughly for all three ROs. However, the impact on delay is
significant: the increase is almost 55% in all three ROs. This
reduces the operating frequency of our 101-stage RO from
0.49 to 0.34 GHz. This calls for more rigorous approaches in
reducing MIV and ML-related parasitics.

V. CONCLUSION

In this paper, we studied the parameter extraction of
M3INV considering the electrical coupling between the
stacked MOSFETs. We targeted both the parasitics internal
and external to the stacked MOSFETs in this paper and
focused on how the neighboring vias and MLs affect the
dc and ac behaviors of our devices, inverter, and RO. The
accuracy of our models is fully verified with the comparison
to TCAD device and mixed-mode circuit simulations. Our
simulations showed that the impact of these parasitics on delay
is significant.
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