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Abstract—We analyze the carrier dynamics in MOSFETs
under low voltage operation for a 90nm CMOS technology. For
this purpose the displacement (charging/discharging) current,
induced during switching operations is studied experimentally
and theoretically. It is found that the experimental transient
characteristics can only be well reproduced in the circuit simula-
tion of low voltage applications by considering the carrier-transit
delay in the compact MOSFET model. The switching frequency
is found to decrease with reduced voltage due to diminished
inversion condition and thus driving capability, which can be
modeled with increased transit delay.

I. INTRODUCTION

Low voltage operation of integrated circuits is an urgent
requirement to expand the battery life in mobile applications as
well as to contribute for reducing of global warming. However,
it is no easy task to realize required circuit performances with
low applied voltages. The main reason is the smaller driving
capability of MOSFETs under this condition. It is well known
that at low voltages the current is mostly governed by the
diffusion rather than the drift mechanism, causing degradation
of transient characteristics. However, it is an interesting task
to investigate the feasibility. For this purpose we have inves-
tigated the MOSFET response at Vgs =1V (strong inversion)
and 0.5V (weak inversion) with Vds =0.1V experimentally and
theoretically to analyze the differences in low voltage applica-
tion. Long channel MOSFETs (Lg = 10µm) fabricated with
a 90nm CMOS technology are used to make the differences
in the MOSFET behavior easily measurable and visible. The
threshold voltage of the device is about 0.35V.

II. METHOD

A circuit simulator solves the continuity equation dn(y,t)
dt =

1
qW

dI(y,t)
dy in the form

I(t) = I0(V (t)) +
dQ(t)

dt
(1)

The first term is the conductive (transport) current and the sec-
ond term is the displacement (charging/discharging) current.
To derive Eq. (1) an instantaneous potential response to the
voltage change is assumed [1]. Fig. 1 shows a schematic of
the transient current on an arbitrary time scale. The second

term of the right-hand side of Eq. (1), gives the current flow
to fill or deplete the channel.

The question arises whether this formulation is still valid for
low voltage applications with the resulting lower carrier speed.
That means whether the separation of the transient current into
the conductive current I0(V (t)) and the charging current dQ(t)

dt
is still valid. For this purpose, we investigate the displacement
current experimentally and theoretically.
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Fig. 1. Schematic of the switching characteristics for the transient currents
as a function of time, comparing the quasi static current I0(V (t)), with the
total current where the displacement current is included.

III. MEASUREMENT METHOD

Fig. 2 shows a measurement setup for this study. Output
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Fig. 2. Simplified measurement setup. Vdd is fixed and pulses are given on
Vgs.

voltage Vout of a resistance-loaded inverter is measured by an
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oscilloscope. Here, the voltage drop at the load resistance RL

is kept small about 1mV to consider the supply voltage Vdd

to be equal to drain-source voltage Vds of a MOSFET:

Vdd − Vout ' 1mV (2)

Drain current Id can be calculated as

Id ' Vdd − Vout

RL
− Vout

Rosc
(3)

where the conductive current through the input resistance of
the oscilloscope Rosc is taken into account. However, the
dynamic charging/discharging current at the input capacitance
of the oscilloscope Cosc is not considered, since it can’t be
easily measured or calculated. Therefore, we solve the problem
by using the 3dB-down cut-off frequency of the low-pass filter
(LPF) consisting of RL and Cosc. The cut-off frequency is
estimated with the relationship fc,LPF = 1

2πRLCosc
, where RL

is varied for each measurement bias condition according to
the amount of on-state drain current. By substituting 1mV of
Eq. (2) for calculating fc,LPF using Eq. (3), we get fc,LPF′ at
1mV as

fc,LPF′ = 1
2π 1mV

Id+
Vout
Rosc

Cosc

(4)

The switching speed must be slow enough compared to fc,LPF′
to ignore the dynamic current at Cosc. All measurements
for the present investigation were performed by keeping this
condition valid.

Experimental extraction of the displacement current is ex-
plained in Fig. 3. Plots (a) and (b) show schematics of the
transient current on an arbitrary time scale, comparing slow
switching performance, of nearly steady-state characteristics,
and fast switching performance. In the plot (c), the horizontal
time axis is normalized to the rise/fall time of the switching
pulse, and is named tnorm. The difference between the fast
and slow switching responses on the normalized time scale is
the displacement current Idisp, namely the second term of the
right-hand side of Eq. (1).
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Fig. 3. Schematics of the switching characteristics for the transient currents
as a function of time, comparing a slow switching performance, with a fast
switching performance. The horizontal time axis tnorm of a schematic (c) is
normalized to the rise/fall time of the fast switching pulse.

IV. MEASURED RESULTS AND ANALYSIS

Vdd is fixed, and the pulse is given on Vgs with amplitudes
of 1V and 0.5V. In this paper, we call the on-state value of the
gate voltage pulse VgsH. Fig. 4 compares results of VgsH=0.5V
to those of VgsH=1V at Tr=100ns. Measurement inaccuracy is
about 5% in the worst case, determined from the fluctuations
in the current compared to its amplitude.
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Fig. 4. Measured drain current Id response for VgsH=1V and 0.5V with
Vdd=0.1V and Tr=100ns. Device sizes are Lg = 10µm and Wg = 20µm.
The x-axis is normalized so that Tr = Tf = 1.

Fig. 5(a) shows extracted displacement currents Idisp for
switching pulses with VgsH=1V and 0.5V. For the extrac-
tion measured drain currents for Tr=1ms are used as the
slow-switching case. The VgsH=0.5V condition shows much
smaller Idisp. This can be understood from Fig. 6, showing
smaller inversion charge for Vgs=0.5V. The normalized Idisp

for VgsH=1V and 0.5V are compared in Fig. 5(b). It is seen
that Idisp for the low Vgs case shows different characteristics
during switching-on and switching-off.

V. HISIM AND ITS NQS MODEL

HiSIM is a surface-potential-based MOSFET model for
circuit simulation [2], [3]. In this work, SPICE3f5 is used as
a circuit simulator.

Fig. 7 shows a comparison of simulated inversion-carrier-
density distributions of a MOSFET along the channel with a
2D-device simulator for slow and fast switching frequencies
(see Fig. 7(b)). The carrier deficit in the inversion layer in
the fast frequency operation is due to the Non-Quasi-Static
(NQS) effect. Carriers require time to respond to the potential
change, which is modeled by considering the carrier delay τ
in the NQS model of HiSIM. The delayed charge formation
is modeled with τ as [4]

q(ti) =
q(ti−1) + ∆t

τ Q(ti)
1 + ∆t

τ

; ∆t = ti − ti−1, (5)

where q(ti) and Q(ti) represent the NQS and QS charge
densities at the time ti, respectively.

τ consists of two delay mechanisms: One is responsible for
the drift contribution, the other is for the diffusion contribution.
These delay mechanisms are combined using the Matthiessen
rule as shown in Fig. 8.
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Fig. 5. Comparison of measured displacement currents at low gate voltage
(VgsH = 0.5V) and at high gate voltage (VgsH = 1V). Tr for the fast
switching is fixed to 100ns and Vdd = 0.1V is chosen for both cases.
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Fig. 6. Magnitude of the inversion charge of a MOSFET calculated by
HiSIM as a function of Vgs for Vds=0.1V.

Fig. 7. (a) Carrier density distributions along the channel obtained by 2D-
device simulation at two switching speeds shown in (b).

VI. SIMULATION RESULTS WITH HISIM

Figs. 9(a) and (b) show I-V characteristics of measured and
simulated HiSIM results. Measured data is well reproduced.

Fig. 10 compares displacement-current measurements with
HiSIM results. For the HiSIM simulation, the same circuit as
shown in Fig. 2 is applied. The measured gate voltage pulse
waveform is applied to the SPICE simulation of HiSIM by
using a PWL (Piece-Wise Linear) waveform. Thus, numerical
fluctuations in HiSIM results are due to the fluctuations of the
input voltage. Fig. 11 compares measured Idisp with HiSIM
results for switching pulses with VgsH =1V and 0.5V. Good
agreement of the calculated displacement currents both for
VgsH =1V and 0.5V proves the validity of Eq. (1) even for
low voltage applications.

VII. ANALYSIS OF LOW-VOLTAGE SWITCHING
PERFORMANCE

Fig. 5(b) provides information about the difference in
carrier response under the low voltage operation. However,
the displacement current is very much dependent on the
waveform applied. To characterize the displacement current
without the waveform influence, an ideal waveform is applied
and compared with 2D-device simulation results in Figs. 12(a)
and (b). Good agreements of the HiSIM results with those of
2D-device simulation proves the formulation of Eq. (1) is still

Fig. 8. Time-delay mechanisms as calculated for a 20ps switching time.
τcond describes the conduction delay which is the average time for the carriers
to cross the channel once the channel is formed. τdiff describes the time delay
due to diffusion of carriers. For efficient computer simulation time τdiff can
be assumed as constant, as depicted by the straight line, since most of the
delay is governed by τcond.

 0

 20

 40

 60

 80

 100

 120

 0  0.2  0.4  0.6  0.8  1

I d
 [
µ

A
]

Vds [V]

HiSIM

Measured

(a)

 10-6

 10-5

 10-4

10-3

 10-2

 0.1

 1

 10

 102

 103

 0  0.2  0.4  0.6  0.8  1

I d
 [

A
]

Vgs [V]

HiSIM

Measured

(b)

Fig. 9. Id-Vds for Vgs=0.5V to 1.0V by 0.1V steps, and Id-Vgs for Vds=0.1V
to 1.0V by 0.1V steps.

10-5-3



valid. Fig. 12(a) with VgsH=1V shows similar characteristics
as shown in Fig. 1, whereas Fig. 12(b) with VgsH=0.5V differs
from the expectation. The reason can be explained by the
transit delay time τ depicted in Fig. 8. The shorter τ leads to a
constant dQ

dt during the linearly increasing Vgs due to the also
nearly linear function of the inversion charge as a function of
Vgs. However, the inversion charges required for the given Vgs
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Fig. 11. Reproduction of measured displacement currents (symbols) with
HiSIM results (lines) at VgsH =1V (upper graph) and 0.5V (lower graph),
respectively. Vdd =0.1V is chosen in both graphs. The dashed line shows the
HiSIM result with carrier transit delay (NQS model).

value cannot be fulfilled within the switching period, and thus
the charging continues even after reaching the DC condition
resulting in the observed tail of Idisp during switching on. This
degrades the switching speed of the MOSFET.
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VIII. CONCLUSION

We have investigated the transient response of the MOSFET
for low voltage applications. It is found that the channel charg-
ing/discharging during switch-on/off at low voltages leads to
an enhanced delay due to the lower driving capability. This
characteristic can be still accurately modeled by considering
the carrier transit delay.
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