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A procedure to analyze the effect of the MOSFET drain-bulk junction tunneling current at high frequen-
cies is presented. This procedure allows identifying the presence of band-to-band tunneling in short
channel-length MOSFETs at different drain-to-source voltages. Since this analysis is based on experimen-
tal S-parameters performed to a single MOSFET, the procedure is not affected by the variations occurring
in devices with different geometries. Excellent correlation between simulated and experimental output
impedance for a 0.1 lm channel-length bulk MOSFET up to 40 GHz demonstrates the validity of the pro-
posed technique.
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1. Introduction

Nowadays, MOSFET characterization is important among sev-
eral aspects to improve compact models, to optimize device and
circuit design, and to reduce the leakage currents reducing the
power efficiency of electronic systems. As pointed out in recently
published literature [1], the reduction of the leakage current plays
a fundamental role in the transistor and circuit design for low-
power CMOS applications. Moreover, due to the increased demand
for high-speed electronics products, the accurate modeling of the
MOSFET at high frequencies (HF) is necessary to represent the
behavior of this device in microwave circuits and systems [2].
However, as the operation frequency continues to increase and
the channel length to reduce, higher order effects make increas-
ingly difficult to represent the electrical behavior of the MOSFET
at HF. In this case, one of the characteristics that has to be accu-
rately represented is the output impedance [3]. Several parameters
that influence the MOSFET’s output characteristics have been pre-
viously analyzed in the literature, such as the source/drain para-
sitic resistances, and the substrate impedance [4–6]. In fact, some
of the effects that become apparent at HF have been directly asso-
ciated to these parameters to keep the modeling simple and ana-
lytical [7].
ll rights reserved.
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As is well known, the MOSFET HF characterization based on the
measurement of two-port S-parameters allows the determination
of the equivalent-circuit model parameters, and several techniques
have been reported to obtain MOSFET’s intrinsic and extrinsic
parameters. Therefore, using an S-parameter measurement-based
characterization helps to identify the effects occurring within the
device when associating the model parameters with physical phe-
nomena. As the MOSFET dimensions shrink, more of these effects
become apparent and have important influence in the device per-
formance. Thus, the proper determination of the associated param-
eters is necessary to accurately predict the device’s behavior under
a wide variety of conditions. One of these high-order effects taking
importance as the channel-length shrinks to nanometric dimen-
sions is the band-to-band tunneling (BTBT) occurring in the
drain-bulk junction. Thus, using measured S-parameters to obtain
the model parameters associated with this effect is desirable to as-
sess the performance of the device, but also to represent the corre-
sponding behavior under a small-signal regime. The importance of
the BTBT effect relies on the fact that the MOSFET’s output charac-
teristics are affected with the corresponding tunneling current at
relatively high drain-to-source voltages, which considerably affects
the performance of short-channel devices. In fact, previously re-
ported experimental analyses have considered this effect in SOI
MOSFETs [8] and in field-induced band-to-band tunneling effect
transistors (FIBTET) [9]. These previous analyses of the BTBT effect
have been performed using regression methods applied to DC mea-
surements of several devices, assuming that this effect remains
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Fig. 2. Equivalent-circuit model for a MOSFET biased at Vgs = 0 V and Vds > 0 V.
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constant with the channel length. Until now, however, the poten-
tial of S-parameter measurements performed to single devices to
carry out an analysis of the BTBT effect has not been explored.

In this paper, we use small-signal S-parameter measurements
to identify and quantitatively determine the impact of BTBT origi-
nated at the drain-bulk junction of a MOSFET. We confirmed the
presence of the BTBT effect through an exhaustive analysis of the
experimental MOSFET’s small-signal parameters up to 40 GHz.
For this reason, we also propose a straightforward parameter
extraction procedure that allows identifying the dominant effects
influencing the device’s output impedance. The proposed method
is based on S-parameter measurements performed to a device
biased at Vgs = 0 V and Vds > 0 V. Using this method, we observe that
an additional admittance must be included in the MOSFET HF
equivalent-circuit model when considering BTBT. This admittance
accounts for the current introduced by the band-to-band carrier
tunneling effect occurring at the drain junction in short-channel
devices [7], and allows a considerable improvement of the small-
signal modeling of a MOSFET at high frequencies. The proposed
methodology is validated through a correlation between simulated
and experimental data for microwave MOSFETs fabricated in a
0.1 lm CMOS technology.

2. Experiments

A calibrated vector network analyzer was used to measure S-
parameters to four common-source/bulk nMOSFETs fabricated on
a p-type Si substrate. These devices have a channel mask length,
Lm = 0.1 lm, two gate fingers (NF = 2), and finger widths Wf = 5,
10, 15, and 20 lm, respectively. Additional open and short dummy
structures were used to correct the measurements from pad paras-
itics. The S-parameters were taken at Vgs = 0 V and Vds = 0.3, 0.55,
0.8, and 1.05 V. The top view of the layout of the MOSFET RF test
structure is presented in Fig. 1. Due to the lack of channel forma-
tion under the Vgs = 0 V condition, the impact of the parasitic cur-
rents flowing between drain and source when there is no
channel can be analyzed using an equivalent-circuit approach ex-
plained hereafter.

3. Method formulation

Fig. 2 shows the model of a MOSFET biased at Vgs = 0 V that in-
cludes the intrinsic and extrinsic components. In this model, the
source and drain parasitic resistances (Rs and Rd, respectively),
the drain and source junction capacitances (Cjd and Cjs, respec-
tively), the gate resistance (Rg), and the substrate resistance (Rb)
are considered as extrinsic elements, whereas the intrinsic part
of the MOSFET is represented by means of three capacitances
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Fig. 1. Sketch showing the top view
and a complex admittance (g�tun). The later is associated with the
drain to bulk BTBT effect.

In the model presented in Fig. 2, all the extrinsic elements are
considered as drain-bias independent. This assumption is valid
for the source and drain parasitic resistances since the spreading
and the accumulation resistances do not present a considerable
variation with Vds at Vgs = 0 [10]. For the case of the drain and
source junction capacitances, and for the substrate resistance, this
assumption is also reasonable due to the high doping of the p–n
junction associated with the drain and source regions. Besides,
accurate results have been obtained when assuming drain-to-
source voltage independence of the substrate parameters [5].

In order to determine the substrate parameters, the equivalent
circuit of Fig. 2 can be used. When Vds = 0 V is assumed, the effect of
g�tun can be neglected, and the typical assumptions considered un-
der zero-bias cold-FET conditions allow to arrange the equation
associated with the real part of Z22 in the form [5]

x2

Reð1=Z22Þ
� Rbx2 þ 1

C2
jdRb

ð1Þ

where x is the angular frequency in radians. Thus, Rb and Cjd can be
determined, respectively, from the slope and the intercept with the
abscises of a linear regression of the experimental x2/Re(1/Z22) ver-
sus x2 data.

Once Rb and Cjd have been obtained, the corresponding effect is
removed from the experimental data by applying the following
equation:
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where Ymeas represents the Y-parameter matrix obtained from the
direct transformation of measured S-parameters into Y-parameter
data, whereas YA represents the Y-parameter matrix after the effect
of Rb and Cjd has been removed from the measurements.

In [11], a procedure to obtain the source and drain resistances
was proposed. Using this method, the bias-dependent series resis-
tances were determined allowing good simulation-experiment
correlation as presented in the results section. Thus, after Rs and
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of the MOSFET RF test structure.
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Rd are extracted, the corresponding effects are de-embedded from
the experimental data by applying the following equation:

Z� ¼ ZA �
Rg X � jxCjsRsX

X � jxCjsRsX Rd

� �
ð3Þ

where

X ¼ Rs

1þx2C2
jsR

2
s

ð4Þ

ZA is the Z-parameter transformation of YA and Z* is the correspond-
ing Z-parameter matrix after removing the effect of the extrinsic
resistances. In the Eq. (3), Cjd � Cjs is considered since, as can be seen
in Fig. 1, the devices under investigation were designed to be sym-
metrical (i.e. the total area and perimeter of the drain junctions are
the same to those of the source junctions).

After removing the effect of the extrinsic parameters from the
measured data, the reference plane of the experimental data is
shifted down to the MOSFET’s intrinsic part. In this case, previously
reported simplified approaches consider the intrinsic behavior of
the device as purely capacitive even for high values of Vds. This
means that the real part of the Y-parameters associated with the
MOSFET intrinsic part should be approximately equal to zero.
However, as shown in Fig. 3, a sinusoidal behavior of the experi-
mentally determined real part of the intrinsic Y�22 parameter is ob-
served when plotted versus frequency. This suggests that an
additional current flow from the intrinsic drain to source (in paral-
lel with Cds) has to be considered. According to the analysis pre-
sented in the results section, this current is associated with the
BTBT effect occurring in the depletion region at the drain side
[7]. The following theoretical analysis allows verifying the implica-
tions of this current when the MOSFET operates at high
frequencies.

According to Fig. 2, when the admittance g�tun is connected in
parallel with Cds, Y�22 can be expressed by means of

Y�22 ¼ g�tun þ jxðCds þ CgdÞ ð5Þ

where g�tun is associated with the BTBT charge flow and is given by
[12]

g�tun ¼ gtune�jðxs0�p=2Þ ð6Þ

In this equation, gtun and s0 are, respectively, the magnitude and the
phase delay introduced by the BTBT effect.

Notice that the Eq. (5) can be expanded in real and imaginary
parts, which yields

g�tun ¼ gtun cos xs0 �
p
2

� �
� j sin xs0 �

p
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Fig. 3. Experimental ReðY�22) versus frequency data showing a sinusoidal behavior.
The solid line represents the fitting used to determine gtun and s0.
Thus, the combination of (5) and (6) allows confirming that the
real part of Y�22 presents a sinusoidal form expressed by

ReðY�22Þ ¼ gtun sinðxs0Þ ð8Þ

As can be noticed, gtun and s0 can be directly determined from the
magnitude and phase velocity of a sinusoidal fitting of the experi-
mental ReðY�22Þ versus frequency data. This extraction is illustrated
in Fig. 3.

Once gtun and s0 have been determined, the intrinsic capaci-
tances are directly obtained from the imaginary part of the intrin-
sic Y-parameters.

4. Results and discussion

Firstly, it is necessary to confirm that the Vds-dependent g�tun is
associated with tunneling of carriers at the drain junction as re-
ported in [7]. This effect can be modeled by means of an expression
that relates the tunneling current and the applied reverse voltage
to the drain-bulk p–n junction. In this case, the BTBT current is gi-
ven by [13]

Jb�b ¼
ffiffiffiffiffiffiffiffiffi
2m�
p

q3EVds
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In Eq. (8), q is the fundamental charge, m* is the electron effec-
tive mass, �h is the Plank constant, Eg is the energy bandgap, and

E ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qNaðVds þ wbiÞ

eSi

s
ð10Þ

where Na is the bulk doping concentration, eSi is the relative permit-
tivity of silicon, and Wbi is the built-in potential of the drain-bulk
junction.

In order to verify that at Vgs = 0 V the Vds-dependent current
occurring between drain and source is originated by the BTBT ef-
fect, Eq. (8) is correlated with measured current–voltage DC curves.
In this case, the measurement of the DC terminal currents was per-
formed at Vgs = Vbs = 0 V and Vds varying from 0.1 to 1 V to devices
with separated connections for the gate, drain, source and bulk ter-
minals. Notice the importance of measuring devices with separate
source and bulk terminals since common-source/bulk structures
do not allow the measurement of the source and bulk currents.
To obtain the BTBT current it is necessary to measure the different
currents associated with the MOSFET as shown in Fig. 4. Because of
the lack of channel at Vgs = 0 V and Vds > 0, the effect of a parasitic
bipolar transistor becomes apparent in the intrinsic part of the
MOSFET as can be seen in Fig. 4. Notice that when the base of this
Fig. 4. Model for the MOSFET biased at Vgs = 0 V and Vds > 0 V showing the different
currents associated with the structure.
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Fig. 7. Comparison between the simulated and experimental output impedance
showing the improved modeling when considering g�tun .
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transistor is fed by a current, an additional parasitic current flows
from drain to source. Thus, if a current originated by the carrier
tunneling feeds the base of the transistor, this tunneling current
will be scaled by a factor b (i.e. the gain of the transistor) and
can be measured in the drain and source terminals. Moreover, this
parasitic current at the collector of the bipolar transistor can be
modeled by the Eq. (8) just by including this factor b. At this point
it is worthwhile to point out the fact that the collector current of
the bipolar transistor is that associated with the parameter g�tun

in the small-signal model of Fig. 2.
In accordance to Fig. 4, the drain and source currents are de-

fined, respectively, as Id = Ic + Itun and Is = Ie. Thus if b� 1, Ic � Ie

then Id � Is = Itun. When comparing this experimentally determined
current with the curve obtained after applying (9), a good correla-
tion is achieved as shown in Fig. 5, which points out the fact that
the BTBT effect is originating the parasitic current flowing from
drain to source at Vgs = 0 V. Moreover, notice that this effect is evi-
dent in a 60 nm MOSFET.

In Fig. 6, the extracted gtun and s0 versus the total gate width
(WT = NF �Wf) data is plotted. As expected, gtun is proportional to
WT since the current flowing from drain to source will increase
as the device’s width increases. For the case of s0, no dependence
with WT is observed, which is also physically expected since this
parameter is associated with a time delay of the carriers flowing
between the intrinsic drain and source regions. Thus, s0 would
be dependent on the separation between drain and source and
low sensitive to width variations.
Fig. 5. Good correlation achieved between experimental and simulated data
demonstrates the BTBT effect for a (W/L) = (2 lm/60 nm) MOSFET.

5 10 15 20 25 30 35 40
0

5

10

15

20

25

30

0 (p
s)

WT (µm)

60

80

100

120

140

160

180

200

Lm = 0.10 µm

NF = 2
Vgs = 0 V

Vds = 1.05 V

g
tun  (µA/V)

Fig. 6. Extracted s0 and gtun versus WT data showing a physically expected trend.
Finally, in order to validate the proposed parameter extraction
procedure, in Fig. 7 the simulated real and imaginary parts of the
MOSFET output impedance are compared with experimental data.
The simulations were performed with HSPICE after each small-sig-
nal MOSFET model parameter was obtained following the pro-
posed procedure. As can be seen in Fig. 7, the simulation is
considerably improved for Re(Z22) above 10 GHz when the current
source associated with the current tunneling is considered,
whereas an almost frequency independent curve is obtained when
ignoring this effect. In contrast, notice that below 10 GHz the MOS-
FET intrinsic part presents higher impedance when biased at
Vds > 0 V, which is not considered in the traditional models and
yields an underestimation of this parameter. In the case of the
curve obtained when considering the tunneling current source,
the simulation presents the correct trend. Nevertheless, the inclu-
sion of additional elements may be necessary to improve the sim-
ulation for this specific low frequency range. Work is currently
underway in this direction, so that the extraction not only can be
used to monitor the BTBT effect, but also to represent the behavior
of microwave MOSFETs even at relatively low frequencies.

5. Conclusions

An analytical method for the extraction of the small-signal
MOSFET parameters including BTBT effects was presented and
demonstrated. The extracted methodology represents a valuable
tool to assess the influence of BTBT effects in nanometric devices
from S-parameter measurements. These measurements are per-
formed to a single MOSFET avoiding dependence of the variation
of the electrical characteristics with the device geometry. Further-
more, the proposed method allows the determination of the
parameters to accurate represent the intrinsic behavior of MOS-
FETs at high frequencies. Excellent simulation-experiment correla-
tion was achieved up to 40 GHz, and physically expected trend of
the extracted parameters was observed when plotted versus chan-
nel width. Furthermore, the small-signal model for a MOSFET can
be considerably improved when considering this additional effect
when operating within the microwave range.
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