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A Novel Method of MOSFET Series Resistance
Extraction Featuring Constant Mobility
Criteria and Mobility Universality

Da-Wen Lin, Ming-Lung Cheng, Shyh-Wei Wang, Chung-Cheng Wu, and Ming-Jer Chen, Senior Member, IEEE

Abstract—A method of MOSFET series resistance extraction is
established in this paper. The core of this method relies on the con-
stant mobility criteria, while for different gate lengths, it preserves
the shape of universal mobility curves in the high-vertical-field
regime. Consequently, the series resistance of a MOSFET can be
extracted in an analytical and self-consistent manner, achieved
without the knowledge of the gate oxide thickness, channel length,
channel doping, or channel stress. Reasonable values of extracted
series resistance are demonstrated in a wide range of gate length.
Technology computer-aided design simulation further corrobo-
rates the validity of the proposed method, particularly for devices
with heavily doped source/drain extensions. The constant mobility
criteria with respect to the bulk charge linearization coefficient are
also verified.

Index Terms—MOSFETS, series resistance, universal mobility.

I. INTRODUCTION

OSFET series resistance (Rgq), as shown in Fig. 1,

leads to a voltage drop within source and drain diffusion
regions, reducing the voltage across the intrinsic device and
degrading drive capability. It constitutes an increasing portion
of total resistance as gate length (Lgate) shrinks due to reduced
intrinsic channel resistance. Hence, the degradation of drive
current becomes most serious in short-channel devices. In inte-
grated circuit technology development, R, extraction remains
one of the most critical tasks during device characterization
and simulation. Many R4 extraction methods [1]-[3] have one
assumption in common: both the channel dopant concentration
and carrier mobility are independent of Lg.t.. However, the
significance of the halo ion implantation and mechanical-stress-
dependent dopant diffusion [4], as encountered in modern
MOSFETs, renders this model inadequate. Recently, a constant
mobility criterion in the high-surface-electrical-field regime
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Fig. 1. Schematic of the equivalent circuit of the device used in Rgqq
extraction.

was proposed [5], which can not only considerably improve
R4 extraction precision but also eliminate the disadvantages
of conventional methods [1], [2], [6] such as requiring multi-
ple I-V measurements over different channel lengths and/or
sophisticated C-V measurements for short-channel devices.

Contrary to the drain current model used in the literature
[11-[3], [5], [6], a bulk charge linearization coefficient («)
is adopted in this paper. This leads to a cancellation of the
debiasing effect and the threshold voltage change induced by
IR drop. Hence, an exact and compact drain current formu-
lation results. In addition, a self-consistent algorithm is estab-
lished by combining the constant mobility criterion [5] and
an updated method of effective surface electrical field (Feg)
extraction. In contrast to [5], which uses a constant 7 in the
analytic expression of E.g, this empirical factor is treated as
a fitting parameter (7),n,) in this work. The values of Ry and
Nana are determined by using an iterative procedure. With the
constant mobility criterion taken into account, the R,y can be
more accurately extracted for a certain short-channel device by
matching the shape of its universal mobility curve with that
of a long-channel device. The procedure is conducted without
requiring knowledge of the effective channel length (L),
substrate doping concentration (Ngy, ), or channel stress. With
this unique feature in mind, the proposed method is particularly
suitable for the short-channel devices for which unambiguous
definition of L.g is often hard to make. Reasonable values of
extracted R4 are successfully demonstrated in a wide range of
gate lengths. The validity of the constant mobility criterion is
addressed as well.

The device samples used in this work are fabricated using the
40-nm low-power process technology of Taiwan Semiconduc-
tor Manufacturing Company. This technology features abrupt
and heavily doped ultra shallow junction for source/drain exten-
sions (SDEs). Millisecond annealing is implemented to enhance
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Fig. 2. Measured inversion carrier mobility (u) versus effective surface
electric field (Eog) under different V3 bias conditions of a long-channel
NMOSFET. The inversion carrier mobility converges to the same trend when
FEeg is sufficiently high. The curve of “best fitting” is obtained with po =
720 cm? /V -s, Eg = 0.82 MV/cm, and v = 1.63 for the long-channel device
used in this work.

the dopant activation level. Aggressive strain engineering is
used to boost device performance.

II. UNIVERSAL MOBILITY AND ANALYTIC Eeg WITH 7ana
AS A FITTING PARAMETER

The universality of carrier mobility in the high-electrical-
field regime is demonstrated in Fig. 2 for a long-channel
MOSFET. The effective silicon vertical electrical field (Feg)
at the SiO,/Si interface can be expressed as a function of the
depletion charge (Q);) and inversion layer charge (Q;). The
charge components () and @); can be obtained via split C-V
measurements [7], [8]. The E.g formula can read as

(1Qal +nlQil) (1

Eeg cv = L
Esi
where eg; is the silicon permittivity, and 7 is an empirical factor
with common values of ~1/2 and ~1/3 for electrons and holes
at room temperature, respectively [9]-[13]. Note that in this
paper, 1, which is the reciprocal of that in [5], follows the
convention in existing publications [9]-[13]. In order to obtain
accurate carrier mobility, split C—V and I-V measurements
are performed on a long-channel MOSFET in which fringing
capacitance and Ry are insignificant as compared with in-
trinsic gate capacitance and channel resistance, respectively.
As shown in Fig. 2, under various back bias (Vjs) conditions,
carrier mobility appears to converge toward a universal mobility
(Lbuniversal) curve in the high- Eeg region. This means that if the
device is operated in the high- E.g region, a constant mobility
is achieved at a given E,g, regardless of the varying impurity
scattering element. At sufficiently high E.g, carrier mobility is
well described by [14]-[16]

Ho
universal = T o~ T N, (2)
s I+ (Eert/Eo)”
where 19, Ey, and v are process-specific constants. Best fitting
result, also shown in Fig. 2, is obtained with ;o =720 cm? /V-s,
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Fig. 3. Comparison between the effective surface electric field obtained

from analytical equation (Eef_ana) and split C=V measurement (Ecg_cv/ ).
Nana = 1/1.7 provides the best fitting result.

Fy =0.82 MV/cm, and v = 1.63 for the long-channel device
used in this work.

To further investigate (1), it is transformed into the following
analytical form:

1 1 2
Ves + (nana - 1) Vin—5 o Ves — 5 VB
Eeff_ana = 3 .

TIaua

A3)

Tox

The parameters associated with (3) have the usual meanings [5].
The threshold voltage V;y, in (3) is extracted using a maximum
transconductance method under a low drain bias (25 mV),
ensuring a linear operation mode. In the derivation of (3), a
constant Ngyp is presumed. However, aggressive engineering
of channel doping profile, such as retrograded channel and/or
heavy halo ion implantation, is commonly used in modern
MOSFETs. In addition, a nonuniform doping profile caused
by mechanical-stress-dependent diffusion is also evident. These
factors make the constant Ny, assumption problematic, and a
specific treatment is needed.

In this paper, 1ana in the analytic expression (3) is treated as a
fitting parameter in order to accommodate the error introduced
by the constant Ng,}, assumption, as mentioned above. Similar
to the method described in [15], the Feg ana values acquired
through (3) are compared to those of split C-V method. A
long-channel NMOSFET (Lask = Winask = 1 pm) is used
to examine the consistency between the two methods. One
should note that the value of 7 used for split C-V is set at 1/2
for NMOSFETs fabricated on wafers with (100) surface ori-
entation. As shown in Fig. 3, in order to match the FEeg
values between both methods, 7., = 1/1.7, instead of 1/2, is
suggested when applying the analytic expression (3).

III. METHODOLOGY OF R,y EXTRACTION:
CONSTANT MOBILITY CRITERION

The R,y extraction method based on a constant mobility
criterion is first described in [5]. Here, to testify to the validity
of the constant mobility criterion, an extra parameter is intro-
duced: the bulk charge linearization coefficient denoted as .
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First, for the intrinsic MOSFET (Fig. 1) operated in linear
region, drain current can be expressed as [17], [18]

_ CoxWes 1%

1
¢ Lcﬁ'

(Ve —Vh-SVa) Ve @
where V), = Vin — (o — 1)V}, and V), = —R 1. V}y, is the
threshold voltage measured without / R drop on the source side.
Under the assumption of Ry = Ry = Rgq/2 for a symmetric
MOSFET and to account for the debiasing effect at the termi-
nals, (4) can be expressed in terms of the externally applied
voltages as follows:

CoxWeff/J’ de de
[y = ety T )y, _)dy
d Tor ( g 5 ld th + (« ) 5 d
«
- E(Vds — Rsala) | (Vas — Rsala)
o CoxWeff/J’

«
T (Ve = Vo= 5Va) (Viw = Ruale). - 9)

The above derivation process clearly demonstrates that cancel-
lation of the debiasing effect and the threshold voltage change
induced by IR drop takes place. As a result, the term in
the first parentheses of (5) reduces to (Vs — Vin — aVas/2),
thus constituting an exact and simple formulation for the drain
current. By incorporating the criterion described in [5], a con-
stant mobility can be achieved at the following two sets of
bias conditions: 1) (Vg(sl), Vt(hl)) and 2) (Vg(sz), Vt(hQ)), where
Vi = Vi 4 (1/nama — (VLY = V). Again, using the
same derivation procedure in [5] with the incorporation of «,
series resistance can be written as

B A anaV S
Rog = ( " d

2 ) Tana¥ds 6)
©) <1>> 1 3 (
Id Id (‘/tgl) - ‘/—t(h))

where A=V V(Y ~0.5aV4,, and B=Vi" +(1/nana—1)
V:c(hl) - Vt(hQ)/nana = 0.5aVgs.

The expression of Ryq in (6) shows no dependency on Coy,
Leg, and Weg. Therefore, this method is particularly suitable
for modern MOSFETSs with small geometries in which accurate
measurements of Cyy, Leg, and Weg are hard to achieve.

For a modern MOSFET with thin gate oxide, « is close to 1,
as will be explained later. In the following discussion, « is
presumed as 1, and the error caused by this assumption will
be further examined.

IV. ALGORITHM OF SELF-CONSISTENT Ryq
AND 7)ana CALCULATION

As device feature size shrinks, fringing capacitance and Ryq
become no longer negligible. It is difficult to extract carrier
mobility and Feg_cv by using simple split C-V and -V mea-
surements. Thus, at small feature sizes, analytical derivations
for p and E.g become necessary. Once Ryq has been extracted

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 57, NO. 4, APRIL 2010

B, With ng= 1717
150 - % - == Wyniversal With 5= 950 (cm?/V-s)
N yniversal With = 730 (cm?/V-s)
= S Hniversal With 1= 550 (cmZ/V-s)
&
@ g
£ 100
=
50 :
2.0 25 3.0 35
E (MVicm)
150
1 —— Wyniversal With 1g=730 (cm?/V-s)
B o, withn, =172
® p,,withn =117
g Ay withn, =115
(b) g 100
.
=
50 1 1
2.0 25 3.0 35
E ¢ (MVicm)
Fig. 4. (a) Fitting parameter ;1o dominating the magnitude of fiyniversal

versus Eog behavior. (b) Fitting parameter 1,5, dominating the slope of fana
versus Eog behavior.

by using (6), an analytical expression of mobility j.n, can be
written as

Lest Iy
Wegt Cox (Vg,s — Vin — %Vds) (Vds - deld) .

Hana = (7)
Because Ryq is a function of 7,,,, as described in (6), ftana 1S
consequently also a function of 7),,,. For a given 7,,,, corre-
sponding Eef anas ftsd, and fian, are generated analytically.
Moreover, a series of Eef ana and fiana. can be defined for
bias conditions in the vicinity of the specific Vs, where Ryq
is extracted. It is worth noting that Vs should be sufficiently
high, as mentioned in Section III. In a sense, Vg of ~2.5 V is
typically used in this work.

Process-induced strain and intensive strain engineering are
pervasive in modern MOSFETs. These may lead to signifi-
cant variability in carrier mobility [19]-[22] and changes to
1 — Eog behavior. The difference in y — Eo.g behavior in a
high-FE.g regime between strained and unstrained MOSFETSs
approaches a constant ratio, as mentioned in the literature
[16], [23]-[25]. This implies that only po in (2) is sensitive
to strain engineering in the high-E.g regime. Consequently,
the ;1 — Eog behavior in the high-FE.g regime extracted using
long-channel MOSFETS is valid for shorter channel devices
by simply modifying it with a constant ratio. pq is therefore
regarded as a fitting parameter for shorter channel MOSFETSs
in this work. In addition, determining L.g for short-channel
MOSFETs remains one of the most challenging issues in the
industry. Without explicitly assigning a value to Leg, mask



LIN et al.: NOVEL METHOD OF MOSFET SERIES RESISTANCE EXTRACTION

(a)

initial guessof 1,

n(m)
Step A : To generate RY,
at high V, condition with 1

'

Step B : To generate
E Sﬁ!jana k4 USing Eq (3)
W using Eq. (7)

in the vicinity of 'V in step A

Thal initial guess of u,

Step C : To sum up the error between
G and [ (W) at each E

“ eff_ana
®\ )
- IJ' universal (HO ))

using Eq.(6)
@

ana

B = 3 (1

J

®

ang

Minimized Err® forn

{ Yes
Output Rgq

Fig. 5.

893

(b)
20
151 . I-mask 0 5“m
_ u
2
. u
< 10} L
o ]
w [ | u
u
5r u ™
| | L]
[ | | |
0 L u 1
0.4 0.5 0.6 0.7 0.8
Mana

(a) Self-consistent method of Rsq extraction using both 1o and nana as fitting parameters in order to minimize the difference between ftyniversal and

fana- (b) Summation of (pana — uuniversal)2 over a wide range of Feg in the vicinity of Vs, where Rgyq is extracted. NMOSFET with 0.5 pm Ly, a5k is used

as an example. Nana = 1/1.7 provides the lowest error.

length (Lyask) is used in this work. The difference between
Liyask and Leg of a given short-channel MOSFETSs is also
absorbed by 9. As shown in (6), no information about Leg
is necessary for Rsq extraction, as mentioned in Section III.
Therefore, the ambiguous definition of L.g does not lead to
erroneous Igq extraction [5]. In the vicinity of the Vs where
Rgq is extracted, pip is a fitting parameter accounting for the
difference introduced by long- to short-channel mobility shifts
as well as the constant ratio between Leg and Ly,,5i Of a given
shorter channel MOSFET. As shown in Fig. 4(a) and (b), uo
dominates the magnitude of fiypiversal — Fer behavior, while
Nana changes the slope of i, — Eeg for a shorter channel
device in which significant effects from strain engineering may
take place. The most important task in this work is to determine
a set of Mana and po that minimizes the difference between fiana
and Huniversal -

An iterative method to determine Rgq, 7ana and g is detailed
in Fig. 5(a). For a given 7,y,, the summation of the square of
the difference between fian, and fiyniversal at each Eeg with
modified po is plotted in Fig. 5(b). By using the MOSFET
with a 0.5-um gate length as an example, it is obvious that
a minimum exists at 7,,, = 1/1.7 (~0.59). This is consistent
with the value obtained in Section II, which exhibits a good
correlation between Feg cv and Eeg ana. For state-of-the-art
MOSFETs, localized doping profiles introduced by halo ion
implantation from both source and drain sides are not strongly

overlapped for a gate length longer than 100 nm. As a result,
the substrate doping profile should not change significantly
for the MOSFETs with a gate length longer than 100 nm. A
consistent value of 7,,, is therefore extracted by using the
analytical method described in Section II and by using the
iteration introduced in this section for devices having similar
substrate doping profiles.

V. EXPERIMENTAL RESULTS

The algorithm introduced in Section I'V has been applied to a
series of test devices, and the extracted Ryq values are shown in
Fig. 6(a). Similar Ryq values are observed for long- and short-
channel devices. This result is expected because all devices are
located on a single wafer and share the same process conditions.
As also shown in Fig. 6(a), 1o increases as Lysx shrinks from
1 pm and reaches a peak at 0.1 ~ 0.2 um. Below 0.1 um, pg
decreases. This implies that the effects of strain engineering
in these devices are more pronounced at L,,sx values around
0.1 ~ 0.2 pum. The root cause of the decreasing /1y needs more
theoretical study.

The gate length dependency of 7,,, is shown in Fig. 6(b).
It stays at a constant value for gate lengths longer than
0.1 pm and starts to roll off gradually for shorter gate lengths.
As gate length shrinks, substrate doping concentration changes
because of overlap of halo ion implantation from the source
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Fig. 6. (a) Rsq and po extracted using the method proposed in this paper.

Similar Rgq values are extracted over a wide range of L, ,sk. po increases
from Lyask = 1 pm down to Lyask ~ 0.1 um and then decreases toward the
short-channel regime. (b) Extracted Nana—Lmask behavior. nana keeps at a
constant level for long-channel devices and then decreases for Ly, shorter
than 0.1 pm.

and drain sides. Consequently, the value of 7,,, may deviate
from that of the long-channel devices. In addition, 7,y itself is
also a function of subband occupancy [26]. When gate length
shrinks, 2-D charge sharing from source and drain junctions
leads to a reduction in charge confinement in the channel
region [27], [28]. This reduction in confinement reduces the
subband separation. As a result, 17 decreases due to higher
probability of carriers occupying high-level subbands [26]. The
trend of decreasing n.,, with decreasing gate length supports
this argument.

In this section, a self-consistent algorithm has been suc-
cessfully demonstrated for the extraction of Ryq from long-
channel to sub-100-nm devices. The extracted Ryq shows weak
dependency on gate length. The reason for the gate length
dependence of each parameter has also been proposed and
discussed. This algorithm can easily be implemented with
aforementioned analytical equations, and no C-V measure-
ment for short-channel devices is required. These features avoid
unnecessary error caused by fringing capacitance and therefore
result in an accurately extracted Ryq.

VI. DISCUSSION

A. Technology Computer-Aided Design (TCAD) as
Corroborating Evidence

Based on calibrated TSUPREM and Medici [29] (also used
in [4] and [5]), the net doping concentration near the gate
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Fig. 7. (a) TSUPREM-4 simulated 2-D doping concentration in the vicinity
of gate edge of the NMOSFET used in this work. (b) Carrier concentration on
the drain side along the horizontal direction (AfA’ ), as shown in Fig. 7(a),
under various Vgs conditions. Vs shows little effect on modulating the carrier
concentration inside source/drain extension regions. The inset table provides an
example of TCAD-simulated R4 values based on the potential drop between
two characteristic points on the drain and the source sides of a 0.1-pm- Ly, a5k
MOSFET. The Rgyq values are reasonably consistent with the extracted ones
shown in Section V. (c) Carrier concentration along the vertical direction
(B—B’), as shown in Fig. 7(a), under various Vj,4 conditions. The current flow
in the source/drain extension is mainly located in a region where the carrier
concentration is insensitive to Vi,g.

edge of a typical NMOSFET (Lyask = 0.1 pm) used in this
work is shown in Fig. 7(a). In a state-of-the-art MOSFET,
the doping concentration inside the SDE region is higher than
10%° cm~3. It takes only several nanometers to change the
doping polarity in the transition region from SDE to channel
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(lateral transition) and SDE to substrate (vertical transition).
Fig. 7(b) illustrates the electron concentration on the drain side
along the lateral direction A—A’ defined in Fig. 7(a). Over
a wide range of bias conditions, Vg shows little effect on
modulating the electron concentration inside highly doped SDE
region, while the modulation of carrier concentration in the
channel region is obvious. In addition, the current flow in SDE
is mainly located in a region where the carrier concentration is
insensitive to Vjs, as shown in Fig. 7(c), which is plotted along
the vertical direction B—B' defined in Fig. 7(a). It is obvious
that the applied bias shows little effect on modulating both the
carrier concentration and current flow inside the highly doped
SDE region. Therefore, the Ryq values extracted under high-
Ves and high-V4,¢ bias conditions well represent the Rqq values
under regular operating bias conditions for devices with highly
doped and abrupt SDE.

On the other hand, when the carrier concentration is lower
than a critical value (4 x 10'? cm™3 for the device used in
this work based on TCAD simulation), it is sensitive to Vi
bias conditions, as shown in Fig. 7(b). Rsq should comprise
the regions (on both source and drain sides) where electrical
conductivity is Vg independent. Therefore, Ryq can be esti-
mated by subtracting the V,s-dependent resistance from total re-
sistance: Ryq = Vgs/Iq — AV, /1;, where AV, is the potential
drop (V._drain — Ve_source) between two characteristic points
where the carrier concentration meets the critical value at the
drain and source sides. Based on this method, Ryq values are
calculated under various bias conditions, and the results are
summarized in the inset of Fig. 7(b). The Ryq values obtained
by using this simulation study are reasonably consistent with
the extracted Rgq values shown in Section V.

B. On the Bulk Charge Linearization Coefficient o

Bulk charge linearization coefficient («) is treated as unity
in previous sections. The error caused by this assumption is
discussed in this section. By definition, &« = 1 + 3T4x_inv/Wp
[17], where Wp is the channel depletion width. Based on
TCAD simulation, Wp is about 43 nm for a 0.1-pm-Lyask
NMOSFET operated in the linear region (Vg = 1.5-2.5 V,
Vas = 0.05 V, and Vs =0 V), as shown in Fig. 8(a). Wp
is much thicker as compared to Ttk iny, Which is 2.4 nm in
this work. As a result, the value of « is 1.17 under this bias
condition. When a negative V}, is applied, the value of « further
decreases because W further increases. A table of values of «
under different bias conditions is shown in the inset of Fig. 8(a).
As shown in Fig. 8(b), the impact of different values of «,
from 1 to 1.4, on the extracted Ryq is minor. The assumption of
“a = 17 is adequate for the proposed Rgsq extraction method.

VII. CONCLUSION

Rgq extraction is realized by using a self-consistent algo-
rithm, combining the constant mobility criterion and an updated
analytic calculation of the effective surface electrical field. By
matching the shape of universal mobility curves of short- and
long-channel devices using an iterative procedure, reasonable
Rgq values have been obtained for a wide range of gate lengths

(a)
190
188 Lmask =0.1um
A .
3 186 - u
® £ .
J
3 184 +
14
182
180 1 1 L 1 |
1.0 1.1 1.2 1.3 14
Bulk charge linearization coefficient "o"
Fig. 8. (a) Schematic plot of depletion width under gate area of a

0.1-pm-Lp, .5 NMOSFET. A table of values of bulk charge linearization
coefficient “o”” under various bias conditions is shown in the inset. The values
of “a” are typically lower than 1.2. (b) Extracted Ryq shows negligible sensi-
tivity on the bulk charge linearization coefficient. Therefore, the assumption of
“o = 17 is adequate in this extraction procedure.

without requiring information about Leg, Cox, and Weg. Even
in the presence of process-variation-induced uncertainty, the
proposed method has proved promising for short-channel de-
vices with heavily doped SDE.

REFERENCES

[1] J. G. J. Chern, P. Chang, R. F. Motta, and N. Godinho, “A new method
to determine MOSFET channel length,” IEEE Electron Device Lett.,
vol. EDL-1, no. 9, pp. 170-173, Sep. 1980.

[2] B. J. Sheu, C. Hu, P. K. Ko, and F.-C. Hsu, “Source-and-drain series
resistance of LDD MOSFETS,” IEEE Electron Device Lett., vol. EDL-5,
no. 9, pp. 365-367, Sep. 1984.

[3] Y. Taur, D. S. Zicherman, D. R. Lombardi, P. J. Restle, C. H. Hsu,

H. I. Hanafi, M. R. Wordeman, B. Davari, and G. G. Shahidi, “A new

‘shift and ratio’ method for MOSFET channel-length extraction,” IEEE

Electron Device Lett., vol. 13, no. 5, pp. 267-269, May 1992.

Y. M. Sheu, S. J. Yang, C. C. Wang, C. S. Chang, L. P. Huang, T. Y. Huang,

M. J. Chen, and C. H. Diaz, “Modeling mechanical stress effect on dopant

diffusion in scaled MOSFETS,” IEEE Trans. Electron Devices, vol. 52,

no. 1, pp. 30-38, Jan. 2005.

[5] D. W. Lin, M. L. Cheng, S. W. Wang, C. C. Wu, and M. J. Chen, “A
constant-mobility method to enable MOSFET series-resistance extrac-
tion,” IEEE Electron Device Lett., vol. EDL-28, no. 12, pp. 1132-1134,
Dec. 2007.

[6] J. C. Guo, S. S. Chung, and C. H. Hsu, “A new approach to determine
the effective channel length and the drain-and-source series resistance of
miniaturized MOSFETS,” IEEE Trans. Electron Devices, vol. 41, no. 10,
pp. 1811-1818, Oct. 1994.

[4

[inaw}



896

[7]

[8

—

[9]

(10]

(1]

[12]

[13]

[14]

[15]

[16]

(17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

C. G. Sodini, T. W. Ekstedt, and J. L. Moll, “Charge accumulation and
mobility in thin dielectric MOS transistors,” Solid State Electron., vol. 25,
no. 9, pp. 833-841, Sep. 1982.

A. Hairapetian, D. Gitlin, and C. R. Viswanathan, “Low-temperature mo-
bility measurement on CMOS devices,” IEEE Trans. Electron Devices,
vol. 36, no. 8, pp. 1448-1455, Aug. 1989.

S. Matsumoto, K. Hisamitsu, M. Tanaka, H. Ueno, M. Miura-
Mattausch, H. J. Mattausch, S. Kumashiro, T. Yamaguchi, S. Odanaka,
and N. Nakayama, “Validity of mobility universality for scaled
metal-oxide—semiconductor field-effect transistors down to 100 nm gate
length,” J. Appl. Phys., vol. 92, no. 9, pp. 5228-5232, Nov. 2002.

A. G. Sabnis and J. T. Clemens, “Characterization of the electron
mobility in the inverted (100) Si surface,” in IEDM Tech. Dig., 1979,
pp- 18-21.

S. C. Sun and J. D. Plummer, “Electron mobility in inversion and ac-
cumulation layers on thermally oxidized silicon surfaces,” IEEE Trans.
Electron Devices, vol. ED-27, no. 8, pp. 1497-1508, Aug. 1980.

S. Takagi, A. Toriumi, M. Iwase, and H. Tango, “On the universality of
inversion layer mobility in Si MOSFETs—Part 1: Effects of substrate
impurity concentration,” IEEE Trans. Electron Devices, vol. 41, no. 12,
pp- 2357-2362, Dec. 1994.

B. Cheng and J. Woo, “A temperature-dependent MOSFET inversion
layer carrier mobility model for device and circuit simulation,” IEEE
Trans. Electron Devices, vol. 44, no. 2, pp. 343-345, Feb. 1997.

M. S. Liang, J. Y. Choi, P. K. Ko, and C. Hu, “Inversion-layer capacitance
and mobility of very thin gate-oxide MOSFETS,” IEEE Trans. Electron
Devices, vol. ED-33, no. 3, pp. 409—413, Dec. 1986.

K. Chen, H. C. Wann, J. Dunster, P. K. Ko, and C. Hu, “MOSFET
carrier mobility model based on gate oxide thickness, threshold and
gate voltages,” Solid State Electron., vol. 39, no. 10, pp. 1515-1518,
Oct. 1996.

H. M. Nayfeh, C. W. Leitz, A. J. Pitera, E. A. Fitzgerald, J. L. Hoyt, and
D. A. Antoniadis, “Influence of high channel doping on the inversion layer
electron mobility in strained silicon n-MOSFETSs,” IEEE Electron Device
Lett., vol. 24, no. 4, pp. 248-250, Apr. 2003.

Y. Taur and T. H. Ning, Fundamentals of Modern VLSI Devices.
Cambridge, U.K.: Cambridge Univ. Press, 1998, ch. 3rd.

Y. Tsividis, Operation and Modeling of the MOS Transistor, 2nd ed.
New York: McGraw-Hill, 1999, ch. 4th.

A. Shimizu, K. Hachimine, N. Ohki, H. Ohta, M. Koguchi, Y. Nonaka,
H. Sato, and F. Ootsuka, “Local mechanical-stress control (LMC): A new
technique for CMOS-performance enhancement,” in /JEDM Tech. Dig.,
2001, pp. 433-436.

S. E. Thompson, M. Armstrong, C. Auth, S. Cea, R. Chau, G. Glass,
T. Hoffman, J. Klaus, Z. Ma, B. Mcintyre, A. Murthy, B. Obradovic,
L. Shifren, S. Sivakumar, S. Tyagi, T. Ghani, K. Mistry, M. Bohr, and
Y. El-Mansy, “A logic nanotechnology featuring strained-silicon,” IEEE
Electron Device Lett., vol. 25, no. 4, pp. 191-193, Apr. 2004.

C. H. Chen, T. L. Lee, T. H. Hou, C. L. Chen, C. C. Chen, J. W. Hsu,
K. L. Cheng, Y. H. Chiu, H. J. Tao, Y. Jin, C. H. Diaz, S. C. Chen, and
M.-S. Liang, “Stress memorization technique (SMT) by selectively
strained-nitride capping for sub-65 nm high-performance strained-Si
device application,” in VLSI Symp. Tech. Dig., 2004, pp. 56-57.

K.-L. Cheng, C. C. Wu, Y. P. Wang, D. W. Lin, C. M. Chu, Y. Y. Tarng,
S.Y.Lu, S.J. Yang, M. H. Hsieh, C. M. Liu, S. P. Fu, J. H. Chen, C. T. Lin,
W.Y. Lien, H. Y. Huang, P. W. Wang, H. H. Lin, D. Y. Lee, M. J. Huang,
C. F. Nieh, L. T. Lin, C. C. Chen, W. Chang, Y. H. Chiu, M. Y. Wang,
C. H. Yeh, F. C. Chen, C. M. Wu, Y. H. Chang, S. C. Wang, H. C. Hsieh,
M. D. Lei, K. Goto, H. J. Tao, M. Cao, H. C. Tuan, C. H. Diaz, and
Y. J. Mii, “A highly scaled, high performance 45nm bulk logic CMOS
technology with 0.242 um? SRAM cell,” in IEDM Tech. Dig., 2007,
pp. 243-246.

T. Mizuno, S. Takagi, N. Sugiyama, H. Satake, A. Kurobe, and
A. Toriumi, “Electron and hole mobility enhancement in strained-Si
MOSFETs on SiGe-on-insulator substrates fabricated by SIMOX tech-
nology,” IEEE Electron Device Lett., vol. 21, no. 5, pp. 230-232,
May 2000.

A.T.Pham, C. D. Nguyen, C. Jungemann, and B. Meinerzhagen, “A semi-
empirical surface scattering model for quantum corrected Monte Carlo
simulation of strained Si-nMOSFETSs,” in Proc. ESSDERC, Grenoble,
France, 2005, pp. 293-296.

O. Weber and S. Takagi, “New findings on Coulomb scattering mobility
in strained-Si nFETSs and its physical understanding,” in VLSI Symp. Tech.
Dig., 2007, pp. 130-131.

H. Irie, K. Kita, K. Kyuno, and A. Toriumi, “Re-investigation of MOS
inversion layer mobility from non-universality and possible new scattering
mechanism aspects,” in IEDM Tech. Dig., 2003, pp. 19.1.1-19.1.4.

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 57, NO. 4, APRIL 2010

[27] K. Rim, S. Narasimha, M. Longstreet, A. Mocuta, and J. Cai, “Low
field mobility characteristics of sub-100 nm unstrained and strained Si
MOSFETS,” in IEDM Tech. Dig., 2002, pp. 43-46.

[28] P. Packan, S. Cea, H. Deshpande, T. Ghani, M. Giles, O. Golonzka,
M. Hattendorf, R. Kotlyar, K. Kuhn, A. Murthy, P. Ranade, L. Shifren,
C. Weber, and K. Zawadzki, “High performance Hi-K + metal gate
strain enhanced transistors on (110) silicon,” in IEDM Tech. Dig., 2008,
pp. 63-66.

[29] Synopsys TSUPREM-4 User Guide, Synopsys Inc., Mountain View, CA,
Jun. 2003.

Da-Wen Lin received the B.S. and M.S. degrees
in electronics engineering from the National Chiao
Tung University, Hsinchu, Taiwan, in 1996 and
1998, respectively, where he is currently working
toward the Ph.D. degree at the Institute of Electronics
Engineering.

In 2000, he joined Taiwan Semiconductor Man-
ufacturing Company, Hsinchu. His work mainly fo-
cuses on the ultra-shallow-junction design and strain
engineering for mobility enhancement of advanced
logic CMOS devices. He is currently working on
22 nm node CMOS device technology research and development. He is the
holder of five U.S. patents as well as six Taiwanese patents in the field of
CMOS fabrication. His research interests include the extraction of MOSFET
series resistance and carrier mobility enhancement with strained silicon.

Mr. Lin is a member of the Phi Tau Phi.

Ming-Lung Cheng was born in Tainan, Taiwan, in
1981. He received the B.S. degree in electrical engi-
neering from the National Taiwan Ocean University,
Keelung, Taiwan, in 2003 and the M.S. degree in
electronic engineering from National Tsing Hua Uni-
versity, Hsinchu, Taiwan, in 2005. His M.S. research
focused mainly on low-temperature polysilicon thin
film transistor (LTPS TFT) modeling.

In 2006, he joined Taiwan semiconductor Manu-
facturing Company, Hsinchu. He worked on 45 nm
layout dependency research and 32 nm CMOS de-
velopment. Currently, he is working on 22 nm advance device development.

b

Shyh-Wei Wang was born in Taiwan, in 1968. He
received the M.S. and Ph.D. degrees in electrical en-
gineering from the National Chiao Tung University,
Hsinchu, Taiwan, in 1992 and 1998, respectively.

He served as a Second Lieutenant in the Amy Air-
borne from 1998 to 2000. In 2002, he joined Taiwan
Semiconductor Manufacturing Company, Hsinchu.
He worked on 65/45 nm low-power CMOS device
technology development. Currently, he is working on
22 nm CMOS advanced device technology research
and development.

Chung-Cheng Wu was born in Taiwan, in 1965.
He received the B.S., M.S., and Ph.D. degrees in
electrical engineering from the National Taiwan Uni-
versity, Taipei, in 1987, 1989, and 1992, respectively.
His M.S. and Ph.D. research was focused mainly
on the fabrication and study of III-V compound
heterojunction bipolar transistors (HBTS).

Since December 1992, he has been working at the
integrated circuit (IC) and thin-film transistor liquid-
crystal display (TFTLCD) manufacturing compa-
nies in Hsinchu Science Park, Hsinchu, Taiwan. In
1997, he joined Taiwan Semiconductor Manufacturing Company, Hsinchu. He
worked on 0.18/0.15/0.13 pm and 90/65/45 nm CMOS advanced device tech-
nology definition and development. Currently, he is a Deputy Director in charge
of 22 nm CMOS advanced device technology research and development. He is
the author of more than ten journal or international conference publications. He
is the holder of more than 30 U.S. and Taiwanese patents in the aforementioned
fields.



LIN et al.: NOVEL METHOD OF MOSFET SERIES RESISTANCE EXTRACTION 897

Ming-Jer Chen (S’78-M’79-SM’98) received the  facturing Company, where he led a team from the NCTU and the Electronics
B.S. degree (with highest honors) in electrical engi-  Research and Service Organization/Industrial Technology Research Institute to
neering from the National Cheng-Kung University,  build up a series of process windows and design rules. From 2000 to 2001,
Tainan, Taiwan, in 1977, and the M.S. and Ph.D.  he was a Visiting Professor with the Department of Electrical Engineering and
degrees in electronics engineering from the National ~ the Center for Integrated Systems, Stanford University, Stanford, CA. He is the
Chiao Tung University (NCTU), Hsinchu, Taiwan, in  holder of eight U.S. patents and six Taiwanese patents in the field of the high-
1979 and 1985, respectively. precision analog capacitors, 1-T memory cell, dynamic threshold MOS, elec-
Since 1985, he has been with the Department of  trostatic discharge protection, and Flash memory. He has graduated 15 Ph.D.
Electronics Engineering, NCTU. He has been a Full ~ students and more than 100 M.S. students. His current research interests include
Professor since 1993. From 1987 to 1992, he was  semiconductor device physics and nanoelectronics.
a Consultant for the Taiwan Semiconductor Manu- Prof. Chen is a member of the Phi Tau Phi.





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


