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Abstract—In this paper, a novel microstrip-line layout is used
to make accurate measurements of the minimum noise figure
(NFmin) of RF MOSFETs. A low NF,;,, of 1.05 dB at 10 GHz
was directly measured for 16-finger 0.18-um MOSFETS, without
de-embedding. Using an analytical expression for NF,,;,,, we have
developed a self-consistent dc current—voltage, S-parameter, and
NF.,;n, model, where the simulated results match the measured
device characteristics well, both before and after electrical stress.

Index Terms—Lifetime, minimum noise figure (NF,,;,, ), model,
RF noise, stress.

I. INTRODUCTION

ILICON RF MOSFETs [1]-[12] are now widely used for

wireless communications, due to improvements of their RF
noise and high-frequency gain performance as the technology
has evolved. One of the key issues involves accurate determi-
nation of the RF performance degradation of the Si MOSFETSs
under continuous operation [ 1]-[5]. This is especially important
for RF ICs compared with their digital and analog counterparts
due to the tight requirements regarding impedance matching,
low RF noise, and high gain. The use of ever-increasing com-
munication frequencies, for instance from wireless LANs to
ultrawideband (UWB) (3.1-10.6 GHz), makes this issue even
more important, since the RF noise and gain both degrade
with increasing frequency. A sound understanding of the RF
performance degradation of MOSFETs is desirable. Another
important issue is that the large parasitic effects from the high-
RF-loss Si substrates play an important role for the as-measured
NFpin [8]-[12]. De-embedding procedures for both “open”
and “short” layouts are used to obtain the NF,;, [13]. Here,
we address these issues using a novel microstrip transmission-
line layout. This permits accurate determination of the min-
imum noise figure (NF,,;,) without requiring de-embedding.
The success of this approach is evident from the very low
as-measured NF,;, of 1.05 dB at 10 GHz for our 16-finger
0.18-um RF MOSFETs. We have developed a self-consistent
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dc current-voltage (I-V), S-parameters, and NF,;, device
produced and showed with the measured data. We subjected
the devices to a hot-carrier stress of Vyg = 1/2V4s = 1.5V for
5000 s to obtain ~ 20% degradation of the driving current
(equivalent to 12.5 years lifetime at 1.8 V). The same device
imitated and predicted the measured post-stress data well,
provided that the drive current degradation was known. This
approach can be used in circuit design as a tool for predicting
the RF performance degradation under continuous operation.

II. EXPERIMENTAL PROCEDURE

In this paper, we used 0.18-um RF MOSFETs that had
multiple gate fingers (16 and 32 fingers) to reduce the
thermal noise [8]-[12] generated from the gate resistance.
The multiple-gate-finger 0.18-ym MOSFETs have 2.5-pum
gate width, 4.0-nm gate oxide thickness, and 200-nm poly-Si
thickness. A novel microstrip transmission-line layout was
used, instead of a conventional coplanar waveguide (CPW)
structure [8]-[12], to shield the substrate-resistance-generated
noise of the RF probing pads. Thus, no complicated de-
embedding procedures for the RF noise generated from the RF
pads and the “through” CPW lines were required. We used this
accurate measurement method to monitor degradation of the
RF performance with electrical stress. The fabricated devices
were stressed electrically at Vg = 1/2V3s = 1.5 'V for 5000 s.
The devices were characterized by dc I-V, S-parameters,
and NF,;, measurements, before and after stress, using an
HP4155C, an HP8510C network analyzer, and an ATN-NP5B
noise-parameter measurement system, respectively. From the
measured data, we developed a self-consistent model, with a
Berkeley short-channel IGFET model (BSIM) core, to simulate
the device characteristics before and after stress [8]-[12].

III. RESULTS AND DISCUSSION
A. DC Characteristics

The dc characteristics (Iq—Vy and I3—Vy) for 16- and
32-finger 0.18-um RF MOSFETs are compared in Fig. 1(a)
and (b), before and after hot-carrier stress. The saturation drain
current (I4¢at) decreases with stress time to a 20% degrada-
tion. The I degradation is also evident in the 14—V, curves,
where additional threshold voltage (V;) and subthreshold slope
(SS) degradations occur with stress. After hot-carrier stress,
V; increases from 0.475 to 0.675 V and the SS shifts from
85 to 110 mV/decade. These degradations are due to electron

0018-9383/$20.00 © 2006 IEEE
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Fig. 1. Measured and modeled dc (a) I4—V; and (b) I4—Vy, and (c) ro—Vy
characteristics of 16- and 32-finger RF MOSFETs before (solid symbols) and
after (open symbols) hot-carrier stress. The line represents the simulation using
a self-consistent device model.

trapping and oxide-Si interface state generation on the drain
side of the devices, which result in the higher V; and lower
electron mobility in the channel, respectively [14]-[16]. In
addition, the output resistance r, (= 1/9014/9V4s), shown in
Fig. 1(c), also decreases after stress, which is important for the
RF gain and matching in a circuit.

Fig. 2(a) illustrates the time dependence of the Al gat/Ia sat
degradation for 0.18-um RF MOSFETSs, under the worst hot-
carrier stress conditions of Vg = 1/2Vgs = 1.5 V. The I gat
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Fig. 2. (a) Time dependence of I ¢at and g, degradation for 0.18-um

RF MOSFETs. (b) The lifetime at 20% Al gat/Iq,sat for 0.18-um RF
MOSFETs. The stress conditions were equivalent to 12.5 years of continuous
operation at 1.8 V or a 2.7-year lifetime at 1.9 V overdrive. (c) Time-dependent
degradation of the drain-current noise correlation factor \.

degrades monotonically with increasing stress time, which is
typical for hot-carrier stress. Fig. 2(b) displays the lifetime
for a 20% Ijsat reduction in the devices, under different
stress voltage conditions. The extrapolated lifetime follows an
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Fig. 3. (a) Layout for conventional CPW and novel microstrip lines of low-noise 0.18-pum MOSFETS. For the microstrip-line design, M1 and M6 are used to

form the transmission line and the Rp,,q- and Rg,1,-generated noises are screened by M1. (b) Cross-sectional view of different CPW and novel microstrip lines.
(c) Equivalent circuit model for RF MOSFETSs using CPW transmission lines. (d) Equivalent circuit model for RF MOSFETs using microstrip transmission lines.

exponential dependence on 1/V; [5], and thus our stress con-
ditions mimic continuous operation at 1.8 V for 12.5 years, or
at 1.9 V overdrive for 2.7 years. Fig. 2(c) shows the channel-
length modulation coefficient A as a function of stress time.
This was obtained from the r, and I; using A = 1/r,I;. The
linear variation of \ with the stress time is important for
modeling the I;—V; after stress.

B. Novel Microstrip Transmission-Line
Layout and NF i, Reduction

As mentioned above, the RF noise is difficult to measure in
Si MOSFETsS due to the large noise generated from the parasitic
substrate loss [8]-[12], [17], [18]. Fig. 3(a) shows the layout
of conventional CPW and microstrip lines. In the conventional
CPW layout, the electromagnetic (EM) waves can penetrate
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deeply into the low-resistivity Si substrate [shown in Fig. 3(b)]
to cause the loss, and increasing NF,,;,,. Fig. 3(c) shows the
equivalent circuit model for RF MOSFETsS using a conventional
CPW transmission-line layout, where accurate modeling of the
as-measured NF,,;,, was previously obtained by considering the
thermal noise generated from the pad (Rpaq) and transmission
lines (Rsup) [9]. The RF noise from Rpaq and Ry, dominate
the as-measured NF,,;, rather than from the intrinsic noise of
an MOSFET. Therefore, de-embedding is required to give the
smaller intrinsic NF,;,, [9]. However, the procedures for de-
embedding open RF pads and through transmission lines, which
occupy additional layout area, are complicated and can produce
errors. To overcome these problems, we propose a microstrip-
line layout, also shown in Fig. 3(a). In sharp contrast, the
microstrip layout can confine the EM waves within the low-loss
backend dielectric [19], as also shown in Fig. 3(b). Thus, the
Metal-1 (M1) is used as a shield to prevent EM waves penetrat-
ing the high-loss and noisy Si substrate. Because the M1 is used
as the ground plane of the microstrip transmission line, above
the lossy Si substrate, the 2,4~ and Rg,p-generated noise can
be screened out, and thus do not contribute to the as-measured
NF.,in. This is the strong merit of using the new microstrip
layout without the complicated NF,,;,, de-embedding procedure
used in the conventional CPW layout.

To demonstrate this approach, in Fig. 4(a) and (b), we show
the as-measured NF,,;, for the 16- and 32-finger 0.18-um RF
MOSFETs, respectively, where both the data from standard
CPW and microstrip transmission-line layouts are shown for
comparison. A large NF,,;, reduction of 0.5-2.5 dB was ob-
tained using the microstrip transmission-line design, as the
frequency was increased from 1 to 18 GHz, even without de-
embedding. At 10 GHz, the as-measured NF,;,, was reduced to
1.05 and 1.12 dB for the 16- and 32-finger 0.18-pm MOSFETS,
respectively. This as-measured low NF,,;, is close to the de-
embedded value of standard CPW layout [9] (also shown in
Fig. 4), which indicates that the microstrip transmission-line
design can successfully shield the thermal noise from the
lossy Rpa.q and R, and yield accurate NF,,i, values. This
indicates the good accuracy of directly measured NF,;, by
using microstrip-line layout without de-embedding or possible
causing errors, which also confirmed the successful shielding
of EM waves from the lossy Si substrate shown in Fig. 3(b).
This is the lowest reported NF,,;,, for a 0.18-ym MOSFET and
is comparable with the data for 0.13-ym devices (L, = 80 nm)
[9]-[11]. The low NF,,;,, of 1.05 dB at 10 GHz is sufficient for
UWRB (3.1-10.6 GHz) applications.

C. RF Performance

Fig. 5(a) and (b) shows the measured S-parameters of the
16- and 32-finger 0.18-pm RF MOSFETS, respectively, for
both fresh and stressed devices. The hot-carrier stress has little
effect on S7; and Sp2, which is due to the unchanged input ca-
pacitance (Cygs) and only slightly altered feedback capacitance
(Cga) after stress. In contrast, significant change occurred for
So1 and Sos for both multifingered devices. The degraded So;
after stress is due to the reduced forward gain and is related to
the lower transconductance (g,, ). The degraded S22, as shown
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Fig. 4. Comparison of the as-measured NF,,,;,, data of a standard CPW layout
and a microstrip transmission-line design for (a) 16- and (b) 32-finger 0.18-pm
RF MOSFETs.

in the horizontal left shift in the Smith chart, comes from a
decrease of r,, as shown in the dc I;—V; characteristics of
Fig. 1(a). This will result in poor output impedance matching
in a circuit.

The effects of stress on the frequency dependence of the RF
current gain |Ho;|? and the Gyay at the maximum stable gain
(MSG) region, for a 16-finger device, are shown in Fig. 6(a).
The |H21 |2 follows the typical —20-dB/dec slope and G, .x at
MSG follows a —10-dB/dec slope [20]. The Gy,ax is used here
since the unilateral gain (U) gives unrealistic higher gain than
Gmax [20]. The stress lowers the cutoff frequency (f;) from
48.3 to 38.7 GHz. This amounts to a 19.8% degradation of
ft, similar to the dc drive current reduction. Fig. 6(b) displays
the f;—V, and g,,,—V, dependences for the 16-finger 0.18-zm
RF MOSFETs, before and after stress. Note that the f; curve
follows the g,,, curve with respect to V,, and the stress not only
lowers the f; and g,,, but also shifts both curves by the amount
of AV;. Although in an RF circuit, it is desirable to use a low V
bias to reduce the dc power dissipation, the shift of the f; curve
after stress should be considered and the MOSFETs should
rather be biased in the saturation region with a larger V;. For
0.18-pm RF MOSFETs, a higher V;, bias of 1.2 V is suggested,
rather than 1.0 V, when one considers the stress effects.
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Fig. 5. Measured and modeled S-parameters for (a) 16- and (b) 32-finger
0.18-pum RF MOSFETs before (solid symbols) and after (open symbols) hot-
carrier stress. The lines represent the simulated data.

Fig. 7(a) and (b) shows the measured NF,,;;, of the 16- and
32-finger devices employing the microstrip transmission-line
design. At 10 GHz, the NF,,;,, was 1.05 and 1.12 dB for the
16- and 32-finger devices, respectively. The NF,,;, after hot-
carrier stress increased over the whole measured frequency
range. At 10 GHz, NF,,,;,, increased from 1.05 to 1.37 dB for
the 16-finger devices and from 1.12 to 1.46 dB for the 32-finger
devices. Such NF,,;, increase should also be considered in
RF-circuit design.

D. Device Modeling Before and After Stress

Since the hot-carrier stress has significant effects on both dc
and RF performance, accurate modeling of the device perfor-
mance after stress is needed. We first established the device
model for unstressed devices. The circuit model is shown in
Fig. 3(d), where a BSIM core (level 3.2) is used with only added
parasitic gate resistance (R, ), substrate resistance (Ry), input
(Cin), and output (Coyt) shunt capacitances; these are summa-
rized in Table 1. Note that the BSIM model can simulate the dc
characteristics of CMOS devices well, but it is still challenging
to model the RF performance, especially the NF,,;,. This is
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(b) The f; versus Vy for 16-finger 0.18-um RF MOSFETs, before (solid
symbols) and after (open symbols) hot-carrier stress.

because of the large parasitic effects from the high-RF-loss Si
substrate. Although using open pad and through transmission-
line layout followed by a complicated de-embedding proce-
dure can develop the self-consistent transistor model of dc,
S-parameters, and NF,;;, [9], it is highly desirable to develop a
simple method to directly measure the RF performance such as
NF,,in Without additional layout and de-embedding. The device
model shown in Fig. 3(d) is simpler than the one used for the
CPW case shown in Fig. 3(c), since the substrate RF losses from
the pads and transmission lines are successfully shielded.

The simulated dc I;—Vy, 14—V, and r,—Vy curves are
included in Fig. 1(a)-(c), respectively. The modeled RF S-
parameters, |Hoi1|?, Gmax, and fi—V, are shown in Figs. 5
and 6, respectively. Good agreement between the measured and
modeled dc I-V, RF S-parameters, | Ho; \2, Gmax, and f; were
all obtained self-consistently using the simple equivalent circuit
model incorporating the microstrip-line design.

To get an accurate model for NF,;,, we have used an an-
alytical equation previously derived from the equivalent noise
circuit of MOSFETsS [8], [9]

1
NFpin = 1 + 27 (1+ngg> iy )
Y ft



KAO et al.: ELECTRICAL-STRESS EFFECTS AND DEVICE MODELING OF 0.18-p:m RF MOSFETs 641

25 16 finger 0.18um nMOSFETs

Solid: unstressed 5
Open: stress @ V, =3V & V_=1.5V, 5000 sec-”~
2.0+ de o 6 ©

Line: modeled using eq.(1) e
el

1.5}

(dB)

min

1.0

NF .

0.5+

0_0 1 1 1
0 5 10 15 20
Frequency (GHz)

(@)

32 finger 0.18um nMOSFETs
Solid: unstressed o
2.5 FOpen: stress @ V, =3V & Vv, =1.5V, 5000 sec .-
Line: modeled using eq.(1)

3.0

5 o
o

20+

(dB)

1.5

NI:min

1.0

5 10 15 20
Frequency (GHz)

0.0 .
0

(b)

Fig. 7. Measured and modeled NF,,;,, of (a) 16- and (b) 32-finger 0.18-pum
MOSFETsS before and after hot-carrier stress.

TABLE 1
DEVICE PARAMETERS USED FOR MULTIFINGERED 0.18-pum RF MOSFETs

MOSFETs  Rg(Q)  Rp(@)  Cg(F/m)  Cgq(F/m)
16 fingers 6.6 128.4 11x10°  5.9x10710
32 fingers 34 69.7 1.1x10°  5.9x1071°

Here, ~ is the drain—current noise correlation factor, which
has an ideal value of 2/3 [21], [22]. Close agreement between
measured and simulated NF,,;;,, is shown in Fig. 7, in addition
to the good agreement for the dc /-V, S-parameters, and RF
gain, as shown above. The device parameters for the NF;,
simulation, for both unstressed devices, are summarized in
Table II, where the ~ values used in the simulation were 0.67
and 0.7 for the 16-and 32-finger devices, respectively. These
values are close to the ideal value of 2/3.

After achieving good agreement for the dc and RF character-
istics of fresh 0.18-pm MOSFETSs, we have simulated the de-
vice characteristics after stress. Using the criteria of 20% I gat
degradation, as shown in Fig. 2 after continuous operation,
we first obtained good agreement of the simulated dc I;—Vj,
1;,—V,, and r,—V; with measurements shown in Fig. 1. With-
out changing the values of the parasitic 2y, [y, Cin, and Coyt
in the equivalent circuit model, good agreement was obtained

TABLE 1I
DEVICE PARAMETERS USED IN THE NF,,;;, SIMULATION FOR 16- AND
32-FINGER 0.18-pzm MOSFETSs, BEFORE AND AFTER
HOT-CARRIER STRESS

Device before stress after 5,000 sec stress
parameters 16 finger 32 finger 16 finger 32 finger
fr(GHz) 48.3 48.0 387 372

Y 0.67 0.7 0.67 0.7
Zm(S) 0.02 0.039 0.017 0.034
Rg(Q) 6.55 3.45 6.55 3.45

Zm*Rgly 0.196 0.192 0.167 0.168

between the simulated RF S-parameters, |Ha|?, Gax, and
NF.,in and the measured data (see Figs. 5-7). The drain-current
noise correlation factor v was kept constant before or after
hot-carrier stress for the same multifinger devices. The g, 124
term in (1) only plays a minor role for NF,,;,, since by using
parallel fingers, the R, and ¢, R, /7 are reduced. Therefore,
the NF,,;;, degradation appears to be dominated by the cutoff
frequency f;.

The good agreement between simulated and measured data,
before and after stress, indicates that the self-consistent model,
for the microstrip transmission-line layout design, can be useful
in predicting the RF MOSFETs degradation under continuous
operation, as long as the degree of 145 degradation is known
from the stress data.

IV. CONCLUSION

We have successfully developed a model to predict de-
vice dc I-V, S-parameters, and NF,,;, by using a microstrip
transmission-line-layout design. Close agreement was obtained
for the accurate NF,,;, measurements and the analytical NF,,;,,
simulation. This approach is important as a tool in predicting
the RF performance degradation of MOSFETs in a circuit
where the devices are under continuous bias operation.
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