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Electrical Stress Effects and Device Modeling of RF MOSFETSs

Student: H. L. Kao Advisor: Prof. Albert Chin

Department of Electronics Engineering & Institute of Electronics National
Chiao-Tung University
Abstract

Silicon RF MOSFETSs are now widely-used for wireless communications, due to
improvements of their RF noise and high frequency gain performance as the
technology has evolved. The major technology challenges for Si RF ICs compared
with their 111-V counterparts are:the lower performance of the active RF transistors,
and large loss and noise from the passive devices. Furthermore, the RF ICs is
especially important for the tight requirements regarding impedance matching, low
RF noise and high gain compared with their digital and analog counterparts.
Therefore, another key issue involves accurate determination of the RF performance
degradation of the Si MOSFETSs under continuous operation. Besides, the RF noise is
difficult to measure in Si MOSFETs due to the large noise generated from the
parasitic substrate loss. To overcome the parasitic effect, the performance of the Si RF
MOSFETSs can be accurate determinated.

In this thesis, we used a novel microstrip transmission line layout to make

accurate measurements of the minimum noise figure (NFpmin) without any



de-embedding. Due to the accurate as-measured NFpi, a self-consistent DC I-V,

S-parameters and NFni, model was developed and also predicted the RF performance

degradation under continuous operation. Moreover, we integrated the Si RF ICs on

highly-insulating plastic. This provides lower RF loss than the poorly isolating

VLSI-standard Si substrates, and at a lower cost. In the meanwhile, plastic substrates

are also flexible and can apply tensile strain. The DC-RF performances for the RF

MOSFETs with microstrip line layout were improved by applying tensile strain on

plastic and also confirmed by T-Supreme and Medici simulations (TMA). The

excellent performance of RF transistors and device model are suitable for low-noise

ultra-wide band (UWB) (3.1-10.6: GHz) applications.
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simulation data.
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transparent plastic (hand-held). (b) lmage showing the flexibility of the
~40 um-thick Si substrate (t,) under mechanical strain (which is
proportional to 1/t,%).

(@) Measured and simulated I4-Vy characteristics and (b) 1g-Vq for
16-gate-finger 0.13 um RF MOSFETs on a VLSI-standard substrate and
on plastic with 40 um Si. The solid lines are the TMA-simulated data for
a VLSI-standard Si substrate.

Measured and simulated (a) S-parameters and (b) |H.1|* as a function of
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substrate and on plastic with 40 um Si. The line is the modeled data. The
devices were DC biased at V4 =1.0V and V4 =1.3V.

Measured and modeled NF, and associated gain of 16-gate-finger 0.13
um RF MOSFETs on VLSI-standard Si substrate and on plastic. The line
is the TMA-modeled data and derived from the NF,, equation.

The schematic of the mechanical stress measurement.

The mechanical stress calculated by using ANSYS 8.0 simulation
software.

Measured and simulated (a) 14-Vg and (b) 14-Vq characteristics for
16-gate-finger 0.13 um RF MOSFETs on plastic with 40 um Si, with or
without tensile strain: The solid Tines are the TMA-simulated data for
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(a) TMA device simulation of a 40 um Si-body 0.13 um RF MOSFETs
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Chapter 1

Introduction

1.1 Motivation

Si radio frequency (RF) MOSFETs [1.1.1]-[1.1.12] are widely used for wireless

communications, due to the continuous,improvements in their RF noise and high

frequency gain, associated with the down-scaling of the technology. As the gate length

scales into submicron regime,- the punit-gain-cut-off frequency fr and maximum

oscillation frequency fnax can be improvediup to 100 GHz range and better noise

figure. Although Si RF MOSFET technology can give such impressive performance,

it still lacks accurate model to predict the RF performance and following electrical

operation. 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. Therefore, the primary challenge is develop an accurate

model to determinate the RF performance and the degradation of the Si MOSFETSs

under continuous operation. Besides, Si substrates have a much lower resistivity of 10

Q-cm [1.1.13]-[1.1.15] and result in large RF substrate loss due to the large parasitic

1



effects. Another important issue is that the large parasitic effect from the high RF loss
Si substrates substantially degrades the performance of passive components and
affects minimum noise figure (NFpin) measurement [1.1.8]-[1.1.12]. The accurate
measurement method of RF MOSFETSs is important for the device modeling.

The performance of RF passive devices on Si can be improved by integration
on high-resistivity Si substrates [1.1.16], using MEMS [1.1.17]-[1.1.19] or
ion-implant translated semi-insulating (10° Q-cm) Si technology [1.1.14]-[1.1.15],
[1.1.20]-[1.1.23]. This improvement is traded-off by the increased cost of added mask
and process steps, or package costs.-One solution is to integrate the Si RF ICs on
highly-insulating plastic [1.1.24], since high-performance RF passive devices can be
realized on the low-cost plastic.substrate.” In the meanwhile, thin-body Si ICs on
plastic can be used for Flexible Electronics, RF ID, wireless Displays and
System-on-Plastic [1.1.8], [1.1.24]-[1.1.25], since no practical flexible polymer or
organic transistors have been demonstrated for the RF regime. However, a challenge
for integrating RF ICs on plastic is that high performance transistors are required and
need to be transferred from their Si substrates, and mounted on plastic with little
performance degradation. Integration with high performance RF passive devices on
the plastic substrate demands that the Si substrate of the RF transistors be thinned.

Therefore, thinned-down the Si substrate and also keep high performance transistors



is one of the issues for the RF ICs on plastic. Additionally, the plastic substrate is

flexible and can be apply strain. The strain effect of DC and RF performance for RF

MOSFETSs is also worthy to study.



1.2 Si RF MOSFETs Technology and Modeling

The silicon-based technology has also been developed for more than 30 years.
As the technology continues to scale down and concept of silicon on a chip (SOC)
emerges, the Si RF MOSFET becomes possible to be introduced into RF front end
design. Multi-fingered layout has been used in RF MOSFET to overcome the gate
resistance, because the gate resistance is the most important concern that would
influence operation frequency (fr and fnax) and minimum noise figure (NFpmin)
[1.1.8]-[1.1.10]. However, another important problem has been observed in Si RF
technology, which is the substrate: problem. :The important active and passive
components such as MOSFET, ‘inductor and transmission line will be severely
degraded as the substrate effect has been taken'into consideration [1.1.8]-[1.1.15]. The
high substrate loss and cross-talk, due to the low resistivity of Si (~10 Q-cm), have
become the main technology challenge to realize high performance Si monolithic
millimeter wave integrated circuits (MMICs). Recently, a novel microstip
transmission line layout has been proposed in our researches, which can help us to
screen out the dominant thermal noise arising from the substrate resistances of the RF
probing pads and the CPW line [1.1.10]-[1.1.11]. The excellent isolation can be
achieved by this method, which makes the Si RF technology more applicable in the

future.



An accurate device model from DC to RF frequency range is necessary to

confirm required specification of designed circuit, and to shorten design cycle. The

noise performance is a principal requirement for RF circuit design, for example: low

noise amplifier (LNA) design. The design of LNA amplifier not only needs precise

DC and S-parameters model but even more needs accurate noise model to valuate the

noise performance of the circuit. It is needed a physical, scalable MOSFET model in a

specific frequency range capable of simulation of DC to RF characteristics in all bias

condition. BSIM3 model is a good candidate for DC modeling and it allows users to

accurately model upon parameter: extraction ron existing technology or predict

MOSFET behavior based on the default or an extracted technology. However, when

BSIM3 model is applied to Simulated S-parameter and noise performance of

MOSFET at high frequency, it must require some modification for fitting both

characteristics of the device. In this thesis, we provided a model to predict device DC

I-V, S-parameters, and NFnyi, due to the accurate model can be directly measured

using microstrip transmission line layout. The precise RF model is also important for

the implementation of MOSFETSs and other device in RF front-end circuit.



1.3 Innovation and Contribution

In this thesis, we first developed a novel microstrip line layout that can directly

measure the minimum noise figure (NFmyi,) accurately instead of the complicated

de-embedding procedure. Very low 0.46 dB NFni, and high 16.6 dB associate gain at

10 GHz on 90 nm node MOSFETSs with a 65 nm gate length was obtained. This record

low NFpnin is among the best published data [1.3.1]-[1.3.2], [1.1.6]. Based on the

accurate NFni, measurement, we have developed the self-consistent DC, S-parameters

and NFnyi, model to predict device characteristics after the continuous stress with good

accuracy. This approach can be used'in circuit:design as a tool for predicting the RF

performance degradation under; continuous operation. Furthermore, the RF

performance of thin-body (30~40 um) Si MOSFETs can be improved by applying

mechanical strain. The DC-RF performances were enhanced by applying tensile strain

and confirmed the strain effect by T-Supreme and Medici simulations (TMA) software.

We also report the current lgso: Was 14.3% higher, and fr increased from 103 to 118

GHz with NFyi, decreasing from 0.89 to 0.75 dB at 10 GHz of 0.13 um RF

MOSFETs. These improvements are comparable with those for SiN-capped 90 nm

strained-Si NnMOS and consistent with device simulations. The high performance RF

transistors are suitable for low-noise ultra-wide band (UWB) (3.1-10.6 GHz)

applications.




Chapter 2

A Novel Microstrip
Transmission Line Layout

2.1 Introduction

One difficult challenge for RF MOSFETSs is the large parasitic effect from the

low resistivity Si substrate - -this' lowers the. RF gain and increases the noise

[2.1.1]-[2.1.2]. This becomes “worse during -RF ;noise measurements, where the

thermal noise from RF probing pads ‘and coplanar waveguide (CPW) transmission

lines dominates the as-measured minimum noise figure (NFpin) rather than the

intrinsic MOSFET noise. The accurate NFni, values over wide frequencies are also

important in deriving a self-consistent DC to RF device model needed for IC design.

Therefore, de-embedding procedure is required to give the much smaller intrinsic

NFmin [2.1.2]-[2.1.4]. 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 developed a method to measure

the RF noise directly [2.1.5]-[2.1.6]. We used multi-gate-finger structure and

7



microstrip transmission line layout. This helps screen out the dominant thermal noise

arising from the substrate resistances of the RF probing pads and the CPW line

[2.1.3]-[2.1.4]. With this approach we have been able to measure NFp, of intrinsic

MOSFET directly and accurately to avoid difficulties with the de-embedding

procedures for the RF pads and the “through” CPW lines. The success of this

approach is evident from the very low as-measured NFp, for our RF MOSFETs.



2.2 Microstrip Transmission Line Layout

As mentioned above the RF noise is difficult to measure in Si MOSFETS due to
the large noise generated from the parasitic substrate loss [2.2.1]-[.2.3], [2.1.1]-[2.1.4].
Figure 2.2.1(a) shows the layout of conventional CPW and microstrip lines. In the
conventional CPW layout, the Electro-Magnetic (EM) waves can penetrate deeply
into low resistivity Si substrate (shown in Fig. 2.2.1(b)) to cause the loss and
increasing NFpin. Figure 2.2.2(a) shows the equivalent circuit model for RF
MOSFETs using a conventional CPW transmission line layout, where accurate
modeling of the as-measured NFEgin was previously obtained by considering the
thermal noise generated from the pad (Rpad)-@nd transmission lines (Rsw) [2.1.2]. The
RF noise from Rp.g and Rsu, dominate the as-measured NFp, rather than from the
intrinsic noise of a MOSFET. Therefore, de-embedding is required to give the smaller
intrinsic NFnin [2.1.2]. 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
was shown in Fig. 2.2.1(a) and the equivalent circuit model is shown in Fig. 2.2.2(b).
The 3-dimentional schematic view of microstrip transmission line layout was shown
in Fig. 2.2.3. The M1 is underneath both RF probing pads and transmission line

except device-under-test (DUT), which is connected to RF/DC ground by via. In



sharp contrast, the microstrip layout can confine the EM waves within the low loss

backend dielectric [2.2.4], as also shown in Fig. 2.2.1(b). Thus, the M1 is used as a

shield to prevent EM waves penetrating to high loss and noisy Si substrate. Because

the Metal-1 (M1) is used as the ground plane of the microstrip transmission line,

above the lossy Si substrate, the Rpag- and Rsyp-generated noise can be screened out,

and thus do not contribute to the as-measured NFyn. This is the strong merit using the

new microstrip layout without complicated NFi, de-embedding procedure used in

conventional CPW layout.

10



2.3 Device Characteristic of RF MOSFETs
2.3.1 Device Characteristic of 0.18 um RF MOSFETs

We first measured the DC I4-Vy and 14-Vy characteristics. Fig. 2.3.1 shows the
l¢-Vg and 14-Vy characteristic of 16 gate fingers 0.18 um nMOSFETs with standard
CPW layout and microstrip line layout. The almost identical 14-Vy and I4-Vyg
characteristics are shown in Fig. 2.3.1. It indicated that the microstrip line layout
could not effect the DC characteristics of RF MOSFETSs.

To demonstrate this approach, in Figs. 2.3.2(a) and 2.3.2(b) we show the
as-measured NFp, for the 16 and:32 finger 0:18 um RF MOSFETSs respectively,
where both the data from standard CPW and microstrip transmission line layouts are
shown for comparison. A large NE, reduction of-0.5 to 2.5 dB was obtained 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 dB and 1.12 dB for the 16 and 32 finger 0.18um MOSFETSs, respectively. This
as-measured low NFp, is close to the de-embedded value of standard CPW layout
[2.1.2] (also show in Fig. 2.3.2), which indicates that the microstrip transmission line
design can successfully shield the thermal noise from the lossy Rpag and Rsyp and yield
accurate NFni, values. This indicates the good accuracy of directly measured NFy, by

using microstrip line layout without de-embedding or possible causing errors, which

11



also confirmed the successful shielding EM waves from lossy Si substrate shown in
Fig. 2.3.2. This is lowest reported NFy, for a 0.18 um MOSFET and is comparable
with the data for 0.13 pm devices (Lg=80nm) [2.1.2]-[2.1.4]. The low NFp, of 1.05
dB at 10 GHz is sufficient for UWB (3.1-10.6 GHz) applications.
2.3.2 Device Characteristic of 90nm node RF MOSFETs

Figure 2.3.3 shows measured 14-Vq and I4-Vqy for 8 gate-finger 90 nm node RF
MOSFET with microstrip transmission line layout structure. For comparison, data for
similar devices with standard CPW layout are also displayed. The almost identical
l4-Vy and 1g-Vg characteristics in Figy2.3.3, suggest that the grounded shielding has no
effect on device DC characteristics:

In Fig. 2.3.4 we show the as-measured NF i, and associated gain of 8-finger 90
nm node RF MOSFETSs. The NFn, in the CPW layout is as high as 6.72 dB at 18 GHz.
In contrast, a low NFpi, of only 0.83 dB is measured directly at 18 GHz using the
microstrip line layout. Although the NFg, in the CPW case is lowered after
de-embedding, the measured intrinsic NFy;, from the microstrip line layout shows
that it only contributes a small (-5.89 dB or 26%) fraction of the total noise. This
indicates that it is hard to de-embed the intrinsic NFn;, in the CPW case accurately.
The large as-measured NFp, in the CPW layout arises mainly from thermal noise

generated by the parasitic resistances of the probing pad and transmission line [2.1.2].

12



This is shielded by the ground plane in the microstrip layout. The substrate shielding

also gives much higher gain of 11.2 dB (13.2 times) at 18 GHz than for the CPW case.

A record low 0.46 dB NFyi, at 10 GHz was achieved with a high 16.6 dB gain

[2.3.1]-[2.3.3]. This confirms the merit of microstrip line layout in shielding the

substrate-noise. This record low NFy, is among the best published data [2.3.1]-[2.3.3].

The low noise and high gain to 18 GHz are important for RF ICs at higher frequency

bands.

13



2.4 Conclusions

The novel microstrip transmission line layout was developed. The measurement
DC characteristics were identical with standard CPW layout and the measured NFpi,
was accurately without the need for complicated de-embedding. The microstrip

transmission line layout can help us to develop the RF active device model accurately.

14
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Fig. 2.2.1 (a) Layout for conventional CPW and novel microstrip lines of low noise
0.18 um MOSFETs. For the microstrip line design, M1 and M6 are used to form the
transmission line and the Rpag- and Rsuw-generated noises are screened by M1. (b)
Cross-sectional view of different CPW and novel microstrip lines.
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Fig. 2.2.2 Equivalent circuit model-for RF MOSFETs using (a) CPW transmission
lines and (b) microstrip transmission lines layout.

16



Fig. 2.2.3 Three-dimensional schematic view of microstrip transmission line layout
used for low noise 90 nm MOSFETs. The M1 is connected to ground pad by via.
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Fig. 2.3.2 Comparison of the as-measured 'NFy, data of a standard CPW layout and a
microstrip transmission line design for (a) 16- and (b) 32-finger 0.18 um RF
MOSFETs.
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Chapter 3

Electrical Stress Effects and
Device Modeling

3.1 Introduction

As silicon technology has evolved, the device performance has improved to the

point where Si RF MOSFETs [3:1.1]-3:1.9]. are. now widely used in wireless

communication ICs. RF transistors, .compared-with-their digital and low frequency

analog counterparts, require more‘‘accurate device models and supporting

measurements. This arises from the tight specifications for impedance matching, low

RF noise and high gain. As IC operation frequencies increase so too does the

minimum noise figure (NFnin), and the RF gain also degrades. The higher operational

frequencies are required in emerging Ultra-Wide Band (UWB) (3.1-10.6 GHz)

wireless communication technology beyond the Wireless-LAN. Thus a sound

understanding of the RF performance degradation of MOSFETSs is desirable [3.1.10]-

[3.1.12].

To accurately model the stress effect on NFpin, we used microstrip line layout
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which is reported in chapter 2 can directly measure the NFni, with good accuracy. For
the 0.18 um MOSFETs, very low as-measured NFpi, of 1.05 dB is measured at 10
GHz in 16 gate fingers without any de-embedding. Such low NFy, is comparable
with de-embedded 0.13 um node MOSFETSs (80 nm gate length) [3.1.6]-[3.1.7]. The
devices were further stressed to give a ~20% reduction in current drive, which is
equivalent to 12.5 years continuous operation at 1.8 V or 1.9 V overdrive with 2.7
years lifetime. Significant RF performance degradation was measured: at 10 GHz the
NFmin increases by 0.4-0.5 dB and |H,s|* and Gpax reduce by 2.1-2.2 dB.

Using the derived analytical sequation of*NFi, and self-consistent DC I-V,
S-parameters and NFpmi, model [3:1.8]-[3.2:9], we have successfully simulated the
performance degradation of MOSFETs after stress for the 0.18 um RF MOSFETSs.
This approach can be used in circuit design as a tool for predicting the RF

performance before and during continuous operation.
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3.2 Experiment Procedure

In this study we have used 8, 16 and 32 fingers 0.18 um node nMOSFETSs to
reduce the gate-resistance generated RF noise [3.1.5]-[3.1.6]. To help in the
measurement and modeling of the RF noise we used a novel microstrip transmission
line layout, as describe in chapter 2. This permits accurate measurement of the
degradation of the noise with electrical stress. The fabricated devices were first
characterized by DC I-V, S-parameters and NFpi, measurements using an HP4155C,
HP8510C network analyzer and ATN-NP5B noise parameter system, respectively.
The 0.18 um RF MOSFETs were then ‘stressed electrically at Vg4=3V and
Vgs=1/2V4s=1.5V for 5,000 sec. A self-consistent DC to RF model was developed
which had a BSIM core and had parasitic RC elements to the gate, drain and body - to

simulate the device characteristics before and after stress.
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3.3 Device Characteristic of 0.18 um RF MOSFETs before and
after stress

The DC characteristics (Ig-Vqg and Iq-Vg) for 16 and 32 finger 0.18 pm RF
MOSFETSs are compared in Figs. 3.3.1(a) and 1(b), before and after hot-carrier stress.
The 1y degrades monotonically with increasing stress time as does the threshold
voltage (Vi) and sub-threshold slope (SS). The saturation drain current (lgsar)
decreases with stress time to a 20% degradation. The Iy degradation is also evident in
the 14-Vy curves, where additional threshold voltage (V) and sub-threshold slope (SS)
degradations occur with stress. After hot-carrier. stress V; increases from 0.475 to
0.675 V and the SS shifts from-85to 110 mV//decade. These degradations are due to
electron 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 [3.3.1]-[3.3.3]. In addition, the output resistance r, (=1/0l43/0Vgs), sShown
in Fig. 3.3.1(c), also decreases after stress that is important for the RF gain and
matching in a circuit. A similar degradation of the DC characteristics occurred for the
32-gate-finger devices.

Figure 3.3.2(a) illustrates the time dependence of the Algsai/l4sat degradation for
0.18 um RF MOSFETs, under the worst hot-carrier stress conditions of

Vgs=1/2V4s=1.5V. The l4sa degrades monotonically with increasing stress time, which
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is typical for hot-carrier stress. Figure 3.3.2(b) displays the lifetime for a 20 % I sat
reduction in the devices, under different stress voltage conditions. The extrapolated
lifetime follows an exponential dependence on 1/Vq4 [3.3.2], and thus our stress
conditions mimic continuous operation at 1.8V for 12.5 years, or at 1.9V overdrive for
2.7 years. Fig. 3.3.2(c) shows the channel length modulation coefficient A as a
function of stress time. This was obtained from the r, and l4 using A=1/r,lg. The linear
variation of A with the stress time is important for modeling the I4-V, after stress.

Figures 3.3.3(a) and (b) show the measured S-parameters of the 16 and 32 finger
0.18 um RF MOSFETs, respectively, for both fresh and stressed devices. The
hot-carrier stress has little effect on'Sy; and-Si, whieh is due to the unchanged input
capacitance (Cgs) and only slightly altered feedback capacitance (Cyq) after stress. In
contrast significant change occurred for S;; and S, for both multi-fingered devices.
The degraded S;; after stress is due to the reduced forward gain and is related to the
lower trans-conductance (gm). The degraded S,,, as shown in the horizontal left shift
in the Smith chart, comes from a decrease of r, as shown in the DC I4-Vq4
characteristics of Fig. 3.3.1(b). This will result in poor output impedance matching in
a circuit.

The effects of stress on the frequency dependence of the RF current gain |Has|?

and the Gpax at maximum stable gain (MSG) region, for a 16 finger device, are shown
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in Fig. 3.3.4(a). The |Hzf* follows the typical -20 dB/decade slope and Gpay at MSG
follows a -10 dB/decade slope [3.3.4]. The Gnax is used here since the unilateral gain
(U) gives unrealistic higher gain than Gpax [3.3.4]. The stress lowers the cut-off
frequency (f)) from 48.3 to 38.7 GHz. This amounts to a 19.8% degradation of f;,
similar to the DC drive current reduction. Figure 3.3.4(b) displays the fi-Vy and gm-Vy
dependences for the 16 finger 0.18 um RF MOSFETSs, before and after stress. Note
that the f; curve follows the g, curve with respect to Vg, and the stress not only lowers
the f; and gn but also shifts both curves by the amount of AV:. Although in an RF
circuit it is desirable to use a low Vgibias to reduce the DC power dissipation, the shift
of the f; curve after stress should be considered and-the MOSFETSs should rather be
biased in the saturation region with.a larger V.. For'0.18 um RF MOSFETSs, a higher
Vq bias of 1.2V is suggested, rather than 1.0V, when one considers the stress effects.
Figures 3.3.5(a) and (b) show the measured NFyi, of the 16 and 32 finger
devices employing the microstrip transmission line design. At 10 GHz, the NFp, was
1.05 dB and 1.12 dB for the 16 and 32 finger devices, respectively. The NFn, after
hot-carrier stress increased over the whole measured frequency range. At 10 GHz
NFmin increased from 1.05 to 1.37 dB for the 16 finger devices and from 1.12 to 1.46
dB for 32 finger devices. Such NFy, increase should also be considered in RF circuit

design.
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3.4 Device Calibration of 0.18 um RF MOSFETs before and after
stress

Since the hot-carrier stress has significant effects on both DC and RF
performance, accurate modeling of the device performance after stress is needed. We
first established the device model for unstressed devices. The circuit model is shown
in chapter 2 (Fig. 2.2.2(b)), where a BSIM core (Level 3.2) is used with only added
parasitic gate resistance (Rg), substrate resistance (Rp), input (Ciy) and output (Cour)
shunt capacitances. 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 NFnmin. This is because of the large parasitic effects from high RF loss Si substrate.
Although using open pad and through™ transmission line layout followed by
complicated de-embedding procedure can develop the self-consistent transistor model
of DC, S-parameters and NFyi, [3.1.5], it is highly desirable to develop a simple
method to directly measure the RF performance such as NFgi, without additional
layout and de-embedding. This device model shown in Fig. 2.2.2(b) is simpler than
the one used for the CPW case shown in Fig. 2.2.2(a), since the substrate RF loss
from the pads and transmission lines are successfully shielded.

The simulated DC 14-Vy, 14-Vg and r,-Vq curves are included in Figs. 3.3.1(a), (b)

and (c), respectively. The modeled RF S-parameters, |Hz1|?, Gmax and fi-Vy are shown
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in Figs. 3.3.3 and 3.3.4, respectively. Good agreement between the measured and
modeled DC -V, RF S-parameters, |H.if>, 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 NFm,, we have used an analytical equation
previously derived from the equivalent noise circuit of MOSFETS [3.1.5], [3.1.8]:

NFin = 1+2y(1+ gmRgly)"*f/f; 1)

Here vy is the drain current noise correlation factor, which has an ideal value of
2/3 [3.4.1]-[3.4.2]. Close agreementibetween measured and simulated NF, is shown
in Fig. 3.3.5, in addition to the goad agreement for the DC I-V, S-parameters, and RF
gain, as shown above. The device parameters for the NFni, simulation, for both
unstressed devices, are summarized in Table 1, where the y 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 characteristics of fresh
0.18um MOSFETs we have simulated the device characteristics after stress. Using the
criteria of 20% g s degradation, as shown in Fig. 3.3.2 after continuous operation, we
first obtained good agreement of the simulated DC 1g-Vg, 1g-Vy and ro-Vgq with

measurements shown in Fig. 3.3.1. Without changing the values of the parasitic Ry, Ry,
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Cin and Cqy In the equivalent circuit model, good agreement was obtained between the
simulated RF S-parameters, |Hz1|?, Gmax and NFpin and the measured data (see Figs.
3.3.3, 3.3.4 and 3.3.5). The drain current noise correlation factor y was kept constant
before or after hot-carrier stress for the same multi-finger devices. The gmRy term in
ed. (1) plays only a minor role for NFuin, since by using parallel fingers, the Rq and
gmRg/y are reduced. Therefore, the NFni, degradation appears to be dominated by the

cut-off frequency fi.
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3.5 Scaling Trend of Device Characteristic
3.5.1 Finger numbers dependence

The dependence on the number of gate fingers for 90 nm node RF MOSFETSs is
shown for NFyin and the associated gain at 10 GHz, in Fig. 3.5.1. This small 8 finger
device can also largely reduce the DC power consumption than previous large
fingered MOSFET [3.1.4]-[3.1.5]. The NFy» independence on number of gate-fingers
can be explained by the gn*Ry and fr in eq. (1) which are weakly dependent on the
number of fingers (Fig. 3.5.2). Good agreement between the measured and modeled
gm, Ry, fr and frnax Were obtained using the self-consistent equivalent circuit model.
3.5.2 Length dependence

The dependence of gm, Ry, Fry fmax and NFgin-0n the down-scaled Lg [3.1.5] is
shown by the following equations.

By C, (W/ L )l(Vg VWV — (m/ 2 )Va'sz J
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Owing to the good agreement between the measured and modeled data, we can
predict the RF characteristic beyond 65nm MOSFETs. Figs. 3.5.3-3.5.4 show the
down-scaling trend of the measured and modeled RF characteristics from Lg of 0.18
um-90 nm [3.1.5]-[3.1.9], and 65 nm MOSFETs to 15 nm gate-length devices.
Because the difficult technology barrier to scale down the gate dielectric and Cgs even
using high-x dielectric [3.5.1], the gn can no longer be improved continuously. In
addition, the fr also degrades slightly due to the unavoidable increasing reverse
feedback Cgyg in highly scaled MOSFET. The combined degradation of fr and Ry
largely limits the further improvement of fnax @nd NFmin as Lg < 45 nm. Further
improving the RF performance foriLLg < 45 nm can only be achieved by using strained

Si or 111-V MOSFETSs proposed recently.
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3.6 Conclusion

We have successfully developed a model to predict device DC I-V,

S-parameters, and NFni, by using a microstrip transmission line layout design. Close

agreement was obtained for the accurate NFyi, measurements and the analytical NFy;n

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 and the NFpni, scaling trend, beyond 65 nm devices to 15 nm, has been

predicted.
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Fig. 3.3.3 Measured and modeled S-parameters for (a) 16 and (b) 32 finger 0.18 um
RF MOSFETSs before (solid symbols) and after (open symbols) hot-carrier stress. The
lines represent the simulated data.
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Table 3.2.1 Device parameters used in the NFy;, simulation for 16 finger and 32
finger 0.18 um MOSFETS, 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 38.7 37.2
Y 0.67 0.7 0.67 0.7
2u(S) 0.02 0.039 0.017 0.034
Rq () 6.55 3.45 6.55 3.45
gm™ Ryly 0.196 0.192 0.167 0.168
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Chapter 4

RF MOSFETs on Plastic
Substrate

4.1 Introduction

The integration of RF ICs on plastic.substrates is a useful technology for RF ID
[4.1.1]-[4.1.2] and wireless display applications: Plastic substrates are not very lossy
and are highly insulating (resistivity '~10%-10° Q-cm) - this is ideal for RF IC
integration. In contrast, VLSI-standard" Si substrates have a much lower resistivity of
10 Q-cm; this results in large RF substrate loss and poor Q-factors [4.1.3]-[4.1.12].
The performance of RF passive devices on Si can be improved by integration on
high-resistivity Si substrates [4.1.9], using MEMS [4.1.10]-[4.1.12] or ion-implant
translated semi-insulating (10° Q-cm) Si technology [4.1.3]-[4.1.8]. This improvement
is traded-off by the increased cost of added mask and process steps, or package costs.
A challenge for integrating RF ICs on plastic is that high performance transistors are
required and need to be transferred from their Si substrates, and mounted on plastic

with little performance degradation. Integration with high performance RF passive
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devices on the plastic substrate demands that the Si substrate of the RF transistors be

thinned.

Plastic substrates are also flexible. Thin-body Si ICs on plastic can be used for

Flexible Electronics, RF ID, wireless Displays and System-on-Plastic [4.1.2],

[4.1.13]-[4.1.14] , since no practical flexible polymer or organic transistors have been

demonstrated for the RF regime. Additionally, the RF performance on thin-body

(30~50 um) Si MOSFETs can be improved by applying mechanical strain, which

narrows the performance gap between them and I11-V transistors [4.1.13]-[4.1.14]. We

could apply tensile strain to improye the RF performance of Si MOSFETSs. This was

done by thinning the Si substrate to 40 um and mounting it on plastic, which could be

flexed to create strain.

In this chapter, we report the DC to RF performance of 0.13 um thin-body (40

um) Si MOSFETs on plastic, aiming to improve the RF performance. Using a

microstrip line layout, to shield the RF noise from the low resistivity Si substrate

[4.1.13]-[4.1.15], good performance, in terms of the minimum noise figure (NFpin),

associated gain and cut-off frequency (fr) was measured for the 0.13 um MOSFETSs

mounted on plastic. The data were close to those for control devices, indicating little

process-related degradation. The DC-RF performances were enhanced by applying

0.7% tensile strain. The improvements arise from the thin body thickness (t,) and high
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flexibility, since the surface strain increases with 1/t,> [4.1.16]. The RF noise
improvement fits an analytical NFy, equation well [4.1.17]-[4.1.19], and it is due to

the increase in g and the RF gain under strain.
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4.2 Experiment Procedure

Multiple-gate-finger (8, 16, and 32) 0.13 um MOSFETSs [4.1.17]-[4.1.19] with a
novel microstrip line layout [4.1.17]-[4.1.19] were used in this study. The
multiple-gate-finger structure was used to reduce the gate-resistance-generated
thermal noise and the microstrip line layouts were designed using Metal-1 as the
ground plane to reduce the RF noise from the lossy Si substrate. To achieve
integration onto plastic, we first thinned down the Si substrate from 500 um to 40 um
by using a Chemical Mechanical Polish (CMP) procedure. The thinned die was then
glued onto a 180 um thick light-transparent polyethylene terephthalate (PET) plastic
as shown in Fig. 4.2.1(a). The plastic had a-fesistivity of 10° Q-cm. Figure 4.2.1(b)
shows the 40 um Si substrate under a large surface strain. Thus, it is possible to apply
a large mechanical strain to the flexible Si substrate devices on plastic and not crack
the Si substrate. We have calculated the surface strain by using ANSYS 8.0 simulation
software and the device characteristics, under various applied tensile strains, using
TMA process-device simulation software.

The device characteristics were measured using an HP4155C for DC, HP8510C

network analyzer for S-parameter and ATN-NP5B for noise measurements.
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4.3 Device Characteristic of 0.13 pum RF MOSFETs on Plastic
Substrate

Figure 4.3.1 shows a comparison of DC I4-Vy and 14—Vq characteristics for the
16-gate-finger n-MOSFET on a VLSI-standard substrate and on plastic with the 40
um Si. The measured lq -Vy and Ig-Vqy of the 0.13 um devices, before and after
thinning and mounting on plastic, is almost identical. Thus there is little degradation
resulting from the thinning-down process and mounting on plastic. Similarly, little
change appeared in the measured S-parameters and |H,i> RF gain for the 0.13 um
MOSFETs, before and after thinning down and mounting, as depicted in Fig. 4.3.2. It
is indicated that the thinned-down;process did not damage the devices. Good device
performance is indicated by a fr 0f 103°GHZz for the 0.13 um RF MOSFETSs.

In additional, Figs. 4.3.1 and 4.3.2 also shows the modeling data using TMA
process-device simulations software. Good agreement between measured and
simulation 14-Vy, S-parameters and |Hzi* RF gain were obtained using the accurate
TMA process-device simulations on VVLSI-standard Si substrate.

RF noise in front-end MOSFETS is normally the dominant noise source for the
whole of an RF system. Figure 4.3.3 shows the measured NF, and associated gain of
16- gate-finger 0.13 um MOSFETSs on plastic substrates. For comparison NFp, of the

reference devices on VLSI-standard Si substrates are also plotted. For the devices on
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plastic substrates, NFni, is 0.87 dB and a high associated gain of 14.1 dB was
measured at 10 GHz for 16-finger device. The process of substrate thinning and
mounting on plastic increases NFnyin by only 0.06 dB at 10 GHz, suggesting the
excellent RF device performance on plastic. Only slightly better RF performance,
0.06 dB lower NFyin and 0.6 dB higher associated gain, were obtained for the control
0.13 um MOSFETs at 10 GHz. These very small NFpi, and associated gain
differences, for the devices on plastic and on control Si substrates, are consistent with

the nearly identical S-parameters shown in Fig. 4.3.2.

49



4.4 Strain Enhanced Device Characteristic of 0.13 um RF
MOSFETSs on Flexible Plastic Substrate
By exploiting the flexibility of the thin substrate, we have applied a tensile

stress to the MOSFETs die on plastic. The schematic of mechanical stress
measurement is shown in Fig. 4.4.1. The large surface strain (¢ =3aF/bty’E) [4.4.1]
results from the applied force (F) associated with the bending distance (a) and width
(b). Figure 4.4.2 shows the thin Si substrate under an applied longitudinal tensile
strain, as calculated using ANSYS 8.0 simulation software. The bending distance was
0.17 cm when using 0.8 GPa stress.on'40 um thick Si substrate. This condition gives a
tensile strain of 0.7% (= 0.8GPa /115GPa), assuming-that the Young’s Modulus of Si
Is 115GPa.

Under the same conditions, the experimental data of the effect of strain on the
DC characteristics are also shown in Fig. 4.4.3. After applying a ~0.7% tensile strain,
the thin-Si body MOSFETSs on plastic showed a 0.045V lower threshold voltage (Vin)
and a 14.3% higher Iy sat.

To understand the improvements, we have used TMA process-device simulation
software to simulate the effect of strain on the 0.13 um MOSFETs. The simulated
stress distribution is shown in Fig. 4.4.4. A good match between the measured and

simulated 14-Vg and 14—Vq results were first achieved for the unstrained case to show
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the accuracy of the TMA simulation and they are included in Figs. 4.4.3(a) and (b),
respectively. Then effect of strain on 0.13 um transistors themselves was simulated.
Figure 4.4.4 (b) summarizes the measured and simulated lgs: improvement as a
function of strain. The strain lowers Vin (=dms-Qox/Cox*+2¢r+Qapi/Cox) because it
reduces the energy band-gap (Eg) and thus ¢r and Qgp. A significant Igsat
improvement (14.3%) was seen compared with SiN-capped 90 nm strained-Si nMQOS,
where the increase was 11% [4.4.1]. The effect arises from the 1/t,” dependence of the
strain for thin-body Si. This shows that both the lower RF loss for the passive devices
and a higher transistor drive currént can berobtained simultaneously using the
mechanical strain made possible by using highly-insulating plastic substrates.

Fig. 4.4.5 includes the dependence of the RF current gain |Hzu|* with frequency,
for a 16-gate-finger 0.13 pm device with tensile strain, was |H.a|* follows the typical
-20 dB/decade slope with increasing frequency. After applying a 0.7% tensile strain to
the 40 um thinned-body Si of the 0.13um RF MOSFETSs, fr increased from 103 GHz
to 118 GHz. These improvements were consistent with the simulations, which are
included in Fig. 4.4.5.

We also investigated how strain affects the RF noise. Figure 4.4.6 shows NFpi,
and the associated gain of the 0.13um transistors under tensile strain. For the

unstrained case, a good NFn;, of 0.87 dB and associated gain of 14.1 dB at 10 GHz
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was observed. Under the applied 0.7% tensile strain, better RF characteristics were

achieved, such as a lower 0.75 dB NFp, and a higher 15.3 dB associated gain at 10

GHz. This is related to the larger gm, smaller Vi, and higher 144 arising from the strain,

as shown in Fig. 4.3.1 and Fig. 4.4.3. The lower NFy;, arises by eq.(1) and that the

strain improved the fr. The close agreement between the measured and simulated

NFnin also appears in Fig. 4.4.6. The improved NF;, and associated gain values are

comparable with those for 90 nm node SiN-capped strained-Si nMOS [4.4.2], and also

depicted in Fig. 4.4.6. The large DC-RF improvements with tensile strain are the main

advantages of thin-Si-body flexible €lectronics on. plastic, in addition to the improved

RF passive device performance.

52



4.5 Conclusion

We have successfully demonstrated high DC and RF performance for 0.13 um
RF MOSFETs on 40 um Si substrates mounted on a flexible plastic base. These
devices showed excellent DC and RF performance after applying tensile strain to the
thinned-down substrate. The high performance RF transistors are suitable for

low-noise ultra-wide band (UWB) (3.1-10.6 GHz) applications.
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Fig. 43.1 (a) Measured and simulated 14-Vy characteristics and (b) 14-Vy for
16-gate-finger 0.13 um RF MOSFETs on a VLSI-standard substrate and on plastic
with 40 um Si. The solid lines are the TMA-simulated data for a VVLSI-standard Si
substrate.
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Fig. 4.3.2 Measured and simulated (a) S-parameters and (b) |H.uf* as a function of
frequency for 16-gate-finger 0.13 um RF MOSFETSs on a VVLSI-standard substrate and
on plastic with 40 um Si. The line is the modeled data. The devices were DC biased at
Vg =1.0V and V4 =1.3V.

56



3.0 T T T 40
LQ:O.l3um W=2.5um 16 fingers

solid: on VLSI-standard Si substrate
25F open: on plastic with 40 ym Si
. line: fit by eq.(1)

|
w
o

1 1

= [N}

o o
Associated Gain (dB)

20

Fig. 4.3.3 Measured and modeled NFi, and associated gain of 16-gate-finger 0.13
um RF MOSFETs on VLSI-standard Si substrate and on plastic. The line is the
TMA-modeled data and derived from the NF;, equation.
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Fig. 4.4.3 Measured and simulated. (a) I4-Vg and (b) 14-Vq characteristics for
16-gate-finger 0.13 um RF MOSFETs on plastic with 40 um Si, with or without
tensile strain. The solid lines are the TMA-simulated data for 0.13 um RF MOSFETs
on plastic under ~0.7% tensile strain.
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Fig. 4.4.4 (a) TMA device simulation of a 40 -um Si-body 0.13 um RF MOSFETs
under applied mechanical strain. (b) Simulated (shown open) and measured (shown
solid) lqsat and Vi, versus strain. The strain increases lq sa: but decreases Vip.
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0.13 um RF MOSFETSs on on plastic with 40 um Si with or without tensile strain. The
solid lines are the TMA-simulated data for 0.13 um RF MOSFETSs on plastic under
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Fig. 4.4.6 Measured and modeled NFy, and associated gain of 16-gate-finger 0.13 um
RF MOSFETSs on plastic with 40 um Si, with or without tensile strain. The line is the
TMA-modeled data and derived from the NF;, equation.
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Chapter 5

Conclusions and Future Works

5.1 Conclusions

We have successfully developed a model to predict device DC I-V, S-parameters,

and NFnin by using a microstrip transmission line layout design. The novel microstrip

transmission line layout can help us to develop the RF active device model accurately.

Close agreement was obtained for the accurate NFir measurements and the analytical

NFmin 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.

In the meanwhile, we have successfully demonstrated high DC and RF

performance for 0.13 um RF MOSFETs on 40 um Si substrates mounted on a plastic.

These devices showed excellent DC and RF performance after applying tensile strain

to the thinned-down substrate. The high performance RF transistors are suitable for

low-noise ultra-wide band (UWB) (3.1-10.6 GHz) applications.
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5.2 Future Works

Since the great improvements in the RF MOSFETs had been demonstrated for
ultra-wide band (UWB) (3.1-10.6 GHz) applications. More works is to further
integrate RF MOSFETs with novel microstrip layout on circuit level application. It

can help us to realize the high performance CMOS RF/microwave circuit or system.
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