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Department of Electronics Engineering and Institute of Electronics
National Chiao Tung University, Hsinchu, Taiwan

Abstract

RF LDMOS nowadays plays an important role in the RF power amplifier
applications in base stations for personal communication systems. In order to meet the
demands imposed by new communication standards, the performance of LDMOS is
subject to continuous improvements. In this thesis, four types of layout structures,
fishbone, square, octagon and circle were studied for DC, high-frequency, and RF
power characteristics. To achieve lower drain resistance, we adopted “ring” structures
in the layout design. In addition, to reduce corner effect, we modified the square ring
structures to octagon and circle rings. For square structures, variation of channel
widths was investigated. The device with smaller W, shows better DC performance
but shows worse RF performance. In order to determine the effect of device
parameters on high-frequency characteristics more clearly, small-signal equivalent
circuit was built to be analyzed. From the simulation results, the smaller drain
parasitic resistance in the ring structures could be the key factor for improving f7 and
fmax contrasting to fishbone structure. As for microwave power characteristics, output
power, power gain and power added efficiency (PAE) were improved with a similar

linearity with the same breakdown voltage. The extra areas in the drift region would
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have lowered the drain parasitic resistance and improve the on-resistance. By using
the circle structure, higher drain current and transconductance were shown by the
reason of larger equivalent W/L and lower drain parasitic resistance comparing to
square. Its reveals that the circle structure had a better performance, without altering
the process flow.

In another part of this thesis, we discussed and analyzed the capacitance
characteristics completely. For having a non-uniform doping channel and the
existence of the drift region, Cgs+ Cgp and Cgp exhibit a peak in LDMOS. In the
square structure, the second peaks in a capacitance-voltage curve have been observed
at high drain voltages for the first time. Besides, the circle structure has the same
capacitance characteristics as the fishbone structure that indicates only one peak in the
capacitance curve. While the corner region of the drift in the square shows lower
current density than the edge region, it needs higher gate voltage to enter
quasi-saturation. By increasing the gate voltage, the current in the corner region is
high enough to make the velocity of electrons in the drift saturated.

The device models have been built for fishbone and circle structures by using the
modified MM20. We obtain the lateral electric field distribution and the depletion
distribution by using T-CAD simulated software. The device with field plate has
uniform electric field and lower resistance in the drift region as device enters
quasi-saturation. From the result of simulation, we modify the MM20 to a simple
model. It is easier to describe the electrical characteristics of device. The extracted
model parameters were also investigated for fishbone and circle structures. These
parameters present the similar information as chapter 2. Therefore, this model shows
an accurate description on I-V and C-V curves, and provides a good agreement
between simulated and measured data for the RF LDMOS with different layout

designs.
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Chapter 1

Introduction

1.1 Introduction to RF LDMOS

In our life, the power device is used in many electronic products. The Lateral-Diffused
MOS (LDMOS) transistor is one of the power devices. The LDMOS has been used in
switching applications for many years. In the early 70’s, the first publication of LDMOS was
demonstrated in microwave operation, and with technology development the LDMOS
operating frequency entered into the GHz range gradually, which covered the frequency range
of many of today's popular wireless products, like: Wireless infrastructure (GSM, EDGE,
WCDMA, and WiMAX); Broadcast; pulsed radar; industrial, scientific and material (ISM)
applications; avionics and military applications [1]. Up to 2005, Si LDMOS covered about 90
percent of the high power RF amplification applications in the 2GHz and higher frequency
range, according to market analyst company Yole Développement. For more convenient life,
the wireless infrastructure requiring RF power amplification is gradually built in the modern
city, and the power amplifiers have to be low cost, high efficiency, and good linearity [2].
LDMOS technology plays an important role in the RF power amplifier applications in base
stations for personal communication systems for frequencies up to 2.14 GHz. However it is
possible, and demonstrated, to use LDMOS for frequencies up to 3.8 GHz with the latest
LDMOS technology development [3]. Moreover, LDMOS transistors for amplifier
applications has gone through a great development with improvements in available output
power, power gain, power added efficiency and linearity together with improvements in hot
carrier reliability and thermal resistance in last five years [4]. And the LDMOS technology

can be incorporated in CMOS process, it is very important for power integrated circuits.



1.2 Advantages Compared to the Bipolar Technology
The advantages of using LDMOS for high power high frequency applications are on the

following points:

High linearity: the process controlled short channel length makes the device works in velocity
saturation. The linear relation of drain current and gate voltage leads to a constant
transconductance and improves the linearity.

Higher gain: the power gain can be improved by the lower source inductance and lower
feedback capacitance. The former can be done by tying the source and P-body together to the
RF ground. In bipolar, the backside collector requires insulating from the ground and the top
side emitter needs bond wire to connect to the ground. The additional bond wire introduces
high inductance and limits the power gain. Also, the LDMOS is a lateral structure device
which has lower feedback capacitance compared with a bipolar transistor. In addition, the
LDMOS has negative temperature coefficient and does not need ballast resistor which used in
bipolar and degrade the bipolar’s power gain. Therefore, the LDMOS provides higher gain
than bipolar for the same output power level. This means that less amplifier stages are needed,
and thus gives higher reliability and lower cost.

Thermal stability: LDMOS has no thermal runaway problem due to its negative temperature
coefficient. The higher drain current leads to higher temperature which lowers the channel
mobility and resulting in a drop in drain current. On the other hand, the temperature
coefficient in bipolar is positive and more prone to thermal runaway

High ruggedness: LMODS has positive temperature coefficient of channel resistance and high
drain-source breakdown voltage. Consequently, LDMOS has excellent ruggedness into an

output mismatch VSWR typically 10:1 whereas the bipolar can only accept 3:1 [5-6].

1.3 Advantages Compared to Other Materials

The other possible materials which can be used for base station applications include



GaAs and wide bandgap materials: SiC and GaN. GaAs based power devices can achieve
higher drain efficiency and linearity due to a higher electron mobility and higher saturation
velocity then silicon. However, the fact is that the saturation velocity for GaAs decreases and
can be comparable to the saturation velocity for silicon at high electric field. And the lower
thermal conductivity (~ 0.46 W/cm K) of GaAs is disadvantage to the high power final stage
amplifiers which is needed in base station transmitters. The wide bandgap materials: SiC and
GaN, which have good material properties and obtain high electric breakdown voltage and
high saturation velocity. The problem for SiC is the possibility to manufacture defect free
substrates. However with device continuous scaling down, silicon technology can keep
playing an important role in RF systems due to reduced cost compared to other compound
materials under equivalent performance. In order to compete with silicon and GaAs, the GaN
and SiC have to get right way to overcome high cost. After all a superior technology must be
cost competitive [7]. For silicon LDMOS, high thermal conductivity (~ 1.5 W/ecm K) and

quite high operation voltage make this technology suitable for base station power amplifier.

1.4 Motivation

With process technology development, the device is going to small size by reducing gate
length. And power device also scales down the gate length and the drift length to improve
on-resistance and transconductance. However, there is a limit of scaling down due to
high-voltage on working. The choice of on-resistance and breakdown voltage is a trade-off in
the conventional LDMOS. Several researchers have proposed solutions to these trade-offs
such as using a double-doped offset [8], or a stacked or step drift region [9], or even the strain
structure [10], or changing the process flow. There is also other solution to solve the trade-off
between the on-resistance and breakdown voltage by optimizing the layout design. In this
thesis, four types of layout structures (fishbone, square, octagon and circle) were studied for
DC, high-frequency, and RF power characteristics. According to its structure, the parasitic
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drain resistance of the LDMOS becomes more important than that of the conventional
MOSFET for the present drift region. In order to effectively use layout area and reduce the
parasitic effect from metal connected line or device to enhance the performance of device, we
have to know which parts of the device have a great influence. In addition, the device
capacitances influence the input, output and feedback capacitances, which are important in the
dynamic operation, and have large impact on device high-frequency performance. The
capacitance characterization and modeling of LDMOS transistors have been studied widely
[11-13]. Finally, an accuracy model that describes the electric characteristics of RF LDMOS
is needed for circuit design. In this thesis, an LDMOS modeling technique was also

investigated.

1.5 Thesis Organization

The content in this thesis includes the following parts.

Chapter 1 introduces the LDMOS for RF applications and the motivation of this thesis.

Chapter 2 presents the DC, high-frequency and RF power performances of LDMOS with
different layout structures. In addition, the small-signal model parameters were extracted to
investigate their effects on fr and fiax.

In chapter 3, the DC, high-frequency and RF power performances of square LDMOS
with various channel widths were analyzed. Also, the small-signal model parameters were
extracted to investigate their effects on fr and fiax.

Chapter 4 presents the unusual capacitance behavior of RF LDMOS with fishbone,
square and circle structures. Capacitance versus gate voltages with different drain voltage was
investigated.

Chapter 5 presents the modified MM20 modeling for RF LDMOS.

Finally, the conclusions of this thesis are summarized in Chapter 6.



Chapter 2

Characterization of RF LDMOS with Different Layout Designs

2.1 Introduction

In high-power applications, the RF transistors are usually implemented in a “fishbone”
structure, as shown in Fig. 2.1(a). All the gate fingers are divided into several subcells, in each
of which, 2-10 gate fingers are grouped together. For RF performance concern, multi-finger
layouts are used to design wide MOSFETs for reducing the gate resistance and source/drain
junction capacitance. Since the gate resistance would limit the power gain attainable at a
certain frequency and thus fi.x [14-18]. The drain resistance which includes accumulation
layer resistance and JFET resistance are the main component in LDMOS to have influence on
the on-resistance. Here, in order to achieve lower on-resistance, we adopted a “square”
structure which is different from the “fishbone” in the LDMOS layout design (see Fig. 2.1(b)).
However, in our previous study, we found that the square structure has higher gate
capacitances compared to that of fishbone structure, owing to the corner effect [19]. In order
to reduce the corner effect, we modified the square ring structures to octagon and circle rings
(see Fig. 2.1(c)) in this work. Then we investigated the DC, high-frequency, and RF power

characteristics of the devices with different layout structures.

2.2 Device Structures

RF LDMOS transistors were fabricated using a 0.5 um LDMOS process. The schematic
cross section of the device is shown in Fig. 2.2. The drain region was extended under the gate
oxide and consisted of a lightly doped N-well drift region and an N™ region with higher doses
for on-resistance control. The source region and the p-body were tied together to eliminate
extra surface bond wires to reduce the source inductance and improve the RF performance in
a power amplifier configuration [20]. The gate oxide thickness was 135 A and the mask
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channel length (Lcp) was 0.5 gy m. The drift length (Lprs=LovtLrox) was 2.4 ym. The
fishbone structure used in this study had 10 cells which each cell had 4 fingers with finger
width Ly=10 £ m. For the other structures, the width of each gate ring was 40 ; m and each
cell was arranged as a 5x2 array in one device. The source region was surrounded by the drain
region, while the gate was located between the source and the drain (see Fig. 2.1). To compare

the performance of all structures fairly, the total channel width is the same (W= 400 1z m).

2.2.1 DC Characteristics

The I-V characteristics of the LDMOS with different layout structures are shown in Fig.
2.3. For ring structures, the circle device shows the highest drain current and
transconductance than others, and the square device shows the worst performance. Because
the square structure has additional four corners, where the drain current density is lower than
that in edges, the effective drain resistance would be higher than that in octagon and circle
structures. It results a lower drain current compared to that in other structures. The dc
characteristics of fishbone device are also shown in Fig. 2.3. The drain current and
transconductance are not lower than the ring structures in low- and medium-bias regions, but
in high-bias region the drain current would be suppressed more due to the quasi-saturation
effect. Because the fishbone structure has higher resistance in the drift region, a larger voltage
drop in drift region will exist than that of ring structures. As a result, the carriers in the drift
region of the fishbone device will enter the velocity saturation earlier than ring structures.
When the velocity saturation in the drift region occurs, the device will operate in
“quasi-saturation”, where the intrinsic MOS is still in linear operation. This effect is generally
observed at high gate voltages. As the device enter the quasi-saturation, the gate control
ability decreases which limits the drain current level and delays the transition between linear
and saturation regime. So when the device operates at high power condition, the ring structure
has a better performance due to reduced quasi-saturation effect.

6



From the output /-V characteristics of the fishbone structure, we observe a negative
output resistance in the high-current region. With high current density in the transistor, the rise
in device temperature resulted from the dissipated power becomes significant. The increased
device temperature reduces the carrier mobility and saturation velocity [21]. Fig. 2.4 shows
the thermal resistance (Ry,) of three different layout structures. The fishbone device has higher
thermal resistance compared to ring devices. Due to compact layout area, the self-heating
effect in the fishbone structure is significant. The device self-heating can be improved by
increasing the distance between each cell of fishbone.

The drain-source on-resistance is an important parameter for describing the
performance of LDMOS transistors. The on-resistance (Ro,) is extracted from the linear
forward -V characteristics at gate voltage Vgs = 2.5 V, since it is predominated by the drift
region under such a condition (see Table 2-1). Ry, is related to the drain current and is
dependent on the drain resistance. Among the ring structures, the R, is lowest in the circle
device, and it is interpreted as being due to a lowest drain resistance, In Table 2-1, we also
observe that the R,, in fishbone device is lower than that in ring devices due to lower channel
resistance. This result is limited by standard processing. In addition, another important
parameter is breakdown voltage for LDMOS. We obtain that the four devices have the similar

breakdown voltage (Vpp= 41-43V).

2.2.2  High-frequency Characteristics

To characterize the high-frequency performance, the S-parameters were measured
on-wafer from 0.1 to 30 GHz using an HP8510 network analyzer and then de-embedded by
subtracting the OPEN dummy. Fig. 2.5 shows the high-frequency characteristics of circle
structure. The maximum stable gain/maximum available gain (MSG/MAG) and short-circuit
current gain (hy;) were calculated from S parameters. The cutoff frequency (fr) and maximum
oscillation frequency (fm.x) were determined as the frequency where the current gain was 0 dB
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and the frequency where MAG was 0 dB, respectively. The transistors were measured at drain
voltage Vps=20 V with different gate voltages. From Fig. 2.6, fr had maximum values at
Vs=2.5 V, where the transconductance showed a peak. With increasing the gate voltage, both
fr and fiax decreased owing to the mobility degradation and quasi-saturation effects.

The cutoff frequency and maximum oscillation frequency for the LDMOS with different
layout structures are compared in Fig. 2.6. The transistors were biased at Vgs=2.5 V and
Vps=20 V to obtain the maximum value of fr. It is observed that the values of fr in these
layout structures are circle > octagon > square > fishbone and the values of fi,x are square >
circle > octagon > fishbone.

By analyzing a MOSFET small-signal equivalent circuit, we can determine the effect of
device parameters on high-frequency characteristics more clearly. We adopted a simple model
(shown in Fig. 2.7) and extracted the equivalent circuit parameters of the LDMOS by the
method described in ref. 22. After de-embedding the extrinsic parasitic resistances and the
substrate-related parameters, the intrinsic components could be directly extracted from

intrinsic Y-parameters (Y;) by the following equations [23]:

1
ng = __Im(Y 12)

Im(Y, ) -oC,, (14 (Re(Yll))
& w (Im(Y; ) - wC, )

1
Cy :_Im(Yzzz +Y12)
w

R = Re(Yn)
i (Im(Y,,,) - d) +(Re(Y, 11))
Rds 1
Re(Y 22)

gs i

= J(Re(¥,,)))* + (Im(¥, ) + @C,,)*)- (1 + @*C2R)

-wC,, —Im(Y; C R.Re(Y,
7 =—arcsin( OCyy ~Im(¥,5) ~ @ al 21))

w Em



Using extracted parameters from the existing device and altering one parameter at the
time, the effect of model parameters on the cutoff frequency and maximum oscillation
frequency can be visualized. The influences of model parameters on fr and fma.x are shown in
Fig. 2.8. The x-axis showed the parameter value departure from the initial value in percent.
The y-axis showed the change in frequency in percent. Parameters not shown in the figure had
approximately the same value for the ring and fishbone structures or had a minor influence on
fr and fmax. As shown in Fig. 2.8(a), the intrinsic transconductance (gm), gate-source
capacitance (C,) and gate-drain capacitance (C,q) have large effect on fr. The cutoff
frequency can be expressed in a simple way of fr = gn/ 21 (Cygt Cgq) which is related to the
gm and input intrinsic capacitances (Ciz= Cyst Cqq). The extracted model parameters that affect
the fr more significantly are listed in Table 2-2. For ring structures, we find that the slight
increase of fr in circle device is mainly due to the slight increase of g,. When g, increases
from 34.58 mA/V to 3592 mA/V and 36.7 mA/V for octagon and circle respectively
contrasting with square structure, fris improved by about 3.7% and 5.9% (see Table 2-3). The
gate capacitances are nearly unchanged. For fishbone device, however, the drain resistance
(Rq) is large and its effect on fr cannot be ignored. Ry represents the drain contact resistance
and part of the drift region. As compared to square device, R4 has been increased from 2.6 Q
to 9.05 Q for fishbone device, and thus f; becomes worse about -3.9%. In addition, the lower
Cgq and higher C,, in the fishbone structure cause about 3.7% and -7.2% changes in fr due to
different layout design. Otherwise the intrinsic g, of fishbone is the biggest among four
structures and makes fr increase about 6.5%. As illustrated in Fig. 2.8(b), in addition to the
intrinsic parameters, the Ry, gate resistance (R,), drain-source capacitance (Cgs) and
drain-substrate junction capacitance (Cjq,) have apparent effects on fin.x [24]. The extracted
model parameters that affect fn.x more significantly are listed in Table 2-4. The square
structure has the highest f.x due to lower parasitic drain junction capacitance (Cjq) and gate
to source capacitance (Cg). The Cig, can be separated into two parts; one is between P-body
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and DNW, another is between DNW and substrate (see Fig. 2.9), and then the C;qp is relative
to area of DNW. Because the square structure has small area, the DNW area and thus the Cjq,
are small (see Table 2-6). Contrary to square, the fishbone structure has the lowest f.x due to
higher Rq and Cg in addition to lower fr. Comparing to the square structure, the octagon and
circle structures have lower f.x due to larger Ciq, and drain to source capacitance (Cgs). A part
element of Cgy represents the overlap of metal conducting wires. Although fi.x should be
improved with the g, increasing, the other parameters will also affect the f,. For ring
structures, the Cg4s increases from 97.62 fF to 119.9 fF and 119.8 fF for octagon and circle
respectively contrasting with square structure, both fn.x become worse about -2.9% (see Table
2-5). In addition, the Ciq, increase from 52.13 fF to 129.9 fF and 132.3 {F, the fnax also
become worse about -7.6% and -7.8%. For fishbone structure, we are easy to find the R4 has a
great impact on fm,x and becomes important. As compared to square device, Ry has been
increased from 2.6 Q to 9.05 Q for fishbone device, and thus f,,. becomes worse about
-23.8%. In addition, the lower Cyq and higher Cg in the fishbone structure cause about 8.6%
and -6.9% changes in f,,, due to different layout design. Otherwise the extrinsic parameters
(Rg and Cgs) also make fa increase about 5.7% and 6.8% respectively. Consequently, the fmax
for circle structure is lower than the one for square structure by about -3.5% (fmax Was 14.74
GHz for the square structure and 14.22 GHz for the circle structure). The fn.x for octagon
structure is lower than the one for square structure by about -10.7% (fmax Was 14.74 GHz for
the square structure and 13.16 GHz for the circle structure). The fi.x for fishbone structure is
lower than the one for square structure by about -11.2% (fmax Was 14.74 GHz for the square

structure and 13.09 GHz for the fishbone structure).

2.2.3 RF Power and Linearity
As well as the high-frequency characteristics, the microwave power characteristics are
also investigated using the load-pull measurement. In our study, the source and load
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impedances were tuned for maximum power gain and maximum output power, respectively.
The power tune is setup at 2 dBm before the power gain starts to degrade. For having the
value of fmax in the range from 13 GHz to 15 GHz, the devices were measured at 1.8 GHz with
gate bias Vgs=2.5 V and drain bias Vps=20 V. Figure 2.10 shows the output power, power
gain and power added efficiency (PAE) with different layout designs. There are only three
layout structures of LDMOS: fishbone, square and circle, because the octagon structure is
similar to circle structure.

The power gain is related to f,.. The square device has largest power gain and the
fishbone device has smallest power gain (see Fig. 2.10). We find that the power gain of square
structure degrades earlier than others when input power goes beyond 1-dB compression point
(P14s). The main reason for gain compression is attributed to the clipping effect. The border of
output I-V curve will cause output waveform to be clipped for MESFET, PHEMT and HBT
[25-27]. The clipping effect can also been found in LDMOS. Figure 2.11 shows the drain
current versus gate voltage with input and output waveform for different layout designs. Part
of the AC-signals on the drain current would be cut off as the input power becomes larger
enough. At this condition, the average drain current increased with the increasing input power
(see Fig. 2.12) and the power gain has been compressed. This is because the dynamic load
line exceeds the border of DC I-V. For the square structure, the drain current makes the
negative duty cycle of output waveform enter the cutoff region earlier. This indicates that the
average drain current started to increase earlier (see Fig. 2.12) and the gain compression
occurs prior. And another two structures have the similar characteristics that the gain
compression occurs lately. Generally the device operating range is before P45 point, so the
circle has wider operating range than square. Consequently, although the square structure
shows higher value of output power, power gain and PAE, the operating range is narrower
slightly. Since the DC behaviors were changed, the linearity would also be affected with
different layout designs. The input and output third-order intercept points (IIP3 and OIP3) for
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three structures are listed in Table 2-7. As measuring IM3, the output impedance is tuned at
maximum gain. The IIP3 and OIP3 are different in three structures due to different load

impedance (as shown in Fig. 2.13).

2.3 Summary

LDMOS with different structures for RF applications are investigated. The ring structure
has a better performance than the fishbone structure, without altering the process flow. The
quasi-saturation effect is suppressed in the LDMOS with the ring structure due to lower drain
parasitic resistance. In addition, the fr and fn.x are also enhanced for the ring structure due to
the lower drain parasitic resistance. The distance of each cell for ring structure can be reduced
to improve RF performance because the self-heating effect for ring device is smaller than one
for fishbone device. The circle device can improve the disadvantage of square device on DC
performance due to uniform current density that reduces the drain resistance. Although the
square structure shows higher value of output power, power gain and PAE, the operating
range and linearity are worse than circle. Our results suggested that, using a circle structure,

both better DC and RF characteristics can be achieved.
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Table 2-1 Extracted Ry, and Vpp for four different layout structures.

Ron (Q-mm) | Vpp (V)
Fishbone 22.95 41
Square 24.59 42
Octagon 23.57 43
Circle 23.05 41

Table 2-2 Extracted gm, Rq Cod and Cys to see their effects on f7 for different layout structures.

gm (MA/V) R4 (©) Cgq (fF) Ces (fF) | fr (GHz)
Fishbone 36.9 9.05 147.2 1080 4.67
Square 34.58 2.6 185.4 986 4.71
Octagon 35.92 2.48 193.4 998.2 4.81
Circle 36.7 2.2 194.6 1013 4.87




Table 2-3 Individual effects of the model parameters on fr. The square device is as a

reference.

Zm Rd ng Cgs
Fishbone 6.5 -3.9 3.7 -7.2
Jr
Octagon Difference 3.7 0.1 0.7 -1.1
. (%)
Circle 5.9 0.2 -0.9 2.2

Table 2-4 Extracted Ry, Ry, Cgd, Cgs, Cas and Ciqp to see their effects on fmax for different layout

structures.

R, R4 Ced Ces Cas Cian JSmax

@ | © (fF) (fF) (fF) (fF) (GHz)

Fishbone 1.91 9.05 147.2 1080 53.97 39.87 13.09

Square 243 2.6 185.4 986 97.62 52.13 14.74

Octagon 2.48 2.48 193.4 | 998.2 119.9 129.9 13.16

Circle 2.71 2.2 194.6 1013 119.8 132.3 14.22
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Table 2-5 Individual effects

of the model parameters on f,.. The square device is as a

reference.
Em Rg Rd ng Cgs Cds deb
Fishbone f 5.9 57 | -23.8 8.6 -6.9 6.8 2.5
Octagon | Difference | 34 | 07 | 08 | -1.8 -1 29 | -7.6
(%)
Circle 5.4 -2.9 3 -2 2.1 -2.9 -7.8
Table 2-6 Cjqp and DNW area for four different layout structures.
Cia» (fF) DNW area (um?)
Fishbone 39.87 8617.1
Square 52.13 8867.4
Octagon 129.9 10145.4
Circle 132.3 10570.3
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Table 2-7 IIP3 and OIP3 for four different layout structures.

[IP3 (dBm) OIP3 (dBm)
Fishbone 15.04 31.03
Square 12.92 30.58
Circle 15.52 32.38
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Chapter 3

Characterization of RF LDMOS with Different Channel Widths

3.1 Introduction

The corner effect of square structure is described in chapter 2. Under fixing the drift length,
we studied the corner effect by changing the channel width of a cell. Different ratios of corner
areas to edge area would result in different drain parasitic resistances and capacitances [19].
Square structures with different channel widths for DC, high-frequency, and RF power

characteristics are investigated.

3.2 RF LDMOS with Square Structure

The square device used in this study had different channel widths per a cell (W=20 1z m,
40 ¢ m and 100 ¢ m). For making a fair comparison, these devices had the same total channel
width (W=400 ¢ m). Therefore, the cells in the these devices were arranged as 10x2, 5x2 and
2x2 arrays, respectively. These devices are named as “square 20x20”, “square 10x40” and

“square_4x100”, respectively.

3.2.1 DC Characteristics

Fig. 3.1 shows the -V characteristics of the LDMOS with different channel widths. The
device with larger W, shows a lower drain current and transconductance. Also with a larger
Wn, the higher resistance in the drift region leads to the quasi-saturation effect occurs earlier.
The extracted on-resistance and breakdown voltage with various channel widths per a cell are
shown in Table 3-1. The R,, is extracted from the linear forward /-}" characteristics at gate
voltage Vgs=2.5 V and normalized to the total width. As indicated in Table 3-1, the devices
with different channel widths have similar breakdown voltage. In addition, we find that, as the
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channel width increases, the R,, increases due to the increase of drain series resistance. By
fixing the drift length, the ratio of corner area to side area will be reduced with increasing W.
Therefore, the device with large W, has smaller equivalent drift width compared to the
device with small W, leading to higher drain resistance.

From the output [~V characteristics, we observe a negative output resistance in the
high-current region. With high current density in the transistor, the rise in device temperature
resulted from the dissipated power becomes significant. Fig. 3.2 shows the thermal resistance
(Ra) with different channel width per a cell. The device with large W, has higher thermal
resistance than that with small W, due to compact layout area and has significant self-heating

effect. The device self-heating can be improved by increasing the distance between each cell.

3.2.2 High-frequency Characteristics

The dependences of the cutoff frequency and maximum oscillation frequency on the
channel width for the LDMOS are compared in Fig. 3.3. The transistors are biased at Vgs=2.5
V and Vps=20 V to obtain the maximum value of fr. It is obvious that fr and fn.x both
decrease with decreasing W, due to lower parasitic capacitance. On the other word, the both
values of fr and fnax In these layout devices are square 4x100 > square 10x40 >
square 20x20.

By analyzing a MOSFET small-signal equivalent circuit, we can determine the effect of
device parameters on high-frequency characteristics more clearly. Using extracted parameters
from the existing device and altering one parameter at the time, the effect of model
parameters on the cutoff frequency and maximum oscillation frequency can be visualized.
The influences of model parameters on fr and fmax are shown in Fig. 3.4. The x-axis showed
the parameter value departure from the initial value in percent. The y-axis showed the change
in frequency in percent. Parameters not shown in the figure had approximately the same value
for the square structures or had a minor influence on f7 and fi.x. As shown in Fig. 3.4(a), the
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intrinsic transconductance (gm), gate-source capacitance (C,s) and gate-drain capacitance (Cgq)
have large effect on fr. The cutoff frequency can be expressed in a simple way of fr = g/ 2@
(Cgst Cga) Which is related to the g, and input intrinsic capacitances (Ciy= Cyst Cgq). The
extracted model parameters that affect the fr more significantly are listed in Table 3-2.
According to above equation, we know that the fris proportional to gy, but the measured data
we obtained is reverse proportional to g,. So we confirm that the f7 is relative to Ci, and Cj,
increases with increasing the extra area of drift region. In addition, the fy.x has the similar
appearance. Comparing to square_10x40, as Cgq is changed from 185.4 fF to 275.7fF and
130.4 fF for square 20x20 and square 4x100, fr vary about -7.6% and 5.4% respectively (see
Table 3-3). Similarly, Cg is also changed from 986 fF to 971 {F and 994 {F for square 20x20
and square 4x100 and makes fr about 1.3% and -0.7% changes respectively. Therefore, it is
obvious that the Cyq has a great effect on fr for these devices. The increasing area of drift
region led to Cyq rise, and decreasing area of source led to Cg reduce for square device. As
illustrated in Fig. 3.4(b), in addition to the intrinsic parameters, the Ry, gate resistance (Ry),
drain-source capacitance (Cgs) and drain-substrate junction capacitance (Cjq,) have apparent
effects on fi,.x. The extracted model parameters that affect fi.x more significantly are listed in
Table 3-4. The transistor has larger value of f,,x with increasing channel width due to smaller
Cgs and Cgq. The former is relative to the overlapped area of metal conducting wires and the
later is relative to the drift region area. In addition, one reason results the lowest fy,y for
square_20x20 is larger Cjqp. The value of Ciqg, is relative to the DNW area and device area.
Comparing to square_10x40, Cyq varies from 185.4 {F to 275.7 {F and 130.4 {F for the
square 20x20 and square 4x100, and make fn.x about -17.1% and 12.4% changes
respectively (see Table 3-5). Another parameter affects fi.x more is Cys. As Cgs 1s changed
from 97.62 {F to 149.9 fF and 58.32 fF for the square 20x20 and square 4x100, the fix vary
about -6.3% and 6.1% respectively. In addition, the square 20x20 and square 4x100 both
have smaller R, and cause fi.x about 8.4% and 7% changes due to different cell arrangement.
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The Ry also has a little effect and makes fn.x about 4.7% and -5.9% changes for the
square_20x20 and square_4x100. Otherwise, the larger Ciq, just in square_20x20 decreases
fimax about -8.6% contrasting with square 10x40. Consequently, Comparing to square 10x40,
using the square 20x20, we estimate that fi,,x become worse by about -16.1% (fmax Was 12.37
GHz for the square_20x20 and 14.74 GHz for the square 10x40) and using the square 4x100,
we estimated that f.x become better by about 6.4% (fmax Was 15.68 GHz for the
square_4x100 and 14.74 GHz for the square 10x40). Therefore, Cyq is the key factor for

improving fr and fmax by using the square structure.

3.2.3 RF Power and Linearity

The load-pull measurement uses the same setup as chapter 2. Figure 3.5 shows the output
power, power gain and power added efficiency (PAE) for square device with different channel
widths. The power gain characteristic is related to f,.. The transistor with llarge W, has
larger power gain and out power but they degrade earlier when input power was larger than
1-dB compression point (Pig,) (see Fig. 3.5). The main reason for gain compression is
attributed to the clipping effect that is explained in chapter 2. As the channel width increase,
the lower drain current makes the negative duty cycle of output waveform enter the cutoff
region earlier (see Fig. 3.6). This indicates that the average drain current started to increase
earlier (see Fig. 3.7) and the gain compression occurs prior. The transistor with large channel
width has wider operating range that is before P45 point. Consequently, although the square
device with large channel width shows higher value of output power, power gain and PAE, the
operating range is narrow slightly. Since the DC behaviors were changed, the linearity would
also be affected with various channel widths. The input and output third-order intercept points
(ITP3 and OIP3) for three channel widths are listed in Table 3-6. The IIP3 and OIP3 are

similar for different channel widths (as shown in Fig. 3.8).
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3.3 Summary

The square devices with various channel widths for RF applications are investigated. The
transistor with large W has better fr, fmax, and RF power due to lower drain parasitic
capacitance, but it also has larger on-resistance and narrower operating range due to larger
drain parasitic resistance. It shows a trade-off between the DC performance and the RF
performance. In addition, the area of square device with large Wenis smaller than one with
small Wa, leading to more serious self-heating effect. It also shows a trade-off between the

area of device and the self-heating effect.
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Table 3-1 Extracted R,, and Vpp for square device with different channel widths.

Ron (Q.-IIHII) VBD (V)

Square 20x20 23.75 41
Square 10x40 24.59 42
Square 4x100 25.14 42

Table 3-2 Extracted gm, Rq Cqq and Cg to see their effects on fr for square device with

different channel widths.

gn (MA/V) | Ra(Q) | Cua (fF) | Cgs (fF) | fr (GH2)

Square 20x20 34.97 1.97 275.7 971 4.47
Square 10x40 34.58 2.6 185.4 986 4.71
Square 4x100 34.1 3.58 130.4 994 4.86
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Table 3-3 Individual effects of the model parameters on fr. The square 10x40 is as a

reference.

Zm Rd ng Cgs

Square_20x20 fT Difference 1.1 04 -7.6 1.3
0

Square_4x100 (%) 13 0.7 54 | -07

Table 3-4 Extracted Ry, Ry, Cgd, Cgs, Cys and Ciap to see their effects on frnax for square device

with different channel widths.

R, Ry Cud Cos Cas Ciav Smax

@ | @ | (F) | (F) | (F) | ({F) | (GHz)
Square 20x20 1.69 1.97 275.7 971 1499 | 1493 12.37
Square 10x40 243 2.6 185.4 986 97.62 | 52.13 14.74
Square 4x100 1.8 3.58 130.4 994 5832 | 42.86 15.68
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Table 3-5 Individual effects of the model parameters on f,,,.. The square 10x40 is as

reference.

Zm Rg 1{d ng Cgs Cds deb

Square_20x20 | f.. Difference | 09 | 84 | 47 [-17.1| 12 | -63 | -8.6
[\

Square 4x100 (%) -1.2 7 -5.9 124 | -0.7 6.1 1.8

Table 3-6 IIP3 and OIP3 for square device with different channel widths.

IIP3 (dBm) | OIP3 (dBm)
Square 10x40 15.78 30.24
Square 20x20 16.43 33.14
Square 4x100 24.18 41.35
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Chapter 4
Capacitance Characteristics of RF LDMOS with Different Layout

Designs

4.1 Introduction

Because the device capacitances influence the input, output and feedback capacitances,
which are important in the dynamic operation, and have large impact on device
high-frequency performance, the capacitance characterization and modeling of LDMOS
transistors have been studied widely [28]-[31]. As compared to the conventional MOSFET, a
non-uniform doping channel and a drift region in LDMOS result in the unusual behavior in
capacitances [32]-[33]. And the characteristics of ring structure are different from traditional
RF LDMOS (fishbone). Therefore we are interested to know the effect of layout design on the

capacitance characteristics of LDMOS transistors.

4.2 Capacitances versus Vs for Fishbone LDMOS

The capacitances we analyzed in this chapter were extracted form the S-parameters.
Using an HP8510 network analyzer, S-parameters were measured on-wafer from 0.1 to SGHz
for different temperatures and then de-embedded by subtracting the OPEN dummy. Different
control biases were applied from an HP4142B source measure unit to sweep from
accumulation to strong inversion. The gate-to-source/body capacitance (Cgst Cgp) and
gate-to-drain capacitance (Cgp) and drain-to- gate capacitance (Cpg) has been extracted from
the de-embedded S-parameters at low frequency range by the formula described in chapter 2.
In order to improve the RF performance, the source and P-body have been tied together to the

RF ground. Therefore, the extracted gate-to-source capacitance (Cgs) and gate-to-body
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capacitance (Cgg) cannot be separated.

For fishbone structure, the extracted Cgst+ Cgp and Cgp as functions of gate voltage (Vgs)
for drain voltage Vps=0.1, 1, 5, 10 and 20V at room temperature are shown in Fig. 4.1. At low
drain bias (Vps=0.1 V), the Cgst Cgp presents a similar behavior to the conventional
MOSFET. For the lateral non-uniformly doped channel in LDMOS, the doping concentration
was lower at the drain side than the source side. Hence, the drain end will be inverted prior to
the source end, resulting in a peak in Cgp [31]. As the drain end was inverted, the
accumulation electron charge sheet in N-type drift region will cause Cgp to increase as gate
voltage (Vgs) increases. Once the Vs exceeds the threshold voltage (i.e. source end was
inverted), the Cgp starts to fall as the electron charge sheet is no longer connected only to the
drain.

By increasing the drain voltage (Vps>1 V), both CgstCgp and Cgp present peaks.
Because the inversion charges may be injected from the intrinsic MOSFET to the depleted
area of the drift, the Cgp and CgstCgp increase with increasing gate voltages and the
CgstCap even rises over the limit of inversion [29]. In LDMOS, existed drift region resulting
in the effect of quasi-saturation. Before the device entered the quasi-saturation regime, the
drain side channel voltage (V) increased as the Vs increased just like in the conventional
MOSFET. Then, V. decreased as the Vgs increased after the device enters the
quasi-saturation regime [34]. Therefore, the Cgs+Cgp could exceed the value of total gate
oxide capacitance due to change in surface potential in the drift goes negative where the
change in gate voltage was still positive [35]. In the quasi-saturation regime, the surface
potential variation becomes small gradually leads to the fall of the Cgs+Cgp and Cgp.
Accordingly, the Cgs+Cgp and Cgp reach maximum at the onset of quasi-saturation. In Fig.
4.1, the corresponding drain currents at drain voltages Vps=1, 10 and 20 V were also
presented. Because the higher drain voltage leads to a higher gate voltage at the onset of
quasi-saturation, the peaks shift to higher gate voltages. In addition, the peak value increases
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in CgstCgp and decreases in Cgp as the Vpg increases as shown in Fig. 4.1. It attributed to the

charge partitioning under the gate when varying the drain voltage.

4.3 Capacitances versus Vs for Different Layout Structures

For the square structure, however, second peak in Cgs+Cgp and Cgp are observed when
biasing at high drain voltage (Vps=10 and 20 V) (see Fig. 4.2). But there are no additional
peaks in CgstCgp and Cgp for circle structure that has ring shape like square structure. The
same phenomenon is shown in Fig. 4.3, the Cpg falls slowly at high drain voltages for square
structure as gate voltage increases. From Fig. 4.3, the Cpg almost equals to each other for
three structures before the device entered the quasi-saturation regime. When gate voltage
exceeds threshold voltage, the Cpg starts to increase quickly due to the channel region is
inverted to attract charges. As shown in Fig. 4.4, the currents flow from drain to source with
uniform distribution in the full region of the fishbone and circle structures. However, in the
square structure, the corner region of the drift shows lower current density than the edge
region [36], [37], and thus it is needed higher gate voltage to enter quasi-saturation. At the
first peak, although the edge of the square ring is operated in quasi-saturation region, the
corner is still in pre-quasi-saturation. By keeping increasing the gate voltage, the current in
the corner region is high enough to make the velocity of electrons in the drift saturated.
Therefore, the corner region operates in quasi-saturation and second peaks are generated in

the Cgs+Cgp and Cgp.

4.4 Summary

In this chapter, the capacitance characteristics of RF LDMOS transistors with different
layout structures are studied. Since LDMOS transistor has a lateral non-uniform doping

channel and a drift region, peaks in CgstCgp and Cgp have been observed. For the ring
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structure, two peaks in a capacitance-voltage curve have been observed at high drain voltages
due to the additional corner effect. Besides, the circle structure has the same capacitance
characteristics as the fishbone structure that indicates only one peak in the capacitance curve.
We have to consider these parameters like the threshold voltage, quasi-saturation current and

drift depletion capacitance that affect the capacitance in the LDMOS capacitance model.
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Chapter 5

Modified MOS Model 20 (MM20) for LDMOS

5.1 Introduction

The MOS Model 20 (MM20) is a compact MOSFET model focusing on DC
characteristics. It has been developed to describe the electrical behavior of the region under
the thin gate oxide of a high-voltage MOS device, like an LDMOS device. MM20 combines
MOS Model 9 (MMDY) for the channel region and MOS Model 31 (MM31) for the drift region
under the thin gate oxide. This model calculates the equations that are describing transistor
electrical characteristics in surface-potential formulations. In order to improve the
convergence behavior during circuit simulation, it uses an internal voltage at the transition
(node Di) from the channel region to the drift region to calculate the surface potentials [38].
The surface potential as a function of the terminal voltages is obtained by the explicit
expression as derived in ref. 39. Using these equations can describe the all operation regimes
(accumulation, depletion, and inversion in both the channel region and the drift region). In
addition, the MM20 also include several important physical effects like mobility reduction,
velocity saturation, drain-induced barrier lowering, static feedback, channel length
modulation, and weak avalanche (or impact ionization). If transistors have an additional thick
field oxide, this model can be used in series with a separate model for the drift region under
the thick field oxide. Consequently, the MM20 provides an accurate description in all
operating regimes, ranging from subthreshold to superthreshold, in both the linear and

saturation regime [40].

5.2 T-CAD Simulation

We simulate the quasi-saturation effect in the LDMOS by using the T-CAD simulation
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software. The structure is built on measured device in 2D dimension, and we do our best to
make the simulation factor as the same as real phenomenon. Fig. 5.1 shows the simulated
structures showing lateral electric field and the depletion region at Vo, =2.5 Vand V4= 10 V.
The maximum lateral electric field occurs at the pinch-off region near the gate edge and the
drift region under the FOX is inversion. At this condition, the device does not yet enter
quasi-saturation and channel current still increases with increasing gate voltage. Under V, =
10 V and V4 =10 V, the space-charge distribution changes, and the maximum lateral electric
field shifts toward the drain and occurs in the drift region (see Fig. 5.2). Additionally, the
lateral electric field decreases near the gate edge and the drift region under the FOX becomes
accumulation. At this condition, the drain current is dominated by drift region and the device
enters quasi-saturation [41]. Above described device have the poly gate covering on FOX and
this poly gate is called field plate. Next, we discuss the device only have poly gate on the
channel region. Fig. 5.3 shows the device does not enter quasi-saturation and is biased at V, =
2.5 Vand V4= 10 V. It is the same as Fig. 5.1 that the maximum lateral electric field occurs
at the pinch-off region near the gate edge and the drift region under the FOX is inversion. As
device is bias at V, = 10 V and V4 = 10 V, the maximum lateral electric field still occurs in
the channel region (see Fig. 5.4). In addition, the space-charge distribution does not change
much and the most drift region under the FOX is still inversion. Therefore, the device with
field plate can make the drift region transfer its type from inversion to accumulation and make
the lateral electric field distribute uniformly. So, it would increase the device breakdown

voltage.

5.3 Modeling Strategy

For simplicity, some physical effects like self-heating and weak avalanche are not
concluded in the modified model. Besides, based on the T-CAD simulation results, we have
modified the drift region current for better fitting our measured I-V and C-V curves.
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The device DC model would be developed with analysis of carrier transport in the
channel and drift regions. The drain current is separated from two elements, one is through
the intrinsic MOS channel (I.;) and the other is through the drift region (I4irt), and the two
currents are formulated respectively in terms of the external bias Vg, Vp, Vs, Vi and the
unknown voltage Vp;. Then, Vp; is solved automatically by equating Ic, to Laig. Therefore, the
drain current is expressed explicitly by the external terminal voltage. The channel current is

expressed as follow:

ch 1+6; xV s
Here, ,ujfﬁ is the effective electron mobility in the channel region, Cox = &ox/fox 1 the

thin-gate-oxide capacitance per unit area, Vi represents the inversion charge Qi per unit
area at the source side, and 65 = pen / (Lemsat) T€presents velocity saturation in the channel
region, with u., the zero-field electron mobility in the channel region and vy, the saturated

drift velocity of electrons. The factor & = (0Qin/ Oys)/ Cox reflects the variation of inversion
charge with surface potential, and is taken as &= [1+ (1/2 - yo)] V(V1 + w) , where y, is the

body factor at the source, V; =1 V, and ) is the surface potential at the source. From Fig.
5.2 & Fig. 5.4, as the device enter quasi-saturation, the voltage drop in the drift region

increases led to the maximum electric felid occurs in the drift region and drain current is

dominated by drift region. The effective electron mobility (u;}) is used to describes this

effect. As electric felid increase in the drift region, the carrier velocity will enter saturation

regime and 034 (= y;ff/ (Lgrvsat)) can describes this effect. When device without field plate is

biased gate voltage from 2.5 V to 10 V, the current have to pass through a depletion region
under Fox. Therefore, the high resistance (Rg;) limits the current in the drift region when
device enter quasi-saturation. In addition, the device with field plate has different
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performance. As Vg= 2.5V, the drift region under Fox is depletion region and like general
performance (see Fig. 5.3 & 5.4). As Vg= 10V, the drift region under Fox becomes electrons

accumulated layer and the drain resistance is lower to enhance current (see Fig. 5.1& 5.2).
The parameter Ry is concluded in Vi and &g which simple equation is Vgpi= Lgfiin/

(WuaCoxRar), where fiin is a function about the depletion thickness. The drift region current

can be represented by combining above descriptions and be expressed as follow:

W x X
I — ’Ll‘-’/(f

dr

1 r
dr C [Vqu — 5 X gd X VDDl'L{ﬁ‘ j X VDDieﬁ‘
ox v

dr
L, 1+6;" x V obiegr

Where ,u;} is the effective electron mobility in the drift region, 034 represents the

occurrence of velocity saturation in the drift region, and quz —Quar / Cox, Where Qg is the

charge density per unit area underneath the thin-gate oxide including accumulation and
depletion in the drift region, for simplicity, & represents the variation of accumulation charge
with voltage.

In order to calculate the capacitance, we present nodal charges in the channel and drift

region as follow:

WxLxC dv. F. F?

ch__ ox o V v 1_ J 7

QD ( invm 6 j { 2 2

F. F?
Q;h:—WXLXCUXX(I/mvm‘FdI/mvjx(l'i_ 2]_ BJ

h h h h
i =0 + 05 + 05

dr d d d
G} :_( Gr +QDr +er)
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g"__wx VDm_quD x 1_i_h
2 ! 6 2 20

2
dr _MX VDm+quD X 1+h_&
! 6 2 20

x (V.

B 2 invDi

+V,

invDx )

dr__WXLDXCUx (

Where V.« represents the average voltage drop across the oxide, and Fi= dVin/ (Vipym+ D),
and Vipym= O~5(Vinv0+ VinvL)a and dVi,~ (VinVO' VinvL)- Beside, Fjdr: (quD/ Vqu)o Vqu: 0.5
(VgpitVgpx), and dV¢p= (Vpi- Vgpx), Where Vp; and Vgpy are drift region charge at D; and Dy,

respectively.

5.4 Results and Discussion

The model parameters of fishbone and circle devices were extracted from their I-V and
C-V curves. The measured and simulated I-V curves are shown in Figs. 5.5 and 5.6. The
simulated results show excellent consistency with the measured data for two structures except
at high drain voltages. At high drain voltages, the drain current is influenced by self-heating
and weak avalanche effects, which have been ignored in our model. Fig. 5.7 shows the
simulated and measured Cgt+ Cg, and Cyq versus gate voltage with different drain voltages.
The simulated capacitance characteristics also show consistency with the measured data for
two structures. Some extracted model parameters are listed in Table 5-1. For circle structure,
the electron mobility in the drift region (pg) is larger than fishbone structure due to lower
drain parasitic resistance. The parameter Ry, in the circle structure is lower and enhances the
drift region current. In the chapter 2, we also know the fishbone structure having high Rp
which is extracted from small signal circuit model causes to the device enter the
quasi-saturation earlier. In addition, the 034 is similar because effective drift length (Lg) is

longer for circle structure. From the C-V curves, we find that the flat band voltage occurs at
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Vo= -1.7~-2V and is smaller for circle structure. This is similar as the extracted model
parameter Veg. Mover, the electron mobility in the channel region () is lager for fishbone
structure due to lower channel resistance. So, the fishbone device has larger transconductor

and these performances are agreement with chapter 2.

5.5 Summary

The device models have been obtained for fishbone and circle structures by using the
modified MM20. The quasi-saturation effect dominated in the drift region is also considered.
From I-V and capacitance characteristics, this model shows an accurate description in all
operating regimes, and provides a good agreement between simulated and measured data. In
addition, we confirm the device enters the quasi-saturation earlier due to higher drain parasitic
resistance and the drain parasitic resistance is lower for circle structure. Consequently, the

extracted model parameters have been analyzed and present the similar information as chapter

2.
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Table 5-1 Extracted Vg, Ueh, Hdr, 03dr, Rar and Lp from modified MM20 for different layout

structures.

VFB Heh Mdr 93dr Rdr LD

Fishbone | -1.832 | 194.6m | 694.2u 330m 86.54 270n

Circle -1.85 | 181.5m | 782.7u | 332.6m | 76.31 | 280n
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Fig. 5.5 Measured (mark) and simulated (line) drain current Ipg versus gate voltage at
different drain biases for the (a) fishbone and (b) circle structures.
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Fig. 5.6 Measured (mark) and simulated (line) drain current Ips versus drain voltage at
different gate biases for the (a) fishbone and (b) circle structures.
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Chapter 6

Conclusions and Suggestion

6.1 Conclusion

We have investigated the DC, AC, high-frequency, RF power characteristics and DC
model of LDMOS transistors with different layout designs. Based on the same distance of
each cell, we find that the cutoff frequency, maximum oscillation frequency and power
performance were improved using the ring structures. In the traditional design, the ring (also
called enclosed, edgeless, or donut in other literatures) structures were used to lower the
parasitic capacitances for more linear and faster devices [43-44]. For MOSFET, the
conventional parasitic drain capacitance refers to the n+ drain to p-substrate junction
capacitance. Hence, the drain was always surrounded by the transistor channel and source to
reduce the area. In LDMOS, however, the parasitic drain capacitance refers to the deep n-well
(DNW) to p-substrate junction capacitance. Therefore, drain outside or inside for ring
structure has no impact on drain capacitance. Since larger area for output terminal could
reduce the parasitic drain resistance, ring structures with drain outside layout would be the
better choice for the LDMOS. This layout design can improve the performance without
altering the process flow. In addition, we also find that the transconductance, on-resistance,
cutoff frequency and linearity were improved except maximum oscillation frequency and
power performance by using the circle structure. It is obvious that the circle structure success
to compress the corner effect in the square structure and improve the DC performance. Finally,
the modified MM20 shows an accurate description on DC and capacitance characteristics.
And the results are agreement with above descriptions.

In chapter 2 fishbone, square, octagon and circle structure were investigated. Fishbone

and ring structures were compared. The fishbone structure has better on-resistance and
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linearity due to lower channel resistance but it has larger Rry. The RF performance like fr,
fmax and power were improved for the ring structures due to the lower drain parasitic
resistance. If reducing the distance of each cell in the ring structure, the RF performance will
be enhanced much due to decrease the parasitic capacitance and maintain the same DC
performance as fishbone. In addition, square and circle structures were also compared. The
DC performance like drain current and transconductance were enhanced for the circle
structure due to lower drain parasitic resistance and uniform drain current density contributed
by canceling the corner of drift region.

In chapter 3 square devices with various channel width were investigated. The device
with larger W, has better fr, fmax, RF power and linearity due to lower drain parasitic
capacitance, but it also has larger on-resistance due to larger drain parasitic resistance. It
shows a trade-off between the DC performance and the RF performance.

Capacitance characteristics were analyzed completely in chapter 4. For having a
non-uniform doping channel, Cgp exhibits a peak at the threshold voltage. For existence of
the drift region, Cgst+ Cgp and Cgp show a peak at the onset of quasi-saturation. In the square
structure, the second peaks in a capacitance-voltage curve have been observed at high drain
voltages due to the additional corner effect. Moreover, the circle structure only has the first
peaks in a capacitance-voltage curve just like as fishbone.

In chapter 5 the modified MM20 is used to simulate the LDMOS with different layout
design. This model provides an accurate description in all operating regimes, ranging from
subthreshold to superthreshold, in both the linear and saturation regime and includes physical
effects like mobility reduction, velocity saturation, drain-induced barrier lowering, static
feedback and channel length modulation. A comparison with DC and capacitance
measurements on LDMOS device shows a very good agreement. In addition, the extracted

model parameters have been analyzed and show an agreement with chapter 2.
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