T2 1C %3t & Lapassa L3t

FEEX M A FNE SR LR TR

Sudy on the analysis.and:optimization design of
Trench LDMOSFET

Bt R OAHRES Hung-Chun Lin

ez BLEE L Dr. Jen-Chung Lou

v 2 RE AL+ £ F — A



FEEXBE® A EGNE LE SRR ZIHAE

Sudy on the analysis and optimization design of Trench

LDMOSFET
T A 7 7 Student : Hung-Chun Lin
wEHRBEE HBE Advisor : Dr. Jen-Chung Lou

B o R # K
T2 [C st E g wHas g ot
2 Bl
A Thesis
Submitted to College of Electrical and Cbmputer Engineering
National Chiao Tung University
in partial Fulfillment of the Requirements

for the Degree of
Master

in

Industrial Technology R & D Master Program on
IC Design

January 2008

Hsinchu, Taiwan, Republic of China

TERBEA+TEF—A



BAEABROLAFFTHELB I BREAZFZIARRE

R HEA BEHE BES H4

I RBREETREPBRE EHE R

Be

B S S B » S BAIC A (T 2 A B T - TR
AP R DA TR RS S i U e SRS - Do
5% 7 BRI WG R T ASHS - SR R e R PSR
mfier > S HRF IR R A P A B AP PR . © AEAR SO o TR ERER
F IR SR R AL AT BE P ARRE T 5 21T SE TCADATIMINI TABLAJK A I AN 5L 7R
PH - PUBIrasa 1 SOVEYZEERITH: - Sl P SR U ) 4 P B SRR A e A A v
g PR AR I SE -

et > ALV RSLEET B EAN RIS DL FRGE MR AERE (300V) BLE5E
BEL - 3t LS8 A 5 S B R ARG -



Sudy on the analysis and optimization design of
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ABSTRACT

Power devices are widely .applied to power electronics owing to great
semiconductor industry. Power MOSFET is one kind of power devices, which has
lateral and vertical structures. In order to integrate power MOSFET with planar 1C
process, this device must be designed the'lateral structure, which is LDMOSFET. The
characteristics of LDMOSFET are high breakdown-voltage and high on-resistance. In
this thesis, we choose Trench LDMOSFET and use simulation tools like ISE TCAD
and MINITAB to reduce area and on-resistance, and look forward to design of 150V
power device, and compare efficiency with LDMOSFET.

Finally, we use computer simulation to obtain the detail of breakdown voltage
(300V) and on-resistance under different situations, and apply Taguchi Methods to gain
optimal design.
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CHAPTER 1

I ntroduction of Power MOSFET

1.1General Background

The theory of Field Effect Transistor had been advent around 1920~1930isvhich

20 years before the Bipolar Junction Transistor has been invented, winan $940’s
and through early 1950s. At that time J.E. Lilienfeld of Amerigggested a transistor
model having two metal contact at each side with metallic fhdteminum) on top of
the semiconductor. The electric field at the semiconductor suftaoeed by the
voltage supplied at the metallic'plate .enabled the control ofuhent flow between
the metal contacts, and this was the inifiél conception of the Efédct Transistor.But
due to the immature semiconductor materials and the technologyodpegs of the
development was very sluggish. In 1952, W. Shockely introduced JFET (Juniefign F
Effect Transistors), in 1953, Dacey and Ross materiallized it. In JFET effadlimplate

of Lilienfeld structure was replaced by PN junction, and namednital contact as
source and drain, and also named the field effect electrodeeasEgan though there
were continuous research of small-signal MOSFET after that thas no prominent
result for the power MOSFET, and the commercially available prediiatted to come

out by 1970s [1].

In the power MOSFET, the control signal is applied to a metal gJattrode that

is separated from the semiconductor surface by an intervenintators (typically



silicon dioxide). The control signal required is essentially & lvaltage with no
significant steady-state gate current flow in either thetatesor the off-state. Even
during the switching of the devices between these states, thewgaent is small at
typical operating frequencies because it serves only to chadjelischarge the input
gate capacitance. The high input impedance is a primary fexdttire power MOSFET

that greatly simplifies its gate drive circuitry.

Power devices play a crucial role in the regulation and distribofignower and
energy in the world. By some estimates, more than 60 percerttié gdower utilized
in the United States flows through at least one power device andaftenethrough
multiple devices. Consequently, the performance of power restdigdt switches has a
significant impact on the efficient use .of electricity. In tpewer electronics
community, it is well recognized that the improverﬁents in sypteriormance in terms
of efficiency, size and weight are driven by enhancements nmademiconductor
device characteristics. Some of the prominent applications for pssweiconductor
devices are shown in Figure 1.1, where the boxes indicate the dmliage and
current ratings required to meet the system needs. It is obvidutheéhdevice ratings
span a very broad range of voltages and currents. At relativelydiiages (< 100V),
two important applications are in power supplies for computers, teteaaroations or
office equipment, and for automotive electronics. With the proliferatiopersonal
computers, an improvement in the efficiency of the power supplsenéial to reduce
wastage of electricity. This will also lead to a reductiornhia size and weight of the

computer, which is attractive to consumers. The growth in power dgyptieations in



automotive electronics is occurring due to the introduction of the prextibus

architecture to replace point-by-point wiring in order to enhanaeufacturability and
reduce the weight of the wiring harness. Such a multiplex bagesture can only be
implemented by using smart power control at each of the large nahloads (lamps,

motors, etc.) that are distributed throughout the car.

Due to its many attractive features, there has been a cesh@dfort to optimize
its structure, design, and process technology. The development otalideveces has
followed the basic concept of the lateral channel structure andaletiannel structure.
The lateral channel structure, all the drain, gate, and the seuncmal are placed on
the surface of a silicon wafer, and'it'is suitable for thegrgtion but not for obtaining
high power ratings as the length between the source region and the d@inmmegt be
far away from each other ta obtain better vo!tége blocking capaldlitg as the
drain-to-source current is inversely. proportional to the length. Thigcalechannel
structure, The drain and the source are placed in the opposite digensfer, and it is
suitable for a power device as more space could be used as ssgioce and as the
length between the source region and the drain region is reducedpassible to
increase the drain-to-source current rating, and it could atsease voltage blocking

capability by growing the epitaxial layer (drain drift region).

Three discrete vertical channel power MOSFET structures haare dxglored.
The first structure was the vertical channel V-MOS power ,FEEbwn in Figure 1.2,

this structure has V-groove at the gate region and it is thednsmercialized structure.



But as there was stability problem in manufacturing, and the high eleetdatf the tip
of V-groove, this VMOSFET structure was pushed out by the DMOSHt&itture. A
cross-section of the DMOSFET structure is provided in Figure 1.3 DMOSFET
structure is fabricated by using planar diffusion technology wrtfractory gate, such
as polysilicon, as a mask. It has double-diffusion structure havbag®+egion and™N
source region, and it is the most commercially successfutstes The third power
MOSFET structure, shown in Figure 1.4, this structure has U-grddie gate region.
This structure has higher channel density so that it can redu@sistance compared
to the VMOSFET and the DMOSFET. UMOSFET structure usingctreetching

technique was commercialized in 1990s.
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1.2 Motivation

In recent years, industries of LCD (Liquid Crystal Display)pbegressed very
quickly. When dots per inch (dpi), brightness and responding speed of L@Ds a
improved in every generation, the LCD driver IC must develop in the wéimgh

frequency and high voltage.

According to report of TSMC, Display technology is one of theeisgrowing
high voltage market segments. Flat panel displays, such as L<paydi, PDP and
OLED displays, all use high voltage technology to produce driver T@s. display
compound annual growth rate (CAGR) over the next few years is 20-3iifototal
revenues near $9 billion in driver IC coensumption in 2006. The power managé€nent
market is another fast growing segme.nt.. Power management dpvizaede power
supplies and power devices forall electronics‘and are tied totdiestectronic market
growth. Analysts predict a CAGR of 15% for the next few yeartheOpopular
applications, such as automotive and communication interface ICs ana-mircor

displays, require high voltage process technologies.

Applications of PICs (Power Integrated Circuits) are venyubar in IT industry.
Lateral power device is integrated into low-power circigtsurrent trend. In general,
function of PICs request high efficiency, low cost, low consumption, |sarah.
Therefore, using power device is Lateral DMOSFET, it is e@asyntegrated into
plannar process, but conventional LDMOSFET has two disadvantage like hig

on-resistance and large area. In this thesis, we improve LDMD8FEhoose Trench



LDMOSFET, that is to say, drift layer of LDMOSFET addsitmen dioxide of trench,
it's method to reduce on-resistance and area of device, and usehtheltage and low
on-resistance property of Trench LDMOSFET to provide a high voltageadaviCD

driver ICs. Power device simulator (ISE TCAD) [2] is used to simulatecgalliate the
electrical and structural property of power device in order toogémal process

parameters.

1.3 Organization of ThisThesis

This dissertation is divided inta:five: chapters. The contents in dzagbtar are

described as follows.

In chapter 1, the history of power-MOSFET about conventional MOSFET

VMOSFET - DMOSFET~ UMOSFET devices are introduced in this chapter.

In chapter 2, this section focus on review of principle of LDMOSFET.

In chapter 3, this section focus on analysis and design of Trench LDMOSFET.

In chapter 4, and use Taguchi Methods to improve best efficiency oérhigh

voltage and lower on-resistance of Trench LDMOSFET.

In chapter 5, this section includes the conclusions and the future wahksof

study.



CHAPTER 2

Review of Principle

Power MOSFETs in power integrated circuits, in the main, to daiumof the
switch. When the switch is off-state, power device come intogb@pen circuit, which
bear higher reverse voltage to avoid breakdown. Besides, the switcksiate, power
device come into being short circuit, which can help current pasagh, moreover
on-resistance is becoming more and more low. It is importamhpoove the power
device performance by optimizing on-resistance for a given amdaa breakdown
voltage. A cost effective and elegant method to utilize suchadeoff between

on-resistance and breakdown yvoltage IS to optimize the device layout.
2.1 Sructure and operation of LDMOSFET

Power MOSFETs have been widely applied to power electroniosyaw great
semiconductor industry, and have vertical channel and lateral charuwlis. The
power MOSFET in this thesis is LDMOSFET (Laterally Dif#adsMOSFET).What is
LDMOSFET [3], in other words, this is lateral DMOS. In genek¥OS is a vertical
structure, as shown in Figure 2.1. It is different to have Drainhenstibstrate of
DMOSFET between DMOSFET and LDMOSFET. But Drain is on theasarfof

LDMOSFET, as shown in Figure 2.2.

LDMOSFET is an asymmetric power MOSFET designed for highesistance



and high blocking voltage. These features are obtained byngeatdiffused p type
channel region in a low-doped n type drain region. The low doping on dire side
results in a large depletion layer with high blocking voltage. Thenraaregion
diffusion can be defined with the same mask as the source reggoittjig in a short
channel with high current handling capability. The relatively deegype diffusion
causes a large radius of curvature at the edges, whicima&és the edge effects. While
the device name implies that the fabrication require a diffusiorddpants can just as
well be implanted and annealed. Diffusion can be used in addition torfurtmease
the junction depth and radius of curvature. The device can be fabrigatifflision as
well as ion implantation. The p type region is formed first, foddvby shallow pand
n" regions. The hregions providé both-seurce and drain contact regions. Tiegipn
contacts the p type body, which'is typiéélly shorted to the sourceglenichating the

body effect.

It is the same to have operation principle of LDMOSFET and coiorexit
MOSFET. For n channel LDMOSFET, positive voltage on the gatecigeasing, and
then electron in the P-base are attracted, and form a channédly, Rhmaklectron take

shape a route, which include source, channel, drift layer and drain.

10
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Figure 2.1 Conventional structure of DMOSFET
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Figure 2.2 Structure of LDMOSFET
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2.2 Breakdown of LDMOSFET

In power devices, large electric fields can occur both witheniniterior regions of
the device where current transport takes place and at the efdlges devices. The
voltage is supported across a depletion layer formed across aitABr junction, a
metal semiconductor interface, or a metal oxide semiconductofaicee The electric
field that exists across the depletion layer is responsiblsveeping out any holes or
electrons that enter this region by the process of either gpacge generation or by
diffusion from the neighboring quasi-neutral regions. When voltagecigeased, the
electric field in the depletion region increases and the mohitéecs are accelerated to
higher velocities. In the case of silicon, the:mobile carri¢t@maa saturated drift
velocity of about 1x1&m/sec.: when the electric field becomes larger than a0,

In general, power devices cause breakdown which have 2 main kinds, Avalanche

breakdown and Zener breakdown.
2.2.1 Avalanche Breakdown

Avalanche breakdown is caused by impact ionization of electron-holke Ipa
carriers that have gained energy by accelerating in the dliggtric field in the
depletion region of a reversed biased PN diode. The ionization guansified by the
ionization constants of electrons and holgsand a, [4]. These ionization constants
are defined as the change of carrier density with position divagede carrier density

or:

12



d,, =a,Mdx (2.1)

The ionization causes a generation of additional electrons and holesler to
compute the BV, it is necessary to determine the condition undehwihe impact
ionization achieves an infinite rate. Generation of electron-holes plaie to impact
ionization requires a certain threshold energy (approximately J@e¥lectrons and
5.0eV for holes in silicon) and the possibility of acceleratiothefenergy of electrons
and holes, i.e. wide space charge regions. If the width of the spaogeaegion is
larger than the mean free path of carriers, charge multiplication occucs, eam cause

electrical breakdown.

Consider a reverse-biased paralle!-p_laﬁé’ Ninction with a positive bias applied
to the N region (see Figure:2.3). Under the influence of the electrid fiein the
depletion region, the electron will be swept towa;rds thedgion and the hole will be
swept towards the P region. Using the definitions for the ionizabefficients, the

hole will create(a pdx) electron-hole pairs after traveling a distance (dx) and the
electron will creat& o ndx) electron-hole pairs. The total number of electron-hole pairs

M(x) created in the depletion region by a single electron-hoie gemerated at a

distance(x) is given by
X w
M () =1+ [@,M (x)dx+ [ a,M (x)dx (2.2)
0 X

where W is the depletion layer width

13
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Figure 2.3:Reverse biased pn junction

The integrations are performed along field lines through the titmpleegion. A

solution of this integral equation is

expﬁ(an —ap)dx}
1—V£Vap expﬁ(an —ap)dx} dx

M(x) =

(2.3)

M(x) is commonly known as the multiplication coefficient. The breakdow

voltage is defined as the voltage at which M(x) reaches infitiitpccurs if the

14



following integral equals one

(an —ap)dx}dx:] (2.4)

W
la, exp{

O ey X

The left-hand side of equation ( 2.4 ) is known as the ionizationraitedyith the

approximation given in the avalanche breakdown condition corresponds to
w
[aqdx=1 (2.5)
0

The multiplication factor is commonly expressed as a function ofapiptied

voltage and the breakdown voltage using the following empirical relation:

M=t . (2.6)
1- Va

Vbr

Where n is in the range 2 to 6
Va is the applied (reverse) voltage
Vbr is the breakdown voltage

15



2.2.2 Zener Breakdown

Zener breakdown occurs in heavily doped PN junctions. The heavy dopies
the depletion layer extremely thin. So thin, in fact, carriers eacelerate enough to
cause impact ionization. With the depletion layer so thin, however, guantum mechanical
tunneling through the layer occurs causing current to flow. The temupe coefficient
of the Zener mechanism is negative breakdown voltage for a partdiode decreases
with increasing temperature. However, the temperature ceaeificis essentially

independent of the rated breakdown voltage, and on the order of -3 mV/K [4].

In a Zener diode either or bothibreakdown mechanisms may be pAdsient.
doping levels and higher voltages the :avalanche mechanism domifmaiestheavy
doping levels and lower voltages the Zener mechanism dominatascektain doping
level and around 6 V for Si, both-mechanism aré present with temecatefficients
that just cancel. It is possible to make Zener diodes with quitdl semperature

coefficients.

Neither Zener nor Avalanche breakdown are inherently destructiibat the
crystal lattice is damaged. However, the heat generatduedgrge current flowing can
cause damage, so either the current must be limited and/or talegaha sinking must

be supplied.

16



2.3 0On-Resistance of LDM OSFET

Power devices in power integrated circuits, in the main, to do funofighe
switch. When the switch is on-state, and get lower on-resist@heeefore, designing
power devices need to know combination of on-resistance, and can givefiesign
and analysis. In structure of LDMOSFET, on-resistance is combipetirbe main
resistance [1], which channel resistancg,Raccumulation resistance fRand drift

region resistance (R Thus on-resistance is as follows.
Rn=Ra+R*+R; (2.7)
2.3.1 Channd Resistance

The definition of the LDMOSFET channel resistance is the sasnéhat of the
basic MOSFET. The contribution from" the channel depend on the rdtamrel
length/width), the gate oxide thicknessyC and the gate drive voltage £V To
calculate the contribution from the channel, consider the resesstdidMOSFET cell
structure shown in Figure 2.4, The channel resistangg gBr cn? for the linear cell

structure is given by:

- Lch
Wlunscox (VG _VT)

Ron (2.8)

Where W is channel width
Len is channel length
MU is electron mobility of channel surface

Cox is gate oxide of capacitance

17
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Figure 2.4 Resistance of LDMOSFET
2.3.2 Accumulation Layer Resistance ',

The resistance of the accumulatio.r-l .Iéyeg) (ﬁccounts for the current spreading
from the channel into JFET region. The accumulation layer resgstandependent
upon the charge in the accumulation layer and the mobility for freersaat the
accumulated surface. Thus, the inference of accumulation lagistarece is similar to

channel resistance. The accumulation layer resistance pés:cm

R = KL,
" W,unACox (VG _VTA)

(2.9)

Where LA is length of accumulation layer (from the edge of the P-basmnegi
the right of the polysilicon gate (point A).
MU, is electron mobility of carrier accumulation of epitaxial layer surface

Vra is critical voltage of accumulation region.

K is aproportionality constant.

18



2.3.3 Drift Region Resistance

Drift region is in cell structure of LDMOSFET, and have a lamaentration of
epitaxial layer. We regard LDMOSFET as MOSFET plus &tasce, which is drift
region resistance @} Therefore, the drift region resistance is estimated byutar of

resistance.

R=py = (2.10)

Where p, is resistivity of drift layer region.
L is length of electron path.
Alis cross sectional area of electron pass through.

Figure 2.5 is potential distr'ibutior;l_ofx LDMOSFET operate mode. In oraler
=1 i

estimate drift layer resistance, and use formula of integrab compute length and

cross sectional area of power line“in the drift region.

L1

ElecliosiaticPolential
P 2.0E+01

1 6E+01

1.2E+1
C 79E00
3.86400

2.9E-M

Thickness (um)

0 10 20 30 40 50
Length of LDMOSFET (um)
Figure 2.5 Potential distribution of LDMOSFET
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24 RESURF LDMOSFET

High voltage devices usually require thick and low doped epitaxiat,layhich
makes them difficult to integrate with low voltage circuitry.cBese of the high
resistivity epitaxial layer, the on-state resistances oh silevices is large. In 1979
Appels and Vaes suggested the reduced surface field (RESt#REEpt [S]. The
RESURF concept [6] gives the best trade-off between the breakdoitage and the
on-resistance of lateral devices. It has been shown that d thteta with a thin n type
epitaxial layer on a lowly doped p substrate can give a highakdwe/n voltage than a

conventional lateral diode.

As shown in Figure 2.6:for a certain.range of the n epitaxiaft (drgion)
thickness and doping, the depletion“region covers almost all theo&rtee thin
epitaxial layer. It allows the ‘depletion regioln to extend furthigan for the
corresponding one-dimensional lateral diode without p substratergssith the surface
field is decreased, and higher voltages can be applied to theesleVhis is the well
known RESURF effect. For an optimum doping and thickness of the n, layer
uniformly distributed voltage across the silicon surface in the @fton can be seen
and a bulk breakdown voltage can be achieved. The breakdown voltageraf la
RESURF devices is limited by the substrate doping. The chargheon layer
determines the resistance of the drift region which is the erascal parameter of
high-voltage devices. Together with the length of the drifioreg will determine the

on-resistance and current handling capability of the device.
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Figure 2.6 Lateral RESURF structure full depletion

The RESURF technology has been one of the most frequently appigabds
for the design of high-voltage lateral devices with.low on-tasce [7,8,9]. It has been
successfully used for lateral high-voltage delv'ices such as sdiadd LDMOS
transistors for 20-1200V. This technelogy provides an efficient iwaptegrate high
voltage devices with low voltage circuitry. The traditional RE$Ustructure is
constructed by a lateral’R diode (P/N epitaxial) that defines the on-resistance
characteristic of the device and a vertical P/N diode which sigppospace charge

depletion region enabling high BV (breakdown voltage).

The lateral BV of this structure depends on the N-epi net chatde dfift region,
which is given when the N-epi net doping is integrated from thasitb the vertical
PN junction (P substrate/N-epi) along the cut line A in Figufe Assuming that the

N-epi layer is fully depleted with optimum drift dose, the maximiBivhis determined
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by the BV of the vertical PN diode (P substrate/N epitaxXidlg drift region resistance
is inversely proportional to the net charge in this region. Due tedtieal junction of
the RESURF structure, a second electric field peak forms ah'tlathode of the
device. As shown in Figure 2.7 the electric field at the surfacekeoRESURF device
(after full depletion) assumes a parabolic rather than a laistibution which can be
seen in conventional high voltage devices. It helps to reduce thecefest! at the

surface of the device during off-state.

Electric Field at the Surtace

Figure 2.7 Electric field comparison at the surface

The basic properties of RESURF structures are determinetieby tsubstrate
doping concentration (Csub), the N-epi layer doping concentration (Naem)the
N-epi layer thickness (Tnepi). In the structure shown in Figurea®.Gpproximate net

charge Qn of the N-epi layer (assuming uniform doping) is given by

Q, = Nei X T (2.11)
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The BV performance depends significantly on the net charge Qn df-tya
layer. The optimum Qn is found by assuming that the vertical dapletust reach the
surface before the lateral junction breaks down. The verticak sgarge width in the
N-epi region extends and interacts with the lateral junction spheege region
allowing the lateral depletion width to effectively span a ladjstance compared to
the case without the presence of the P substrate. As a resultdral electric field at
the lateral PN-epi junction is significantly reduced relative to the one-dinuevai
diode case, therefore enabling higher voltages to be applied. Consedoestlyieve a
high BV in RESURF structures, it is required that the N-egioreis fully depleted

before the lateral electric field reaches a critical value.
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CHAPTER 3

Analysisand Design of Trench LDMOSFET

In order to gain higher breakdown voltage of power MOSFET, conventional
LDMOSFET is designed by needing to increase length of @égiibon. When length of
drift region is getting longer, breakdown voltage and on-resistaedeegoming larger.
This is unfavorable factor. Thus, we use Trench LDMOSFET to impritvee t
performance of LDMOSFET. The main object of this thesis endn LDMOSFET.
The characteristic of the structure is to fill a Siench in the drift region under the
gate, which decrease on-resistance .and increase breakdown veslthgéter than
conventional LDMOSFET. Gaining higher breakdown voltage and reducingorea

device are anticipated by design of Trench LDMOSFET.

3.1 Structure Analysisof LDMOSFET

RESUREF technology to gain high breakdown voltage, to change physicaltgroper
and decide to adopt one factor at a time, to observe electricriyragecell pitch,
substrate concentration, concentration and thickness of drift regionpandntration
and thickness of P-base. Thus, the specification of LDMOSFET ptaamelude cell
pitch (50um), P-substrate (1E14¢nconcentration of drift region (4E14¢H depth
of drift region (9um), concentration of P-base (LE18gndepth of P-base (3um), and

concentration of the source and drain (1E17cas shown in Figure 3.1.
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Figure 3.1 Structure ofl LDMOSFET
3.1.1 Cell pitch

Cell pitch is getting large, and breakdown voltage is also higher, but cost must add,
this method can not avoid. According to Figure 3.2 and Figure 3.3, length of
LDMOSFET is becoming long, breakdown voltage and on-resistance ttiregdarge

at the same time.
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3.1.2 Substrate Concentration

RESURF theorem can get up to effect of reducing surfacerieldigld, and

makes use of verticalll depletion region (P type substrate and N type drift region), the

junction takes place high electric field/hen substrate concentration is smaller than
critical concentration, drift region is not covered by upward depleégion, and can'’t
develop RESURF function. LDMOSFET under gate takes place breakdownskec
electric field of lateral depletion region of P-base and gdge as shown in Figure 3.4.
When substrate concentration is greater than critical concentratrift region is
covered by upward depletion region, and device has RESURF function. LDETOSF
under gate and drain takes place breakdown because electrioffiatdral depletion
region of P-base and gate edge as éhbwn in _Figure 3.5. When suirstredses
concentration, the depletion region of PN junction is getting largaktdosvn voltage

is also raising as shown in Figure 3.6. and Figure 3.7. By the guoefiand use one
factor at a time, to observe breakdown voltage is 179V, in other wordsulisérate
concentration is 5E14ct and gain breakdown voltage. But change of substrate
concentration will increase production cost. Therefore, substrate rtcateen of
Trench design is still 1E14¢fnand this device has effect of junction isolation, to turn
on-state, drain current don’t pass through substrate, substratanesist ignored that

affects on-resistance.
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Figure 3.5 RESURF structure of LDMOSFET
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3.1.3 Concentration and Thickness of Drift Region

Width of depletion region has relations with cortcation of drift region and
substrate, substrate decides whether drift regia@overed by upward depletion region.
If drift region is high concentration, it makes tn region is getting small, electric
field is getting large, substrate upward depletregion can not generate effective
depletion, and causes under gate to take plac&dwea as shown in Figure 3.8. If
drift region is low concentration, width of subs&raipward depletion region become
large, RESURF performance is also getting bettad, r@verse voltage can gain high
breakdown voltage. But concentration of drift regmontrols drift resistance, and it is
getting high concentration, resistance of driftioagis becoming small as shown in

Figure 3.9.

Thickness of drift region affectis RESURF tlechnoldg}'lt is too thick, substrate
upward depletion region can’t cover whole drifticeg and maximum electric field is
under gate, to take place breakdown. When it igngethin, substrate upward depletion
region and lateral depletion region of P-base gaeefunction, and reduce surface
electric field of P-base, which avoids breakdowmaemgate, but electric field under
drain is becoming large, in any case, this driffisa (N-epi layer) is too thin, it causes

breakdown under drain as shown in Figure 3.10 aguké& 3.11.
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3.1.4 Concentration and Thickness of P-base

In this power MOSFET, the P-base region and thedlrce regions are diffused
through a common window defined by the edge ofpblgsilicon gate. The name for
this device is derived from this double-diffusiogess. The P-base region is driven-in
deeper than the Nsource. The difference in the lateral diffusionwe®n the P-base

and N source regions defines the surface channel region.

When a positive drain voltage is now applied, itemse biases the P-base/N-drift
region junction. This junction supports the dragitage by the extension of a depletion
layer on both sides. Due to the higher doping |®fe¢he P-base region, the depletion
layer extends primarily into the N-driftsregions Itloping concentration, depth and
width must be chosen in accordancé .with the caterstablished for avalanche
breakdown of PN junction. A higher‘drain bloekingitage capability requires a lower

drift region doping and a larger depth and width.

When concentration of the P-base region is gettiigly, breakdown voltage is
also becoming large, but change of on-resistancmapparent. If depth of the P-base
region is getting deep, breakdown voltage is akscoming large as shown in Figure

3.12 to Figure 3.15.
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3.2 Disadvantage of RESURF LDMOSFET

Peak electric field of gate edge is form, and oleseguipotential line of gate edge
which is crowded as shown in Figure 3.16 [10]. Wipenver device is off-state, the

drain to gate have potential (Vdg). To estimatectele field (E) of gate edge (see

Figure 3.17):
r V
E:—%é (3.1)

Where L is distant of gate to drain, which is pndjpmal to length of drift region.
When length of drift region is too short, to,caedectric field of gate and drain that is
too large. Avalanche breakdown is easy to takeeplacinder gate edge, this is because

RESURF LDMOSFET can’t design shert drift region.

The optimal case is obtained when the depletioronegxtends equally in the
N-drift and P substrate regions. If the laterakathise is sufficient, breakdown occurs
vertically in the semiconductor bulk under thé fdgion. As shown in Figure 3.5 the
electric field distribution of the optimized latém@iode, where the peak electric field
can be seen under three position (source, gatedrandedge). As shown in Figure 3.4

is not RESURF of LDMOSFET, and cause breakdowrageltoecome smaller.
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3.3 Advantage of Trench LDMOSFET

The main structure in this thesis, drift regioncoinventional LDMOSFET add
oxide trench, is called Trench LDMOSFET as showguFeé 3.18. We choose silicon
dioxide to do material of trench, which is hightical electric field (10v/cm), and it is
33.3 times electric field of silicon. Thereforepiears higher electric field of gate edge.

Silicon dioxide and silicon match pretty well anmbgess easily.

Gate
Source Drain
e ]

Oxide
P-base

N-Drift Region
(epi layer)

P-substrate

Figure 3.18 Structure of Trench LDMOSFET

In order to verify oxide trench to avoid breakdowfngate edge, and observe off
state in Trench LDMOSFET which is 159V electriddief breakdown voltage. Trench
LDMOSFET has a part of surface that is filled wsiticon dioxide. Figure 3.19 is
electric field of Trench LDMOSFET, and shows to fkeavay from gate edge, electric
field is becoming smaller. Interface of silicon asilicon dioxide have great energy gap.

When Trench LDMOSFET is on state, electron canpumich through silicon dioxide,
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and electron that need detour silicon dioxide eht¢h move to drain. Design of
oxide-trench etch part of drift region, and causzss-section area of electron current
which is getting smaller. Oxide trench cause raas of drift region that is becoming
larger. If drift region increases concentratioraidrreduces the peak value of electric

field (see Figure 3.20). The result of simulatioove this conjecture.
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Figure 3.19 Electric field of Tich LDMOSFET
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3.4 Design of Trench LDM OSFI%% i
For power device, a good device owns characternsdtlarge breakdown voltage
and small on-resistance, and at the same timeeaos$izell pitch designs emphasis on
the whole efficiency, in other words, the poweridevs smaller, it will save us a lot of
cost. A structure parameter of device is quite \&, fié is very difficult to use Full
factorial analysis. In order to understand chanfyphysical property, and decide to
adopt one factor at a time. Finally, we change patar to observe relationship

between Trench LDMOSFET and LDMOSFET.
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Trench LDMOSFET improves avalanche breakdown of LBFET in gate edge.
Therefore, designing trench to increase breakdowltage and reduce on-resistance

effect.

3.4.1 Parameter definition

Designing power device has two parameter of elegimoperty that is important,

and defines breakdown voltage and on-resistance.

3.4.1.1 Breakdown voltage

In general, device operation'is off state (Vg=0&0)d increases drain voltage by
degrees. When drain current-is getting to-1%20 this device stands for breakdown
state. We use simulation soft of device electrilpprfy (ISE TCAD_Dessis) [11,12,13]
which is two-dimension simulation program, widthd=vice is defined 1um, the result
of drain current (Id) is unit width of drain curtefid/1lum). Because width of normal
power device is about 10mm, we increase drain geltmake unit width of drain
current (overlx1®°A/um) which enter breakdown state. At this timegidrvoltage is

also breakdown voltage. Breakdown voltage of de(aseshown Figure 3.21) is 159V.
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3.4.1.2 On-resistance

The on-resistance [14] of a Power MOSFET is a vemportant parameter
because it determines how much current the dewvice aarry for low to medium
frequency applications. After being turned on, trestate is defined simply as its
on-state voltage divided by on-state current. We@mducting current as a switch, the

power dissipation in the power MOSFET during curi@nduction is given by:

PDZIDVDZIDZRJH (32)
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Expressed in terms of the chip area (A):

P

-2 =J2AR, =J,°
A D R)n D R)n,sp (33)
I%m,sp = AR)n

Where (R/A) is the power dissipation per unit areg;id the on-state current
density; and Ron,sp is the specific on-resistadeéined as the on-resistance per unit
area. These expressions are based upon the assortipi the power MOSFET is
operated in its linear region at a relatively snumlin bias during current conduction.
The region of operation in Figure 3.22 have bedrelld linear and saturated. To
understand the difference, recall that the actuakat path in a MOSFET is horizontal
through the channel created under the:gate oxidetem vertical through the drain. In
the linear region of operation, the voltage actbeSMOSFET channel is not sufficient
for the carriers to reach their maximum currents;tgnThe static on-resistance (Ron),
defined simply as W/lIps, is a constant. To adopicd¥=5V and \bs=1V, and get drain

current to calculate on-resistance. Thus specificasistance (Ron,sp) is 1h8) -cm’.
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3.4.2 Fabrication of Trench LDMOSFET

Oxide trench can improve characteristic of LDMOSFEmd change structure of
LOCOS (Ocal Oxidation Of Silicon) gain better efficiency. The process flow of Trench

LDMOSFET is as shown in Table3.1 [15].

Table 3.1 Process procedure of TrencMOSFET

Process Process Description Mask | Schematic

procedure No. Diagram

1 Lightly doped P-type substrate wafer<100> Figure 3.23

2 Growth of a heavily doped N-type epitaxial Figure 3.24
layer

3 P-base creation with boron implantation and | 1 Figure 3.25
diffusion

4 Reactive ion etching(RIE) is performed to forn? Figure 3.26
trenches s

5 Trench is filled with silicon dioxide

6 To polish surface’by CMP

7 Depositing silicon dioxide(3%9) Figure 3.27

8 Depositing Poly-silicon layer(200Q to form 3 Figure 3.28
gate patterning

9 Arsenic implantation is carried out to form S/D4 Figure 3.29
region

10 BF2implantation is performed to create P-baseb Figure 3.30
contact

11 Depositing silicon dioxide 6 Figure 3.31

12 Contact window is opened for source/gate/drgin

13 Aluminum is sputtered Figure 3.32

14 Metal patterning
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1. <100> P type wafer

P Substrate

Figure 3.23 Process Flow Chart

2. To Grow N type epi
N-Drift Region layer

P Substrate

Figure 3.24 Process Flow Chart

Boron

S —

3. Mask 1
N-Drift Region -boron implantation and

diffusion to form P-base

P Substrate .
Bl Photo-resistance (PR)

Figure 3.25 Process Flow Chart
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| |

] 4. Mask 2

N-Drift Region -To etch trench

To fill oxide in trench

Using CMP to polish
surface

P-Ba

P Substrate

Figure 3.26 Process Flow Chart Bl Photo-resistance (PR)
pm  Silicon dioxide

5. To deposite oxide in
surface

N-Drift Region

P Silicon dioxide
P Substrate : I Silicon dioxide

Figure 3.27 Process Flow Chart! "

I
et . sl
T\B&/ﬁ 6 | 0 deposite polysilicon
in surface
N-Drift Region Mask 3
-Gate patterning
PSubstrate Photo-resistance (PR)
Polysilicon

Silicon dioxide
Silicon dioxide

Figure 3.28 Process Flow Chart
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Figure 3.29 Process Flow Chart I Silicon dioxide

8. Mask 5
-BF, implantation to
N-Drift Region form base contact

Photo-resistance (PR)

P Substrate Polysilicon
Silicon dioxide
Source N/ Drain N

Silicon dioxide

Figure 3.30 Process Flow Chart
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N-Drift Region

9.

P Substrate

Figure 3.31 Process Flow Chart

N-Drift Region

P Substrate

Figure 3.32 Process Flow Chart

To deposite oxide
Mask 6
-Contact etching

Photo-resistance (PR)

Polysilicon
Silicon dioxide
Source N/ Drain N

Silicon dioxide

10. To deposite metal (Al)

Reuse Mask 6
-Metal patterning

Photo-resistance (PR)
Metal (Al)

Polysilicon
Silicon dioxide
Source N/ Drain N

Silicon dioxide
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3.4.3 Trench design

For LDMOSFET, breakdown voltage is positive relatwith the drift region, and
gains high breakdown voltage to make the longdt @rgion, which reduces cell pitch.
This is disadvantage of LDMOSFET, which can’'t saest and reduce device area.
Trench LDMOSFET [16,17,18,19] can reduce electietdf of gate edge as shown in
Figure 3.19, and can decrease length of the degton. According to equation 3.1,
electric field of gate edge is positive proportibt@length of the drift region. When
length of the drift region decreases, it causestrtefield to become large as shown in

Figure 3.17. Therefore, better trench design resletectric field of gate edge.

3.4.3.1 Depth of Oxide Trench

In order to understand effect of oxide trench oerith LDMOSFET, we adopt to
analyze parameter of LDMOSFET, concentration ofdtif region is 7E14ci, depth
of the drift region is 10um, concentration of Pd&s1E15 cii, and depth of P-base is
5um. To use these conditions to change depth afeatxench, and observe breakdown
state. According to Figure 3.33 and Figure 3.34thi®f oxide trench is getting deep,
breakdown voltage is also becoming large. In ottends, oxide trench increases depth,
the drift region is getting thin, electron passotilgh cross sectional area, which is
becoming small, resistance of the drift region Ipees large, and on-resistance is

getting large.

50



Breakdown voltage (V)

350

300

250

200

150

100

50

—®— Trench width= 8um

—®— Trench width= 10um
Trench width= 12um

—< Trench width= 14um

1 2 3 4 % 6 7 8 9 10
Trench depth (um)

On-resistance (m Q -cm?)

—— Trench width= 8um
—®— Trench width= 10um

Trench width= 12um

—>¢ Trench width= 14um

1 2 3 4 5.6 7 8 9 10

Trench depth (um)

Figure 3.34 On-resistance of Trench depth

51



3.4.3.2 Position of Oxide Trench

The above-mentioned result point to breakdown geltand on-resistance are
controlled by depth of Trench LDMOSFET. After oxideench analyzes depth, to

discuss position of oxide trench, and understaedkafown voltage and on-resistance.

We use parameter of trench depth, and set trength &) is equal to 5um as
shown in Figure 3.35, trench width is 10um (L1+L®)change L1 length (gate edge to
left size of oxide trench), which is 0.5um, lunfuin, 2um, 2.5um, and 3um. L2 (gate
edge to right size of oxide trench) length is clehfy L1, the result is in Figure 3.36
and Figure 3.37. When L1 is getting large, breakdowltage change just a little,

on-resistance change just a little like breakdowitage.

) Gate Ligate.- 3

Souce | poly-silicon | prain
—>

N-Drift Region
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P-substrate

Figure 3.35 Structure parameter of Trdt@MOSFET
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3.4.3.3 Length of Polysilicon Gate

According to simulation result of trench parametee, adjust L1 (1um), trench
width (L1+L2=10um), and trench depth (5um) to chargngth of polysilicon gate
(Lgate), and observe breakdown voltage and onteesis as shown in Figure 3.38 and
Figure 3.39. When length of polysilicon gate istiget longer, this device increases
breakdown voltage and reduces on-resistance. Becgaolysilicon gate edge is far
away from the source, potential is on Silicon aflit@ dioxide, the drain (N and
electric field of N drift region is too small tok& place breakdown, and get higher
breakdown voltage. The positive bias of polysilicgate attracts electron to form
channel of lower resistance on surface, while lerdipolysilicon gate is getting longer,

this channel is also becoming:long, and cause&sistance to decrease.
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Figure 3.39 On-resistance of Polysilicon Gate lengt
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3.5 Efficiency Analysis

For application of LCD display, To design a power MOSFET, reveo#iage is
150V and lower on-resistance, to use LDMOSFET and Trench LDMOSFET tegknolo
According to the above-mentioned discussion, we choose to use Trench LDMOSFET to
conform to characteristic of power device, and find a parameterfsdrench
LDMOSFET, which compares efficiency with LDMOSFET. Efficissnequation of
power MOSFET is composed of breakdown voltage and on-resistancequibt®a is

as follows.

Breakdown Voltage V
— S, ) (3.4)

Efficiency =
Y On_ Resis tarce mQ —cm

By equation 3.4 [20], efficiency of power-MOSFET determines breakdmitage and
on-resistance whether better or worse device. If efficiengyeting large, it shows
better power MOSFET, on the other hand, efficiency is gettindl,sinshows worse

power MOSFET.

Trench LDMOSFET compares data of efficiency with LDMOSFETs shown
in Table 3.2. Parameter of Trench LDMOSFET is 5 times effacgieof LDMOSFET,

breakdown voltage is 159V, specific on-resistance is #(B-cm’, this is a better

design.
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Table 3.2 Parameter comparison of Power MOSFET

Power Parameter Condition Breakdown On-resistance Efficiency
MOSFET Voltage (V) | (mQ-cm’)
Cell pitch (50um))
LDMOSFET
oS Concentration of P-Substrate 153 56.3 2.7
( 1E14cn?)

Concentration of Drift region
(4E14cn?)

Depth of Drift region ( 9um )

Concentration of P-Base
( 1E15cn?)

Depth of P-Base ( 3um)

Source(N), Drain(N")
(1E17cn?)

Length of Polysilicon Gate -
(13um)

Cell pitch (30um-)
Trench

P-Substrate {E14cm™) 139 11.3 14

LDMOSFET | Concentration of Drift region
(3E15cm™®)

Depth of Drift region Gum)

Concentration of P-Base
(6E15cm™®)

Depth of P-BaseZum )

Source(N), Drain(N")
(1E17cm’®)

Length of Polysilicon Gate
(13um)

Depth of Trench 2.5um)
Width of Trench (LOum )
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CHAPTER 4

Optimal design of Trench LDMOSFET

4.1 Introduction to experiment methods

In order to gain optimal design, we can choose 3 kinds of experime¢hoase
commonly. Experiment methods include trial-and-error, one factor @n@ and
Taguchi Methods. A well planned set of experiments, in which all parametersreginte
are varied over a specified range, is a much better approatitaio systematic data.
Mathematically speaking, such a complete set of experiments tugiive desired
results. Usually the number of experiments and resources (rsaterthtime) required
are prohibitively large. Often the expéri.menter decides to perforsubset of the
complete set of experiments t0 save on time . and money. Howedeestnot easily
lend itself to understanding of science behind the phenomenon. The aisatygtisery
easy (though it may be easy for the mathematician/starstiand thus effects of
various parameters on the observed data are not readily apparenanincases,
particularly those in which some optimization is required, the methosl riutepoint to
the best settings of parameters. A classic example illugirlne drawback of design of
experiments is found in the planning of a world cup event, say fooilvhile all
matches are well arranged with respect to the differentsteard different venues on
different dates and yet the planning does not care about theatanly match (win or

lose). Obviously, such a strategy is not desirable for conducting scienpéciments.
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Firstly, trial-and-error performs a series of experimezdsh of which gives
some understanding. This requires making measurements afteegperiment so that
analysis of observed data will allow him to decide what to do next parameters should be
varied and by how much. Many a times such series does not§sogueh as negative
results may discourage or will not allow a selection of pararmmevhich ought to be
changed in the next experiment. Therefore, such experimentationyusodl well
before the number of experiment reach a double digit. The dataufficient to draw
any significant conclusions and the main problem of understanding itfrcescstill

remains unsolved.

Secondly, the adaptive one-factor-at-a:time method requires sqmeeine&ntal
trials. The method provides estimates .of the conditional maircteffef each
experimental factor but cannot resolve interact@dns among expeahfactors. The
adaptive one-factor-at-a-time approach provides no guarantee ofyitgntihe optimal
factor settings. Both random experimental error and interactioreng factors may

lead to a sub-optimal choice of factor settings.

Thirdly, Dr. Taguchi of Nippon Telephones and Telegraph Company, Japan has
developed a method based on orthogonal array experiments which givesechuéd
variance for the experiment with optimum settings of control paexsieThus the
marriage of design of experiments with optimization of controapeters to obtain
BEST results is achieved in the Taguchi Method [21]. Orthogonaly8rfOA) provide

a set of well balanced (minimum) experiments and Dr. TaguSignal-to-Noise ratios
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(S/N), which are log functions of desired output, serve as objeatinetibns for

optimization, helping in data analysis and prediction of optimum results.

4.2 Procedure of Taguchi Methods

Taguchi methods is a scientifically disciplined mechanism foruetialg and
implementing improvements in products, processes, materials, equigmeriagcilities.
These improvements are aimed at improving the desired ch@stcte and
simultaneously reducing the number of defects by studying the egiables
controlling the process and optimizing the procedures or design totlyeebest results.
The method is applicable over a wide range of engineering fleddisnclude processes
that manufacture raw materials, sub systems, products for posfassind consumer
markets. In fact, the method can be applied to any process be iteimgirfabrication,
computer-aided-design, banking.and service slectors etc. Taguchi njaihad] is
useful for tuning a given process for best results. The optimalrdkaMe seven steps

procedure are as follows.
Step 1 Current Situation Analysis

Now breakdown voltage and specific on-resistance of Trench LDMO SfefsT

159V and 11.3rf)-cn?’ respectively as shown in Figure 4.1 and Figure 4.2, and this

device has lower efficiency is about 14. If customers request &ifficiency (high
voltage and lower on-resistance) of power device, we need to dagain, using

Taguchi methods to gain best efficiency and save time and cost.
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Step 2 To draw Cause and Effect Diagram

A Cause-and-Effect Diagram is a tool that helps identify, samtj display
possible causes of a specific problem or quality charadatetdisgraphically illustrates
the relationship between a given outcome and all the factors thatnioé the outcome.
This type of diagram is sometimes called an "Ishikawa diagfta@cause it was
invented by Kaoru Ishikawa, or a "fishbone diagram" as shown in Figure 4.3 because of
the way it looks. It is useful for identifying and organizing the knosv possible
causes of quality, or the lack of it. The structure provided by thgradia helps team
members think in a very systematic way. Some of the benefitsostructing a
Cause-and-Effect Diagram are that it helps determine thecanses of a problem or
guality characteristic using a structured approach, encouraging garticipation and
utilizes group knowledge of ‘the ‘process; using an orderly, easgdofoemat to
diagram Cause-and-Effect relationships, indicating possible cafisesriation in a
process and design, increasing knowledge of the process by helgingne to learn
more about the factors at work and how they relate, identifym@savhere data should
be collected for further study. It is a method for categagizdossible causes of a
problem, and shows only a few possible causes to illustrate the conbepgfore, A
problem is how to gain best efficiency, main possible camedsde both structure and
parameter. In the cause of saving cost, parameters of power Haveeoncentration
of p-base and depth of trench, and furthermore concentration and thicknesg

layer are modified as shown in Figure 4.4.
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Step 3 To choose Factor, Level, and Orthogonal Arrays

The principle behind the Taguchi approach is that as an engindaskgit is
considerably easier to adjust the mean level of some resporseledéo a target value
than it is to reduce the variation of the response variable. ComgguEaguchi
techniques focus priority on the reduction of variation by paying ceraite attention
to how the variability of the response changes as the factds lelwange. In optimal
design, factors included in experimentation are divided into two Bets.control
factors, these are factors that are easy and inexpensieattoldn the design of the
product. For noise factors, these are factors which may affecespense of interest
but which are difficult to control when the product is being manufadtuk particular
combination of levels of the control factors.is termed robust ifitian in the response
is small despite uncontrolled variation-in-the Ieve}é of the nocterfa So, we only list

control factor and level is as shown‘in‘Table 4.1.

Table 4.1 Data of control factor and level

L evel
Control Factor Level1 | Level 2
A: Concentration of Draft layer (Epi layer) unit: 1E15tm | 3 (A1) 6 (A2)
B: Thickness of Draft layer (Epi layer) unit: um 4((B1) | 5(B2)
C: Concentration of P-Base unit: 1E18cm| 4 (C1) | 7(C2)
D: Depth of Trench unit: um 2(D1) | 3(D2)
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Orthogonal Array is a statistical method of defining paransethat convert test
areas into factors and levels as shown in Table 4.2, Table 4.3 and Eifurgest
Design using Orthogonal Array creates an efficient and comegtesuite with fewer

test cases without compromising test coverage [23].

Orthogonal Arrays are represented by:

LRuns ( L e\/e| SFactorS) ( 41 )

Runs: The number of rows or number of test cases in the array that will be &nerate
by the Orthogonal Array technique. Each row represents a test case.

Levels: The maximum number of.values:in an Orthogonal Array that can be taken on
by any single factor.

Factors: The number of columns or the number of parameters/variables inyan arra
that need to be tested in the system.

Table 4.2 Orthogonal Arrays ¥sf2")

Lg(2") Orthogonal Arrays
Experiment Column
Number 1/2|3|4|5|6/|7
1 1111|111
2 111112222
3 1121211122
4 1121212211
5 2121|212
6 2 1122|121
7 2 1211221
8 2 212|112
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Table 4.3 Interaction fay L

Lg Interaction
Column
Column | 1 2 3 4 5 6 7
1 1| 3 2 5 4 7 6
2 2| 1 6 7 4 5
3 @ 7] 6|5 4
4 4| 1 2 3
5 G)| 3 2
6 6) | 1
7 (7)
2
5
1 6 °
4
S 7

Figure 4.5 Linear Graph fa(2’)

Points stand for control factor
Lines stand for interaction of control factor
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Step 4 Filling in OA with suitable parameter to simulate these experiment

Control factors have concentration of drift layer (3E15, 6E1¥¢thickness of
drift layer (4, 5um), concentration of P-base (4E15, 7E18)cend depth of trench (2,
3um). 2 level design is selected to fill in Orthogonal arrays watidition of control
factors. Finally, we want to finish these simulation experimeand fill out the form
( Lg(2) ) with breakdown voltage and on-resistance, computing efficien8tinfes of

simulation experiment as shown in Table 4.4

Table 4.4 Data of simulation experiments

Lg(20)Orthogonal Arrays

Experiment Column Result of Experiment
Number 1] 2 3 4 5 lgl7 BVds (V) Ron,sp2 Efficiency
(mQ-cm) |(BVds/Ron)
1 111(3) (1(4) |14 |1(2) |1]1| 199 12.2 16.3
2 113) |1(4) |12(7) |2(3) |2|2| 386 17.3 22.3
3 12(6) 2(5) |11(4) |1(2) |22 16 6.2 2.6
4 112(6) |2(5) |2(7) (2(3) |1]1| 373 7.6 49.1
5 2113) 25 [1(4) 23) |12 22 12.5 18
6 2113) 125 (2(7) |1(2) |2|1| 193 10.4 18.6
7 212(6) (1(4) 1(4) |2(3) | 2|1 20 9.7 2.1
8 212(6) 1(4) 2(7) 12 |12 97 7.4 13.1
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Step 5 Analysis of variance

Analysis of variance (ANOVA) [24,25] is a general technique &pasating the
total variation in a set of measurements into the variation duedsureanent noise and
the variation due to real differences among the alternativeg bempared. It provides
us with a technique for comparing these two components of the wariatall of the
measurements to determine if the variation between systestetisgtically larger than
the variation due to the measurement noise within a system. ifatttion due to
actual differences among the alternatives is enough largertiigavariation due to
measurement noise, then we can say that there is a siyistignificant difference in
the performance of the systems tested. The key is detagniww much is "enough
larger" to be statistically significant. In other words, wherato is getting large, P

value become small as shown in Table-4:5:

Table 4.5 Analysis of Variance table

Analysis of Variance for M eans (Efficiency)
Source DF | SeqSS Adj SS | Adj MS F P
A: Epi Con. 1 7.80 7.801 7.801| 0.02 0.89
B: Epi Thickness 1 41.86 41.861 41.861| 0.13]| 0.753
C: P-Base Con. 1 806.01 806.011 806.011 251 | 0.254
D: Trench Depth 1 76.26 76.261 76.261| 0.24| 0.674
Interaction(A*C) 1 150.51] 150.511} 150.511] 0.47| 0.564
(Epi Con.*P-Base Con.)
Residual Error 2 641.97 641.973] 320.986
Total 7 1724.42
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Explaining glossary
DF: Degrees of Freedom

Seq SS: Sequential Sum of Square

Adj SS: Adjust Sum of Square

Adj MS: Adjust Mean Square

F : F ratio

P: P value ( Confidence index=1-P )

Table 4.5 Analysis of Variance table

Analysis of Variance for M eans (Efficiency)

Source DF F P Noticeable | Rank | Remark
Factor(* )

A: Epi Con. 1 0.02| 0.89 . 4

B: Epi Thickness 1 0.13 0.753 . 3

C: P-Base Con. 1 2.51 0.254 . 1

D: Trench Depth 1 0.24 0.674 . 2

Interaction(A*C) 1 0.47| 0.564

(Epi Con.*P-Base Con.)

Residual Error 2

Total 7
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Step 6 Optimal Condition

The optimal condition is determined by selecting the best levelsnast
influential design parameters which have a significant impawct the output
performance or quality characteristic which is criticalhia eyes of the customer. Here,
the optimal condition for Al, B2, C2, and D2 are obtained as shown in Fdhi@nd

Figure 4.7 [26,27].

MinHfeds Pat for Hfidexy
A Foi Gn B Fpi Thideess

Mean of Efficiency
S
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N
o1

C
\
-

g
=
N
w

Figure 4.6 Response graph of control factor

70



* .
A*C : /7
- 30 Epi
Con.
—o— 3
L 20 —— 6
- 10
-0
304 Boe
Con.
—— 4
201 —— 7
10
o

Figure 4.7 Response graph of interaction ( Epi Con.*P-Base Con. )

Based on these results, we should set the factors at:

Design parameter A : Concentration of Epi — leveAdl()
Design parameter B: Thickness of Epi — leveB2()
Design parameter @oncentration of P-Base —level €R)
Design parameter D : Depth of Trench —leveD2()
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Step 7 Prediction and Confirmation Experiment

From the predicted mean value, the data (i.e. response or gunaiycteristic)
was generated. The predicted mean value at the optimal conditioB5:&%5. And
then to do an simulation experiment that tests the hypothdsmsexperiment must be
unbiased in nature, meaning that the scientist cannot create ammexpethat will
favor the outcome that they have predicted in their hypothesis. @&t rof
confirmation experiment is 25 as shown in Figure 4.8 and Figure 4.9, atidtg@de
value is 25.825 [27], to calculate this error value is 3.3% as shownbie 76.

Therefore, this optimal condition is confirmed that is effective.

= Optimal Trench LDMOSFET

1e-006

Ves= OV
Breakdown \Voltage317V

Se-007 1

Drain Current (A)

_
0 100 200 300
Breakdown Voltage (V)

Figure 4.8 Breakdown voltage of optimal Trench LDMOSFET
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0
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10

Drain Voltage (V)
Figure 4.9 On:-resistance (Ron) of.optimal Trench LDFEIS
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Table 4.6 The contrast of original and optimal Trench LDMOSFET

Confirmation| Epi Con. | Epi Base Con. | Trench Prediction
Experiment | (1E15cn?) | Thickness (1E15cnt) | Depth | Efficiency _ _
(Simulation)
(um) (um)
Original 3 5 6 2.5 14
(159/11.3)
Optimal 3 5 7 3 25 25.825
(317/12.7)
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CHAPTER 5

Conclusions and Suggestions of Future Work

5.1 Conclusions

In this study, we focus on how to improve structure of LDMOSFET that become a
higher breakdown voltage and lower on-resistance of power device. Advasftage
Trench LDMOSFET is confirmed that improve disadvantage of LDMEISH other
words, characteristics of Trench LDMOSFET play a more impbrtale in the
switching process. It works turn-off process, the breakdown voltage ksdame, and

it works turn-on process, the on-resistance becomes small.

In addition, in order to-design -optimal Trénch LDMOSFET to use Taguc
methods. It is a process and product eptimization method that is basédteps of
planning, conducting and evaluating results of matrix experimermtstermine the best
levels of control factors. The primary goal is to keep the variance in the etyubow
even in the presence of noise inputs. Thus, the processes and prodocsi@rebust
against all variations. Finally, a successful design is demortst@tempared with the
mainstream commercial MOSFET, the design not only has smatledakea (low cost),
but also has higher efficiency at its designed operation conditizerefore, Trench
LDMOSFET method provides higher breakdown voltage and lower on-resstan

application of LCD display or other electric products.

74



5.2 Suggestions of Future Work

(2). In the thesis, we don't make Trench LDMOSFET to confirnultesf
simulation experiments, and look forward to finish this power device. To

compare difference between real device and simulation device.

(2). Trench LDMOSFET in simulation experiments, thermal eféewd leakage
current are not simulated, this is a fly in the ointment. If tlaéreffect and
leakage current of device model are built, this device can be adelyur

predicted.

(3). Threshold voltage (Vth).can also be controlled not only by the gate
thickness but also by the back ground doping (The density of P-bothefo
n-channel Trench MOSFET). And it inqréase in proportional to a eqoat
of the background doping. The drain current increases in proportion to
(VGS—VGS(th))Z in the saturation region. We change gate oxide thickness and

concentration of P-body, and adjust Vth to match well.
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