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Abstract

The purpose of this thesis is to adjust and unify the surface electric field of
silicon-on-insulator (SOI) power devices by using a low dielectric constant
buried material, in which air and SiO> are alternately placed. The proposed
device is compared with conventional SOI and buried air gap structure (BAGS)
SOI devices. The breakdown voltage of the proposed structure is higher than
the BAGS SOI devices which has half air in the buried oxide layer.

The main consideration of the device design is all in the insulator mask that
defines: the air position, air width, and segment quantity. TCAD simulation is
used to find out device properties. The optimized device with the proposed
structure has shorter drift region length, smaller Ron, sp, and can still keep the

breakdown voltage higher than 600V.



CHAPTER 1 Introduction

1.1 The background

Superior isolation is very important for power integrated circuit (PIC), as low-
voltage and high-voltage devices are put together on the same chip. [1] The
Isolation technique of the power integrated circuit adds protection for the
leakage current. [2]The isolation processes used in the manufacture of
integrated circuits are incorporated to keep the individual components within
each monolithic chip from interacting with each other, [3] i.e. isolation from
one another. Several different techniques have been developed to accomplish
this function. These are: Self isolation, Junction isolation, and Dielectric
isolation. [4]The self isolation technique can be applied when single devices
inherently form reverse-biased. junctions. Processing of this isolation type is
very simple since no special steps have to be introduced, e.g. LOCOS and
trench isolation. [5] A disadvantage of this technique is the high number of
parasitic devices generated due to the missing isolation, and the flexibility of
the circuit is reduced. [6] In the junction isolation technique, additional doped

areas are introduced between devices to ensure proper isolation. For p-type

1



substrates with n-type epitaxial layers, diffused p-regions from the surface
down to the substrate are used. [7] This technique is still cost efficient and is
often used since it gives higher flexibility than the self isolation technique.
From the isolation's point of view, the best option is the dielectric isolation. [8]
Here, a silicon dioxide layer separates the devices leading to much lower ohmic
and capacitive coupling compared to junction isolation techniques. There are
no parasitic effects between the transistors, since there are no additional pn-
junctions. In addition, high-voltage silicon-on-insulator (SOI) devices exhibit
lower on-resistance than junction isolation devices when used in high-side
switching applications. [9] SOI can provide ideal dielectric isolation, so they

become very promising for PIC applications. [10]

1.2 Motivation

The breakdown voltage of SOI device is limited by the vertical electric field.
[11] The low breakdown voltage restricts its application in power and high
voltage ICs. To address the issue, the ultra-thin SOI structures have been
proposed. [12][13] But as silicon film thickness is reduced, series resistance of
SOl devices increases. Silicide technology, which is used to reduce resistance

in SOI, is difficult to apply to ultra-thin SOI wafer. Due to the cost and yield



rate, we don't consider to increase the thickness of epitaxial and buried oxide

layer to increase the breakdown voltage. It is well known to the device

engineers that linearly graded doping that is heavy to light from cathode to

anode will result in a more uniform electric field. [14]~[18] But this ideal

technique is difficult to achieve in the practical application. A new structure

that can achieve uniform electric field is proposed in this thesis. An effective

technique for enhancing breakdown voltage is to increase the electric field in

the epitaxial layer, yet without increasing the critical field of the entire device.

Above-mentioned concept was demonstrated in the Buried Air Gap Structure

(BAGS) device. [19][20] Because both of the two structures are made of air

and SiO,, the BAGS device is compared with the proposed structure in this

thesis.



CHAPTER 2 Literature review

2.1 Literature review of SOI-Process

2-1-1 BESOI (Bonding & Etch back)

First, prepare two silicon wafers, the device wafer and the handle wafer. Second,
epitaxs the device wafer to become the etch stop layer, and to grow the oxide
layer in handle wafer by high temperature to make a lower defect. After
bonding with the Vender Walls force, strengthen the links of the two wafers by

thermal annealing, and polished by CMP as shown in Fig.1. [21]

Device Wafer Handle Wafer

1. Initial wafer

- 2.Epi Etch stop layer 3. Thermal oxidation \J

9 4.CMP and ETCH

Fig.1 BESOI Process

3.5pliding Device wafer and bonding



2-1-2 SDB (Silicon direct bonding)

Two silicon wafers were oxidized, the surface was closed to each other by
Vander Waals force after hydrophilic process. Because the bonding is not solid
at room temperature, it needs annealing for reinforce. After the bonding, the
thickness is thinned to reach a desired thickness.

Buried oxide layer thickness is set by thermal oxidation time and temperature,
so the quality of the silicon layer and the buried oxide layer is better.

SDB is easy to get thicker SOI, but limited thinning technique is not easy to

get thin epitaxial layer. It is shown in Fig.2. [22]

A ; ‘ 1. Initial silicon——B : ‘

2.0xidation

b 4

3.Spliding and Bonding

=

ﬁr ' —— 4. thining

Fig.2 SDB Process



2-1-3 ELTRAN (Epitaxial layer transfer)

The CVD Si epitaxial is growth on porous Si, bonding, and selective etching in
conjunction with the novel phenomena by hydrogen annealing to flatten the
rough etched surface in no expense of Si. The last established technique is
highly reproducible splitting in the porous Si layer and reuse the seed wafer
several times. Water jet is injected at the edge of bonded pair and splits entirely
the two wafers within the thin porous Si layer. The porous Si layer has the stress
concentrated double layered structure, resulting the both split wafers (SOI and
seed Wafer) covered by the porous Si protective layers.

The process is shown in Fig.3. [23], [24]

k/SiOZ
14— Epitaxial Si
_> Seed Wafer : Porous Si
I3JE\N P3RS

IR Rnnnm

Reuse

Handle Si Wafer {7 Handle Si Wafer

[Sp.l'r'ﬂing in Porous 5:']

Water [Etch;'ng & H: Anneaﬁng]
Jet 5i

INURRNNRNRRNRANNRRRRANRN|

» = ¥- sioz

Handle Si Wafer

Fig.3 ELTRAN Process[24]
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2-1-4 SIMOX (Separation by IMplanted OXygen)

First, to implant a large number of oxygen ions below the surface of a silicon
wafer. The silicon wafer is then to anneal to get a uniform buried SiO> layer
with distinct interfaces with the two adjacent silicon layers and also to eliminate
lattice defects, finally polished by CMP.

The process is shown in Fig.4. [25], [26]

0Xyanion ion

W

. 1.0x1dation

\J 2. Annealing
“ 3. Epitaxially grown
silicon

Fig.4 SIMOX Process

2-1-5 Smart-Cut [27]

First, oxidation on one piece of wafer or two pieces of wafers, and then one of
thermally oxidized wafer is implanted with a high dose of hydrogen.  Flip and
bond the handle wafer then to annealing. The area of high doping of H*™ will
break before the annealing, finally polish the wafer by CMP and the remaining

wafers can be reused. The process is shown in Fig.5.
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Fig.5 Smart-Cut Process[27]

The application as low-voltage and high-voltage devices are put together on the
same chip is an important issue, so we want to develop our device using the
smart-cut technology and the wafer of smart-cut can be reused without waste.

The size of our device is following the specifications which are provided by

SOITEC; Fig. 6. [28]

Soitec Smart Power SOI™

1.5pm

0.1pm

Top Si Thickness

0.05 pm

0.01pm

0.01pm 0.05pm 0.145pm 0.5pum 1pm 2pm 3pm

Fig.6 SOITEC offers several product lines to address specific application

[28]



2.2 Literature review of SOI power devices

2-2-1 Epitaxial & buried oxide layer thickness

The breakdown voltage of conventional SOI device is limited by epitaxial layer
thickness buried oxide layer thickness, [29] and the drift region length. Most of
the voltage is supported by the buried oxide layer. The maximum electric field
strength at the interface between silicon and the buried oxide is limited by that
of the silicon region at the interface. In general, the thickness for both materials
are thicker, the breakdown voltage is higher. However, if the epitaxial layer is
too thick the buried oxide layer can’t share fully the cathode voltage, the
breakdown will occur early in the epitaxial layer. The breakdown voltage of
thicker buried oxide layer is not in a linear rise, and there have thermal
conduction and thermal resistance rising problems. [30][31] If we only use the
PN doping to improve the breakdown voltage, there still have problems of the
conflict between the on-resistance and breakdown voltage. Basically, the thin
SOI structure is the RESURF effect that is based on the electric field
distribution in the lateral depletion layer and the buried oxide. With the
substrate at the ground potential, the breakdown voltage of SOI can be

expressed as: [32]



BV = (%2 + 2L t,)E (2-1)
Figure.7 shows SOI RESURF device, tgxis the oxide layer thickness, and tg

is the drift region thickness.
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Fig.7 A conventional SOI diode.[29]
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Fig.8 Theoretical BV versus SOI thickness [29]

Figure.8 shows that the theoretical BV versus SOI thickness for three different

values of buried oxide thickness, tox. [29] The BV is increased if the tg is

increased over 3.0um or decreased approximately below 2.0um.
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2-2-2 Adjusting the lateral electric field in high voltage devices

2-2-2-1 Linearly doped SOI

According to the RESURF principle [33], the drift region concentration is too
high or too low will cause breakdown to occur at drain or source side,
respectively. So, an appropriate drift region is also a way to increase
breakdown voltage.

Most proposed processes open the mask from drain to source from wide to
narrow, and control ion implantation energy and diffusion time to make the
drift region produce a linear doping distribution. The illustration of mask and

the doping concentration of drift region are shown in Fig.9. [14]~[18]

Dopping Concentration

Phosphorus implantation
PLLLLLLLLLEELTLLELLL] ~d
— |l IINI 1 1M
~ Lateral Distance 0

Fig.9 Linearly doped SOI

2-2-2-2 Double RESURF

Double RESURF is a very complicated process of accurate charge control, and
requires a well-designed device layout with complete charge balance among all

the critical layers. A double RESURF high-voltage P-TOP SOl MOSFET is
11



shown in Fig.10. [34]

Fig.10 Double RESURF SOI[34]

2-2-2-3 BOSS (Buried oxide Step Structure)

The stepped buried oxide layer make the bottom of drain thicker, the interface
of this step generates a new peak to increase the surface electric field. The cross
section of the BOSS SOl is shown in Fig.11. [35], [36]
G D

.

=! ;_

N .

Fig.11 BOSS SOI[35]
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2-2-2-4 CamSemi membrane power device

The substrate under the buried oxide layer at the drain to gate side is etched to
make the electric potential penetrate through the buried oxide layer and
improve the distribution of drift region electric field to increase the pressure

effect. The structure is shown inFig.12. [37], [38]

Fig.12 CamSemi membrane power device[37]

2-2-2-5 BAGS (Buried Air Gap Structure)

The buried oxide layerof air and SiO- are equally divided as the dielectric layer.
The new electric field peak near the middle of drift region pulls down the other
peaks within the silicon layer. It is found that the peak electric field near both
the source junction and the drain junction are considerably reduced and the

breakdown voltage will increase. This structure is shown in Fig.13. [19][20]
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Fig.13 BAGS SOI[19]

2-2-3 Adjusting the vertical electric field in high voltage devices

The substrate of SOI is not like the traditional silicon substrate and as
previously mentioned that the epitaxial layer and the buried oxide layer can’t
be made thick, so, the vertical electric field of the SOI substrate is low.

Following are some structures that can enhance the vertical electric field.

2-2-3-1 The ultra thin SOI

From the above 2-2-1, we know that the ultra thin SOI can achieve very high
voltage. However, when the thickness is decreased the on-resistance will be
increased, so, it’s not our choice for power SOI. We can refer to the curve

between thickness and breakdown voltage given in Fig. 8. [12][13]
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2-2-3-2 The n-type buffered SOI

The n-type buffered SOI using a structure consisting of an n-diffusion layer
over 15- ¢ m thick high resistivity n-silicon layer with a 3- ¢ m silicon dioxide.
One way to do this is to form a positive charge layer at the interface between
the thin silicon layer and the bottom oxide, where shallow n-type diffusion
layers are formed directly on the bottom oxide. An appropriate impurity dose
in the bottom n-type shallow diffusion layer improves the breakdown voltage.

This structure is shown in Fig.14. [39]
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-

Fig.14 The n-type buffered SOI[39]

2-2-3-3 Buried oxide double-step SOI

The buried oxide has double steps that can collect charges to enhance the

vertical electric field. This structure is shown in Fig.15. [40], [41]
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Fig.15 Buried oxide double step SOI[40]

2-2-3-4 Buried diode structure SOI

In the P-type Silicon substrate directly beneath the drain, make an N*-doping,
then the N*P forms a reverse biased diode under reverse operation of the
original device to generate a vertical electric field. is the structure is shown in
Fig.16. [42]
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Fig.16 Buried diode structure SOI[42]
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2-2-3-5 Partial SOI

The substrate is connected to the drift region right beneath drain, then the

vertical electric field is increased and the breakdown voltage is enhanced. The

structure is shown in Fig.17. [43]

ANODE CATHODE
]
P~ SUBSTRATE
=

Fig.17 Partial SOI[43]

Above structure is similar with the BAGS, the gap is low-k material that

equivalent to a combination of BAGS SOI and Partial SOI.
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CHAPTER 3 Principle and simulation of power SOI

device

3.1 Reverse hiased breakdown.

The utmost efficiency of power device is the minimum of turn-on resistance
and the maximum of breakdown voltage, but they are contradicted with each
other. If we want to know the optimization of breakdown voltage, we need to
know the principle of the reverse biased breakdown. The following are

introduction of several situation of breakdown.

3-1-1 Avalanche breakdown

Avalanche breakdown occurs in reverse biased pn-junctions. The device has
little ‘current flow under reverse bias, it almost be an open circuit. While the
applied reverse voltage increases, electrons that are pulled from their covalent
bonds are accelerated to great velocities in the deletion region. These electrons
knock off more electrons to cause more impact ionization of electron-hole pairs.
They, too, are accelerated and the process repeats itself, and thus additional

current. That’s like an avalanche where a small disturbance causes a whole

18



mountainside of snow to come crashing down, so, this is why we call this
situation Avalanche breakdown. The illustration of avalanche breakdown is

shown in Fig.18. [44], [45]

Ec \
Ev —C

Fig.18 Avalanche breakdown

3-1-2 Zener breakdown

Zener breakdown occurs in heavily doped pn-junctions. The valance band and

conduction band are much closed under reverse bias in the heavy doping

situation that makes the depletion layer extremely thin. With the depletion layer

thin enough, the tunneling effect occurs. The tunneling effect causing the

electrons move through the junction barrier freedom, hence, the breakdown

occurs. In general, the Zener breakdown works in the low applied voltage. The
19



illustration of Zener breakdown is shown in Fig.19. [44], [46]

P

Fig.19 Zener breakdown

3-1-3 Punch-through breakdown

The punch through breakdown is easily caused in devices has the structure of
NPN and/or PNP, especially when the middle material is thin. The deletion
region under reverse bias will be extended to the other PN junction, when the
depletion regions connected, the barrier became lower, and then the current can
easily flow through this junction. With a short channel NMOSFET as an
example, when the drain voltage is too large, depletion region will reach the

source, current suddenly increases. Punch-through is differentiated from

20



junction breakdown in that the current path is from drain to source instead of

from drain to substrate, as is the case for junction breakdown. [47], [48]

3.2 On-resistance

The definition of on-resistance of power devices is the resistance from cathode
to anode in the turn on situation. Because the on-resistance decided how much
turn on power is consumed, it is an important parameter for power devices. The

power consumption of power device can be expressed as:[49]

Py =1, X Vy=1;%%Roy (3-1)

The power consumption divided by the device area can be expressed as:

Py/A =]4° X Ronsp (3-2)

The J, is the density of turn on current, R,y s, is specific on resistance.

They are made by anode diffusion region resistance, cathode diffusion region

resistance, and drift region resistance:
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Ron, =Ranedet RecathodeTRd (3'3)

\'% UNIT CELL AREA
I/um CHANNEL WIDTH

The specific turn-on resistance is defined as:Ron, sp =

__ Ronsp -
Ron = DIE SIZE (3-4)

3.3 The operating area of SOI

We use the simplest structure, a diode, to design our proposed device. First of
all, we investigate the conventional SOI diode under the turn off situation
which means device can not generate the turn on current.

We have to inspect the situation when we apply bias voltage on cathode, to
fully understanding the SOI diode breakdown mechanism. The effect under
low bias voltage applied to cathode was analyzed in Fig.20 (a).

When the voltage on cathode is low, the depletion region is the same as
conventional device which locates between the junction of p*-region and the n-
drift region, some minor region above the buried oxide in the drift region I also
depleted. When the bias voltage is increased, the depletion region extended
into the n-drift region from both the p*-direction and the buried layer direction

The maximum electric field still locates at the p* and drift region junction, and
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some neutral region still surrounds the N* region, see Fig. 20 (b). When the
bias voltage on cathode side keeps rising until reaching the secondary pinch-
off voltage, the drift region is fully depleted. The breakdown right now is
determined by the n*-n junction and the buried layer-n junction. [50] After fully
deplete, we keep increasing the voltage on cathode, then we discover that the
electric potential lines below the cathode become more and more crowded. In
the end, the high electric field will shift from beneath the anode to beneath the
cathode, Fig. 21. This is the reason why the vertical breakdown occurs easily
in the lateral SOI power devices. We can prevent device from breakdown early
by reducing the high electric field in the horizontal direction which is located
at the p* and n-drift region junction and increase the breakdown voltage of a
high power device by reducing the vertical electrical field which is located at

the n* and n-drift region junction in conventional SOI devices.
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Fig.20 Reverse biased depletion region in an SOI diode for (a)
low voltage, (b) medium voltage, and (c) high voltage.
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Fig.21 The surface electric field of a lateral SOI power device.

3.4The simulation of lateral power SOI devices

We know from the literature review that the oxide layer thickness and epitaxial
layer thickness can impact the breakdown voltage. However, the dose
concentration and drift region length, too. Our proposed device is based on the
smart-cut technology, so we have a thin SOI that can combine the low voltage
devices in a single chip. However, when the epitaxial layer thickness is
decreased the on-resistance of the power device will be increased, so we chose
the thickest silicon layer of smart cut wafer available in Fig.8. The simulation

size of our proposed SOl silicon layer is 1.5 . m.
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3-4-1 Doping concentration & breakdown voltage

Fig. 22 shows the breakdown voltage under different silicon layer
concentration, when the concentration is not too high, the breakdown voltage
will increase follow the doping concentration. When the concentration over the
specific value, the breakdown voltage will decrease with the epi-layer

concentration.

Breakdownvoltage(V)
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Buried
layer=3um
0 2 4 6 8 10
Concentration(/cm~3)*10714
Fig.22 Doping concentration & breakdown voltage

Fig. 23 shows the electric field under different concentration. The low
concentration will cause full depletion early and the rate of P*/N" rise slowly,
so the breakdown is occurred at the N/N™ junction, see Fig. 23(a).

When the concentration of silicon is increased, the electric field is shown in Fig.

23 (b). It’s an ideal situations, the electric field is more uniform. When the
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concentration is further increased, the electric field is shown in Fig. 23(c). The

depletion region does not extent into the n-drift region too much, due to the

high doping concentration, the electric field piles up at the junction quickly,

and results in a lower breakdown voltage. horizontal junction. The breakdown

voltage is decided by the P+/N.
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Fig. 23 The electric field under different concentration, (a) low concentration,

8]
8]

(b) medium concentration, and (c) high concentration.

3-4-2 Buried oxide thickness & breakdown voltage

Breakdown of device is determined by P* and drift region junction when it is
not fully depleted. After fully depletion, it will be determined by the thickness
of buried oxide. The buried oxide is thicker, the voltage that across the oxide
will be higher, the breakdown voltage will be rise, as shown in Fig.24. Fig.
25(a) is the electric field of buried oxide layer which below the cathode.

As we can see in Fig. 25(b), the thinner the buried oxide is, the higher electric
field will be. On the other hand, the higher the electric field of buried oxide
layer is, the higher the electric field of silicon epi will be. When the oxide is
thicker, the electric field below the cathode can be disperse which make it

won’t breakdown early.

28



200
180

160

140
120
100

=@ Drift region

80

Breakdown voltage(V)

60

Concentration
=3e1l5 Silicon

40

layer=1.5um

20

1.5 2 2.5 3

Oxide thickness(um)

Fig.24 Oxide thickness & Breakdown voltage

[S gl ) ey ey

B Do oy

=22

P L ) ) e

Iooooo

rsielnl o]

z2ooooo

1590000

1ooooo

SooCo

Q LI L L L L B BB B L B

/

7
[

Buried owide thickness=—T1um
Buried owide thickness=22um
Buried owide thickness=—3Ium
Buried owide thickness—a3um
Buried owide thickness—Sum
Buried oxide thickness=&um

w [arnm]
(a)

Buried oxide thickness—lum
Buried oxide thickness—2um

Buried oxide thickness=3Sum -
Buried oxide thickness—4um ;
Buried oxide thickness—Sum

Buried oxide thickness=6um \

20 ' ' ' EYs) ' ' ' [5]s}
XK [uum]

(b)
Fig.25 Oxide thickness & Electric field
29




3-4-3 The optimized doping concentration & buried oxide

thickness

To obtain maximum breakdown voltage, increase the thickness of oxide will
be advantageous, but it’s not good for on-resistance. Because when we increase
the thickness of oxide, the doping concentration for maximum breakdown
voltage should be decreased, that will make the on-resistance increase. The

result is shown in Fig.26.
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Fig.26 Oxide thickness vs. the doping for the highest breakdown
voltage
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CHAPTER 4 Better performance with low-k dielectric

material

4.1 Concept of proposed SOI power device

From the mentioned structures in Chapter 3, it can be seen that the most
effective ways to improve the intensive electric filed is to adjust the electric
field below Drain. To prevent the resistance increase in the epitaxial layer,
almost all of the researchers choose to use the buried oxide layer or the
substrate to influence the electric field indirectly.

The buried oxide layer of SOI limits the vertical electric field, enhancing the
vertical electric field is also an important research direction.

Due to the above collected SOI model and the feasibility of Smart-Cut
technology, this thesis will present some concepts in this chapter to develop a
high voltage thin SOI device that can compatible to the CMQOS technology.
The concept of this structure is to increase the electric field in the buried
dielectric by using a low k composite dielectric. To Enhanced the vertical
electric field of buried oxide layer to reduce the lateral electric field of epitaxial
layer.

The above-mentioned method is used in the buried air gap structure (BAGS)
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that has a segment of air area in the buried dielectric. The range of the

breakdown voltage is limited, so we propose a new structure that has alternated

SiO2 and air with different widths and spacing.

4.2 Device structure

The proposed device structure is based on the conventional SOI which has the

best breakdown voltage under a fixed length. First of all, we will find the

optimal concentration of the drift region, and the position of field plate, locos

and so on. The design of proposed structure is based on Fig.6. As we can see

in the figure, the maximum length and thickness in the smart-cut technique is

to fix the R-on. First of all, we simulate the conventional SOI which the sizes

are 1.5um epitaxial thickness and 3um buried oxide thickness.

LA and LB in the conventional SOI which shown in Fig.27, are the same size

in those three devices. LA is the length of field plate which can determine the

place of electric charge accumulation. The electric charge accumulation can

generate higher surface electric field. Therefore, LA is an important parameter.

After fixing LA, we focus on LB. LB is the length between cathode and locos

which generate the electric charge accumulation, too. This length couldn’t be

too far from cathode or it couldn’t affect. However, it couldn’t be too short or
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it may cause early breakdown. Table 1 is the concentration of the drift region,

device size, and the optimal LA and LB in the conventional 120 um SOI.

Table 1. Device parameters used in TCAD simulation

Parameter Value
Device Length (um) 120
Tepi (LmM) 15
Tox (um) 3
Drift region concentration (cm %) 4el5
LA(um) 35
LB(um) 20

The difference between conventional SOl and BAGS SOl is that the buried

layer of BAGS is made of two dielectrics, one of which is SiO and the other

is air. It is shown in Figs. 28 and 29. Therefore, an electric field peak will occur

at the intersection. By adopting suitable pattern design, the air and oxide

alternating will be under control, the electric field distribution in the Si epi-

layer becomes tunable by the pattern design of this SiO etching mask .1t is

shown in Figs. 30 and 31. BAGS and the proposed structure both have the low-

k dielectric buried layer (air). But they are different from that proposed

structure has more graded segments of low-k areas. The main position of
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patterned design is located between cathode and field plate, and we maintain

the air region between field plate and the nearby anode patterned. The place

where have more electric charge accumulation will generate lopsided electric

field, thus why we used patterned structure to reach uniformity. The details will

be discussed in the following chapter. Before the bonding process, the buried

SiO2 layer is selectively etched in the proposed structure to make it become air

and oxide in an alternating form. Therefore, the electric field distribution in the

Si epi-layer becomes tunable by the pattern design of this SiO2 etching mask.

The different lengths of device have the different structure, so we need to

propose the structures for shorter and longer device. However, we did not

analyze the length of locos and field plate in the short device. We can discover

that the structure design was always located nearby the cathode because on

cathode side has highest electric field in short device. In longer device, due

to the electric field in the middle of drift region will fall down. We will put the

designed structure nearby the anode, as shown in Figs. 28, and 30 respectively.

In the following chapter, we will discuss the process and the result of simulated

electrical properties.
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4.3 Process of proposed SOI power device

Ensure the feasibility of device is important, so we propose the process of our

structure in the following steps.

Stepl: The wafer A and Wafer B are grown with a thin dielectric layer of

thermal SiO» which will serve as the buried oxide of the SOI structure.

Initial Silicon

Wafer A Wafer B

~_

Oxidation ———
Wafer A Wafer B

Step2: Hydrogen implantation into wafer A capped with thin layer of thermal

grown SiOs.

XA,

— Implantantion H+
Wafer A Wafer B

Step3: The buried SiO- layer is selectively etched A to make it air and oxide
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are patterned in an alternating form.

— Patterned oxide Wafer B

Wafer A

Step4: Wafer A and wafer B are cleaned using a modified RCA clean. The
condition of RCA-process plays a key role in the bonding process which
determines the characteristics of the surface in terms of micro-roughness

hydrophilicity and particle contamination etc.

Step5: Two phase heat treatment of the two bonded wafers. During the first low
temperature treatment, the implanted wafer A splits into two parts: the thin
patterned layer bonded to wafer B presenting as a SOI structure and the rest of
wafer A which can be recycled and used as a handle wafer again. The high

temperature treatment phase is to strengthen the chemical bonds.
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T —— Spliting Wafer A
1

Wafer B
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Cleavage at the mean ion penetration

m ion penetration depth splits off wafer A

Wafer B

~_

M6l Y ‘ Split-off wafer A is recycled becoming

the new wafer A or B
Wafer B

Step6: The new structure is touch polished using chemical mechanical

polishing (CMP) since after splitting the upper layer of the SOI structure has a

surface micro-roughness that has to be reduced.
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Step7: LOCOS

LOCOS

Step8 Implant n*
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Step 9: Implant p*

ﬁ LOCOS i

Stepl10: Set up metal for field plate and cathode.

Stepl1: Set up the electrode.

Anode Cathode
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4.4 Simulated electric field distribution

Due to the operation area is discontinuous under the SOI turn off condition, we
will analyze the operation area of conventional SOI, BAGS SOI, and our
proposed SOI under two conditions. One is fully depletion, and the other is
incomplete depletion.

Incomplete depletion:

As we know in Chapter 3-3, the highest electric field peak occurred at the P*N
intersection in the SOI which under the condition of incomplete deplete and the
electric field will drift following the depletion layer. However, the highest peak
didn’t affect the electric field in the cathode, field plate, and locos. As shown
in Fig. 32, we discover that the conventional SOI is fully depleted until reaching
120V and the electric field is more uniform at the cathode side. As shown in
Fig. 33, after adding air into the buried layer. There generates a great electric
field at the intersection between airand oxide. This great electric field will twist
the drift region field around the intersection, as shown in Fig.33 (100V). We
can see the following is directly proportional to the dielectric constant of buried
oxide layer in the following pinch-off voltage formula [50] (4-1). Fig.34 is the
proposed structure which adding the air into buried oxide layer. The proposed

one is fully depleted earlier than BAGS due to the ratio of oxide to air is higher
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than BAGS. The depletion layer which located at patterned region was affect

by electric field and become jagged.

_ gNd
=

(tsi2 +2 :(%i toxb tsi) (4'1)

2€08&sg;
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Fully depletion:

In the chapter of operating area, we know that we can increase the breakdown
voltage by reducing the electric field in P* and N* junction. We can analyze the
electric field in conventional SOI, BAGS SOI, and the proposed SOI through
different cut-lines. As shown in Fig. 35, we will analyze the electric field
following the A, B, C line in the figure.

Through electric field formula:

Einsulator einsulator: silicon Esilicon (4'2)
€air <C€oxide (4-3)
Egir€ai o
Esiticoni=-—" (The buried air layer) <
silicon
Eoxi i ! .
ZoxideZoxide (The hyried oxide layer) (4-4)
Esilicon
EsiticonEsili .
Einsulawr:% (The buried air layer) >
Eoxi i . .
ZoxideSoxide (The phyried oxide layer) (4-5)

Esilicon

We discover that when replacing the oxide into low-k matrial, the eletric field
reduce in the silicon and increase in the buried oxide layer. The electric field in
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buried oxide layer of BAGS is stronger than the conventional SOI, as the cut-
line A of Fig.35 shown in Fig. 36. In Figs. 36, and 37, we can see the
intersection of air and oxide will generate a protrusion of electric field in the
middle of drift region. We will analyze the details of intersection electric field
in the next part.This protrusion of electric field will disperse the high electric
field at cathode side, see Fig. 38, the cut-line B in Fig. 35. Reduce the electric
field in N* will result in a more uniform electric field and higher breakdown
voltage. In this short sturcture, the shorter the length is, the greater effect will

be. So, we proposed our sturcture.
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Fig. 35 The illustration of different cut-lines
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Fig.36 The buried oxide layer electric field for conventional SOI and BAGS SOI, cut-
line A in Fig. 35
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cut-line C in Fig. 35.
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Fig.38 The surface electric field for conventional SOI and BAGS

SOI, cut-line B in Fig. 35
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Fig.39 is the electric field on the cut-line A, we can discover that the electric

field is obviously jagged and cross following the patterned structure in the

buried oxide layer of proposed structure. The whole electric field in the buried

oxide layer is higher than BAGS. Fig.40 is the electric field on the cut-line C,

like BAGS, there is a protrusion of electric field in the middle of drift region.

However, the electric field under cathode side is higher than BAGS due to the

patterned sturcture. The surface electric field, like the cut-line B of Fig. 35 is

shown in Fig. 41. The electric field under the LOCOS and field plate are

stronger than the BAGS. The whole electric field is more uniform.

BAGS SOI
Proposed SOI

ZE+dB

1.5E+06

{E+08

5AJAA0

| 1Q 20 30 44 54 Bd
X [um]

Fig.39 The buried oxide layer electric field for BAGS SOI and proposed SO],
cut-line A in Fig. 35.
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Fig.40 The silicon epi electric field for BAGS SOI and proposed SOI
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Fig. 41 The buried oxide layer electric field between BAGS SOI and proposed

SO], cut-line B in Fig. 35.
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Fig. 42 below is the 3D electric field diagram. We can see the effect of electric

field in buried layer to the inside of silicon layer. The circles are the electric

field which needs to pay attention and the arrow point out the place which has

been zoomed out in the circle. The electric field in the buried layer intersection

of BAGS SOl affects the electric field in the silicon obviously.

Proposed SOI generates many protrusions of electric field by making multiple

intersections of air and oxide. These protrusions of electric field obviously

affect the electric field inside the silicn layer. The figure below have not analze

the surface electric field yet. Fig. 43 is the 3D electric field diagram from

silicon layer to surface electric field, as we can see most of the high electric

fields were crowded at cathode and field plate edge. If the surface electric field

Is too strong, the device will breakdown realy. However, BAGS SOI and

proposed SOI have electric fields which are generated by the intersections to

make the electric field become more uniform. Due to the multiple intersections

in proposed SOI, the surface electric field of proposed SOI is more uniform

than BAGS SOI. Fig. 44 is the whole electric field of these three devices after

overturning.
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The location where breakdown occurs:

The surface electric field couldn’t fully explaine the situation of whole

breakdown, that is why we need to analyze the impact ionization generation

rate, called 1IGR. We need IIGR to analyze the avalanche of our device when

we not consider the punch through and Zener breakdown. As we can see from

Fig. 45, the maximum IIGR of conventional SOI are crowded at cathode and

field plate edge, makes it breakdown at cathode side early more easier. The

maximum IIGR of BAGS SOl is crowded at the intersection between air and

oxide. However, it pulls down the electric field at the field plate edge.The

maximum IIGR of the proposed structure is crowded at field plate edge nearby

the patterned structure at the anode side which makes the proposed SOI has the

highest breakdown voltage.

The conventional SOI E The baas SOI

¥ [um]
w o
aliiigl

.......

Fig.45 The maximum IIGR of three types of devices
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4.5 Shorten the drift region length for lower on-resistance.

Table 2 shows that when the drift region is 80um or 120um, the breakdown
voltage for conventional device is about 350-370V. BAGS devices indeed have
much higher breakdown voltages, up to about 700V. And the breakdown
voltage of our proposed device is a little bit higher than the BAGS one. When
analyzing the turn-on properties, if the breakdown voltage is kept the same for
these three devices discussed in this work, Table 3 shows that only the drift
region length of the proposed structure can be reduced to make the R-ON lower.
The corresponding turn on resistance is also given in Table2. For 680V and
620V, the length of our proposed device is 75% of BAGS, and the Ron, sp iS

about 45 % to that of the BAGS.

Table. 2 Drift region length vs. breakdown voltage

BV/Device Conventional BAGS Proposed
Length SOl SOl SOl
60um 351V 620V 680V
80um 368.3V 680.8V 720V
120um 367V 728V 757V
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Table. 3 Drift region length vs. on-resistance

BV=680V BV=620V

BAGS | Proposed | BAGS | Proposed

SOl SOl SOl SOl
Epi
80um 60um 60um 45um
Layer
Length
R-on

(V*um/A) | 3.72*1072 | 2.24*10"2 | 2.24*10"2 |1.41*10"2

R-on, sp

mQum”"2

29.7 13.4 13.4 6.34
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4.6 Analysis of patterned design

In this chapter, we discuss the design and the position of the pattern. As we
know, the purpose of pattern design is to generate more electric field peaks at
the intersection of air and oxide. First of all, we discuss the ratio of air to oxide
which will affect the electric field. Point O in Fig. 46 is the intersection of air
and oxide, and the cut-lines at points A and B show the electric fields in the
oxide and air, respectively. We can tell from the electric field cut-line that
inside the silicon epi, electric field (at point O)> electric field (at point A’)>
electric field (at point B’). The maximum electric field is located at the
intersection, when the electric field of oxide and air decrease together, the
electric field of oxide will decrease more than air. We can adjust the whole

electric field of the device by putting multiple intersections.
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The relationship between dielectric width and electric field:

Here we fix the width of oxide to lum, matching different width of air to
discovering the deviation of electric field in intersection, as shown in Fig. 47.
The 10 um oxide is under the 5 um anode, then we put air with width of 3 um
and 2 um beside the oxide to make the gradient structure. The cut-line of the
intersection of air and oxide (at y=1.8um and x=10um) is shown in Fig. 47(c),
we can find that the intersection electric field is stronger when the width of air
IS 3 um. From Fig. 48, we can tell that the electric field of 3 um gradient device
is crowded at the anode side. The drift region is not fully deplete yet, leads to
the breakdown of the device is lower than the conventional SOI. In the 2 um
gradient device, the electric field is distributed around cathode side. In Fig. 49,
the breakdown point was drift to the cathode side, due to the electric field of
cathode side become stronger in the 3 um device and the 2 um one is the same

as the conventional SOI.
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We can reach some conclusions from the above analysis. This technique uses

a layer of oxide with a sequence of slit openings for masking of the air in the

buried oxide. Like the concentration of doping from heavy to light, the size of

air area from large to small will affect the electric field from strong to weak.

BAGS structure only has one intersection, so the generated electric field will

be too strong leads to locos and field plate out of action. The purpose of this

thesis is to put the pattern design corresponds to field plate, locos, and the

intersection of air.and oxide in the BAGS. The arrows in Fig. 50 point out the

stronger electric field we design. That is the air area which becomes wider and

wider. - Due to the field plate and locos, the electric field won’t be push to

under the cathode side.

Simulation results have shown that the new structure can provide higher

breakdown voltages and lower turn-on resistance.

66



Anode field plate edge |50 Cathode

0

—_ 5
£
=

w10

15

20

25

X [um] -1.7E+19
Fig.50 The enlarged drawing of proposed SOI
4.7 Results

The BAGS structure just only created a new peak electric field near the middle

of drift region that pulls down the other peaks within the silicon layer, but the

proposed structure has a uniform electric field that is similar to the linearly

doped SOI. The length of air is wide the electric field is high, so we can set the

gradient pattern based close to where we want. . The purpose of this work is

to propose a structure that increases the number of the electric field peaks,

resulting in a more uniform electric field. For ultra-high voltage applications,

as the length of the device drift region increases, the electric field difference

between middle of the drift region and the ends of device increases. Therefore,

67


http://dict.cn/big5/partial%20enlarged%20drawing

we need two patterned areas. The breakdown voltage for BAGS device is

620V, for proposed device is 680V; because the electric field is increased for

the proposed device for more segments. Due to the concentration is

unchanged, the turn-on resistances for these two devices are the same. To

obtain the same breakdown voltage, the drift region of the proposed SOI can

be decreased. The simulation result also shows that with the same breakdown

voltage of 620V and 680V, the proposed SOI can make a shorter device. And

we proposed a feasible process, the smart-cut technique. Before the wafer

bonding process, the buried SiO. layer is selectively etched to obtain the

proposed structure with air and oxide in an alternating form. The result will be

like the previous electric filed diagram, the electric field becomes more uniform.

The smart-cut technique is-a common and can make wafer thinner process, so

our structure that in buried oxide layer can affect the surface electric field. Not

only don't affect the R-ON of silicon epitaxial, but the thinner high voltage

device can combine with low voltage devices. Simulation results have shown

that the new structure can provide higher breakdown voltages and lower turn-

on resistance.
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CHAPTER 5 Conclusions

This thesis proposed a new structure that is used in the buried oxide layer. Due
to the structure is not in the silicon epitaxial layer, we can keep the breakdown
voltage higher than 600V and to reduce the length of the device to decrease the
R-on. We proposed the device in the smart-cut technique, because the smart-
cut can make a thinner device to make our structure in the buried oxide layer
and to affect the surface electric field .The thinner wafer process can help the
low-voltage and high-voltage devices be put together in the same chip.

The pattern of our structure uses just only the etch process, so we can design
the pattern to follow the other complex device. The SOI has ideal isolation, so

we can use our structure to form LIGBT and LDMOSFET in the future.
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