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Development of cost Effective and manufacturable 0.25um

gate-length Power pHEMT using I-line stepper

Student: William Lai Advisor: Dr. Edward Yi Chang

College Engineering

National Chiao. Tung-University

Abstract

A robust, manufacturable and coat effective high-performance 0.25 um gate length
AlGaAs/InGaAs pseudomorphic High-Electron Mobility Transistor (pHEMT) MMICs
process on 150 mm substrates is revealed. The process that base on 0.25 pm gate lengths
are achieved using cost effective I-line photolithography process technology. The gate
process is by triple photo resister layers and re-flows to 0.25 um by photo resister bake

process. The process features a depletion-mode transistor with a nominal Pinch-off voltage

III



@ Ig=1 mA/mm of -1.2V, on-resistance of 0.8 ohm-mm, Extrinsinic Transconductance
(GM_PEAK) is 450 mS/mm, gate to- drain breakdown voltage of 19.5 V, unity current
gain cut-off frequency of 146.82 GHz (peak), Cut-off frequency (ft) @ Vds=1.5 volt of 60
GHz, IDmax @VDS=1.5V, VGS=0.5 V of 500 mA/mm, and Drain current @VGS=0
V;VDS=1.5V of 300 mA/mm. Passive components include 400 pF/mm2 MIM capacitors,
150 ohm/square epitaxial resistors, precision 50 ohm/square TaN resistors, and low-loss
inductors using air-bridge. A wide variety of applications can be realized over a broad
frequency range including low-noise amplifiers for consumer Direct Broadcast Satellite
dish systems (Ku-band) and medium power amplifiers for automotive radar (W-band), for

example.
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Chapter 1

Introduction

1.1.  The most important microwave and millimeter-wave power device
application is pHEMT device. The pHEMT is also provides high speed and
very low noise performance. Significant opportunities arise for GaAs MMICs
in commercial applications such as digital radios for cellular backhaul (6-40
GHz), VSAT ground terminals (27-31 GHz), automotive radar (76-77GHz).
And a wide variety of applications can be realized over a broad frequency
range including low-noise amplifiers. Such as for consumer Direct Broadcast
Satellite dish systems (Ku-band) and medium power amplifiers for

automotive radar (W-band).

GaAs processing technologysdesigned specifically for cellular
applications has benefited from significant investment in processing
equipment new FABs take effortto-increase wafer diameter leading to very
high yielding, extremely low cost products. However, high performance
millimeter wave MMICs have been based on 4” and 6” wafer diameter
processes and e-beam lithography can achieve to high unit selling price, low
yield and variable performance. Ideally, millimeter wave MMIC technology
should leverage advances in handset area. A coat effective and
manufacturable submicron gate process is developed on 6” GaAs wafer using

I-line stepper for wide band commercial pHEMT MMICs.



2.1

Chapter 2

Concept and method of Gate Process Development

Current 0.25um gate formation technology review

From 1991 [1] D. K. Atwood, developed the T-gates. TriQuint presented
an optical T-gate for high power GaAs pHEMT based on dielectric film in
2002. The gate process with 0.33um CD was defined by Canon I-line 5X
stepper with a single layer of photo-resister on Dielectric film. The
sub-micron gate process for high performance GaAs pHEMT devices has

been widely investigated.

This study considers advantages and limitations of the Photo-resister
in developing a 0.25um gate using I-line stepper for a GaAs pHEMT power
transistor. A 0.35um resolution positive photo-resister fabricated by TOK
Company was selected as the bottom'layer: The top layer is negative PR of
AZ NLOF-5500 type forming T=sharp gate. The inter-missing layer divides
both PR layers from AZ Company of R-200 serious. The gate was shirked
by an inter-missing layer (R-200) and Photo-resister Re-flow bake process.
The optical gate process was found to be more cost effective and

manufacturable than the E-Beam process.



2.2 Gate lithography process technology

Several PR processes have been presented for sub-micro process as
following section.
2.2.1The PMMA with negative PR using bake and re-flow process to form

the sub-micro T gate process. The process flow as Figure 2-1.

The PMMA with PR re-flow process scheme as follows:

1. Coat PMMA & PR

S/D
[ 1] N
< MESA
Substrate
‘_—
PMMA PR.
2. 1’st recess etch
S/D
[ ] N
< MESA
Pl Substrat

PMMA P.R.




3. PMMA re-flow

S/D
< MESA
Substrate
4__
PMMA P.R.
4. PR coat for T-gate formatting ‘
| [
< MESA
< Substrate
PMMA P.R.

Figure 2-1 The PMMA with PR re-flow process

From: WIN Semiconductors Corp.
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Figure 2-2 The cross-section SEM structure of lithographic
photo-resister after re-flow
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From: WIN Semiconductors-Corp. .

Figure 2-3 The gate cross-section SEM structure after gate lift-off.

From: WIN Semiconductors Corp.



GCT 10.0kV 10.6mm x70.1k SE(M) 11/26{02 19:04 500nm

Figure 2-4 The gate cross-section SEM structure after gate lift-off.

From: WIN Semiconductors Corp‘.

0.25um pHEMT

trrernrrenruel

GCT 10.0kV 13.3mm x30.0k SE(V) 12/24/04 16:43 1.00um

Figure 2-5 The gate cross-section SEM structure after gate lift-off.

From: WIN Semiconductors Corp.



2.2.2 The E-beam writer process

An undercut profile based on the PMMA (poly methyl
methacrylate)/PMAA (poly methyl methacrylate-methacrylic
acid)/PMMA (poly methyl methacrylate) mult-layer system process was
obtained using E-beam lithography. However, the very low throughput
and expensive equipment cost are the major disadvantages for the
E-beam lithography process. The E-beam writer for submicron gate

photo process in shown below as Figure 2-6:

The PMMMA/PMMB coat and E-Beam writer gate area.

Figure 2-6 The top view of gate cross-section SEM structure after gate
lift-off and SiN passivation.

From: WIN Semiconductors Corp.



2.2.3 The triple Photo-resister layers process

This study applied the triple Photo-resister layer to develop this
sub-micron gate process technology. The process adopts uses sub-micro
resolution positive type Photo-resister as the bottom layer. The top layer
is negative PR type forming a T-sharp gate. The inter-missing layer

separating the positive PR and negative PR by AZ series named r-200.

The AZ-200 is coated after positive PR develops. The R-200
involves chemical reaction and inter-mixing with positive layer by simple
PR bake process. Therefore the negative PR coat and develop process can
be divided by R-200 layer. The gate CD shirking efficiency is determined
by inter-missing layer R-200 and Photo-resister Re-flow bake process.

The detail is as the schemie of Figute 2-7.

Step 1 : ,
=tep 2 I - 1

I
Step 3 . i

Step 4 [’ |

Step 5

Figure 2-7 The R-200 inter-miss layer process introductions

From: WIN Semiconductors Corp.



The AZ R-200 inter-miss process reaction mechanism

Positive resist

RELACS: AZ® R-500 Coating,
Soft baked at 70°C for 70"

Diffusion baked at 135°C for 60" T ' " T T 4 T T t1

T Nitittetetit
- S H*

Acid diffusion from the resist to the RELACS H

>

Developed with its aqueous developer
solution for 55"

A & AZ Eloctronic Materials

Figure 2-8 R-200 inter-miss layer reaction mechanism from AZ Company.

From: AZ Corp.

2.3 The concept of gate lift-off process

The metal lift-off processes are popular for Ohmic metal, gate metal and
inter-connect metal layer formed in compound semiconductor industry. The
process forms multiple layers material in with one mask and one process.
Dry etch processing is not adopted so that the critical dimension different
with Si semi-conductor field. The disadvantage is difficult to control the
particle contamination. The yield loss will be suffered depend on gate CD

size.

The lift-off process scheme as follows:



a.) Substrate with underlying LOL2000 layer
(purple) and overlying layer of AZ3612 (brown.)

b.) Area of AZ3612 resist exposed to UV (light

b.) purple).

c.) Following develop in standard developer. The
developer will etch the underlying LOL2000.

d.) d.) Following directional sputter film deposition.

e.) Follwing lift-off and clean.

e.)

o
S

Figure 2-9 The typical lift-of

From: AZ Corp.
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2.4 The Cost comparison of E-beam writer and stepper

The E-beam will get 3 times capital expansion than stepper.

Table 2-1 The coat comparison of E-beam writer and Stepper (This
estimation is based on both EBL & STP are at full loading)

Stepper E-beam

Schedule Q3/06 Q4/06 Q3/06 Q4/'06
WPM 2,0000M | 3,000M | 2,0000M | 3,000/M
Yield 77% 77% 77% 77%
var. 2,629 2,344 3,121 2,717
AN 1,753 1,667 6,159 5,078
Al 11,367 9,480 | 35714 28,506
Var.+ Fix. (Allocate) 4.382 4011 9.280 7795
Total Cost 15 74913500 | 44904 36301

From: WIN Semiconductors Corp.
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2.5

The Epi structure of pHEMT

Since the device is for power amplifier transistor application. The higher A
EC is require. The epitaxial structure is used AlAs as stop layer. The active
portion of the device consists of an undoped InGaAs channel sandwiched
between two silicon planar doping layers, separated from the channel by

un-intentionally doped AlGaAs spacer layers. The 2 deg bend diagram as the

figure 2-10.

The Al concentration is about 0.24. From the bend diagram the A EC is
about 0.8eV shown as the compound material band diagram Figyre 2-11.

The epitaxial as following table:

Table 2-2 The Epi structure

Al or In
Layer
content
n - GaAs
1-AlAs 1
n - GaAs
1-AlAs 1
n - GaAs
n - AlGaAs 0.24
Delta Doping
1 - AlGaAs 0.24
1 - InGaAs 0.15
1 - AlGaAs 0.24
Delta Doping
1 - AlGaAs 0.24
12x(AlGaAs
/GaAs) 0.24
1- GaAs

From: WIN Semiconductors Corp.
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Figure 2-10 The 2DEG Quantum wall structure

24— S —
GaP | - l |
—Q=—taa | ol —— Direct gap
—A]As‘..i\ -\ Envlic === Indirect gap
% 0.6
20 [ "\.‘
~ 1
Rlo24Ga076AY |
0.7
=
6 AlSh
_ 1. | —0.8
- —GadAs
L+) KA
= bp 99
i | b
EJ:
= 1.2
L¥]
)
.E} 0.8 1.5
= —GaSb | In. ..
@ 0224, it
i . f 3.0
‘}'4 _|IIA.H 4.0
InSb AlE: ! w | A
B El I& 'ﬁ‘s | e 22 2| ?c?
0.0 .L': .‘.cl ,.I??l f‘.l., PreaTd ST eL T T ul,‘tj.l“ Loiaiaadionuitiraid sl
54 55 56 53 5.8 59 6.0 6.1 6.2 6.3 6.4 6.5

Lattice constant ¢, (A)

Figure 2-11 Bandgap versus lattice constant plot

13

Wavelength A (um)



2.6 Study the DC and RF characteristics

The device commercial purpose is for Ka or KU bend power amplifier. The
device specification is as next table.

Table 2-3 device DC specification

Parameter Description Unit Value
Extrinsinic
Transconductance nS/mn 350
(GM_PEAK)
[Dmax @VDS=1.5
V;VGS=0.5 V mA/mm 500
Drain current @VGS=0
V;VDS=1.5 V mA/mm 300
Gate-Drain Breakdown v 18
Voltage @ IGD=1mA/mm
Gate Vol tage-@GM PEAK \' -0.45
Pinch-off voltage @
Ig=1 mA/mm v 1.2
Epi sheet resistance ohm/sq 150
TFR @ 1 mA/mm ohm/sq 50

. 400
Capacitor pf/mm2 (MIM)
Cut-off frequency
(ft) @ Vds=1.5 volt Gtz 60

From: WIN Semiconductors Corp.

14



Table 2-4 device circuit specification

[tem Unit Value
Gate Length um 0.25
# of Frontside Mask

13
Layer
# of Backside Mask

2
Layer
Wafer Final
Thickness Hm 100
Gate Metal Thickness A 4800
Metal 1 Thickness um 1
Metal 2 Thickness um 4
TFR ohm/ sq| 50
Capacitor (MIM) pf/mm2, 400
Interconnect Air-Bridge
Crossover
Protection Layer SiN

: 5 30 x 60

Backvia um (min)

From: WIN Semiconductors Corp.
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Chapter 3
Theoretical Basic of pHEMT device

3.1 The DC characteristics

3.1.1 The I-V characteristics

B

+ I Ve
l',:h ] Vs (megative) ] J-'.-'."} b
. § ~
1) @ | Source Gate | Drain
e R | [EF =] | T A |
Barrier Layer Spacer \a
—_— — £
I —
| r=0 =12 x=1 Channel

figure 3-1 The HEMT structure

From figure 3-1 the HEMT is-a'negative quantity in direction parallel to
the channel, since electrons accumulated in the channel are negative charges.

In fact, if we choose X = L at the drain, this constant channel current is equal

to the negative of the drain current. Hence, we have ID =- ICH, we find:

); Ves(z)
JTDS dx =— C'o |c.. 4, [V(GS) = V;:r) = V(C'Sj (Z)]dVCS (;{V)
a oax

Fes {o)

3-1)

To carry out the integration in Eq. (3-1), we assume temporarily that we
are working in the linear region such that current saturation due to channel
pinch off at the drain does not occur. The |-V characteristics after pinch off

will be dealt with shortly. In the linear operating region, the boundary
conditions are VCS(L) = VDS and VCS(O) = 0. Hence, Eq. (3-1) leads to:

16



W Crr VE

ID =—£ TR a”n [(VGS e VI)VDS -—= ]
Lg 2

(3-2)

Eq. (3-3) is plotted schematically in Fig. 3.2, with ID shown as a function of

V . The value of V__corresponding to the attainment of | is denoted as
DS DS D,sat

Vv ; the saturation voltage. The saturation voltage can be obtained by

DS,sal
taking the derivative of ID will respect to VDS and setting the result to zero. We

find that:

Vps,aar S e

(3:3)

A Ip

VDS = VDS,sat IIJ.S&[
— : =

Eq. (3.4)

Figure 3-2 The I-V curve
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When a positive potential Vpgis applied to the drain electrode,
electron flow from source to drain, giving a current lpg from drain to
source. The gate is at a negative potential relative to the semiconductor
beneath it, and a part of this semiconductor is depleted of carriers,
restricting the current path to the “channel” between the depletion region
and the high-resistivity buffer layer. The result is that the Drain-Source
current Ipgis a function not only of the Drain-Source voltage Vpg but also
of the gate-source voltage Vgs. At the zero drain-source bias, the depletion
layer beneath the gate is symmetric, and of a depth dependent on the
gate-source potential Vs (Figure 3-3). At zero gate bias, the depletion
depth is that of the build-in potential of the Schottky barrier. As Vps 1s
increased from zero, the depletion layer becomes asymmetric since the
potential difference between the gate and the active semiconductor
beneath the gate is gréater at the drain'end of the gate than at the source
end. The channel is more ¢onstricted at the drain end of-the gate (Figure
3-4) and so the field is higher.in that region. As the drain-source voltage is
increased still further. The field at the drain end of the gate approaches the
value at which the electron velocity saturates. Beyond this value, which
corresponds to the “Knee voltage” on the D.C. characteristics, further
increases in drain-source voltage do not substantially increase the
drain-source current. The length of the region of the channel over which
the electrons are in velocity saturation increases (Figure 3-4c) and, as
shown 1n Section 10.3, there is some carrier accumulation within the
channel. The depletion layer edge at the drain end of the gate moves closer
to the drain as the drain-source voltage increases. At a sufficient negative
gate potential, the depletion layer punches through to the high-resistivity

buffer layer, and the source and drain electrodes are connected only by

18



leakage paths within the buffer layer and substrate. These paths are located
not only directly beneath the channel but also between any contacts pads
formed on the buffer layer.

Figure 3-5 shows typical D.C. characteristics for a device with a
total gate width of 400 pum. At low drain-source voltage Vps, the channel
acts as a resistor with a resistance dependent on the gate-source voltage.
Above the knee voltage, the drain-source current Ipgis essentially
independent of Vpg: The value of this current at zero gate-source bias is
referred to as the saturated drain-source current lpgs, Since the Schottky
barrier has a built-in negative potential of between 0.6 and 0.8 V, the
gate-source potential may be taken somewhat positive before the gate
electrode takes significant forward current. The drain-source current
corresponding to this condition is denoted Imax. The gate-source voltage
Vgs necessary to reduce the drain-source-current to a very small value
(typically less than 1 % Ipgs) 1sithe-“pinch-off” voltage Vp The mutual
conductance gy, is the rate of change of drain-source current with

gate-source voltage.
)

73 -3
n GaAs(i0 m )

DEPLETION
LAYER
SOURCE OV GM.T:-[V DRAIN +5V
27T ]
e i
? ps g

BUFFER LAYER

SEMI - INSULATING
SUBSTRATE

Loty
0 um

Figure 3-3 GaAs FET cross section
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Figure 3-4 Depletion layer profiles( schematic) : (a) Vps=0
(b) Vps=0.3V( Below velocity saturation): (c) Vps=2V( above velocity

saturation).
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Figure 3-5 D.C. characteristics of a GaAs SFET (gate width 400 JLm)

3.1.2 Transconductance, g,

The transconductance, g.,, is a very significant factor of determining the
quality of a device. g, is a measure of the efficiency of the channel current
control, which means the amount of channel current change for a given gate
voltage change. It is the ability of gate voltage on controlling drain current.
To improve the efficiency (g.), often, a well controlled recess geometry is

necessary.

The transconductance of a device is defined as the slope of the IDs-Vg
characteristics with the drain-source voltage held' constant. The mathematical

representation of it 1s(3-4)
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’ (3-4)
Where Vg, sat is the electron velocity of the two dimensional electron gas
(2DEG).

The transonductance of a device is easily obtained by measurement. It is
one of the most important indicators of device quality for microwave and
millimeter wave applications. When all other characteristics are equal, a
device with higher transconductance will provide greater gains and superior
high-frequency performance.

To measure gm, initial gate voltage, gate voltage step, and drain voltage
at which the measurement is done must be specified first. The source-drain
current is a function of gate voltage.and is nonlinear; therefore, gm generally
becomes less as pinch-off bias issapproached. That is to say, smaller voltage
step will give higher transéonductance. In -addition, gm is closely related to

the gate length and the channel material used.

3.2 Unit Current Gain Cutoff Frequency, fr

When defining the high frequency performance of the MHEMT,
de-embedding all the conductors on the top surface of the wafer (pad,
interconnect, and metal) and defining the reference plane horizontally are
necessary. This helps to understand what is going on of the active region of the
device and is helpful in device model development where RF quantities can be
miniscule. Yet the device cannot be run without metal, so de-embedding using
this method is not useful for designing circuits. Rather, de-embed up to the
edge of the device, cutting the reference plane vertically through the wafer.

The Device-Under-Test (DUT) then includes some device metal but not the
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probe pads and interconnecting lines. Because the interconnecting lines are
different with layout, they should be excluded from the DUT model.

In addition, pad parasitic can have a demonsratable effect on the device
cut-off frequency fT. In field effect transistors (FETSs), fT is defined as (3-5) :

where g, 1s the transconductance, C,, the gate-source capacitance, Cyq the
gate-drain capacitance,
, and the (Cgs + Cgd) is the total capacitance related to the Schottky gate
contact.

From this relation, we-could.§ée that in order to achieve high fT, large gm
and small total gate capacitance must be achieved. Small total gate capacitance
is accomplished by short gate length;-for millimeter-wave applications the gate

length is usually smaller than 0.15pm. In this equation: (3-6)

sar

# = a. _Zvae. w .1 ¥
T2mc, w &L, 2t 21,

(3-6)
the L is the is the gate length; therefore, the shorter the gate length the higher
the fT and higher the g,,.
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3.3 Maximum Frequency of Oscillation, fix

Another important parameter is f.,, which is the frequency where the

power gain falls to unity. f,,, is expressed as : (3-7)

fr

fmaxz

!
2

R, +R,+R,
2| = + QA R,Cpy)

ds (3_7)

This expression shows that to obtain useful power gain at high frequency,
the f1 of a device must be large; in addition, the resistances of gate, source and

drain must be small.

A typical HEMT device structure is‘consisted of a doped AlGaAs layer
next to an undoped GaAs:layer. One-of the inajor elements that determine the
mobility of electrons in GaAs:is-impurity: Impurity scattering will lower the
mobility of electrons; therefore 1t is preferred that electrons flow through the
undoped GaAs layer. With a doped AlGaAs layer, the electrons are supplied
from this AlGaAs layer, but actual flow happens in the adjacent undoped
GaAs layer. This phenomenon is possible because the band-gap discontinuity
between the two layers allows the electrons to stay in GaAs layer, see Figure
2-2. Since the electrons are electro-statically constrained to stay close to the
donor atoms, electrons tend to stay close to the boundary between GaAs and
AlGaAs. This phenomenon is known as the two-dimensional electron gas

channel.
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Chapter 4

Device fabrication

4.1 Gate lithography process

4.1.1  We choose the 0.35um resolution positive of TOK AR-80 type as the
bottom layer. The second layer is negative PR of AZ NLOF-5500 type that
forming T sharp gate. The inter-mixing layer separates both positive PR and
negative PR by AZ R-200 serious. The process of AZ-200 is coated after
positive PR develops. The R-200 will inter-mix with positive layer by simple PR
bake process. So the negative PR coat process can be divided by R-200 layer.
The gate CD shirking efficiency is by inter-mixing layer R-200 and Photoresist

Re-flow bake process. The detail is as the scheme.

|7 Az, NLOF-5500

0.25 yum L AZ, R-200

A

0.35pm ,, TOK AR-80

\4

\

A »
<

Gate recess undercut CD

A

GaAs

Figure 4-1 The Triple PR layer process scheme

From: WIN Semiconductors Corp.
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4.1.2 The positive PR process window tuning by photolithography

Table 4-1 The positive PR thickness window check

pm min max Range mean

1000 5581 5753 172 5605.47
1250 5063 5183 120 5083.29
1500 4693 4784 91 4714

1750 4394 4420 26 4403.18
2000 4109 4145 36 4115.76
2250 3894 3924 30 3902.65
2500 3713 3726 13 3720.12
2750 3560 35717 17 3568.71
3000 3394 3436 42 3419.76
3250 3273 3299 26 3289.71
3500 3168 3190 22 3182.35
3750 3062 3086 24 3080.59
4000 2974 2983 9 2978

4250 2883 2891 8 2886.47
4500 2811 2890 9 2816.35
4750 2754 2759 B 2757.12
5000 2677 2690 13 2685.35

From WIN Semiconducters Corp.

Film .
thickness(A) ARB80 Spin Curve
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1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500 3750 4000 4250 4500 4750 5000

Spin Speed(rpm)

Figure 4-2 1’st positive PR coating spin curve
From: WIN Semiconductors Corp.
Table 4-2 The PR thickness V.S spin speed
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Spin Speed(RPM) |Film thickness(A)| Eth (J/M°)
1000 5605.47 1025
1250 5083.29 640
1500 4714 880
1750 4403.18 1275
2000 4115.76 780
2250 3902.65 660
2500 3720.12 720
2750 3568.71 950
3000 3419.76 1175
3250 3289.71 1150
3500 3182.35 1125
3750 3080.59 1000
4000 2978 875
4250 2886.47 780
4500 2816.35 720
4750 2757.12 720
5000 2685.35 740

From WIN Semiconductors;Corp,

Eth(J/M?)

1400
1300
1200
1100
1000
900
800
700
600
500

Swing Curve

5605

4714

4116 3720 3420

3182

2978 2816 2685
Film thickness(A)

Figure 4-3 1’st positive PR coating swing curve

From: WIN Semiconductors Corp.

Table 4-3 1°st positive PR focus and dose V.S CD table
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SNoo,J

Stepper Dose
1750 | 1800 | 1850 | 1900 | 1950 | 2000 | 2050 | 2100 | 2150 | 2200 | 2250 | 2300 | 2350 | 2400 | 2450 | 2500 | 2550 | 2600 | 2650 | 2700
05 X X X X X X X X X X
-0.45 X X X X X X X X X 0.4444
0.4 0.2975 X X X X X X X 0.442
03| X X X X X X X X X 0.4299
03 X X X X X 03426 0.4025 X 0.393
-0.25 X X X X X X X 0.4151 X 0.412
202 0.308 X X X 0.3224 X 0.3751 0.385 0.3978
-0.15 X X X X X X 0.3841 393 0.4155 0.4391
0.1 0.2938 X X X 0.3512 0.3656 0.3862 04154 0.4205
-0.05 X X X X 0.3681 0.3409 0.378 0.3966 0.4244 0.4273
0 0.3056 X 03315 032 0.363 0.3715 0.382 0.4071 0.4208 0.4234
0.05 X X 0.3487 03541 0.386 0.3996 0.4236 0.4417
0.1 0.3 03173 0324 0.349 0.3658 0.3616 03921 0.4093 0.4099 0.4142
0.15 | 03323 )3139 0.3449 0.3664 0.3713 03642 0.393 0.4053 0.4134 0.4328
0.2 0.3412 03598 03718 0.399 0.4157 0.4166 0.4208
0.25 | 0.330 0.3386 03429 03705 0.3747 0.3817 03941 0.417 0.4164 0.4193
0.3 0.325 0.3297 0.3504 03545 03751 0.3733 0.3934 0.405 0.4098 04128
035 | 03308 0.3503 03543 0.3504 0.382 03904 0.3979 04166 04102 0.4154
0.4 0.3294 0.358 03724 0.3641 0.3889 0.4003 0.4126 0.4162
045 0.3428 035 0.3716 0.381 03894 04116 0.4164 0.4148 0.4192
0.5 0.3478 0.3677 03795 02 0.3951 0.4061 0.4142 0.4272 0433
055 | 0342 0.3616 073907 03981 0.4087 0.425 0.4356 0.4427
0.6 0.3464 0.3712 Q3348 0.3981 04114 0.4225 0.4371 04375
0.65 | 0.333 0.3654 0.3669 03902 0.3947 0.4015 0.4116 0.4278 0.4337 0.4426
0.7 0.2587 0.3541 0.3627, 03808 03823 0.3917 0.4089 0.419 0.4354 0.4366
075 | 03457 0.3699 0378 04043 0.4045 0.4049 0414 X 0.4399
0.8 0.3426 0.368 0.363 0,3728 0,389 0.4016 0.4053 0.4257 0.4293 0.4347
085 | 03447 0.365 03747 0.3839 0.396 0.4067 0.406 0.4182 X 0.4478
09 0.3538 0.3718 ).388 0.3892 0.4079 04141 0.4253 0.4406 0.4332
095 | 0.3392 0.3654 03728 0.3773 0.4032 0.4086 0.4096 0.4286 X 0.4568
1 0.331 0.3493 0.3673 0.3741 0.4012 0.4081 04177 04315 0.4384 0.4372
105 | 03343 0.3448 X 03791 0.3971 0.4089 0.4207 0.4374 X 0.4678
1.1 0.2835 0.3328 0.3651 0.3753 0.3979 0.4064 0.4187 0.4006 0.4445 0.4358
115 | 03231 0.3336 X 03701 0.3878 0.4041 0.4227 0.4379 X 0.4688
1.2 0.296 0.3383 0.3459 0.3615 0.3782 0.3967 0.4296 0.4365 0.4389 04587
125 | 03272 0.3153 X X 0.3831 0.401 X 0.4418 X 0.4826
1.3 0.2643 03132 0.3103 0.3633 0.3652 0.4027 0.4325 0.4438 0.4467 04615
135 | 02994 0.3194 X X 0.3817 0.3969 X 0.4423 X 0.469
14 0.2682 0.287 0.3169 0.365 0.3587 0.3815 0.4216 04222 0433 0.4481

From WIN Semiconductors Corp.

CD table list

Table 4-4 The experience result of positive CD uniformity
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EP131 OGATE-C-F

0.3428 0.3414
0.3431

0.3488 0.3481

0.3474 0.3408

0.3408

0.3373 0.3389

0.3338  0.3448
0.3408

0.3388  0.3413

® Within wafer U%: 1.0-2.9% , STDEV :

® Wafer to wafer uniformity :1.6 %
® All wafers P-value is 0.284.

From: WIN Semiconductors Corp.

DOSE=2300
FOCUS=0.35

0.3584
0.3417

0.3497

0.3383 0.3421

0.339 0.3466

0.3443

0.3385 0.3441

Unit ;

©um

0.003-0.008

Table 4-5 The ANOVA analysis of positive CD.
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Individual Value Plot
0360
[ ]
03551
0350 .
[ ]
[ ]
[ ]
[ ]
03451 . °
s ]
° ° 8
0340
. ° $ o
[ ]
0335
[
| ) 3 i 5
One-way ANOVA
Source DF SS MS F P

Factor 4 0.0001310
Error 20 0.0004826

Total 24 0.0006137

0.0000328 | ~1.36 . 24
0.0000241

S =0.004912 R-Sq = 21.35% R-Sq(adj) = 5.62%

Level N Mean
1 5 0.34484
2 5 0.34604
3 5 0.34104
4 5 0.34254
5 5 0.33990

StDev
0.00337
0.00807
0.00384
0.00362
0.00404

Individual 95% CIs For Mean Based on
Pooled StDev

T LR EEr R EEEEEre N EEEEEEe EEEEEe
(wmmmmmeens Fomononoes )
(wmmemmenes Fomoononoes )
(wnmmmmennes L )
(wmmemnenes Fooomnonoes )
(wnmemmenes Hoooonane )
SRR R dommmmeen Fommmen-

From: WIN Semiconductors Corp.

4.1.3 The repeatable optical gate CD and STDEV.
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Table 4-6 The repeat test result of final CD uniformity

Ogate photo CD
(before descum)
Date Mean (um) | StDev (um)
10/3/2006 0.218 0.010
0.210 0.004
0.207 0.005
10/5/2006 0.211 0.003
0.207 0.003
0.203 0.002
0.202 0.002
10/12/2006 0.213 0.007
11/6/2006 0.215 0.006
0.211 0.007
11/18/2006 0219 0.004
0.207 0.004
0.217 0.007
11/10/2006 0213 0.006
0.206 0.004
0.205 0.007
12/1/2006 0.208 s
0.201 0.004
12/4/2006 0.194 0.006
12/3/2006 0.212 0.004
0.207 0.008
0.216 0.007
12/13/2006 0.205 0.005
0.204 0.012
0.217 0.006
0.213 0.004
0.216 0.006
12/26/2006 0.211 0.006
0.211 0.007
12/26/2006 0.215 0.005

® The Average gate CD is 0.21 um and CD are between 0.194 pm to 0.217
um .

® The process CPK is 1.13 within + 10% CD spec.

From: WIN Semiconductors Corp.

4.1.4 Gate photo Process condition fixed.
31



The total resist stack structure, shown in Figure 4-1, is suitable to
construct the final metal gate structure. The metal deposition is directed to the
center of the trenches, by the shadowing effect of the inverted top resist
profiles. Thus, the bottom trenches can be completely filled with deposited
metal and form the T gates, without touching the upper resist sidewalls. The
inverted negative resist side wall profiles prevent the metal from filling the

upper trenches and allow the lift-off process to completely strip the resist stack

4.2 Gate metal lift-off

After we fixed PH process condition the gate lift-off is the next
challenge. The surface cleanliness is signification factor of RF performance
and device reliability. The gate metal.lift-off is base on NMP solvent first.
But the NMP solvent is differentto dissolve inter-missing layer with
Negative PR. We tried the tape process to rémove the top metal layer first
then remove the all PR layers:by EKC-922. ACE and IPA solvent. To control
the PR bake temperature and bake time is key issue for following lift-off
process. The better bake temperature and bake time are at 130C within 30

min.
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4.3 The structure analysis by SEM of gate
4.3.1 The 0.25um gate Photo-resistor SEM

4.3.1.1 The Top view of Photo-resister

Figure 4-5 The SEM picture after PR developed

From: WIN Semiconductors Corp.
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4.3.1.2 The cross-section of photo-resister
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Figure 4-6 The cross- seqtlon 0£ EM pfeture after PR developed
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From: WIN Semlconductors Corp: 2EE ﬁ".
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Figure 4-7 The cross-section of SEM picture after PR developed

From: WIN Semiconductors Corp.
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4.3.1.3 The top cross-section of gate metal
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From: WIN Semicondu

Figure 4-8 The cross-secEE
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Figure 4-9 The cross-section of SEM picture after gate lift-off
From: WIN Semiconductors Corp.
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Figure 4-10 The cross- sectIOn of SEM ptcture after gate lift-off
- Hl- '

From: WIN Semlconductors Corp B E

Figure 4-11 The cross-section of SEM picture after gate lift-off

From: WIN Semiconductors Corp.
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4.3.1.4 The top view of wafer after whole gate process by Optical microscope

There are very clean after gate metal lift-off.

Figure 4-13 The Optical microscope picture after gate lift-off

From: WIN Semiconductors Corp.
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4.3.1.5 The top view of wafer after whole gate process by SEM

There are very clean on wafer by SEM 0.8 KV energy checking.

2000

Figure 4-14 The low SEM energy surface check picture

From: WIN Semicondugctors Corp.

| 1 I 1 1 1 1 1 |
$4700 0.8kV 11.4mm x4.29k SE(U) 8110/06 13:58 10.0um

Pre——

S U e 7 i, S e S P SR,

Figure 4-15 The low SEM energy surface check picture

From: WIN Semiconductors Corp.
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4.4 The device process flow

The key of gate process have been overcome the next device process flow
are the Mesa, Ohmic, Gate, TFR, M1, passivation SiN deposition, SiN via
etch, M2 air-bridge, Protect SiN deposition. Back grading, BS through hole

etch, BS planting etc.

The process flow shown as next table:

Table 4-7 The pHEMT device process layer flow.

Process | Cadence Full
Step Name Name
1 Ohmic |Ohmic Metal and Alignment Key
2 Mesa |Mesa layer
3 Wrecess |Wide Recess
4 Ogate |Optical Gate
5 DRES |T-sharp gate
6 Vial First Nitride Deposition, Via Etch
7 TFR ThinFilm Resistor
8 Metl First Interconnect Metal
9 Via2 Second Nitride Deposition, Via Etch
10 Air-bridge |Air-bridge
11 Met?2 Second Interconnect Metal
12 Protect |Protection Nitride, Pad Opening
13 Backvia |Backside Via
14 Street  |Backside Street

From: WIN Semiconductors Corp.

39




4.5.1 Ka band DC characteristics

4.5 The result of DC and RF characteristics

Table 4-8 The Ka band DC characteristics.

0.25um CD
GM_PEAK mS/mm 452
ldmax mA/mm 592
IDSS mA/mm 486
RC TL EP | Ohm-mm 0.12
RON Ohms*mm 1.5
RS TL_EP Ohm/sq 137
VDG V 15.4
Vto VvV -1.43
gate mA/mm 2.96E-03
leakage
ft GHz 75.5

From: WIN Semiconductors Corp.

4.5.1.1 Ka band I-V and break down characteristics

200 IDS (mA/mm)
VGS (V)
600 ——0.6
500 | 03
400 | 0
0.3
300 0k
200 ——-0.9
100 ——_1.2
——_1.5

From: WIN Semiconductors Corp.
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Figure 4-16 The Ka band I-V characteristics.
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Figure 4-17 The Ka band:g

From: WIN Semicon d

IG(A)
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Figure 4-18 The Ka band breakdown characteristics.

From: WIN Semiconductors Corp.
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4.5.2 Ku band DC characteristics

Table 4-9 The Ku band DC characteristics

Ku band
0.25um CD

GM_PEAK mS/mm 350
Idmax mA/mm 513
IDSS mA/mm 411
RC TL EP | Ohm-mm 0.09
RON Ohms*mm 1.3
RS TL_EP Ohm/sq 164
VDG V 22.8
Vto V -1.48

Gate leagage| mMA/mm 1.2E-04
ft GHz 52.7

From: WIN Semiconductors Corp.

4.5.2.1 Ku band I-V and break down characteristics
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Figure 4-19 The Ku band I-V characteristics.

From: WIN Semiconductors Corp.
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Figure 4-20 The Ku band g,, characteristics.

From: WIN Semiconductors.Cor;
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Figure 4-21 The Ku band breakdown characteristics

From: WIN Semiconductors Corp.
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4.5.2.2 Compare DC parameter with 0.15um gate CD pHEMT
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Figure 4-22 The 0.25 u,m pHEMTF cflaracterlstlcs

From: WIN Semlconductors Corp g ;.:
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Figure 4-23 The 0.15um pHEMT characteristics

From: WIN Semiconductors Corp.
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4.5.3 The device PCM analysis

4.5.3.1 The PCM check item are as follows:

Table 4-10 The PCM yield list

Slot TEST _| Valid_| Inspec

No| PARAM ID[ PTS| PTS| PTS Mean| STDEV MIN MAX] Yield %
1| GM PEAK 25 25 250 430.37 18.93]  372.03] 457.03 100
2| GM PEAK 25 25 250 484.41 20.51)  423.83[  521.53 100
1 IDSS 25 25 250 47447 15.76]  420.49] 491.82 100
2 IDSS 25 25 25 500 13.56] 471.67| 526.47 100
1 Idmax 25 25 25 583.58 12.03]  557.45[ 597.66 100
2 Idmax 25 25 251 610.76 12.47]  580.211  630.45 100
1 pkage current 25 25 250 0.2554]  0.9583] 8.82E-05 4.49 92
2pkage current 25 25 25| 5.82E-04] 1.24E-04| 4.09E-04] 7.81E-04 100
1 RON 25 25 25 1.47]  0.1505 1.3 1.89 100
2 RON 25 25 25 1.16] 0.1382[ 0.9546 1.45 100
1| breakdown 25 25 25 14.56]  0.9341 11.25 15.55 100
2| breakdown 25 25 25 1432 0.2512 13.7 14.7 100
1|rn on Voltage 25 25 25| 400E+10] 1:38E+11 -1.50 | 5.00E+11 92
2Jrn on Voltage 25 25 ) 1,354 1+ 0.0408 -1.40 -1.28 100

There is gate leakage and turn on voltage vield loss caused by gate damage during
gate metal lift-off process.

From: WIN Semiconductors Corp.
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4.5.4 RF characteristics
4.5.4.1 Cutoff frequency and maximum frequency

Table 4-11 The Fr characteristics

0.25 pm gate pHEMT
Ft (GHz) Fmax (GHz)
VDS=1.5V, 58.97 146.82
VGS=GM._peak VGS=-0.45V VGS=-0.45V
48.34 133.09
VDS=3V, VGS=GM_peak |y ~o_ 1 45y VGS=-0.45V
42.96 120.39
VDS=5V, VGS=GM_peak |y oo ) 45y VGS=-0.45V
38.93 113.17
VDS=TV, VGS=GM _peak |y~ 45y VGS=-0.45V

From: WIN Semiconductors:Corp.

4.5.4.2 Power characteristics Current gain and efficiency

4.5.4.2.1 The Ku band power performance at 10'GHz
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Figure 4-24 Ku band power performance at 10 GHz
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4.5.4.2.2 The Ka band power performance at 29GHz
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4.5.4.2.3 The Power gain summary

Table 4-12 The Ka and Ku band power performance summary

Ka Band
Bias Conditions Power Performance
vDG | Vio DUT | Freq. | VD ID VG | Gain | P1dB P1dB Psat Psat PAE
(um) | (GHz) | (V) | (mA/mm) | (V) [ (dB) [ (dBm) [ (mW/mm) | (dBm) [ (mW/mm) | Max (%)
9.8 17.6 385 19.1 538 33.8
154 | -1.43 | 150 29 6 133 -1.10| 95 18.1 431 19.0 534 33.8
9.5 18.1 431 19.1 541 34.1
Ku band
Bias Conditions Power Performance
vDG | Vio DUT Freq. VD ID VG Gain | P1dB P1dB Psat Psat PAE
wm) | ©H2) | v) | mamm) | ov) | @B) | @Bm)| @mWwmm) | @Bm) | mwW/mm) | Max %)
17.5 19.6 607 20.1 679 62.7
22.8 | -1.48 | 150 10 7 133 -090 | 18.4 | 20.3 710 20.6 772 65.4
16.8 19.2 551 19.5 597 47.2

From: WIN Semiconductors Corp.
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4.5.4.3 Noise characteristic

4.5.4.4 Table 4-13 The Noise characteristic

Freq:12GHz
DUT:2x75um
VDS=3V
IDS=10mA
VDS | IDS | VG Fmin | Gassoc | MAG_MSG
K factor —
M | mA) ] V) (dB) | (dB) (dB)
3 10 -0.78 0.28 0.76 | 12.93 16.12
3 10 -1.05 0.30 0.85 11.42 14.43
From: WIN Semiconductors Corp.
4.5.4.4.1 The Noise comparison with 0.15umgate pHEMT
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Figure 4-28 The Noise comparison with 0.15um pHEMT.
From: WIN Semiconductors Corp.
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4.6 The device performance comparison

We compared the DC and RF power performance with TRW Company by
next table:

Table 4-14 The device performance comparison

29GHz Gain P1dB Pae(%) vegd
(dB) (mW/mm)
0.15um pHEMT 11 600 52 10
Ka@5V
0.15um pHEMT 10.5 750 43 10
Ka@s5Vv
TRQ 0.15 um ? 780 52 14
Ka@6V
WIN 0.25 um 10.9 600 43 14
Ka@6V
TRQ 0.25 um 7 550 34 14
Ka@o6V
0.25um pHEMT 10.7 760 40 14
Ka@7V
0.25um pHEMT 20 1100 56 18
Ku@9Vv
TRQ 0.25 um 10 800 50 18
Ku@w 9V

From: WIN Semiconductors Corp.
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4.7 Device MTTF life test result
4.7.1 Test criteria
Bias conditions: 6V, 30mA (33% Idmax) Temperature:
150C (Tj=280C)
165C (Tj=299C)
180C (Tj=318C)

4.7.2 Test result. The MTTF>106 hrs

0.25um pHEMT , 6V,30mA/150C
EP131E015#1, Reliability test of 0.25um pHEMT technology
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Figure 4-29 150C (Tj=280C)

From: WIN Semiconductors Corp.
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0.25um pHEMT , 6V,30mA/165C 1
EP131E015#1, Reliability test of 0.25um pHEMT technology
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Figure 4-30 165C (Tj=299C)
From: WIN Semiconductors Corp.
0.25um pHEMT , 6V,30mA/180C 1
EP131E015#1, Reliability test of 0.25um pHEMT technology
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Figure 4-31 180C (Tj=318C)
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Chapter5

Conclusion

We have demonstrated the triple lithographic Photoresist layers of 0.25um
gate process by I-line stepper for pHEMT ka/ku-band MMICs applications.

We get good performances both of power and noise characteristics.

The technology of gate photo process is confirmed by ANOVA and
process CPK analysis. The gate CD is on target 0.25 um and uniform both
within wafer and wafer to wafer. This is robust sub-micron gate process by

I-line stepper for mass-production.

This triple lithographic Photoresist gate process has good coat effective
than E-beam process. It’s also,good for'mass-production and easy for
manufacturable. The overall Ka and Ku band characteristics have developed.
There is very clean surface on device after gate lift-off process. We checked by
optical microscope and SEM inspection also. There are no any scum remain
and no gate broken or other damage. We can check the gate leakage PCM data.
The gate leakage is around 1E-3 to 1E-4 mA/mm. It means the gate is wall
stand up on substrate. And there are also no scums remain caused leakage
through the source-drain surface. The reliability of MTTF test has shown the
good performance over 100 hrs. This process proved the cost effective,

mass-production and good performance for Ka/Ku band MMICs application.

This process device has more Gain and similar P1dB to TRQ PP25@6V
with 10% better PAE. When device @9V has better P1dB compare to TRQ
This PHEMT device has higher Gain then TRQ for Ku and Ka band. This
technology T-Gate has lower Cgd then TRQ T-Gate.

53



Reference

[1-1] S.M. Sz, “ High Speed Semiconductor device”, Murray Hill, New Jerey

[1-2] D. K. Atwood, Vacuum passivated T-gates: A new method for fabricating
submicron gates, Proc. SPIE, 1263, pp. 209-216, Mar. 1990.

[1-3] G. M. Metze, J. F. Bass, T. T. Lee, D. Porter, H. E. Carlson, P. E. Laux, A
Dielectric-Defined Process for the Formation of T-Gate Field-Effect Transistors,
IEEE Microwave and Guided Wave Letters, 1 [8], pp.198-200, Aug. 1991.

[1-4] Dielectrically defined optical T-gate for high power GaAs pHEMTs D.
Fanning, L. Witkowski, J. Stidham, H.-Q. Tserng, M. Muir and P. Saunier TriQuint
Semiconductor Texas, 2002 GaAsMANTECH Conference

[1-5] Very High Performance 50 nm T-gate 111-V HEMTs Enabled by Robust
Nanofabrication Technologies lain Thayne, Xin Cao, David Moran, Euan Boyd,
Khaled Elgaid,Helen McLelland, Martin.Holland, Stephen Thoms, Colin Stanley, /
2004 4th IEEE Conference on Nanotechnology

[1-6] “All i-line lift-off T-gate process and materials” Medhat A. Toukhy,
Ping-Hung Lu and Salem K. / Mullen AZ Electronic Materials USA Corp. 70
Meister Avenue, Somerville, NJ 08876

[1-7] “Manufacturable 0.15 um PHEMT Process for High Volume and Low Cost on
6” GaAs Substrates: The First 0.15 um PHEMT 6”GaAs Foundry Fab, M. Chertouk,
D. W. Tu, P. Meng, C. G. Yuan, W. D. Chang, C. Y. Kuo, C. C. Chang, A. Chang, H.
H. Chen, P. C. Chao, WIN Semiconductors / 2002 GaAsMANTECH Conference

[1-8] High Performance Metamorphic HEMT with 0.25 pm
Refractory Metal Gate on 4” GaAs Substrate F. Benkhelifa, M. Chertouk+, M. Dammann,
H. Massler, M. Walther, G. Weimann 2001 GaAsMANTECH Conference

[1-9] Yoshimi Yamashita, Akira Enodoh, Keisuke Shinohara, Masataka
Higashiwaki, ”Ultra-short 25-nm-Gate Lattice-Matched InAlAs/InGaAs HEMTs
within the Range of 400 GHz Cutoff Frequency”, IEEE Electron Device Lett., vol.
22, no. 8, Aug 2001.

[1-10] Szu-Hing Chen, Huang-Choung Chang, David K. Fu, Edward Y. Chang,
Yeong-Lin Lai and Li Chang, ”Novel I-Line phase shift Mask Technique for
Submicron T-shaped Gate Formation”, Jpn. J. Appl. Phys. vol. 41, pp. 4489-4492.
2002.

54



[1-11] H. Philip Li, Olin L. Hartin, and Marcus, “An Updated
Temperature-Dependent Breakdown Coupling Model Including Both Impact
Ionization and Tunneling Mechanisms for AlGaAs/InGaAs HEMTs,” IEEE
Transactions on Electron Devices, vol. 49, no. 9, Sep 2002.

[1-12] K. Elgaid, H. McLelland, M. Holland, D. A. J. Moran, C. R. Stanley, and 1.
G. Thayne, “50-nm T-Gate Metamorphic GaAs HEMTs With fT of 440 GHz and
Noise Figure of 0.7 dB at 26 GHz,” IEEE Electron Device Lett., vol. 26, pp.
784-786, 2005.

[1-13] K. Tabatatabaie-Alavi, D. M. Shaw, and P. J. Duval, “Evolution of T-Shaped
Gate Lithography for Compound Semiconductors Field Effect Transistors,” IEEE
Trans. on Semiconductor Manufacturing, vol. 16, no. 3, pp. 365-369, Aug. 2003.

[1-14] S.-W. Kim, K.-M. Lee, J.-H. Lee, and K.-S. Seo, “High-Performance 0.1-um
In0.4AlAs/In0.35GaAs MHEMTSs with Ar Plasma Treatment,” IEEE Electron
Device Lett., vol. 26, pp. 787-789, 2005.

[1-15] W.-S. Sul, S.-D Kim, H.-M. Park, and J.-K. Rhee, “Electrical Charateristics
of the 0.1um Gate Length Pseudomorphic High-Electron-Mobility Transistors with
Low-Dielectric-Constant Benzo-Cy¢lo-Butene Passivations,” Jpn. J. Appl. Phys.,
vol. 42, pp. 7189-7193, 2003.

[1-16] E. Y. Chang, K. C. Lin, E. H. Liwn, €. Y. Chang, T. H. Chen, and J.
Chen, “Submicron T-shaped gate HEMT fabrication using deep UV
lithography,” IEEE Electron Device Lett., vol. 15, pp. 277-279, 1994.

[1-17] C. C. Meng, G. R. Liao, and S. S. Lu, “Formation of submicron T-gate by
rapid thermally reflowed resist with metal transfer layer,” Electronics Letters, vol.
37, no. 16, pp. 1045-1046, 2001.

[1-18] Lee H.M, Chang E.Y, Chen S.H, Chang C.Y, “New Nanometer T-Gate
Fabricated by Thermally Reflowed Resist Technique”, Japanese J. Applied Phys.
Vol. 41(2002) pp.L 1508-L 1510.

[1-19] Yi-Chung Lien et al.,” A metamorphic high electron-mobility transistor with
reflowed submicron T-gate for high-speed optoelectronics applications” IEEE
(2003).

[1-20] Chen H.L, Ko F.H, et.al, ”Thermal Flow and Chemical Shrink Techniques
for Sub-100nm Contact Hole Fabrication in Electron Beam Lithography”, Jpn J.
Appl. Phys. Vol 41 (2002) pp. 4163-4166.

[1-21] Szu-Hing Chen, Huang-Choung CHANG, David K. Fu, Edward Y. CHANG,
Yeong-LAI and Li CHANG, "Novel I-Line phase shift Mask Technique for
Submicron T-shaped Gate Formation”, Jpn. J. Appl. Phys. Vol. 41(2002) pp.

55



4489-4492.

[1-22]Elkhou M, Rousseau M, et.al, “Physical Study of the avalanche breakdown
phenomenon in HEMTs”, Solid- State Electronics 49 (2005)535-544.

[1-23]William Liu,” Fundamentals of IIl- V Devices, HBTs, MESFETs, and
HFETs/HEMTs .

[1-24]Williams, Ralph; “Modern GaAs Processing Methods”, Artech House, 1990

56



	0.25 um O-gate pHEMT 論文全文0903封面.doc
	0.25 um O-gate pHEMT 論文全文0903目次.doc
	0.25 um O-gate pHEMT 論文全文0903 本文.doc

