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Abstract

In this dissertation, the performances of the copper (Cu)-metallized
AlGaAs/InGaAs pseudomorphic  high-electron-mobility  transistor (PHEMT)
single-pole-double-throw ~ (SPDT) ' “switches ~and the  AlGaAs/InGaAs
metal-oxide-semiconductor PHEMT (MOS-PHEMT) SPDT switches with Al,O3; were
studied.

Cu-metallized AlGaAs/InGaAs:PHEMT SPDT switches utilizing platinum (Pt,
70 nm) as the diffusion barrier is reported. In comparison with the gold
(Au)-metallized switches, the Cu-metallized SPDT switches exhibited comparable
performance with insertion loss of less than 0.5 dB, isolation larger than 35 dB and
the input power for one dB compression (input P;4g) of 27 dBm at 2.5 GHz. To test
the thermal stability of the Pt diffusion barrier, these switches were annealed at 250
C for 20 h. After the annealing, the switches showed no degradation of the DC
characteristics. In addition, after 144 h of high temperature storage life (HTSL)
environment test at 150 ‘C, these Cu-metallized switches still remained excellent and
reliable radio frequency (RF) characteristics and power handling capability. To test
the operation reliability of the Cu-metallized switches, the Cu-metallized switches

were subjected to on/off (control voltage = +3/0 V exchange) stress test for 24 h at



room temperature. The devices maintained excellent RF characteristics after the stress
test.

The electrical characteristics of these Cu-metallized AlGaAs/InGaAs PHEMT
SPDT switches were also evaluated at elevated temperatures. Compared to the
Au-metallized switches, the Cu-metallized SPDT switches exhibited comparable
performance with insertion loss less than 0.5 dB, return loss larger than 20 dB,
isolation larger than 35 dB, and the input P;gs of 28.3 dBm at 2.5 GHz. In order to
evaluate the temperature impact on DC and RF characteristics of the Cu-metallized
switches for high-temperature applications, the switches were tested at different
temperatures. The device exhibits low thermal threshold coefficients (6Vy/0T) of
—0.25 mV/°K from 300 °K to 500 °K, good microwave performance at 380 °K with
insertion loss less than 0.5 dB, isolation higher than 40 dB, and the input P,4p of 28.45
dBm at 2.5 GHz.

An AlGaAs/InGaAs MOS-PHEMT SPDT switch using ALOs high-k gate
dielectric by atomic layer deposition' (Al.D)-is fabricated for RF switch application.
The MOS-PHEMT exhibited the comparable DC performance and much lower gate
current as compared to the conventional PHEMT. RF test shows the MOS-PHEMT
switch has an insertion loss of less than 0.5 dB, an isolation larger than 30 dB, a return
loss larger than 15 dB, and an input P4 of 31.4 dBm at 2.5 GHz.

Overall, we have successful developed the Cu metallization process for the
AlGaAs/InGaAs SPDT switch and the Al,Os3 high-x gate dielectric process for the
MOS-PHEMT SPDT switch, and have reported the fabrication process and electrical
performances of the Cu-metallized switches and the MOS-PHEMT switches with
AL O3 dielectric for low cost and low power consumption SPDT switches for wireless

communication applications.
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Chapter 1

Introduction

1.1 General Background and Motivations

Copper (Cu) metallization and high-k dielectrics have been used in Si technology
to resolve the RC delay issue and for lower power consumption at higher operating
frequencies. The Cu metallization process has been widely used in Si integrated
circuit technology since IBM announced its success with Cu metallization instead of
aluminum (Al) in the Si 0.18-pum very large scale integration technology [1, 2, 3]. The
advantages of using Cu metallization for Si technology include low resistivity and
high electromigration resistance, high stress voiding resistance, and feasible for
Damascene process for smaller line dimensions VLSI. However, Cu diffuses very fast
into Si in absence of any diffusion barrier [4; 5,.6].-Cu also diffuses very fast into
GaAs when Cu is in direct contact'with the GaAs substrate without any diffusion
barrier [7]. Even though the use of Cu as-metallization metal has become very popular
in Si devices, there are only a few reports on the Cu metallization of GaAs devices.
Traditionally, titanium (Ti)/Au interconnect metal is widely used for the fabrication of
GaAs-based field effect transistors and monolithic microwave integrated circuits
(MMICs) and the reliability of the metal system has been well proven. In this study,
Cu metal instead of gold (Au) metal is used as the interconnect metal for the
AlGaAs/InGaAs pseudomorphic  high-electron-mobility  transistor (PHEMT)
single-pole-double-throw (SPDT) switches. The employment of Cu as the
metallization metal has several major advantages over Au, such as lower resistivity
(1.67 uQ-cm for Cu; 2.2 uQ-cm for Au), higher thermal conductivity (3.98 W/cm°K
for Cu; 3.15 W/cm°K for Au), and lower cost, as compared with Au.

Table 1.1 lists a comparison of the characteristics of interconnect metals [8]. The

1



price of Cu is 5400 times cheaper than that of Au, and thus the production cost will be
reduced. However, Cu diffuses very fast into III-V semiconductors as well as Si. The
diffusion barrier between the Cu interconnections and the semiconductor for GaAs
devices has to possess the following properties:

(1) High resistance to diffusion of foreign atoms;

(2) High conductivity, thermal stability and crystallization temperature;

(3) Inert with Cu and underlying metal or substrate;

(4) Good adhesion between Cu and underlying materials;

(5) Smooth surface and low stress;

(6) Lack of grain boundaries and with an amorphous texture;

(7) The loss rate of barrier layer into overlying metal and underlying substrate

should be small.

As mentioned above, Cu diffuses very fast into. GaAs if without any diffusion
barrier and forms a deep acceptor to capture carriers in GaAs. It will lead to the
failure of GaAs devices. In our previous-researches, we have demonstrated backside
Cu metallization on GaAs semiconductor field-effect transistors (MESFET) using
TaN as the diffusion barrier [9, 10], Cu airbridge on low noise GaAs
high-electron-mobility transistors (HEMTs) using WNy as the diffusion barrier [11],
fully Cu metallized InGaP/GaAs heterojunction bipolar transistor (HBT) using
platinum (Pt) as the diffusion barrier [12, 13] and a Au-free fully Cu-metallized InP
HBT was also realized using Ti/Pt/Cu nonalloyed ohmic contacts with Pt as the
diffusion barrier [14]. It has also been demonstrated that the Ti/Pt/Cu system structure
was very stable even after being annealed up to 350 ‘C and that Cu started to diffuse
through the Pt diffusion barrier and formed the CusTi phase after annealed at 400 C,
as investigated by X-ray diffraction method, Auger electron spectroscopy depth

profiles, and the sheet resistance measurement [12]. In this study, the electrical
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performance of the PHEMT SPDT switches using Cu metallization technology are
evaluated in Chapter 4. We characterized the electrical performance of the
Cu-metallized PHEMT SPDT switches and compare the performance with the
Au-metallized PHEMT SPDT switches. Pt was used as the diffusion barrier layer for
Cu-metallized switches and we choose Pt as the diffusion barrier metal since Pt is
commonly used as the plate metal for the metal-insulator-metal (MIM) capacitor of
the switch. Moreover, the thermal stability of the Pt diffusion barrier and the electrical
reliability are also investigated. In Chapter 5, the temperature-dependent
characteristics of the Cu-metallized switches are studied.

For the low power consumption demands, the GaAs PHEMT based switches,
which demonstrate low gate current, have an obvious advantage over Si p-i-n (PIN)
diode based switches due to lower DC power consumption [15]. Overall, GaAs
switches have lower control voltage, higher power handling capability, and higher
electron mobility compared to other ‘solid-state switches, which makes them suitable
for cellular handset, wireless local area network (WLAN), and bluetooth applications.
However, III-V HEMT using Schottky gate for current modulation usually results in
higher gate leakage current as compared to MOSFET using high-x dielectric for
device modulation. The use of high-k gate dielectric for III-V HEMT can significantly
suppress direct-tunneling gate current and results in considerable reduction in power
consumption. In Chapter 6, atomic layer deposition (ALD) ALOs; with a high
dielectric constant (8.6-10) and a high breakdown field (5~10 MV/cm) was used as
high-x material for AlGaAs/InGaAs MOS-PHEMT switches [16]. The major
requirements for good RF switch are low insertion loss, high isolation, high power
handling capability and low control current [17]. To achieve low control current, the
methods include reducing the gate current and the size of devices. The MOS-PHEMT

switches with extra high resistance between control electrode and signal path provide
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good isolation and results in much lower control current as compared to conventional

PHEMT switches.

1.2 Outline of the Dissertation

This dissertation covers the related studies of the novel SPDT switch
technologies including the Cu-metallized AlGaAs/InGaAs PHEMT switches and the
MOS-PHEMT switches. The contents are divided into 7 chapters. In Chapter 2, the
introduction to the GaAs switch characteristics and the device equivalent circuit
schematic are briefed. Then, the detailed fabrication process of the Cu-metallized
switch and the MOS-PHEMT switch is described in Chapter 3.

In Chapter 4, the Cu-metallized AlGaAs/InGaAs PHEMT SPDT switches
utilizing Pt (70 nm) as the diffusion barrier. is reported. In comparison with the
Au-metallized switches, the RF performance and the power handling capability of the
Cu-metallized switches at 2.5 GHz were-evaluated. To test the thermal stability of the
Pt diffusion barrier, these switches were-annealed at 250 C for 20 h. In addition, after
the high temperature storage life (HTSL) environment test at 150 C for 144 h was
carried out for these Cu-metallized switches, the RF characteristics and the power
handling capability were observed. To test the operation reliability of the
Cu-metallized switches, the Cu-metallized switches were subjected to on/off (control
voltage = +3/0 V exchange) stress test for 24 h at room temperature.

In Chapter 5, in order to evaluate the temperature-dependent impact on DC and
RF characteristics of the Cu-metallized switches for high-temperature applications,
the switches were tested at different temperatures. The low thermal threshold
coefficients (6Vy/0T) of the device were evaluated from 300 °K to 500 °K, the
microwave performance at 380 °K at 2.5 GHz was evaluated.

In Chapter 6, an AlGaAs/InGaAs MOS-PHEMT SPDT switch is fabricated using

4



AL Os3 high-x gate dielectric by ALD for RF switch application. The MOS-PHEMT
exhibited the comparable DC performance and much lower gate current as compared
to the conventional PHEMT. The RF test and an input power for one dB compression
(input Pigg) of the MOS-PHEMT switch at 2.5 GHz were measured. The
MOS-PHEMT MMIC switch was realized using ALD Al,O3 gate dielectric in this
study.

Chapter 7 is the conclusions of the dissertation.



TABLE

Table 1.1 Properties comparisons of the possible interlayer metals [8].

Property\Metal Cu Ag Au Al
Resistivity (uQ « cm) 1.67 1.59 2.35 2.66
Young’s modulus - (10'11 dyrﬂcmz) 12.98 8.27 7.85 7.06
Thermal Conductivity (W/cm°K) 3.98 4.25 3.15 2.38
CTE - (10° 17 19.1 14.2 23.5

Melting Point (°C) 1085 962 1064 660
Specific heat Capacity (J/KgeK) 386 234 132 917
Corrosion in air Poor Poor Excellent  Good

Deposition

Sputtering Yes Yes Yes Yes

CvD Yes No No No

Evaporation Yes Yes Yes Yes

Etching
Dry No No No Yes
Wet Yes Yes Yes Yes

Resistance to Electromigration High  Very Low Very High  Low

Delay Time (ps/mm) 2.3 2.2 3.2 3.7




Chapter 2

Theory of Filed-effect-transistor Based Switch

2.1 Comparisons between FET Swicth and PIN Switch

The transmitter/receiver (Tx/Ry) switches are important components as common
as amplifiers and mixers in microwave systems as shown in Fig. 2.1. Because of the
booming demands for RF switches in cellular handset, base station, bluetooth, and
WLAN systems, high performance GaAs RF switches become very important. Ty/Ry
switch is for changing the RF signal path to transmitter or receiver. Therefore, a low
insertion loss, high isolation and high power handling capability characteristics are
needed for switches to improve the overall system performance for wideband
frequency. Traditionally the PIN diode has been widely used for switching RF signals.
However, PIN diodes have high-insertion loss‘with high bias current. Thus, the GaAs
switches predominate over the commercial-RF switches because of its low on
resistances, low off capacitances and high-linearity for the switch market. GaAs
PHEMT has been commercially applied in RF switches and power amplifier for
wireless communication applications. Owing to its higher charge density and higher
saturated electron velocity in InGaAs channel compared to the GaAs MESFET,
PHEMT performs lower insertion loss for switch, and higher power gain and power
added efficiency for power amplifier [18]. For realizing practical RF switch based on
AlGaAs/InGaAs PHEMTs, two major factors must be emphasized: First, reduction of
the on-state-resistance (Ron) at Vg = 0 'V for insertion loss. Second, reduction of the
off-state-capacitance (Cof) when the Vg is below Vy, for isolation [19]. Besides, the
depletion mode PHEMT is used for most commercial RF switches. Although switches
can also use the enhancement mode PHEMT device, the performance of the power

handling capability is poor. Therefore, it is straightforward to design the depletion
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mode PHEMT switches [15]. Therefore, PHEMT switches have become prevalent
because the field effect transistor (FET) switches have advantages over diode
switches for low power consumption, good RF performance, and easy monolithic

circuit integration [20].

2.2 Antenna Switch Design

The typical circuit schematic of the antenna SPDT switch is shown in Figs. 2.2(a)
and 2.2(b) for the transceiver construction and the SPDT switch is designed for two
control voltages to inversely feed to the transistor pairs. One control voltage is high
and the other control voltage is low. In transmit mode, the shunt FET in the transmit
path is off, whereas the series FET is on. The transmit signal is flowing to the antenna.
Meanwhile, the shunt FET in the 'receiver stem'is on, while the series FET is off
preventing the transmit signal in the receiver. Oppositely, in the receive mode the
control voltages are reversed. Therefore; switch: isolation can easily be improved by
joining shunt mounted FET without excessive: increase of insertion loss [15]. As
mentioned above, the gate widths of the series and shunt devices have to be detailed
designed to optimize tradeoff between insertion loss in on-state and isolation in

off-state [21].

2.3 Equivalent Circuit of a Switch Used FET

The drain-to-source resistance of the FET in the channel behaves as a voltage
variable resistor for a switch, and the gate-to-source voltage (Vg) controls the
resistance. Therefore, the FET switch is a three-terminal device in which the Vg
determines the on/off states. A FET for a switch is biased with the drain and source at
zero voltage DC. The RF signal path is flowing from drain to source and the gate is

the control terminal. Fig. 2.3 shows the typical current-voltage characteristics of a
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depletion mode FET about Vg4 = 0 V at different Vg The Vgflgs characteristic
approaches a resistance (Ig/Vgs) in the region of Vg= OV. This is a low resistance at
Vg = 0 V. Oppositely, the FET is off as Vg below pinch-off voltage with a high
resistance. This simple equivalent circuit is shown in Fig. 2.4. The gate resistor (Ry)
with the value of several kQ is designed to provide extra isolation between the signal
and control terminal. Very little gate current below 0.5 mA/mm for FETs can be
obtained. Therefore, the FET switches have very low DC power consumption as
compared to PIN diode switch [15].

Fig. 2.5(a) depicts an equivalent circuit schematic for a GaAs FET used in
switching applications. The FET serves as a passive two-terminal device, which the
gate terminal acts as the control signal port in passive mode. The RF signal flows
between the drain and source. The gate terminal determines the RF impedance
between the drain and source. The drain-to-source.impedance varies from a low value
under open channel when the gate, is'biased at zero voltage, to a high value when the
gate is biased at pinch-off voltage' to-prevent current from flowing through the
transistor.

When the low-impedance state of the FET switch is dominated by the fully open
channel in passive mode, the device channel resistance is low. Owing to the low
channel resistance, the insertion loss is independent of frequency [22]. The practical
equivalent circuit is the “on” resistance for the transistor, and the reduction of on-state
resistance and insertion loss can be improved by the large device width. In the
high-impedance state, the PHEMT is dominated by the pinched-off channel or large

“off” resistance as shown the switch equivalent circuit in Fig. 2.5(b). While r, is much

smaller than the reactance of C, lrg <l(aC, )J, the equivalent circuit of Fig. 2.5(a)

can be substituted by a parallel combination of Ry and Cog as shown in Fig. 2.5(b),



where R and Cofr are expressed as shown in equation (2.1) and (2.2):

Cg

Cy =Cy Y 2.1)
2r,

R,=——4—— (2.2)

24 rda)Zngrg

where o is the operating frequency in radians/second [23]. The “off” state resistance
Ros 1s an inverse function of the operating frequency o, and reduces as frequency
increases according to the equation (2.2). The off-state performance of the switch will
degrade at high frequency [24]. Furthermore, the degradation of the isolation in the
off-state would be also resulted from increases of gate-to-source, gate-to-drain
capacitance, and source-to-drain fringing capacitance by large device width [22].

Therefore, the device gate width must be. eptimized for better RF performance.

2.4 RF Characteristics of a Switch
2.4.1 Insertion Loss (IL)

Insertion loss (IL) in the on state'is'defined as the difference (dB) between the
power received at the load before and after the insertion of the switch [25]. In view of
this definition, insertion loss for the switch in the on state is expressed as shown in
equation (2.3):

IL= —101og10(%) (2.3)

0

where
Po= power delivered to the load with an ideal switch in the on state.

PrL= power delivered to the load with the practical switch in the on state.

2.4.2 Isolation

Isolation in the off state is defined as the difference (dB) between the power
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delivered to the load for an ideal switch in the on state and the actual power delivered
to the load when the switch is in the off state [25]. In view of this definition, isolation

is expressed as shown in equation (2.4):

P
Isolation = —10log, (?L) (2.4)

0

where
Py = power delivered to the load with an ideal switch in the on state.

P = power delivered to the load with the practical switch in the off state.

2.4.3 Power Handing Capability
The FET switch maximum handling power (Ppax) is evaluated in the on-state and

in the off-state. Py, is expressed in equation (2.5) and (2.6) [17]:

2

1, "7
P.. :% (on-state) (2.5)
and
nV, =V’
0V V) rare 2.6)
227,
where

I4ss: saturation drain current;
Zy: system impedance;
n: number of stacked FETs;
Vgr: breakdown voltage.
From the practical consideration for the power limitation of the switch operation

is explained in [26], and the maximum input power P, is expressed by equation

2.7):
P = % (2.7)

where Zj is the line impedance, V. is the absolute of the control voltage, and Vy, is the
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threshold voltage.

2.4.4 Input third-order intermodulation intercept point and third-order
intermodulation distortion

In wireless communication system, multi-channel transmission is practically
used for signal transmission [27]. The transmission bandwidth of communication
system was divided into multiple information bandwidths and used multiple
frequencies for data transmission to increase the transmission capacity. Nevertheless,
when the system operating frequencies are more than two and the neighboring
frequencies are located closely to each other, the device used in system will generate
intermodulation distortion.

For analyzing the intermodulation distortion; two-tone signal consists of two
signals as the input with the same -amplitude at two closely spaced signals 5-10 MHz
apart as shown in Fig. 2.6. Among all the intermodulation distortions of the devices,
third-order intermodulation distortion (IM3)-and the third-order intercept point (IP3)
will dominate the device linearity because of device gain compression. Therefore,
IM3 and IP3 of the devices have become the important factors for wireless
communication applications. Input third-order intermodulation intercept point (IIP3)

is defined as shown in equation (2.8):

IIP,(dBm) = P, (dBm) + %(dB) (2.8)
where

ITP3: input third-order intermodulation intercept point;

Piy: input power;

A: intermodulation ratio (P(f2)-P(2f2-f1)).
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Figure 2.4 Equivalent circuit of a switching FET [15].
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Chapter 3
Fabrication of Copper-Metallized GaAs Switch and MOS-PHEMT Switch

3.1 Introduction of PHEMT switch process

The five major steps of the series/shunt SPDT PHEMT switch process are device
active region definition, ohmic metal deposition and annealing, gate formation by wet
chemical recess and gate photolithography, device passivation, and interconnection
formation [27]. The schematic cross section of the PHEMT switch is shown in Fig.
3.1. The detailed fabrication process of the Cu-metallized switch and the

MOS-PHEMT switch will be described in the following section.

3.2 Cu-metallized switch process
3.2.1 Device active region definition

Device active region definition'is to-confine the electrically conductive part of
the device to specific parts of its surface-area so that electrical current is prevented
from flowing to other active areas [28]. The electrically conductive region is called
the “active region”. The GaAs PHEMT was etched to separate each device and to
reduce the leakage current from the substrate for the isolation. The functions of the
active region definition consist of the active region formation, device isolation,
reduction of parasitic capacitance, parasitic resistance, leakage current, and
back-gating effect.

The AlGaAs/InGaAs PHEMT SPDT switch wafer was grown by metal organic
chemical vapor deposition (MOCVD) on a 4-in semi-insulating GaAs substrate. The
structure, from bottom to top, is composed of a 600-nm GaAs/AlGaAs superlattice
buffer, a 13-nm undoped InGaAs channel, a 3-nm undoped AlGaAs spacer, a

delta-doped layer, a 37-nm undoped AlGaAs Schottky layer, and a 60-nm n*-GaAs
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capping layer, as shown in Fig. 3.2. The Hall electron mobility and sheet carrier
concentrations at room temperature are 6500 cm?V - s and 3.0 x 10" cm?,
respectively.

The device fabrication was carried out by the use of traditional lithography and
lift-off technique. In the PHEMT switch fabrication, the device active region and the
epitaxial resistor formation are defined by photolithography. The wafer was etched to
buffer layer to obtain a good isolation. Then the mesa isolation and epitaxial resistors
were formed utilizing H3;PO4/H,O,/H,O mixing solution. After mesa etching, we

measured the etching depth by a-stepper to achieve the etch depth of about 400 nm,

and checked the etched profile by scanning electron microscope (SEM).

3.2.2 Ohmic contact formation

The ohmic contact is formed. by ohmic metal: deposition and annealing. An
ohmic contact is a low resistance junction -between metal and semiconductor interface.
Lower contact resistance will reduce--device" on-resistance and device power
consumption. Therefore, in order to obtain good ohmic contact with low parasitic
resistance, the semiconductor is doped heavily to form good contacts. After the ohmic
metals deposition, a high temperature alloying process using rapid thermal anneal
(RTA) was conducted to form the ohmic contacts.

For the ohmic metal layer formation, the germanium (Ge) is used for doping the
GaAs and the nickel (Ni) is acted as a wetting agent and prevents the AuGe metal
from “balling up” during alloy. In the PHEMT switch fabrication, Au/Ge/Ni/Au was
used as the ohmic metal with total thickness of 410 nm. The Au/Ge alloy at 410 C is
commonly used to form low ohmic contact resistance and has good reliability.

For the ohmic contact formation, the ohmic contact was defined by conventional

photolithography with undercut profile. Then O, plasma descum was applied to
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remove the residual photoresist on the pattern. The wafer was dipped in 10 % HCl
solution for 1 min to remove native oxide from the surface before the ohmic metal
deposition. Finally, Au/Ge/Ni/Au ohmic metal was deposited by e-gun evaporation.
The ACE was used to lift-off for devices, and then the wafer was alloyed by RTA at
410 °C for 30 seconds to form ohmic contacts. The typical ohmic contact resistance

was 0.12 Q - mm.

3.2.3 Recess and gate formation

The gate process includes wet chemical recess and gate photolithography. The
gate recess process has two advantages. One is the gate is placed below the surface
depletion layer of the surrounding material, preventing surface depletion from
preventing current under forward. gate bias, and the other one is gate recess will
reduce channel thickness and drain-to-source saturation current. Consequently, gate
recess process can increase device breakdown woltage, and decrease source-to-gate
and gate-to-drain parasitic resistances. In-the PHEMT switch fabrication, the wet
chemical etching process was used for gate recess. The recess slot was defined by
conventional photolithography. Then, a citric acid/H,O,/H,O solution was used to
etch the cap layer and AlAs as the etch stop layer until it reaches the target current for
the gate-recess process. The target current will influence the PHEMT RF performance.
The drain-to-source current is measured during the recess process to control the target
current by curve tracer. After removing the recess photoresist, the gate openings were
also defined by conventional lithography to form the gate lift-off photoresist profile.
Before the gate metal deposition, the wafer was dipped in 10 % HCI solution for 1
min to remove the native oxide from the surface. Then that gate metal was deposited
by e-gun evaporation. The gate metal is Ti/Pt/Au= 100/100/300 nm and the gate

length of the devices was 0.5 um. Ti has good adhesion to GaAs, Pt has a barrier to
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prevent Au diffusing into GaAs, and Au has high electrical conductivity. Finally the

wafer was immersed into ACE to lift-off the undesired metal.

3.2.4 Device passivation

Plasma enhanced chemical vapor deposition (PECVD) silicon nitride (Si3N4)
was used on the device for surface encapsulation because SizNy is less permeable to
ions than silicon dioxide (SiO;). The major purpose of the SizNs protective
encapsulation is simply for the surface passivation. This passivation protects the
critical area of the originally exposed wafer surface from humidity, chemicals, gases,
and particles. The SizNy film was grown at 300 ‘C. The precursors were SiHs/Ar, NH3,
and N,. The film refractive index was about 2.0, which were measured by
ellipsometer. In the PHEMT switch fabricationy the SizN4 films were used for
passivation and as the dielectric for capacitors and were deposited by PECVD. The
capacitance per unit area of the-MIM: capacitor was 0.25 fF/um’ and the thickness of
the dielectric was 200 nm.

After the passivation process, the contact via was defined for interconnections.
Then the SizN4 film was etched by reactive ion etching (RIE) system. The reactive

plasmas are CF, and O,. The RF power is 80 W, and the pressure is 60 mtorr.

3.2.5 Interconnect metal line

The first metal consists of the adhesion layer Ti (30 nm) and the diffusion barrier
Pt (70 nm), which was also used as the top plate of a MIM capacitor and the bottom
layer of the interconnects. [12, 13]. A 2-um-thick electroplated Cu was formed on the
first metal (Ti/Pt) layers with an electroplated Cu seeding layer for interconnects.
Then, the electroplated Cu was annealed at 200 C for 2 h for eliminating the

hydrogen embrittlement effect [29] and obtaining the film with the lowest resistivity
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and the smoothest surface [30, 31]. Finally, a 100-nm-thick SizsNs was deposited for
final passivation.

The AlGaAs/InGaAs PHEMTs used in the switches had a 0.5-um gate length
with dual fingers, and the drain-to-source spacing was 9 um. The ohmic contact
resistance for the PHEMTs was 0.12 Q-mm, and the MIM capacitors used in the
switches with 200-nm SisNy had a capacitance of 0.25-fF/um’. A 3 kQ of gate resistor
(Rg) between the signal and control terminal was designed to provide isolation
between the signal and control paths. The circuit schematic of the series/shunt SPDT
switch is shown in Fig. 3.3. The control current of the GaAs SPDT switch is typically
< 0.5 mA/mm.

The DC and RF electrical characteristics of the Cu switches were characterized
to demonstrate the practicabilitys'of using the Cu interconnection on the SPDT
switches. Thermal stability of the Pt diffusion-barrier is a major concern in this study.
To demonstrate the reliability of the Cu switches with the Pt diffusion barrier, the
devices with the Cu interconnects were-furnace ‘annealed at 250 ‘C for 20 h in the
nitrogen atmosphere. The DC characteristics before and after thermal annealing were
compared to verify the thermal stability of the Cu-metallized switches. Besides, the
long-term thermal stress of Cu switches was evaluated by using HTSL method, which
was carried out by annealing at 150 “C for 144 h with no bias [18, 19, 20, 32]. To test
the operation reliability of the Cu-metallized switches, the Cu-metallized switches
were subjected to an on/off stress test (control voltage = +3/0 V exchange) for 24 h at
room temperature. Furthermore, the temperature-dependent characteristics of the

Cu-metallized switches are also studied.

3.3 MOS-PHEMT switch process

The MOS-PHEMT switches were grown on semi-insulating GaAs substrates by
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MOCVD. The sketch of the MOS-PHEMT cross section is shown in Fig. 3.4. The
structure, from bottom to top, is comprised of a 600 nm GaAs/AlGaAs superlattice
buffer layer, a 13 nm undoped Inp,GapsAs channel, a 3 nm undoped Aly,5Gag75As
spacer, a delta-doped layer, a 37 nm undoped Alp,5Gag75As barrier layer, a 1.5 nm
AlAs etch-stop layer and a 60 nm n*-GaAs cap layer.

The switches use dual-fingers 0.5 um gate length MOS-PHEMT. Its processing
includes the following steps: mesa isolation, wet chemical recess, oxide deposition,
ohmic formation, gate formation, interconnect metallization, and passivation. The
mesa isolation was achieved by H3PO4/H,0,/H,O solution. The n*-GaAs cap layer
was selectively etched by citric acid/H,O,/H,0O solution with AlAs layer as etch stop
layer. The AlAs layer was removed by HCI (10 %) solution. Then, the AlGaAs was
treated with (NH4),Sx at 60 C for:30 mins before Al,O; deposition [33]. (NH4),>Sy
treatment before ALD Al,Os deposition can reduce the interface trap density between
oxide and semiconductor and form a'thin layer 5 +/1 A of sulfide on the surface [34],
which results in further reduction of device-leakage current. After (NH4)>Sx treatment,
16 nm ALLO; was deposited at 300 C as gate dielectric by ALD and was annealed at
500 °C for 60 s in forming gas. Ohmic contacts were Au/Ge/Ni/Au and were annealed
at 410 C for 30 s. Ti/Pt/Au gate metal was formed on Al,Os layer. PECVD Si3Ny was
used as the dielectric layer for the capacitors and for final passivation. The

interconnect metals are comprised of a Ti/Pt adhesion layer with 2 um plated Au.
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Chapter 4

SPDT GaAs Switches with Copper-Metallized Interconnects

4.1 Introduction

The Cu metallization process has been widely used in Si integrated circuit
technology since IBM announced its success with Cu metallization in the Si very
large scale integration process [1, 2, 3]. Traditionally, Ti/Au interconnect metal is
widely used for the fabrication of GaAs based field effect transistors and MMICs and
the reliability of the metal system has been well proven. In this study, we use Cu
metal instead of Au metal as the interconnect metal for the AlGaAs/InGaAs PHEMT
SPDT switches. The employment of Cu as the metallization metal has several major
advantages over Au, such as lower resistivity, higher thermal conductivity, and lower
cost.

Nevertheless, Cu diffuses very ‘fast-into-GaAs if without any diffusion barrier
and forms a deep acceptor to capture'carrier-in GaAs. It will lead to the failure of the
electrical properties of the GaAs devices. In our previous research, we have
demonstrated backside Cu metallization on GaAs MESFET using TaN as the
diffusion barrier [9], Cu airbridge on low noise GaAs HEMTs using WN as the
diffusion barrier [11], and fully Cu metallized InGaP/GaAs HBT using Pt as the
diffusion barrier [12]. In this study, we choose Pt as the diffusion barrier metal since
Pt is commonly used as the plate metal for the MIM capacitor of the switch. The Pt
diffusion barrier was very effective in preventing Cu from diffusing into the
conventional Schottky and ohmic metal in this study. The fabrication and the
electrical performance of the SPDT MMIC switches using Cu metallization

technology are reported for the first time.
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4.2 Results and discussion

The switch developed in this study can be used in the WLAN system for
switching between the transmitting and receiving modes. In this study, the
series/shunt SPDT switch uses 0.5-um gate length, dual-fingers AlGaAs/InGaAs
PHEMTs. The gate resistor between the signal and control terminal has a value of 3
kQ. Fig. 3.3 presents the circuit schematic of the series/shunt SPDT switch in Chapter
3. When the control voltage 1 (Vcrrei) is biased at 3 V and the control voltage 2
(Verriz) at 0 'V, the RF signal is flowing from RF;, to RF,,. Oppositely, the RF
signal path is from RFj, to RFo2 as Verres is biased at O V and Vergrrp at 3 V.

Compared with the HEMTSs in the switch fabricated with conventional Au
interconnects, the HEMTs in the switch fabricated using Cu metallization in this study
showed similar DC characteristics. The HEMTs -used in the Cu-metallized SPDT
switches exhibited a drain saturation current density of 160 mA/mm and a
transconductance of 140 mS/mm at Vps=3-V.The devices had threshold voltage of
-1.5 V. The performances of insertion loss-and‘isolation of the SPDT switches with
Cu metallization and with Au metallization were measured at 2.5 GHz, respectively,
and the results are as shown in Fig. 4.1. The Cu-metallized switch had an insertion
loss of 0.33 dB and an isolation of 36.7 dB (control voltage = +3/0 V, input power = 0
dBm) at 2.5 GHz. The results in the RF characteristics showed very little deviation for
the switches with Cu interconnects and the switches with Au interconnects. The
deviation of these two switches is primarily due to the nonuniformity of the wet
chemical etch in the gate recess process, which may influence the on-state resistance
and off-state capacitance of the transistor dominating insertion loss and isolation.
These RF results were consistent with the DC characteristics, which indicates that the
use of Cu metallization would not increase the on-state resistance and the off-state

capacitance of the active channel of the transistors and implies that the Cu
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metallization could be applied to the interconnects of the SPDT switches without

effecting the switch performance.

4.3 Reliability test

To test the thermal stability of the Pt diffusion barrier for long-term period, the
Cu-metallized switches were annealed at 250 “C for 20 h, the DC characteristics of
the HEMT device in the circuits after annealing are shown in Figs. 4.2 and 4.3.
Although small degradation of the ohmic contact resistance was observed in Fig. 4.3,
the drain saturation current density and the extrinsic transconductance of the device
were not obviously influenced with very little change after annealing at 250 ‘C for 20
h, as shown in Figs. 4.2 and 4.3 (less than 1 % difference in drain saturation current
density and less than 3 % difference in_extrinsie transconductance). These results
indicate that Cu—Pt interconnect layers are quite.stable and that Pt is an effective
diffusion barrier against Cu diffusion after thermal annealing. Thus, the Cu-metallized
SPDT switches have maintained the electrical performance without any significant
change during the high-temperature ambient test. Overall, the Cu-metallized SPDT
switches have sustained the high temperature environment test without obvious DC
performance degradation.

The RF performance of the Cu-metallized switches was also evaluated at high
temperature. As shown in Fig. 4.4, the switch has an insertion loss of 0.33 dB and an
isolation of 36.7 dB at 2.5 GHz before thermal test. After 144 h of high temperature
storage life (HTSL) evaluation at 150 °C under nitrogen atmosphere, the
Cu-metallized switches still possessed very good reliability with similar RF
performance. The P,—Pi, relationships of the Cu-metallized switches at 2.5 GHz after
annealing at 150 “C under nitrogen atmosphere for different annealing time are as

shown in Fig. 4.5. Input P4z was kept at about 27 dBm without significant change
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and maintained the same level without any obvious degradation after the long term
test. Fig. 4.6 reveals that input third-order intermodulation intercept point (input I1P3)
of 50 dBm can be achieved at the input power of 15 dBm, and the trend of control
current still remained stable. It suggests that no Cu diffusion into the active device
region, and no degradation of on-state resistance and power handing capability for the
transistors after thermal annealing occurred for the Cu-metallized SPDT switches
using Pt as the diffusion barrier. Hence, the Cu-metallized switches demonstrated
very good reliability and showed similar switch power handling capability after 144 h
of HTSL environment test.

To test the operation reliability of the Cu-metallized switches, the Cu-metallized
switches were subjected to an on/off stress test (control voltage = +3/0 V exchange)
for 24 h at room temperature. As shown in Fig: 4.7, the Cu-metallized switches
showed very little change after the stress test. The insertion loss and isolation still
remained stable. Almost no obvious change iin, the insertion loss and isolation
occurred, which indicated that no significant-degradation of on-state resistance and
off-state capacitance took place. It implies no Cu diffusion into the active device
region for the transistors after control voltage exchange stress for the Cu-metallized

SPDT switches using Pt as the diffusion barrier.

4.4 Conclusions

An SPDT GaAs switch fabricated with Cu-metallized interconnects using Pt as
the diffusion barrier has been reported for the first time. The RF characteristics of the
Cu-metallized SPDT switch exhibited an insertion loss of 0.33 dB and an isolation of
36.7 dB at 2.5 GHz, the performance is comparable to the SPDT switches fabricated
using conventional Au interconnects. High power handling capability was achieved

with input Pigg of 27 dBm and IIP3 of 50 dBm. Based on the high temperature
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reliability tests including thermal stress test (annealing at 250 “C for 20 h) and HTSL
environment test, no significant changes in the DC and RF characteristics were
observed for the SPDT switches after these tests. To test the operation reliability of
the Cu-metallized switches, the Cu-metallized switches were subjected to an on/off
stress test for 24 h at room temperature and showed very little change of the insertion
loss and isolation. It is evident from these data that the Cu metallization process

developed is very reliable and can be used for the GaAs MMICs fabrication.
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Chapter 5
Evaluation of Electrical Characteristics of the Copper-Metallized SPDT

GaAs Switches at Elevated Temperatures

5.1 Introduction

Cu has been used instead of Al as the interconnect metal for Si integrated circuit
technology since IBM adapted Cu metallization in the Si 0.18-pum technology [1, 2, 3].
The advantages of using Cu metallization for Si technology include low resistivity
and high electromigration resistance; however, there are only a few reports on the Cu
metallization of GaAs devices. Ti/Au interconnect metal has been extensively used
for the manufacture of GaAs-based field-effect transistors and MMICs, and the
reliability of the metal system has been well proven. The application of Cu as the
metallization metal for GaAs devices has several superior advantages over Au, such
as lower resistivity, higher thermal conductivity,;and lower cost, as compared with Au.
In this paper, we characterized the electrical. performance of the Cu-metallized
AlGaAs/InGaAs PHEMT SPDT switches and compare the performance with the
Au-metallized GaAs SPDT switches.

Cu diffuses very fast into GaAs if without any diffusion barrier and forms a deep
acceptor in GaAs, which leads to the failure of the electrical properties of the GaAs
devices. It was previously demonstrated that TaN can be used as the diffusion barrier
for the backside Cu metallization on GaAs MESFETSs [9, 10] and that WNy can be
used as the diffusion barrier for Cu airbridges on low-noise GaAs HEMTs [11].
Furthermore, Pt was used as the diffusion barrier layer for Cu-metallized switches
[13], and an Au-free fully Cu-metallized InP HBT was also realized using Ti/Pt/Cu
nonalloyed ohmic contacts with Pt as the diffusion barrier [14]. It has also been

demonstrated that the Ti/Pt/Cu system structure was very stable even after being
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annealed up to 350 ‘C and that Cu started to diffuse through the Pt diffusion barrier
and formed a CuyTi phase after being annealed at 400 ‘C, as investigated by X-ray
diffraction data, Auger electron spectroscopy depth profiles, and the sheet resistance
measurement [12]. In this paper, the temperature-dependent characteristics of the
Cu-metallized switches are studied. The thermal stability of the Pt diffusion barrier

and the electrical reliability are also investigated.

5.2 Results and discussion

The HEMTs in the switch fabricated using Cu metallization showed similar DC
characteristics in comparison with those in the switch fabricated with traditional Au
metallization. As shown in Figs. 5.1 and 5.2, a drain saturation current density of 160
mA/mm and an extrinsic transconductance of 140 mS/mm at Vps = 3 V were
measured both for the Cu- and -the Au-metallized switches. The devices had a
threshold voltage (Vi) of —1.5 V.  The-insertion loss, return loss, and isolation
characteristics of the SPDT switches with-Cu metallization and with Au metallization
measured at 2.5 GHz are shown in Figs. 5.3 and 5.4, respectively. The Cu-metallized
switch had an insertion loss of 0.33 dB, a return loss of 23.3 dB, and an isolation of
36.7 dB (control voltage = +3/0 V; input power = 0 dBm) at 2.5 GHz. There is very
little difference in the RF characteristics for the switches with Cu interconnects and
with Au interconnects. The small differences of these two switches were due to the
nonuniformity of the wet chemical etch in the gate recess process. The nonuniformity
of the wet chemical etch could cause the fluctuation of the on-state resistance and
off-state capacitance of the transistors which dominate insertion loss and isolation
[13]. It appears from these data that Cu metallization does not affect the SPDT HEMT
switch performance.

In order to evaluate the temperature-dependent effect on the DC and RF
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characteristics of the Cu-metallized switches, the switches were evaluated at different
temperatures. The DC characteristics of the device were measured at different
temperatures from 300 °K to 500 °K. Fig. 5.5 shows the current—voltage (I-V)
characteristics at different high-temperature ambients. The extrinsic transconductance
and the drain-to-source current versus the temperature for the Cu-metallized SPDT
switches were shown in Fig. 5.6. A drain saturation current density of 188 mA/mm
and an extrinsic transconductance of 159 mS/mm at Vps = 3 V at 300 °K were
measured for the devices. While the background carrier concentration from the
substrate rises exponentially with temperature, causing the 2-DEG concentration
(nypeg) to increase in the active layer, the carrier velocity (v) degraded seriously by
the lattice scattering and carrier—carrier scattering mechanisms [35]. Therefore, Ipsso
drops at high temperatures due to.the enhanced scattering mechanisms even though
the carrier concentration increases at high temperatures.

Furthermore, the gate leakage ‘eurrent (lg) as a function of the gate-to-drain
voltage (Vgp) is shown in Fig. 5.7. When-the gate-to-drain voltage was biased at —22
V, the gate leakage currents were 430, 450, and 490 pA/mm at the temperatures of
300 °K, 380 °K, and 500 °K, respectively. The gate leakage current increases with
increasing temperature mainly due to the tunneling mechanism with thermionic
emission and partly caused by the reduction of barrier height [36].

Fig. 5.8 shows that the Vi, decreases with increasing temperature. The Vi, of a
o-doped HEMT can be obtained by solving the 1-D Poisson’s equation (5.1) as
follows [35, 37]:

®, AE nyp(d, +Ad)

v, = (5.1)
g q £

Among the aforementioned parameters, ®p is the Schottky gate barrier height, AE. is

the conduction-band discontinuity between the Schottky layer and the InGaAs
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channel, dq4 is the distance between the gate and the nypgg location, (dg +Ad) is the
effective distance between the gate and the nypgg location, and ¢ is the permittivity of
the Schottky layer. Based on Eq. (5.1), when the temperature is increased, the
threshold voltage decreases owing to the increase of the intrinsic channel carrier
concentration nypgg [35] and the lowering of the Schottky barrier height [38, 39].
Moreover, the decrease of Vg, is partly caused by the leakage current from a
semi-insulating substrate with increasing temperature [36]. Based on the relationship
of Vin = Vo — K(T — Ty), Vi is relatively temperature insensitive. The Vy, shift from
300 °K to 500 °K was only —0.05 V, and 6V /0T = —0.25 mV/°K as a result.

As shown in Fig. 5.8, the maximum extrinsic transconductance (gmmax) decreases
with increasing temperature, which is attributed to the decrease of the intrinsic
transconductance [35] and the «dnerease of “the. ohmic contact resistance [40],
respectively. Therefore, it can be«seen that when- the temperature is increased, the
degradations of the device performance-include the increase of the leakage current
and the decrease of the breakdown--voltage, threshold voltage, extrinsic
transconductance, and drain saturation current density.

Furthermore, RF performances of the device were measured at high temperatures.
Fig. 5.9 shows the insertion loss and isolation versus frequency of the SPDT switches
with Cu metallization from 300 °K to 380 °K. The isolation characteristics of the
Cu-metallized switches degrades slightly because of the increase of the leakage
current from the semi-insulating substrate with increasing temperature. For this reason,
the isolation is closely related to the off-state threshold characteristics which were
affected by the leakage current. Although isolation of the Cu-metallized switch was
influenced by the thermal effect, it still maintained excellent isolation value higher
than 35 dB.

In addition, the transistor had a small on-state resistance which resulted in low
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insertion loss. However, the on-state resistances of the Cu-metallized switches
measured at Vgs = 0 V and Vpg = 0.5 V increased gradually from 300 °K to 500 °K,
as shown in Fig. 5.10. The series resistance increased as the source, drain, and gate
resistances increased with increasing temperature because of the carrier scattering [41]
which would result in the reduction of the carrier transport velocity (v) and the
electron mobility (pe) in the channel due to the lattice scattering and carrier—carrier
scattering at elevated temperatures [35]. The degradation of on-state resistance was
also caused by the increase of the electrode contact resistance with temperature as
verified in the previous reports [42]. This phenomenon led to the slight degradation of
the insertion loss, but the increase in the insertion loss from 300 °K to 380 °K was
only 0.08 dB, as shown in Fig. 5.9. Overall, for high-temperature operation, the
Cu-metallized switch had an insertion loss of 0.46 dB and an isolation of 42.79 dB
(control voltage = +3/0 V; input power = 0 dBm) when tested at 2.5 GHz at 380 °K. It
demonstrates that the Cu metallization-can be; applied to the interconnects of the
SPDT switches at high temperatures without-affecting the switch performance.

Fig. 5.11 shows the thermal effect on the switching time for the Cu-metallized
switches. The switching time increases with increasing temperature primarily due to
the degradation of the on-state resistance.

The power limitation of the switch operation is as explained in [17, 19, 26, 32],

and the maximum input power P,y is expressed as in Chapter 2:

P = (VC _Vzh)2

2.7
max 2Z0 ( )

where Zy is the line impedance and V. is the absolute of the control voltage. It
indicates that small threshold voltage and higher control voltage can improve the
power handling capability of the FET switch. The input Pj4g, the second and third

harmonic characteristics of the Cu-metallized switches as a function of temperature
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measured at 2.5 GHz are shown in Fig. 5.12. The value of the input P4z with different
temperatures remained considerably steady because the threshold voltage shift was
small and did not influence the power handling capability. The characteristics of the
second and third harmonics from 300 °K to 380 °K under the input power of 20 dBm
are shown in Fig. 5.12. The second and third harmonics of the device remained quite
stable during this temperature range. The harmonic performance is highly associated
with power handling capability [20], and the input P4 was kept at about 28.4 dBm in
the current case. Fig. 5.13 shows the IIP3 versus different temperatures under several
input power conditions. The IIP3 value of the device was kept at different
temperatures. IIP3 of 40.5 dBm was achieved at 380 °K when the input power was 20
dBm. Based on the aforementioned results, it can be seen that the power handling
capability was closely related to the threshold characteristics and that the temperature
dependence of the power handling.capability was.not obviously from 300 °K to 380

°K.

5.3 Conclusions

An SPDT GaAs switch fabricated with Cu-metallized interconnects using Pt as
the diffusion barrier has been fabricated and investigated. The Cu-metallized SPDT
switch exhibited an insertion loss of 0.33 dB, a return loss of 23.3 dB, and an isolation
of 36.7 dB at 2.5 GHz; the performance is comparable with the performance of the
traditional Au-metallized SPDT switches. The input P4 of 28.3 dBm at 2.5 GHz was
obtained for these switches. Moreover, the temperature-dependent effects on the
insertion loss, isolation, switching characteristics, and power handling capability of
the Cu-metallized switches using Pt as the diffusion barrier have also been
investigated. The RF characteristics of the Cu-metallized SPDT switch still remained

quite stable and exhibited a low insertion loss of 0.46 dB, an excellent isolation of
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42.79 dB, a high input P;gp of 28.45 dBm, and a high IIP3 of 40.5 dBm at 2.5 GHz
when tested at 380 °K. These results show that the Cu metallization process using Pt

as the diffusion barrier is a very reliable process and can be applied to the GaAs

MMIC switch fabrication.
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Chapter 6
An ALO; AlGaAs/InGaAs Metal-Oxide-Semiconductor PHEMT SPDT
Switches with Low Control Currents for Wireless Communication

Applications

6.1 Introduction

HEMT devices are widely used for RF switch applications. GaAs PHEMT based
switches, which demonstrate low gate current, have an obvious advantage over Si PIN
diode based switches due to lower DC power consumption [15]. Overall, GaAs
switches have lower control voltage, higher power handling capability, and higher
electron mobility compared to other solid-state switches, which makes them suitable
for cellular handset, WLAN, and bluetooth applications. However, III-V HEMT using
Schottky gate for current modulation usually résults tn higher gate leakage current as
compared to MOSFET using high-k dielectric; for device modulation. The use of
high-x gate dielectric for III-V HEMT can-significantly suppress direct-tunneling gate
current and results in considerable reduction in power consumption.

In this study, ALD Al,Os with a high dielectric constant (8.6-10) and a high
breakdown field (5~10 MV/cm) was used as high-k material for AlGaAs/InGaAs
MOS-PHEMT switches [16]. The major requirements for good RF switch are low
insertion loss, high isolation, high power handling capability and low control current
[17]. To achieve low control current, the methods include reducing the gate current
and the size of devices. The MOS-PHEMT switches with extra high resistance
between control electrode and signal path provide good isolation and results in much

lower control current as compared to conventional PHEMT switches.
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6.2 Results and discussion

Fig. 6.1 shows the circuit schematic of the MOS-PHEMT SPDT T,/Ry
(transmitting/receiving) switch, and the R, between the signal and control terminal
has a value of 3 kQ to provide extra isolation between the signal and control path. In
the receiving, the Vg is biased at 3 V and the Verriz at 0 V, and the RF signal is
flowing from RFj, to RF,y;. In the transmitting, the RF signal path is from RFy to
RF;, as Verre 1s biased at O V and Verri at 3 V.

Fig. 6.2 shows the DC characteristics of the MOS-PHEMT used in the switches.
The electrical characteristics of the PHEMT with the same epi-structure but without
top gate oxide are also shown in the same figure for comparison. The drain-to-source
saturation current density (Vps = 2 V, Vgs = 0 V) of 167 mA/mm, the on-state
resistance (Vps = 0.5 V, Vgs = 0.V) of 3.75 Q-«:mm, the threshold voltage (Vi) of
-0.98 V, and the peak extrinsic transconductance of 248 mS/mm (Vps = 2 V) were
achieved for MOS-PHEMT. As:shown in Fig: 6.3, the MOS-PHEMT with the Al,O3
gate dielectrics demonstrated much Jower ‘gate current as compared to the
conventional PHEMT [43, 44]. Therefore, it appears that the application of Al,O3 gate
dielectric for MOS-PHEMT can obtain the comparable DC performance and
effectively lower the gate leakage current for the switch application [44].

As exhibited in Fig. 6.4, the MOS-PHEMT switch has an insertion loss of 0.3 dB,
an isolation of 33.4 dB, and a return loss of 18.5 dB (control voltage = +3/0 V, input
power = 0 dBm) at 2.5 GHz. The RF characteristics of the MOS-PHEMT switches
were comparable to those of the PHEMT switches. The small deviations of the RF
results from these two switches were primarily due to the insertion of AL, O; gate
dielectric.

Fig. 6.5(a) shows the MOS-PHEMT switches had comparable input P45 of 31.4

dBm at 2.5 GHz as compared to PHEMT switches. Considering the switch power
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limitation, the maximum input power is described as in Chapter 2:

p W -Vy)" 2.7)

max 27,
where Z is the line impedance, Vy, the threshold voltage, and V. the absolute control
voltage [17, 37, 45, 46]. The input P;gs for switches with and without Al,O3 were
identical because the Vy, shift was very small (Vi,, MOS-PHEMT =-0.98 V, PHEMT
= -1 V). Based on Eq. (2.7) above and the test results, it can be seen that the power
handling capability was closely related to the threshold characteristics, and Al,O3 did
not affect the power handling capability. Fig. 6.5(b) compares the control currents of
MOS-PHEMT switches and PHEMT switches at different control voltage levels. For
MOS-PHEMT switch, the control current remained steady around 10 pA due to the
combination of the 3 kQ gate resistor jand .Al,O3 gate dielectric between control
electrode and signal path, while the control current of PHEMT switches only with the
3 kQ gate resistor increased from 21 nA to 51 pA when the control voltage increased
from 1.5 V to 5 V. The control current of the' GaAs PHEMT switch is five times
higher than that of the GaAs MOS-PHEMT switch. It implies that the MOS-PHEMT
switches can improve the control current due to the insertion of Al,Os, and the
switches have a significant advantage of very low DC power consumption for energy
saving. It’s demonstrated that the MOS-PHEMT switches with Al,O3 gate dielectric
and with series/shunt layout have comparable RF performance with much lower DC
power consumption compared to conventional PHEMT switches.

The MOS-PHEMT was annealed at 200 ‘C for 240 h for thermal stability test.
After thermal annealing, the devices exhibited less than 3 % difference in saturation
drain current, transconductance, and threshold voltage. The result demonstrates that

ALD Al,O3 and the interface are thermally quite stable.
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6.3 Conclusions

The AlGaAs/InGaAs MOS-PHEMT SPDT switch with ALD AlLOs; gate
dielectric was fabricated for the first time. Gate current was improved as compared to
the conventional PHEMT. The RF characteristics of the MOS-PHEMT switch
exhibited an insertion loss of 0.3 dB, an isolation of 33.4 dB, a return loss of 18.5 dB,
and a high input P;gg of 31.4 dBm at 2.5 GHz. Much lower control current of less than
10 A when biased from 1.5 V to 5 V was achieved. It’s evident that MOS-PHEMT
can be used for MMIC switch applications with excellent RF performance and low

DC power consumption.
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FIGURES

Figure 6.1 The circuit schematic of the series/shunt AlGaAs/InGaAs MOS-PHEMT

SPDT switch.
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Figure 6.2 (a) I-V characteristics of the 0.5 um gate length MOS-PHEMT and
PHEMT. (b) Transconductance and drain-to-source current vs Vgs

characteristics of the 0.5 um gate length MOS-PHEMT and PHEMT.
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Chapter 7

Conclusions

In this dissertation, the electrical performances of the Cu-metallized
AlGaAs/InGaAs PHEMT SPDT switches and the AlGaAs/InGaAs MOS-PHEMT
SPDT switches with Al,O3 were evaluated.

It is reported for the first time the fabrication and electrical performances of the
SPDT GaAs switch fabricated with Cu-metallized interconnects using Pt as the
diffusion barrier. The RF characteristics of the Cu-metallized SPDT switch exhibited
an insertion loss of 0.33 dB and an isolation of 36.7 dB at 2.5 GHz, the performance
is comparable to the SPDT switches fabricated using conventional Au interconnects.
High power handling capability was achieved with input P;4s of 27 dBm and IIP3 of
50 dBm. Based on the high temperature reliability tests including thermal stress test
(annealing at 250 “C for 20 h) and HTSL environment test, no significant changes in
the DC and RF characteristics were observed for the SPDT switches after these tests.
To test the operation reliability of the Cu-metallized switches, the Cu-metallized
switches were subjected to an on/off stress test for 24 h at room temperature and
showed very little change of the insertion loss and isolation. It is evident from these
data that the Cu metallization process developed is very reliable and can be used for
the GaAs MMIC:s fabrication.

In order to evaluate the temperature-dependent impact on DC and RF
characteristics of the Cu-metallized switches for high-temperature applications, the
evaluation of electrical characteristics of the Cu-metallized SPDT GaAs switches
using Pt as the diffusion barrier at elevated temperatures has also been investigated.

The Cu-metallized switches have been tested at different temperatures, and the device
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exhibits low thermal threshold coefficients (§Vy/8T) of —0.25 mV/°K from 300 °K to
500 °K. Furthermore, the Cu-metallized SPDT switch exhibited an insertion loss of
0.33 dB, a return loss of 23.3 dB, and an isolation of 36.7 dB at 2.5 GHz; the
performance is comparable with the performance of the traditional Au-metallized
SPDT switches. The input P4z of 28.3 dBm at 2.5 GHz was obtained for these
switches. Moreover, the temperature-dependent effects on the insertion loss, isolation,
switching characteristics, and power handling capability of the Cu-metallized
switches using Pt as the diffusion barrier have also been investigated. The RF
characteristics of the Cu-metallized SPDT switch still remained quite stable and
exhibited a low insertion loss of 0.46 dB, an excellent isolation of 42.79 dB, a high
input P4 of 28.45 dBm, and a high IIP3 of 40.5 dBm at 2.5 GHz when tested at 380
°K. These results demonstrate that the Cu metallization process using Pt as the
diffusion barrier is a very reliable.process and can be applied to the GaAs MMIC
switch fabrication.

In addition, the AlGaAs/InGaAs- MOS-PHEMT SPDT switch with ALD ALOs3
gate dielectric was fabricated for the first time. Gate current was improved as
compared to the conventional PHEMT. The RF characteristics of the MOS-PHEMT
switch exhibited an insertion loss of 0.3 dB, an isolation of 33.4 dB, a return loss of
18.5 dB, and a high input P4 of 31.4 dBm at 2.5 GHz. Much lower control current of
less than 10 pA when biased from 1.5 V to 5 V was achieved. It’s evident that
MOS-PHEMT can be used for MMIC switch applications with excellent RF
performance and low DC power consumption.

Overall, in this study, the application of the novel semiconductor technologies of
the Cu metallization and the high-k dielectric deposition to the GaAs PHEMT
switches have been demonstrated for low cost, low power consumption, and good

high-frequency performances in the future.
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