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Abstract: For enhancement-mode InGaP/AlGaAs/InGaAs PHEMTs, gate annealing is conducted between gate structures

of Ti/Pt/Au and Pt/Ti/Pt/Au. Comparison is made after thermal annealing and an optimum annealing process is ob-

tained. Using the structure of Ti/Pt/Au,about a 200mV positive shift of threshold voltage is achieved by thermal annea-

ling at 320C for 40min in N, ambient. Finally,a stable and consistent enhancement-mode PHEMT is produced successfully

with higher threshold voltage.
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1 Introduction

Recently, extensive research has focused on
PHEMTs with low power consumption and low sup-
ply-voltage, which can be achieved with direct-
coupled FET logic (DCFL) that requires both E- and
D-mode devices. DCFL is one of the best logic tech-
nologies for large-scale (LSI) digital circuit applica-
tions because of its advantages over other technologies
such as buffer FET logic (BFL) and source-coupled
FET logic (SCFL). The advantages of DCFL include
low power consumption, high speed, design simplicity
(no voltage level shift), and the need for only one
positive power supply"' /.

However, the main disadvantage of DCFL is its
low noise margin (V) (inherent limitations of barri-
er altitude), which is sensitive to threshold voltage
variation.On the same wafer, the V, of E-mode de-
vices always swings around 0, disabling DCFL if V,
<<0"). Therefore,ensuring E-mode PHEMT s positive
threshold voltage is the key for fabrication of DCFL
ICs.

Gate annealing is an effective method to raise the
V. and already been reported extensively interna-
tionally®, but most reports focus on Pt/Ti/Pt/Au
structures instead of Ti/Pt/Au. In this paper, by the
comparison between the two metal structures, we
present a practical gate annealing process to solve the
Vw< 0 problem. Finally, we achieve stable and con-
sistent E-mode devices with V,,>0. A nine-stage ring

Article ID. 0253-4177(2008)08-1487-04

oscillator based on DCFL has been made successfully,
which is proof for our gate annealing technology.

2 Experiment

The structure of epitaxial materials is shown in
Fig. 1. With 1. 0pm GaAs E/D PHEMT technology
from the Institute of Microelectronics of Chinese A-
cademy of Sciences, device fabrication started with
simultaneous mesa-isolation for the E- and D-mode
devices using a conventional wet etching process.
Ohmic contacts were formed using a new six-layer
ohmic system (Ni/Ge/Au/Ge/Ni/Au). To eliminate
the influence of the thermal anneal on the D-mode
PHEMTSs,a two-step process®! for the E-mode and D-
mode PHEMTs was chosen for the fabrication of the
gate. The E-mode gate was fabricated first,and after
a gate annealing process in N, ambient, the D-mode
gate was produced.
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Fig.1 Structure of epitaxial materials
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Usually, the V, of HEMT can be expressed as a0 ,
Eq. (D™ ,where V, is the threshold voltage,®, is the o0 o5 ol o
Schottky-barrier, AE. is the difference of conduct- Vi /v
band between AlGaAs and InGaAs, N is the Si-doped i . .
Fig.3  Transfer characteristics & DC characteristics of 1um

concentration in Schottky-barrier,e is the permittivity
of Schottky-barrier, and D is the distance between
channel and gate metal.
AE. gN.D
q e
Therefore, higher &, ,lower AE., N,and D are
effective methods to achieve higher threshold volt-

Vth = ®b -

D

age. Through high temperature annealing, Ti of metal
1 and metal 2 diffuses into the barrier (AlGaAs),e-
quivalent to the lower D in Eq. (1), and a positive
shift of V, is achieved.

3 Results and analysis

DC measurements were performed using a
HP4155 semiconductor parameter analyzer. For metal
structure 1 (Ti/Pt/Au) ,the drain current-voltage (Ip-
Vps) for 1 X 100pm E-PHEMTs before (° pre-
anneal’) and after (‘post-anneal’) the final gate an-
neal are both shown in Fig. 3. The maximum drain
current of 323mA/mm (pre-anneal) and 304mA/mm
(post-anneal) occur at V, = 0.9V and V, = 2V,
showing the normally-off operation of the devices.
The enhancement-mode nature of the devices is clear-
ly seen in the DC transfer characteristics measured at
V4 =2V ,as shown in Fig. 3. Prior to the gate anneal,
E-PHEMT devices exhibit a V,, of — 0.02 V. After
the gate anneal, the V, increased to 0.2V while the
I, is lowered slightly to 304mA/mm.

On the other hand.for metal structure 2 (Pt/Ti/

E-PHEMT with Ti/Pt/Au gate (before and after gate anneal)

Pt/Au), the drain current-voltage before (°pre-an-
neal’) and after (‘post-anneal’) the final gate anncal
are shown both in Fig. 4. The maximum drain current
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Fig.5 [I-V characteristic curve of gate Schottky barrier diode

of 334mA/mm (pre-anneal) and 210mA/mm (post-
anneal) occur at V,=0.7V and V4 =2V.The V, of
E-PHEMTs increased from — 0.1V (pre-anneal) to
0. 05V (post-anneal) , while the I is lowered tremen-
dously to about 210mA/mm.

From the experimental results for the two kinds
of metal structures after the gate annealing, threshold
voltage (V) has improved significantly. The changes
in these characteristics are attributed to a decrease in
D between the metal gate and the InGaAs'® . As
shown in Fig. 3, the current of the metal structure 1
has no obvious decline after annealing, which indi-
cates this anneal had little impact on Ohmic contacts,
without degradation of 2DEG. However, Figure 4 also
shows the current of the metal structure 2 has larger
decline after annealing, which indicates the gate an-
neal had greater impact on the Ohmic contacts of our
E -PHEMTs, with serious degradation of 2DEG™ .

Figure 5 is I-V characteristic curve of the gate
Schottky barrier diode of metal structure 1 before and
after annealing. The figure shows that the Schottky
barrier almost has no deterioration after annealing at
320C and the Schottky barrier height remains at
0. 7V. Finally, after comprehensive consideration of
stability, Ti/Pt/Au was chosen as the metal structure
for our E-mode devices.

Figure 6 is the nine-stages ring oscillator with the

i - Agilent Technologies

Fig.6 Nine-stages ring oscillator

technology line of 1.0pm GaAs PHEMTs, including
nine-stages DCFL inverters and a three-stage DCFL
output buffer. From Fig. 6, when the input voltage is
1. 5V, the central vibration frequency is 694MHz, the
amplitude is 44mV ,and the gate delay is 80. 05ps. The
ring oscillator produced by the gate anneal process
ensures the threshold voltages (V,) of the enhance-
ment-mode devices are always above 0,which is a sol-
id foundation for our latest production of E/D cir-
cuits.

4 Conclusion

Gate annealing was conducted to compare gate
structures of Ti/Pt/Au and Pt/Ti/Pt/Au., and opti-
mized annealing technology for the gate metal of
PHEMT was obtained. Using a Ti/Pt/Au structure,
the threshold voltage is moved positively to 200mV
through annealing at 320C for 40min. Finally, stable
and consistent enhancement-mode PHEMT devices
has been made successfully, ensuring the threshold
voltage (V,) of enhancement-mode devices is always
above 0. The ring oscillator produced proves that the
annealing process is an effective way to make high-
yield E-mode production and the DCFL circuit. These
devices are suitable for integration with D-HEMTs
for high performance digital circuitry applications.
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