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Pd/Ti/Pt/Au alloyed ohmic contact for InAs/AlSb heterostructures
with the undoped InAs cap layer
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Abstract . In order to achieve low contact resistances of InAs/AlSb heterostructures with the undoped InAs cap lay-
er, Pd/Ti/Pt/Au alloyed ohmic contact has been investigated. The contact resistance R, is evaluated by using
transmission-line-model ( TLM) measurements. A minimum of 0. 128 () - mm has been obtained by using the op-
timal rapid thermal annealing (RTA) with the condition at temperature of 275 °C and annealing time of 20 s. The
measurement from transmission electron microscopy (TEM) demonstrates that the Pd atoms diffuses into the semi-
conductor, which is beneficial to the formation of a high-quality ohmic contact during the rapid thermal annealing.

This study shows that the contact resistance R, is reduced significantly after Pd/Ti/Pt/Au alloyed ohmic contact,

which is suitable for its application in InAs/AlSb heterostructures.
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channel ""?'. The fabrication process has been initially

Introduction

The InAs/AlSb high electron mobility transistor
(HEMT) is a promising candidate device for microwave/
millimeter-wave circuits because of a large conduction
band offset between InAs and AlISb, high peak electron
velocity, and high sheet electron density in the InAs
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developed from a previous first generation of InAs/AlSh
HEMT reported in Refs. 3-5, in which the process is
based on five main processing steps, ohmic contact for-
mation, electrical isolation, gate metal electrode deposi-
tion, probing pad metallization and passivation.

Ohmic contact formation is the first key step of the

67 . . .
process[ ! , because the parasitic resistance plays an im-
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portant role in influencing the frequency characteristics of
InAs/AISb HEMT. The parasitic resistance is mainly
composed of the contact resistance in the source/drain for
the nanoscale device. Thus, the realization of low ohmic
contact resistance is crucial to improving the performance
of HEMT.

In the early fabrication process of the HEMT de-
vice, the gate-recess etch is the second key process step
performed by dry etching or wet etching to avoid the gate-
to-source and gate-to-drain leakage through the highly
doped InAs cap layer'®’. However, the dry etching intro-
duces damage and leads to increasing of the leakage cur-
rent. Furthermore, the corrosion time of the wet etching
needs to be controlled accurately to selectively stop the
etching on the InAlAs protection layer. Although the
highly doped InAs cap layer is a conventional structure to
improve the ohmic contact quality, the subsequent etch-
ing process improves the difficulty and cost of the fabrica-
tion as well. As for the undoped InAs cap layer struc-
ture , the leakage and the gate-recess etching are not nec-
essary any longer, but more effort is needed to achieve
high ohmic contact quality, especially the low contact re-
sistance R,.

In this paper, the undoped InAs cap layer and
Pd/Ti/Pt/Au alloyed ohmic contact are used for InAs/
AISb heterostructures. The contact resistance R, is evalu-
ated by using conventional two-point-probe transmission-
line-model (TLM) measurements. Low ohmic contact re-
sistance has been achieved by optimal rapid thermal an-
nealing (RTA) for the Pd/Ti/Pt/Au contacts to InAs/
AISb heterostructures.

1 Experimental procedures

All contacts were prepared on an InAs/AlSb hetero-
structures depicted in Fig. 1 (a) and the energy band di-
agram is illustrated in Fig. 1 (b). The epitaxial materials
were grown by molecular beam epitaxy (MBE) on 2-in
semi-insulating GaAs substrates. A composite AlSb/
Al, ;Ga, ;Sb metamorphic buffer layer with a thickness of
1.45 pm was utilized to relax the 8% compressive lattice
mismatch between the GaAs substrate and the device ac-
tive layers. The AlSb metamorphic buffer layer ensures a
high electrical resistivity but suffers from strong oxidation
in air and moisture, however, the top Al, ,Ga, ,Sb layer

is far more stable in ambient'”""). The HEMT active lay-
ers above the metamorphic buffer layers consist of a 50
nm AIShb HEMT buffer layer, a 15 nm InAs channel, a 5
nm AlSb spacer, a Si 8-doping plane inserted in four
monolayers of InAs ( ~1.2 nm), and an 8-nm AlSb
Schottky layer. On the top, there are a 4 nm In, Al ;As
protection layer and a 5 nm undoped InAs contact layer.
Meanwhile, a compared sample in the InAs contact layer
with heavily Si-doped also is prepared. A single-layer
method was used to calibrate the carrier concentration of
3.5 x10" ¢m  for the undoped InAs layer and 5 x 10"
em ~ for the Si-doped InAs cap layer.

Hall measurements were performed on 1 cm x 1 c¢m
pieces at 300 K and the results show an electron mobility

of 18730 ¢cm’/V « s and a sheet electron density of 1.21
x 10" ¢m >, Figure 2 shows the morphology of InAs cap

Pd/Ti/Pt/Au Pd/Ti/Pt/Au

5 nm InAs Cap

4 nm InysAly sAs Etch stopper
8 nm AISb B r

1.2 nm InAs Si §-doy

g 10" cm™
5 nm AISb Spacer
15 nm InAs Channel
50 nm AISb Barrier
750 nm Al,,Ga,;Sb Buffer
700 nm AISb Buffer
200 nm GaAs Buffer

S.1. GaAs Substrate

(a)

Si A-doping

Energy/eV

20 30 40
Depth/nm

(b)

Fig.1 (a) Schematic InAs/AlSb heterostructure, (b)
the energy band diagram
K11 (a)InAs/AlSb 5 i%s7R ZI&, (b) et &l

surface after material growth is done. The root-mean-
square roughness measured on the as-grown surface by

AFM is 1.269 nm. The two different InAs/AlISb hetero-

structures have similar results.

9.61 nm

Fig.2 AFM image of InAs cap surface
K2 InAs fB)JZ2ZF1HE AFM &

The standard photolithographic technique was used
to define TLM patterns with nominal gap spacings of 4,
6, 8, 16 and 32 pum, as shown in Fig. 3. Prior to depo-
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sition, the semiconductor surface was treated with a HCI-
based solution for 15 s to minimize surface oxides, fol-
lowed by a deionized water rinse and N, blow drying.
The Pd/Ti/Pt/Au (20 nm /30 nm /30 nm /30 nm)
deposition was then implemented by electron-beam evap-
oration. Samples were annealed by using RTA in a N,
ambient at a temperature ranging from 275°C to 325°C
for 10 to 30 s.

Following the heat treatment, the contacts were re-
defined by a mesa etching to completely remove the ac-
tive layers down to the Alj;Ga, ;Sb metamorphic buffer
layer and isolate the TLM pattern from the surrounding
area. This process was performed by ICP dry etching
with Ar/Cl,/CH,(8.5/4.5/11.7 scem). The RF pow-
er, 1CP power and chamber pressure are 30 W, 400 W
and 3.9 mToor, respectively. After etching for 1 min,
the depth is 147 nm, measured by KLLA Tencor Profiler.
Then, a sidewall etching was carried out using citric
acid/H,0, solution to avoid gate-to-channel conduction
at mesa edge.

Fig.3 Optical image of TLM pattern
K3 TLM FZEDE B A

A test pattern was designed to measure the currents
for the comparison between two contacts before and after
mesa isolation and the results were shown in Fig. 4. The
distance between two contacts is 14 pm and the size of
contact metal is 100 wm x 100 pm. According to Fig. 4,
acceptable device isolation is achieved by adopting this
shallow mesa isolation.

Before isolation

After isolation

0.5
Voltage/V

Fig.4 I-V curves of two contacts before and
after mesa isolation
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2 Results and discussion

TLM is often used to extract the contact resistance

R, and the specific ohmic contact resistance p, to evaluate

[12-14]

the quality of the ohmic contact The optical image

of TLM pattern is shown in Fig. 3, which consists of sev-
eral metal contacts of the same width W and length L,
and the distance d, between adjacent contact metals is in-
creasing. In addition, the test structure also requires me-
sa isolation to ensure that the current flow through the
area between the two ohmic contacts.

Substrate

Fig.5 The equivalent model of total
resistance (R, )

KIS RHBH R, A7 R

The equivalent model of the total resistance R, is
shown in Fig. 5, where R, is the ohmic contact resistance
and R, is the bulk resistance of the semiconductor be-
tween the two contact metals. R, is a function of d, .

d

Here R, = R, —- . 1
ere R, " (1)
According to Fig.5, R

given by Eq.2

tot

. between any two contacts is

d
= 2R, + R, W" . (2)

is a linear function of d,. The

Rlo(

From Eq. 2, R
slope of the fitting straight line is R, /W and the intersec-

tot

tion of the vertical axis is 2R,.
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Fig. 6
time and temperature
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The contact resistance R, versus annealing

Figure 6 shows the contact resistance R, for the Pd/
Ti/Pt/Au contacts as a function of annealing time, in
which contact resistance values decrease with the increas-
ing annealing time up to 20 s and then increase. The
contact resistance reaches a minimum of 0. 116 ) - mm
at 300°C for the Si-doped InAs cap layer as the annea-
ling time is 20 s. The ohmic contact can be formed due
to the fact that the electrons are easier to penetrate the
thinner barrier region which can be obtained by the heav-
ily Si-doped InAs.

In this work, InAs/AlSb heterostructure with the
undoped InAs cap layer is used to avoid the gate-recess
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etching. Figure 6 shows the contact resistance reaches a
minimum of 0. 128 ) » mm at 275°C for the undoped I-
nAs cap layer as the annealing time is 20 s. Contact re-
sistance value of 0. 128 ) - mm is close to the value of
Si-doped InAs cap layer, which is acceptable for device
operation.

Here, several methods used in this work to form
ohmic contact ;

(1) A narrow-band (£, =0.36 eV) InAs material
is used to reduce the barrier height of the metal and con-
tact layer.

Fig.7 (a) I-V curves of two contacts with different
d,, (b) R, versus d,

K7 (a)ANFEEREd, # 1-V i, (b) S Ry,
S TAIERE d, #C ZR 2R

(2) Tt is more suitable to choose alloying ochmic con-
tact due to there is a barrier layer above the channel for I-
nAs/AlSb heterostructure. The I-V curves versus different

d, for different samples and R, as a function of d, are

shown in Fig.7 (a) and (b). It can be seen from Fig.7
(a) that the electrical characteristics of the metal and
semiconductor interface are changed significantly after
RTA. As shown in Figure 7 (b), the contact resistance
R, for the non-alloyed sample is 3. 277 ) » mm, and it
has significantly reduced to 0.128 () - mm after RTA.
(3) Compared with the common Ti/Pt/Au contacts
to InAs/AlSb heterostructures, the Pd contacts to InAs/
AISb heterostructures using Ti as an adhesion layer, Pt
as a diffusion barrier and Au as a capping layer shows
that Pd/Ti/Pt/Au contacts exhibit low contact resistance
and excellent morphology'"”. Figure 8 is a TEM image

InAs/AlSb/InAs chann

Fig.8 TEM image of Pd/Ti/Pt/Au ohmic contact
8 Pd/Ti/Pt/Au Bkif§H ity TEM &

of a Pd/Ti/Pt/Au contact annealed at 275°C for 20 s.
The TEM image shows that Pd has diffused into InAs
channel layer due to Pd has a stronger penetration capa-
city to form a reacted region than Ti in III-V compound
semiconductors which is beneficial to high-quality ohmic
contact' """’ The stronger penetration capacity of Pd is
attributed to the desirable features, such as easy penetra-
tion and displacement of the native oxide layer on the
semiconductor and the formation of metastable ternary re-
action products at the proper temperature for narrow-
bandgap semiconductor processing.

3 Conclusion

Pd/Ti/Pt/Au alloyed ohmic contact has been inves-
tigated for InAs/ AISb heterostructures with an undoped I-
nAs cap layer. The gate-recess etching can be avoided
and lower contact resistance of 0. 128 ) + mm has to be
achieved with the optimal rapid thermal annealing condi-
tion at temperature of 275°C and annealing time of 20 s.
The image from transmission electron microscopy demon-
strates that the Pd has diffused into the semiconductor to
form a reacted region to be beneficial to the formation of
a high-quality ohmic contact, so it is suitable for the ap-
plication in InAs/AlSb heterostructures.
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