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The Development and
Characterization of Novel Pd/Sn
Ohmic Contacts to n-type GaAs

MD. SHAFIQUL ISLAM

Abstract

A novel Ohmic contact system comprising of Pd/Sn metallizations has been
developed for n-GaAs and systematically characterized using Scanning Tunneling
Microscopy (STM), Scanning Electron Microscopy (SEM), Surface Profilometry
measurements, Secondary lon Mass Spectrometry (SIMS), Energy Dispersive
Analysis of X-rays (EDAX) and current-voltage (I-V) measurements. Contact
resistivities, pc, of the proposed metallizations are measured utilizing a conventional
Transmission Line Model (cTLM) method. The Pd/Sn metallizations show lowest pc
in the range of low 10° Q-cm’ on Si-doped (2x1018 cm?’) n-GaAs. A Au overlayer
improves the characteristics of the Pd/Sn Ohmic contacts. The Pd/Sn/Au contacts
display lowest pcin the range of low 10° Q-cmz. The Pd/Sn and Pd/Sn/Au Ohmic
contacts are very adhesive to the substrates. Both Pd/Sn and Pd/Sn/Au contacts
exhibit improved characteristics when compared with alloyed Au/Ge/Au/Ni/Au
contacts.

The Pd/Sn and Pd/Sn/Au metallizations show better thermal stability at
410 °C than non-alloyed Pd/Ge contacts. The Pd/Sn/Au metallizations also display
better thermal stability than alloyed eutectic Au-Ge/Ni and Ni/Au-Ge/Ni contacts.
However, at this temperature thermal stability of the Pd/Sn/Au metallizations is
comparable to that of alloyed Au/Ge/Au/Ni/Au contacts. Long-term stability of the
Pd/Sn/Au metallizations at 300 °C is comparable to non-alloyed Pd/Ge contacts. No
change in surface morphology is observed after having been annealed at 300 °C for
400 h. At 300 °C, the Pd/Sn/Au metallization exhibits pc which is slightly higher
than those of the alloyed Au-Ge/Ni, Ni/Au-Ge/Ni and Au/Ge/Au/Ni/Au contacts.

GaAs Metal Semiconductor Field-Effect Transistors (GaAs MESFETS) have
been fabricated using Pd/Sn and Pd/Sn/Au metallizations as source/drain contacts.
MESFETs fabricated with Pd/Sn/Au Ohmic contacts display improved
characteristics when compared to Pd/Sn contacts. MESFETs fabricated with
Pd/Sn/Au contacts show comparable edge uniformity to non-alloyed Pd/Ge
metallizations which is very important for VLSl GaAs devices. The newly
developed, thermally stable, Pd/Sn and Pd/Sn/Au metallizations appear to be
promising candidates for future GaAs device technology.



CHAPTER 1

Introduction

1.1 Introduction

The purpose of an Ohmic contact to a semiconductor 1s to allow electrical current to
flow into or out of the semiconductor The contact should have a linear I-V
characteristic, be stable over time and temperature, and contribute as little resistance as
possible Simply placing a metal in contact with a wide bandgap III-V compound
semiconductor, such as GaAs generally results 1n a rectifying contact (a diode) rather
than an Ohmic one Therefore, achieving a stable, low-resistance Ohmic contact has
been as much technical art as science, and this problem generated a large amount of

research over several decades

Recent remarkable progress in semiconductor technology has made 1t possible
to fabricate high performance GaAs devices [1] Although many useful contact schemes
have been developed, further improvements 1n contact resistance are still necessary 1n
order to keep pace with developments in the novel device design The primary
requirements of Ohmic contacts are a low contact resistivity, an insignificant contact
metal diffusion into the semiconductor both laterally and vertically, reproducibility,
thermal stability and reliability

Advances 1n ultra-fast electronics and optoelectronics have considerably
accelerated demand for GaAs devices 1n recent years This has been achieved through
an 1mprovement 1n GaAs device fabrication and processing techniques, new device
structures and new circuit designs The need for a reliable and well-controlled Ohmic
contact 1s central to the successful operation of almost all GaAs devices Achieving a
low resistance Ohmic contact to GaAs 1s not trivial, and requiring 1n addition that the
contact be thermally stable during subsequent processing at temperatures up to 400 °C
(about 800 °C 1if the contact 1s to be used as a mask for dopant implants),
morphologically uniform on the 01 pm scale and compatible with conventional
lithographic patterning techniques, presents a formidable challenge Yet the
development of low resistance contacts that meet these requirements 1s necessary for
further miniaturization of devices such as the GaAs metal-semiconductor field-effect
transistor (MESFET) shown in Fig11 In this device, lateral encroachment of the



source and drain Ohmic contacts towards gate contact can occur during the contact

annealing treatment, thereby limiting the mimimum gate-to-source and gate-to-drain

separation
source contact  gate contact dram contact
N h N
n+ n n+
je<1 pma)
GaAs(SI)

Fig11 Schematic diagram of sub-um GaAs-MESFET illustrating the demands on
contact metallizations [2]

In the MESFET, the source and dram resistances are key parameters that
determine 1ts performance The source resistance strongly affects the device
transconductance and noise figure An increase in both source and dram resistances
tends to increase the power consumption and slow down device operation Low contact
resistivity 1s also required 1n efficient optoelectronic devices both from the point of

view of power consumption and heat dissipation

source contact dram contact
n'-GaAs

7 ===

= N
u-AlGaAs ~200 nm \;DEG in u-GaAs

n'-GaAs substrate n-AlGaAs

s

backside contact

Fig 1 2 Schematic diagram of the NERFET illustrating the demands on contact
metallizations [3]

The scaling of GaAs devices to submicrometre dimensions imposes more
stringent requirements on the electrical and metallurgical characteristics of Ohmic
contacts The morphological constrains on low resistance contacts are even more severe
for heterojunction devices in which the current 1s confined 1n the form of a two-
dimensional electron gas (2DEG) at the buned interface (e g GaAs-Al,_ GaAs) For
example, the source and dram contacts 1n the negative differential resistance field-effect
transistor (NERFET) [3] (Fig 1 2) must make contact with the buried 2DEG without



penetrating the thin (about 200 nm) Al,_Ga As barrier layer Even a localized
penetration will introduce a path for excessive leakage current and render the device

inoperable

Smaller ntrinsic resistances make the problem of low contact resistivity more
acute For Gunn diodes and LEDs, contact resistivity, p, = 103-10- Q-cm? has been
adequate since the Ohmic contacts employed 1n these devices are realtively large in area
and the resulting contact resistivity can easily be smaller than a few Ohms For
MESFETs with | um gate, a p, of mud 10 Q-cm? may suffice, but for sub-pm
devices, where the semiconductor channel resistance 1s lower by more than a factor of

two, the p_ should be reduced to low 10-¢ Q-cm?

From the point of view of metallurgical characteristics, requirements for fine
pattern capability and precise control of the penetration depth of the Ohmic contact
have become crucial Modern device designs require contacts with morphological
uniformity such that lateral depth defimtion and depth of penetration of the
metallization can be controlled to within tens of nanometres Fine pattern capability 1s
necessary for minimizing gate-to-source spacing 1n all types of field-effect transistors
To realize the high dc current gam, high speed and high microwave cut-off frequency
capabilities of thin base heterojunction bipolar transistors (HBTs), vertical scaling of
the Ohmic contact 1s necessary to avoid contact penetration into the adjacent active
region of the HBT In the case of a high electron mobility transistor (HEMT), a ngid
control 1s required on the vertical scaling of source and drain contacts providing an
Ohmic contact directly to the 2DEG channel [1]

It 1s clear therefore that with ongoing mimaturization and integration of GaAs
devices, the ever-increasing demand for high performance Ohmic contacts 1s one of the
more challenging problems in GaAs IC technology Many reports describing Ohmic
contacts to GaAs already exist in literature, including a number of reviews The reviews
by Rideout [4], Popovic [5] and Piotrowska [6] present a theoretical treatment as well
as a summary of research activities prior to 1983 Shen et al [7] very concisely treated a
number of basic 1ssues related to Ohmic contacts on GaAs The role of mterfacial
reactions 1n Ohmic contact formation 1s described by Piotrowska [8] and Sands [2]
Additionally, information regarding Ohmic contacts can also be found 1n a number of
reference books [9-12]

The remainder of this chapter 1s concerned with a brief discussion of Ohmic
contact formation mechanisms This will be followed by a detailed review of recent and
important research activities related to Ohmic metallizations for n-GaAs Different



Ohmic contact schemes will also be summarized for various GaAs device applications
The relative advantages and disadvantages of each contact scheme will be pointed out

Finally, the organisation of this thesis will be presented

1.2 Ohmic Contact Formation Mechanisms

An Ohmic contact 1s defined as a metal-semiconductor (M-S) contact that has a hnear
current-voltage (I-V) characteristics and also has a negligible contact resistance relative
to the bulk or spreading resistance of the semiconductor A satisfactory Ohmic contact
should not significantly perturb device performance and it can supply the required
current with a voltage drop that 1s sufficiently small compared with the drop across the
active region of the device If R_ 1s the contact resistance and A 1s the contact area then
the contact resistivity p, 1s given by the product of R, and 4 When evaluated at zero
bias, this p_ 1s an important figure of merit for Ohmic contacts A formal definition of p,

1s usually given as

—{(ﬂj }_l Q-cm? 11
P. = ov Voo ( -Cm )s ( )

where J=current density (ampere/cmz) and V=applied voltage across the contact (volts)

= electron
& NS

¢ e

(a) (b)

Fig 13 Ohmic contact formation mechamisms (a) TE, (b) FE and (c) TFE The
conduction band mimimum, Fermi level and valence band maximum are indicated by
Ec, Er and Ey, respectively

Basically, there are three mechanisms [9] which govern the current flow 1 a M-S
contact These mechanisms are described below very concisely
e Thermionic emission (TE): dominant i moderately doped semiconductors,
_ Np<(~10"7 cm3) In this case, the width of depletion region 1s relatively wide,
implying that the probability of electrons tunneling through the barrier 1s rather
small If the barrier height (¢) 1s small, the electrons can easily surmount the top of
the low barrier by thermionic emission (Fig 1 3(a)) For low doped or high-barrier



semiconductors, the vast majority of electrons are unable to overcome this barrier in
either direction and result in non-Ohmuc (rectifying) contacts

¢ Field emission (FE): effective in heavily doped semiconductors, N,>(~10!8 cm?)
For this situation, the depletion region 1s so narrow that electrons can easily tunnel
through the barrier and tunneling 1s the dominant transport mechanism (Fig 1 3(b))

o Thermionic-field emssion (TFE): applicable for intermediately doped
semiconductors, (~10'7 cm?)<N,<(10'® cm3) Both thermionic and tunneling are
significant as shown m Fig 1 3(c)

For each of these three mechanisms, the contact resistivity p, can be calculated with the

help of a very useful parameter k77E , introduced by Yu [13], where

00

gh |N
w = g gmi (12)

E,, 1s the tunneling parameter, g 1s the electronic charge, # 1s the Planck's constant, N,
1s the donor concentration, € 1s the dielectric constant of the semiconductor, and m* 1s
the electron effective mass

For kT/E,>>1, 1e for moderate N,, the TE mechamism dominates the current

conduction and the contact resistivity is given by

p, cexp T2 (13)

From eqn (1 3), 1t 1s clear that the contact resistivity 1s dependent on temperature At
higher temperatures, the thermionic emission current increases resulting m a smaller p,
For kT/E,~1, 1e for ntermediate N,, a mixure of both thermionic and tunneling
mechanisms (TFE) 1s observed and the contact resistivity 1s

b, o exp—T22 (14)

E th E()()
coth———-
0o kT

It 1s seen that the contact resistivity depends on both the temperature and the
transmission coefficient for tunneling

For kT/E,,<<1, 1.e for heavy doping concentrations, contact resistivity becomes

qo,

00

(15)

P, cexp



In this case, p, depends strongly on doping concentration and the field emussion (FE)
mechanism prevails As the doping concentration 1s increased further, the depletion
width of the Schottky junction decreases resulting in an increase of the tunneling
transmission coefficient Hence, even a metal with a high barner to the semiconductor

can form an Ohmic contact

If a large number of surface states exists in the semiconductor, the Fermu level 1s
pmnned and the barrier height 1s mdependent of the metal work function This 1s the
Bardeen limit [14] which stands in contrast to the Schottky limit where the metal-
semiconductor contact 1s assumed 1deal and the surface states are ignored In practice,
the surface Fermi levels of most III-V compound semiconductors are pinned
somewhere 1n the gap, which 1s what determines the barrier height It can then be
concluded that the barrier height depends not only on the gap of the semiconductor, but

also on the surface state density

Three mam approaches have been used to obtain low p, Ohmic contacts on
n-GaAs These three approaches are described below very briefly

e Contacts to very small band gap semiconductors: When a metal 1s brought into
contact with a semiconductor, the Fermi levels 1n the metal and semiconductor must
align under equlibrium conditions (Fig 1 4(a)) If the work function of the metal
(¢,,) 1s smaller than the work function of the semiconductor (¢,), the Fermu levels
are aligned by transferring electrons from the metal to the semiconductor This
raises the semiconductor electron energy relative to the energy of electrons 1n the
metal at equilibrium The Fermu level 1s pinned in the conduction band of the small
band gap material, for example InAs (E,~036 eV) (Fig 1 4(b)), therefore, the
junction has a very small p_, in the range of 1077-10"® Q-cm? (TE mechanism) [15]

e Contacts in the case of low barrier height and heavily doped semiconductors:
This approach 1s also successful for attaining low p, (TFE mechamism) For
example, contacts made on n'-InGaAs (Eg~0 75 eV)/GaAs exhibit a contact
resistivity in the range of 10--10-% Q-cm? (Fig 1 4(c)) [16,17]

e Contacts in the case of heavily doped semiconductors: The heavier the doping at
the semiconductor surface, the thinner the barrier width, and carriers can tunnel
more easily between the metal and the semiconductor (FE mechanism) (Fig 1 4(d))
Contacts made on GaAs (E,~1 42 eV) with a surface doping of 10'3-1020 cm™ fall
into this category Contact resistivities in the range of 105-1077 Q-cm? are generally
obtained [18-21]

In particular, the contact resistivity depends greatly on the doping level in the

semiconductor, the barrier height of the metal-semiconductor combination, carrier

effective mass, dielectric constant and temperature



In practice, the most widely used Ohmic contacts to GaAs today involve
multicomponent metallization systems prepared by conventional deposition and
annealing techniques Heat treatment 1s used to drive a suitable dopant from the
metallization into the GaAs surface region to form a tunneling junction and/or to

fabricate, 1n contact reaction, a suitable heterojunction with low effective barrier height

; |
AN
; nInAs ‘ gEc

metal/ n-GaAs fr
/: EV
! abrupt 1nter ace /

Sl A7 E,
metal ' n-GaAs Ee /metzﬂ
7/ 1A IngGa, L As -~ E, Vs E,

n*-GaAs  n-GaAs

umfonngraded
layer Jayer (08<x<10)
(© (d)

Fig14 Schematic diagrams of band bending for various metal/semiconductor

interfaces The conduction band mimmimum, Fermi level and valence band maximum are

indicated by E, E; and E,, respectively

(a) The typical band line-up for metals deposited on air exposed n-GaAs {100} Under
bias, electrons are transported by thermionic emission over the ~0 8 eV energy
barrier [2]

(b) Band diagram for metal/n-InAs/n-GaAs [7]

(c) Band diagram for metal/n"-In,Ga,_,As (0 8<x<1 0)/n-GaAs [17]

(d) Band diagram for metal/n’-GaAs (heavily doped) [2]

1.3 Recent Developments of Ohmic
Contacts

The most important areas of recent investigations into Ohmic contacts to n-GaAs are
those 1volving the use of rapid thermal annealing (RTA) or rapid thermal processing
(RTP), scanned electron beam (SEB) annealing, electroless deposition of metals, the 6-
doped epilayer technique, development of refractory metallizations and the application
of heavily doped and/ or small band gap materials [17, 18, 22-28] Metallizations
containing dopant elements, such as Si1, Ge and Sn for n-GaAs are preferred 1n order to



form heavily doped surface layers that are essential for low p_ contacts [19, 20, 29, 30]
At high temperatures, out-diffusion of GaAs constituents occur Therefore, 1t 1s
necessary to incorporate a barrier layer to reduce this outdiffusion A vanety of
materials have been used as barrier layers refractory metals (platinum, palladium,
chromium, molybdenum, tungsten, etc ) and related alloys (T1W, MoW, etc ), and

above all, low resistivity compounds (borides, nitrides, silicides, etc ) [27, 31-35]
1.3.1 Pd/Ge and Ge/Pd metallizations

The Pd/Ge metallization scheme can provide Ohmic contacts with a low p, similar to
that obtained in  AuGeN1 contact systems Furnace annealing at 325 °C for 30 mn 1s
usually used to form Pd/Ge Ohmic contacts [18] However, 1t 1s often desirable to use
an annealing process with shorter duration The Ohmic contact formation mechanism
for the non-alloyed Pd/Ge or Ge/Pd contact can be explained by a solid-phase regrowth
mechanism [19,36] The regrowth process begins with a limited low-temperature (~100
°C) reaction between the Pd and GaAs substrate to produce an intermediate Pd,GaAs
phase (Figs 1 5(a) and 1 5(b)) A subsequent reaction at a high temperature (~300 °C)
between the Ge overlayer and the intermediate Pd,GaAs phase results i the
decomposition of the Pd,GaAs phase and the epitaxial regrowth of a Ge-doped n*-GaAs
surface layer (Fig 1 5(c)) The excess Ge 1s then transported across the PdGe layer and
epitaxially grows on the GaAs substrate (Fig 1 5(d))

~100°C ~300°C
Ge Ge Ge PdGe
Pd | Pd PdGe Ge
| Pd,GaAs n'-GaAyGe n'-GaAs(Ge
=~ GaAs ~ T v L2 L
i S T r GaAs T I GaAs T T GaAs T
(@) (b) (©) (d)

Fig 1 5 Shematic diagram of the regrowth mechanism using the Pd/Ge system [20]

Since Ge creates an n* doping on the GaAs surface upon annealing and Pd can
decompose Ga and As oxides, Pd/Ge or Ge/Pd metallization systems have been
extensively investigated on n-GaAs as possible Ohmic contacts [18, 20, 22, 31, 32, 37-
49] There are additional but less notable advantages such as a lower barrier height for
Ge/GaAs heterojunctions (~0 5 eV), compared to Pd/n-GaAs junctions where the Ferm
level 1s generally pinned at ~0 8 eV In general, research has concluded that for a
doping level 1n the low 10!8 cm™ range and a heat treatment of 325-375 °C up to 30
mm, a solid-phase reaction takes place producing contacts with p,~10-¢ Q-cm? RTA or



RTP was reported to form good Ge/Pd and Pd/Ge contacts, having better surface
morphology, better edge definition, lower pg high reliability for aging and exhibiting a
shallow (non-spiking) nature [22, 37, 38].

Since Ge and Pd form compounds at low temperatures, the Pd/Ge or Ge/Pd
contacts also exhibit pe-10'6Q-cm2for doping concentrations of~108cm'3[18, 40, 41,
44, 50]. The addition ofa Au overlayer reduces sheet resistance ofthe metallization and
faciltates Au wire bonding [51], An optmum Ge/Pd metallization thickness with
excess Ge (Pd~500A, Ge~1265A) can result in better pc[18]. The same author found an
increase in pg about one order of magnitude when the contacts were treated at 400 °C
for 5 h. Scanned electron beam (SEB) annealing contacts [23, 52] gave better results
than those offurnace annealing.

A number of fabrication techniques have been reported for improving the
thermal stability of Ohmic contacts to GaAs. These approaches invariably depend on
the use of a suitable Au diffusion barrier such as TiN [33], TIW [27], WSi [34], WN
[35] and Pd [23]. Thermal stability and long-term stability of Pd/Ge Ohmic contacts
have been studied by many authors [23, 31, 32, 38, 44, 51]. TilPt/Au [31, 32], WN/Au
[31], TilPd/Au [53] and Ti/Au [21] overlayers improve the thermal stability of the
Pd/Ge metallization. The Ge/Pd contact [44] was found to be stable at 300 °C for at
least 50 h. An interdiffusion degradation model ofthis contact [44] was also proposed.
Long-term stability was investigated by annealing the Pd/Ge/Au and Ge/Pd/Au contacts
at 180 °C for 280 h [51], No change in contact resistance or surface morphology was
observed. The SEB annealed Au/Pd/Ge Ohmic contact exhibited good thermal stability
after 25 h of aging at 500 °C [23]. Tsuchimoto et al. [38] investigated the long-term
stability of Pd/Ge contacts and observed an increase in pcfrom Ix10 '5to 1.2x10'50Q-
cm2at 300 °C after 1000 h. This degradation is equivalent to a 10% deterioration in 109
years at 70 °C. Another model for the aforementioned degradation was also proposed
[42].

The presence of Ni in Au/Pd/Ge contacts results in a reduction in the pc and
good surface morphology [23, 52], This is because Ni by itself forms some Ni-Ge
intermetallics and is known to enhance Ge diffusion into GaAs [54]. In addition, Ni
prevents any interaction between Pd and Ge thereby enabling the Pd layer to effectively
act as a Au diffusion barrier. The effectiveness of polyimide and rf sputtered Si02
passivation layers on the stability ofa Au/Pd/NiiGe Ohmic contact [52] shows that both
types of passivation provide good thermal stability. The operating life of this Ohmic
contact for an eightfold increase in pcis in excess of 100 000 h at room temperature



(300 K) High-temperature (800-900 °C) RTA 1s used to form Ge/Pd/W/Au Ohmic

contacts [55] which are compattble with 10n implantation activation processes
1.3.2 Pd/Ge/Ti/Pt metallizations

Pd/Ge/T1/Pt appears to be an excellent candidate as an Ohmic contact for both n- and
p-GaAs [56, 57] Contact resistivities 1n the range of mid 107 Q-cm® are obtamed for
both n- and p-GaAs using RTA The T1 was added to the Pd/Ge contact primarily to
promote the adhesion of the Pt to the contact and act as a diffusion barrier for the Pt
The Pt layer was protected from the Pd and Ge layers so that it would not participate 1n
the contact forming reactions and would therefore retain its smooth morphology
Thermal stability of the contacts has also been studied [56, 57] The contact 1s stable at
300 °C for 20 h, but at 400 °C 1t 1s stable for only about 35 s

1.3.3 Pd/AuGe/Ag/Au metallizations

Shallow Ohmic contacts have been developed using Pd/AuGe/Ag/Au metallizations
[58,59] The structure offers low resistivity (p,~2x107¢ Q-cm?) Ohmic contacts with
good adherence to the substrate in the temperature range from 400 to 500 °C The
limited metal-GaAs reaction and the uniform interface morphology make the structure
very attractive 1n large-scale integrated circuits The same metallization can be used for
Al Ga, As [58] which 1s very important for light-emitting diodes, laser diodes and other

heterostructures
1.3.4 Pd/Si metallizations

This metallization system 1s 1n many ways similar to Pd/Ge, including a low p~1076
Q-cm? for stmilar doping levels if the Si/Pd ratio 1s equal to or greater than 0 65 [19]
The Ohmic contact formation mechanism 1s described by many authors
[2,7,8,19,40,44] The regrowth mechanism can be briefly summarized as shown 1n
Fig1 6 With a layer structure of Si/Pd/GaAs (Fig 1 6(a)), the regrowth mechanism
begins with a low-temperature (~100 °C) reaction between a Pd layer and GaAs to form
a stable Pd GaAs (x~4) ternary compound (F1g 1 6(b)) The reaction

xPd + Gads — Pd Gads (16)
starts at the Pd/GaAs interface and at higher temperatures (about 200-275 °C) the
reaction

Si+2Pd — Pd,Si (17)
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starts at the Si/Pd 1nterface (Fig 1 6(c)) Since Pd GaAs and Pd,S1 have almost 1dentical
crystal structures, the ternary compound 1s loaded with S1 via diffusion of S1 atoms
(Fig 1 6(d)) When Pd GaAs and Pd,S1 meet, the thermal stability of Pd,S1 then drives

the reaction
281+ Pd,Gads — 2 Pd,Si1 + Gads (18)

to the night in the presence of excess Si1 at the subsequent higher temperatures
(=300 °C) This reaction results in the epitaxial regrowth of a thin GaAs layer as a
product of the above reaction on the GaAs substrate [36] During the regrowth process,
S1 atoms 1ncorporated n the Pd,GaAs layer are carried along into the GaAs lattice 1n
this process In this manner, the regrowth layer 1s doped with S1 atoms Equation (1 8),
thus, 1s modified to be

281+ Pd,Gads(St) — 2 Pd, St + Gads(St) (19)

where Pd,GaAs(S1) and GaAs(S1) signify the doping of S1 1n these layers (Fig 1 6(e))
The thickness of this regrown layer 1s about 100A In order for this regrown layer to be
strongly n-type (=2x10'° cm™), S1 atoms must preferentially occupy Ga vacant sites

~100°C 200°C ~275°C 200°C ~275°C 300°C ~400°C
S1 S1 Si S1 S1
Pd 54 PSg Si Pd, Si Pd, St
" Pd,GaAs | I Pg  GaAs —*|Pd,GaAs(S1} ™ [7-GaAs(S1)
L GaAs

[ O p [ Gus p { GeAs p op Gus | f Gews g
(@) (b) © (d) (e)

—

Fig 1 6 Schematic diagram of the regrowth mechanism using the Pd/Si system [40]

In terms of this regrowth mechanism, the significance of excess Si1 1s evident
Significant 1interaction between Pd,S1 and GaAs was observed at temperatures above
400 °C for the samples without excess St [60] However, the presence of excess Si
tends to drive eqn (1 9) to the night hand side, thus leading to Ohmic behaviour as well
as forming a stable contact by preventing the Pd,S1 layer from reacting with GaAs The
major difference between the S1/Pd/GaAs and Ge/Pd/GaAs systems 1s that epitaxial Ge
1s 1n contact with GaAs in the Ge/Pd/GaAs system, whereas Pd,S1 1s 1n contact with
GaAs 1n the S/Pd/GaAs system However, both systems can result in Ohmic contact
behaviour on n-GaAs with p, 1n the range of 1076 Q-cm? on 1x10'8 cm™ n-GaAs From



thus fact, 1t 1s clear that the epitaxial Ge (or a possible low barrier height at the Ge-GaAs
heterojunction) 1s not essential for the Ohmic behaviour, but 1t may be responsible for

reducing the contact resistance

The Pd/S1 contact 1s stable at 300 °C for at least 50 h [44] The final layer
sequence of S1/Pd/GaAs system 1s S1/Pd,S1/GaAs The thermal stability of this
system 1s related to the stability of the Pd,S1/GaAs interface The importance of
excess S1 1n the Pd/S1 metallization 1s also reported [44] Excess Si 1s needed to form
the n” layer for the contact to become Ohmic Excess S1 also stabilizes the Pd,S1/GaAs
interface The excess S1 may also stop the Ga and As out-diffusion because S1 has been

shown to be a good annealing cap for implanted GaAs [61]
1.3.5 Pd/In metallizations

The mam motivation for considering In-based metallization is the resultant formation of
the small band gap matenal InGaAs on GaAs which can improve p, However, the
reaction between In and GaAs without surface oxides starts above the melting point of
In (156 °C), hence, formation of the liquid phase and possible oxides may lead to poor
interface and surface morphologies Palladium forms several refractory compounds
with Indium, such as InPd, In,Pd, and In,Pd,, whose melting points lie between 700 °C
and 1300 °C [62,63] Thus the thermal stability and morphology of Pd/In metallizations
are improved Moreover, palladium deposited on GaAs increases the out-diffusion of
gallium when heated, which facilitates the in-diffusion of doping species like Zn or Ge

The same behaviour 1s expected for indium [47,63,64]

Ohmic contacts to n-GaAs based on Pd/In metallizations are reported by many
authors [50, 65-69] The Ohmic contact formation mechanism of Pd/In metallization
starts at low temperatute (~100 °C) At this temperature, a limited reaction occurs
between Pd and GaAs to form Pd,GaAs and between Pd and In to form PdIn, During
subsequent exposure to high temperatures (>550 °C), the high melting point phase,
PdIn, nucleates The reaction continues at higher temperatures to form PdIn resulting in
the extraction of Pd from the mterfacial layer of Pd,GaAs and the regrowth of
In Ga, ,As The sequence of solid-phase reactions are as follows

4 Pd + Gads — Pd,Gads (110)
(~100 °C, at the Pd/GaAs interface) and

3In+ Pd — Pdin, (111)
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(-100 °C, atthe Pd/In interface).
At higher temperatures (>300 °C)

PdIn3+ Pd~GaAs -» PdIn+ InxGa] xAs. (1-12)

(The In fraction x is significantly greater than 0 only above -550 °C). Equation (1.12) is
not balanced since the exact stoichiometry of the ternary compound Pd4GaAs and the
growth li*Ga”As layers are not known, although x is estimated to be -0.4 for
temperatures above 550 °C.

The effect of a thin Ge layer (2 nm) on Pd in Pd/ln Ohmic contacts was
investigated by Wang et al. [65], Both contacts with and without Ge are stable in the
low 10'6 Q-cm2 range at 400 °C for 48 h. Since the localized oxides prior to In
deposition represent a problem, the use ofa Pd, Ni, or Pt thin film to reduce the oxides
has met with good results [66,67]. Formation of small band gap InAs on the GaAs was
found in one In/Pt contact study [67]. A thermal study of the Pd/In contact [66] was
carried out and the contact was seem to be relatively stable during anneals at 400 °C. A
unique electroless method [63] which co-deposits Au-Pd-In and Pd-In onto an n-GaAs
substrate has also lead to Ohmic contacts with pe-6xI0'6 Q-cm2in this case only for
Pd-In after annealing at 470 °C for 2 min. A pcof the order of-10'6 Q-cm2was
obtained using both SEB and RTA processed Pd/In Ohmic contacts [68] with SEB
annealed contacts exhibiting a superior surface morphology and thermal stability.

Fig. 1.7.5chematic diagram ofalloying sequence ofPd/In metallization to n-GaAs [70].

Very recently, Ma et al. [70] presented a growth mechanism for Pd/In contacts
as depicted in Fig.1.7. Below 400 °C, it is proposed that In first reacts with Pd,
developing a stable In®d compound on the GaAs layer. This reaction continues until
the Pd is entirely consumed. At 400 °C, solid-state diffusion occurs as excess In diffuses
through the In®d, forming a low resistive InxGa,xAs compound with GaAs. The
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I"Ga”As compound is believed to form an abrupt heterojunction with GaAs which
restricts carrier transport more than the metal-nxGa,.xAs barrier and hence reduces the
pc values. Wang et al. [69] investigated Pd-In-Ge non-spiking Ohmic contacts to
n-GaAs (108 cm*3. They observed that a layered structure of Pd/In/Pd/n-GaAs with
10-20A of Ge embedded in the Pd layer adjacent to the GaAs can lead to a hybrid
contact. When the Ohmic formation temperature was above 550 °C, a layer of
IN"Ga”As doped with Ge was formed between the GaAs structure and the
metallization. When the annealing temperature was below 550 °C, a regrown layer of
GaAs doped with Ge was formed at the PdIn/GaAs interface, giving rise to an n+
surface layer and a tunneling junction as shown in Fig. 1.8. The pcof (2-3)xI0~7Q-cm2
for this contact structure is nearly independent of the contact area from 900 to 0.2 (am2
This contact has been shown to be thermally stable up to a temperature as high as
600 °C.

(-100 °C)
Pd Pd
In PdIn,
4 Ge |
Pd (10-204) Pd4GaAs(Ge)
i n-GaAs - n-GaAs |
Low Temp. High Temp.
(<550°C) g50 °C)
Pdin
lixGaAs

(x-0.4) 1 n-GaAs ;

Fig. 1.8. Schematic diagram showing the solid-phase reaction of the Pd/In/Pd(Ge)
contact [69].

1.3.6 AuGe/Ni metallizations

Among Ni-based metallizations, eutectic AuGe/Ni is the most common contact material
for n-GaAs [52, 71-80]. In this contact system, Ge serves to increase the surface doping,
while Ni forms a barrier and a conductive NiAs compound. Two-stage annealing
techniques can improve the overall performance of AuGeNi-based Ohmic contacts [71].
A pre-anneal can remove the inhomogeneity of the metal/GaAs interface [71]. Melting
has been attributed to the p-AuGa phase modified by the other elements present. The
addition ofa Ti/Au cap also improves the topography of the annealed metallization but
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contact resistivities are poorer [71]. RTP (RTA) is also a popular means to improve Au-
based contacts [78-80], AuGe/Ni non-alloyed Ohmic contacts have been formed on
heavily doped n-GaAs layers activated by SiOxXNy-capped infrared rapid thermal
annealing (RTA) [78]. A further reduction in pc has been accomplished by low-
temperature (300 °C) alloying without melting the AuGe eutectic. Both conventional
annealed and RTA AuGe/Ni contacts [80] have identical pcvalues, but the interface
reacted layer was wider for the first process.

Scanned electron beams (SEBs) have also been used for the alloying of
AuGe/Nimetallization [52,77]. Capped alloyed AuGe/Ni contacts were found to have a
higher resistance to degradation than uncapped alloyed AuGe/Ni contacts [52]. Capped
AuGe/Ni contacts also exhibited longer operating life than uncapped contact structures
for twofold, fourfold and eightfold increases in their pc values. Cohen et al. [77]
fabricated AuGe/Ni Ohmic contacts utilizing furmace and SEB annealing techniques.
They observed that SEB-alloyed contacts exhibited less redistribution of contact
constituents compared with furnace-alloyed contacts.

The importance ofNito Ge ratio and of annealing cycle for the resistivity and
morphology of AuGeNi Ohmic contacts to n-GaAs was investigated by Procop et al.
[73]. The morphology of the contact layer at the minimum pcwas determined by the
selected annealing cycle and by the Nito Ge ratio. Goronkin et al. [72] used Ni/Ge/Au
Ohmic contacts on GaAs and GaAs/AlGaAs. They did not observe any melting and
lateral encroachment of the Ohmic metals alloyed at 460 °C. The use of Ni/Ge/Au
Ohmic contacts on GaAs/AlGaAs with 460 °C, 8 min alloying cycles produced low-
resistance contacts, no lateral encroachment, and sharp edge acuity. The AuGe/Ni
contacts to n-GaAs [74] have mixed structure, composed of about 84% of n n-contact
and about 16% of the Schottky contact. The results obtained with AuGe/Ni and
Ni/AuGe/Ni Ohmic contacts [75] indicate that the incorporation of Ge into GaAs occurs
via solid-state diffusion and Ge distribution within the metallization layer differs in the
two systems.

The effect ofNi as a first layer in the AuGeNi Ohmic contact was also reported
[81]. The uniformity of the interface structure was greatly improved by the deposition
of a 5 nm-thick Ni first layer due to its effects on kinetics of the alloying reaction
(Fig.1.9). For sample A (without an initial Ni layer) Ni3Ge is formed between AuGe
and Au at temperatures below 420 °C. When the annealing temperature is higher than
440 °C, a reaction between Au and GaAs is initiated, followed by the diffusion of
Ni3Ge or the remaining Ni to the GaAs interface and the formation of a protruded
NiAs(Ge) phase. The top layer is binary Au-Ga consisting of (3-AuGa and P'-AuGa
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phases with melting points of 375 °C and 347 °C, respectively The interface mn this
particular sample 1s nonplanar By contrast, 1n sample B (with an mmitial N first layer),
the first layer N1 reacts with GaAs and forms N1,GaAs or N1,GaAs compounds at ~200
°C Above 400 °C, N1Ga and NiAs develop An imtial N1 layer clearly optimizes the
alloying kinetics Alloying at a higher temperature, such as 600 °C, causes NiAs(Ge)
grains to grow, resulting in dilution of Ge 1n the grains which then causes an increase in
p. The effect of the AuGe thickness 1n this metallization was also reported to have an
impact on p, [82] The same metallization has been utilized to find out the effect of
AlAs mole fraction (x) on Al Ga, As [43]

During heating After alloying at
i Before alloying (below 420°C) 440°C for 2 min
Au Au(Ga)
N, 4 N1,Ge B-AuGa
Sample A A0G A G
(without N1 u-te ' L u(Ge,Ga) » \% k}
first layer) JL G L GaA L N1As(Ge
aAs - L S A L GaAs L
T T T T T T
Au Au(Ga)
Sample B Ni ;‘ Nl3 Ge p-AuGa
(Wlth 5 nm AuLGe —_— AN Au(Ge,Ga) )
77
N1 first layer)—Ni Nt Gats NiAS(Go)
4 GaAs Ju J_, ‘GaA L L GaAs L
T T T s 7T T

Fig 1 9 Schematic 1illustration of the sequence of alloying reactions for sample A and
B, respectively [81]

A novel theoretical model for electron transport has been presented by Shenai
[29] and extremely low p_ 1s reported using Ni/Ge/Au metallizations 1n Sn-doped
n'-GaAs layers The Ni/Ge/Au contact revealed extensive GaAs consumption [50]
The p, of Au/AuGeN1 contacts formed by rapid electron-beam annealing [83] 1s much
lower than that formed by other techniques The contacts formed by this technique are
found to be considerably stable with thermal aging Ion beam mixing has been utihized
to produce morphologically improved Ohmic contacts to n-GaAs using Ge/Ny/Au
metallization [84] The values of p, depend both on 10on dose and i1on mplant
temperature.
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Solid-state and alloyed AuGeN1/ZrB,/Au Ohmic contacts to n-In,,Ga,,,As
have been investigated for optoelectronic integrated circuits [85] ZrB, acted as a
diffusion barrier in these contacts Non-alloyed, high-temperature stable Ge-Ni-Au
Ohmic contacts to n-GaAs with a LaB diffusion barrier are also reported [86] The
stable WS1IN diffusion barrier (against gold) in AwW'WS1N/(Au,Ge,N1) metallization [87]
resulted 1n alloying depth less than 10 nm and values of p, in mid 1077 Q-cm? range
The influence of the internal layer (Au,Ge,N1) sequences on p, 1s optimized and 1t 1s
found that a combination of 25 nm Au, 5 nm Ni, 20 nm Ge resulted 1n lower p_ values
Reproducible and thermally stable non-alloyed Ohmic contacts are achieved by
interposing a W N,, diffusion barrier between the Ni/Ge and the Au in Nv/Ge/Au
system [35]

Both the contact uniformity and the resistivity of Ge/Aw/Ny/Au Ohmic contacts
may be greatly improved when a thin Ti/Au layer 1s deposited on the GaAs wafer
backside prior to alloying [88] Ti/Au cap also improves the topography of
N1/AuGe/NV/Au metallization [71] Very small area Ge/Auw/N1/Au contacts on GaAs
have been reported [89] The proportions of N1 and AuGe in RTA AuGe/N1/Au Ohmic
contacts have also been optimized for low-temperature annealing [90] The annealing
temperature for forming low p, contacts to thin n* GaAs epilayers can be reduced from
the standard 420 °C to 300-320 °C by varying the percentage of N1 in the contact Non-
alloyed and alloyed low resistance N1/Ge/Aw/Ti/Au Ohmic contacts with good
morphology for GaAs using a graded InGaAs cap layer have been developed [91] A
low p, of 4x10-% Q-cm? for a Ni/Au-Sn/N1 contact on n-GalnAs has also been obtained
and compared with a Ni/Au-Ge/Ni1 contact [92] The Au-Ge contact shows better results
than that of Au-Sn contact The contact resistivity and thermal stability of NiGe(Au)W
Ohmic contacts were studied as a function of the Au layer thickness between 0 and 75
A [93] A gold layer of ~60 A produced a mimmum contact resistance of 0 15 Q-mm

1.3.7 Multilayer Au/Ge/Au/Ni/Au metallizations

A five-layer Ohmic contact structure [41,94] (Fig 1 10) annealed at 425 OC for 60 s

using a RTA has the following advantages compared to conventional approaches

e The donor/acceptor layer 1s separated from the barrier layer This prevents
undesired chemical reactions between the dopants and the barrier

e Evaporation of eutectic alloys containing the dopants 1s not necessary Thus
fractional distillation 1n the evaporation process 1s avoided and the resulting
contacts show better reproducibulity.

e The top gold layer 1s sufficiently thick to permit bonding A post evaporation of
gold over the alloyed area 1s not needed
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e Only three metal evaporation sources are required to create the five-layer structure

Using this metallization contact resistivities in the 107 Q2-cm? range on both n- and p-
type matenials are obtained This metallization techmque 1s apphicable for fabricating a
wide variety of microwave and lightwave devices including switching diodes and field

effect transistors

////////// Au(240 nm)

BARRIER LAYER | Ni(11 nm)

7777777 Aw14nm)

DONOR LAYER | Ge(14 nm)

/7] Au(14nm)

- SEMICONDUCTOR
SUBSTRATE

Fig 1 10 Cross-sectional view of five-layer Aw/Ge/Au/Ni/Au metallization [94]
1.3.8 Ni/AuGe/Ag/Au metallizations

Silver (Ag) barrier Ohmic contacts are very important for GaAs based HEMT
structures, such as AlGaAs/GaAs, AlGaAs/InGaAs and AllnAs/InGaAs It has been
found that the Ohmic contact to GaAs based HEMTs requires high alloying temperature
because the Ohmic metal has to penetrate the high band gap AlGaAs to reach the low
band gap GaAs (or InGaAs) channel layer The conventional AuGe based Ohmic
schemes (N1/AuGe/Au) can not withstand high temperatures above 450 °C The sample
alloyed at high temperature, 1n order to diffuse Ohmic metal deeply into the HEMT
layer, may exhibit very rough morphology and high contact resistivity due to the
interdiffusion between the top Au layer and substrate [95] To allow higher temperature
alloying, researchers have added different diffusion barriers such as silicon nitride, Tiw
and silver to this alloyed metal system Among them the Ag diffusion barrier 1s one of
the most popular approaches and has been used in most of the reported state-of-the-art
HEMTs [96-99] Low resistance (<0 1 Q-mm) Ohmic contacts to the lower band gap
material 1n both AlGaAs/GaAs and AllnAs/GalnAs MODFET structures can be
fabricated using shghtly different metallizations based on AuGeN1/Ag/Au [100] Ag in
an AlGaAs/GaAs MODFET creates an Ag/Au alloy that reduces Ga outdiffusion from
the semiconductor at temperatures up to ~570 °C In this way the GaAs stochiometry
beneath the metallization 1s well maintained



1.3.9 AuU/Ni/NiSn metallizations

These metallizations are electroplated to n-GaAs. Kelly and Wrixon [101] developed
low temperature electroplated alloyed Au/SnNi/Au Ohmic contacts in 1978. They
observed that layer thicknesses of 4000A Au, 5000A SnNi and 3500A Au gave
minimum pcafter alloying at 300 °C for 3 min. Tin (Sn) in a shallow donor and is 0.006
eV from the edge of conduction band in GaAs. This results in a barrier with a high
tunneling probability. A SnNi/Ni/Au Ohmic contact scheme to n-GaAs has also been
proposed [102], Inclusion of a Pt layer to reduce Au (acceptor) diffusion into the
contact results in higher pc In Au/Ni/SnNi/GaAs junctions, Sn is expected to diffuse
into Au-induced Ga vacancies thereby producing an excess electron concentration
[103]. Niis expected to provide good wetting so that Sn does not "ball up" during the
alloying process. This process is similar to that occuring for Au/Ni-Ge/GaAs contacts
with Sn taking the place of Ge. The addition of Sn to Au/Niln-GaAs system lowers pc
by at leasttwo orders of magnitude [103].

as-deposited 300 °C 700 °C 750 °C 900 °C
w W W W N'.'"n W
. Ni-In Ni-In Ni-In Vo \-V—
------ NNli-In------- > N 2GaAs > N,GaAs xe N2GaAs " NiAs -4
_________________ _9
InxGa,.xAs " . :
] ] ] ' I"»Ga'- ASNiA!
GaAs ; : GaAs ; : GaAs GaAs GaAs

Fig. 1.11. Schematic illustration ofalloying sequence ofNi/Ni-In/Ni/W metallizations to
n+GaAs [105],

1.3.10 NilnW metallizations

Rough surfaces and deteriorated contact edge profiles are observed in AuGeNi Ohmic
contacts after annealing in forming gas at 440 °C for 2 min needed to form an Ohmic
contact [81,104], This limits extendability of this contact for use in submicron devices.
NilnW Ohmic contacts have been developed which are very attractive for GaAs
MESFETs because of improved morphology and thermal stability after Ohmic contact
formation [105-109], A typical example ofthe alloying sequence in the Ni/Ni-In/Ni/W
metallization system [105] is illustrated in Fig.1.11. Initially, Ni from the upper layer
diffuses into the Ni-In layer, forming a mixture of amorphous Ni-In and polycrystalline
Ni phases. Under heat treatment at 300 °C for 30 min, an epitaxial N iZ5aAs phase forms
at the Ni/GaAs interface while In partially intermixes with W and N iZGaAs. At 700 °C,
broad areas of In"Ga™As phase, with x=0.6, form at the NiZaAs/GaAs interface.
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Heating to 750 °C produces additional NiAs precipitates under N1,GaAs Further
annealing at 900 °C leads to interfacial microstructures with large grains of regrown
In Ga, ,As with x=0 3 covering ~90% of the interface, the other 10% comprising of
NiAs phase Ni;In forms on top of the In,Ga, ,As phase, while the W layer remains
above the NiAs and NiIn phases The W layer is usually mert and causes no

electromigration problems 1n applications

A reduction 1n p, for the NiInW metallizations has been obtained by adding
donors to the contact material The Ni(S1))InW contacts with various S1 concentrations
were prepared and annealed at temperatures in the range of 750-900 °C for 2 s The
lowest p, value reached 8x10-7 Q-cm? at 5% S1 and an approximately 50% increase in
the S1 doping at the In Ga, As (x=04) layer was believed to be achieved [106]
Excellent stability in MESFETs with the NilnW Ohmic contacts was observed [105]
No deterioration was observed at 400 °C for 180 h, 450 °C for 18 h and 500 °C for 2h
The role of N1 on NiInW contacts was investigated [107] and 1t was found that N1
contributed to both a reduction of p, and to improved thermal stability

The unreacted In after annealing 1s of great concern for thermal stability The
unreacted In melts above 156 °C and the electrical properties of the contacts deteriorate
To deposit In at the critical thickness 1s extremely difficult and 1s not practical The
addition of an element which forms high melting point (T,) compounds with the
unreacted In improves thermal stability after contact formation and 1s attractive from
the view pont of the fabrication process Nickel 1s observed to form various Ni,In,
compounds which have T higher than 900 °C Ny,In (T,=908 °C), N1As (T, =962 °C)
and InGa, As (T,>900 °C) were observed in the Ni/Ni-In/Ni/W contacts and no
evidence for the existence of unreacted In was obtained [107] A very low p_ in the
range of 1077 Q-cm? was obtained with NiInW metallizations after annealing under As
overpressure [108] Glas et al [109] reported a N1,(GaAs), annealing product for the
first time 1n N1InW contacts

1.3.11 Ni-based non-gold metallizations

Thermal nstability 1s of serious concern for AuGeNi contacts utihized 1n very large
scale integration (VLSI) devices As previously noted, this undesirable nstability 1s due
to formation of low melting pomnt (T ,~375 °C) B-AuGa phases during contact
annealing In order to improve the thermal instability of the AuGeN1 contacts, Ni-based
non-gold Ohmic contacts have been developed [110,111] The removal of Au from the
AuGeN1 contacts 15 effective in improving the thermal instability after contact
formation as seen in NiGe contacts [110] The thermal stability of NiGe contacts 1s
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strongly influenced by the compounds that are formed at the interface between the NiGe
and the GaAs after contact annealing The compound formation 1s controlled by the Ge
concentration in the N1Ge contacts and the annealing temperature A contact with 38%
Ge prepared by annealing at 600 °C had a smooth surface and yielded good thermal
stability at 400 °C, which was due to the formation of refractory NiGe compounds with
a melting point (T, ) of 850 °C

as-deposited 200°C 600°C
a-Ge
OHMI C) A a-Ge N NiGe
(Low P, . =
- N Ni, GaAs T ~ N1, GaAs
n'-GaAs Regrown n"-GaAs
N1 N1
OHMIC == | a-Ge a-Ge
(Highp,) N1 Ni, GaAs
I -GaAs Regrown
n*-GaAs

Fig 1 12 Schematic illustration of microstructural changes of NiGe Ohmic contacts,
where a-Ge represents amorphous Ge [110]

A model for the electron transport mechanism through the GaAs/N1Ge interface
was also proposed by correlating the electrical properties and the microstructure The
interfacial microstructure of the NiGe Ohmic contact with low p, 1s discussed by
refernng to Fig 1 12 At the initial stages of annealing at 200 °C, N1 reacts with GaAs to
form a ternary N1, GaAs compound by

xNi + Gads — Ni GaAds (113)
The thickness of the N1,GaAs layer increases with increasing the thickness of the N1
layer deposited directly on the GaAs After annealing at temperatures above 300 °C, N1
and Ge start to react, forming N1Ge compounds When N1 in the N1, GaAs layer reacts
with Ge, the thickness of the N1 GaAs layer reduces, leaving the regrown GaAs layer as
shown by a dashed line in the bottom of Fig 1 12 Thus reaction 1s expressed by

Ni,Gads+ Ge - NiGe + GaAs (regrowth) [110] (1 14)

When Ni reacts with GaAs forming the Ni GaAs layer, a small amount of Ge atoms
diffuse to this ternary layer Some of the Ge atoms remain in the regrown GaAs,
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resulting 1n formation of a n"'-GaAs layer The Ge-doped n™-GaAs layer enhances
carrier tunneling probability and Schottky behaviour transforms to Ohmic behaviour,
leading to a reduction 1n p, Thermally stable N1S1W Ohmic contacts to n-GaAs have
been developed [111] Ohmic behaviour was found to have dependencies on the Si
concentration of the N1S1W contacts and the annealing condition Ohmic contacts with
40% S1, prepared by annealing at 650 °C, had smooth surfaces and yielded excellent
thermal stability during subsequent annealing at 400 °C after contact formation The
cross sections of the NiS1W Ohmic contacts before and after annealing are shown 1n
Fig 1 13 When the NiS1W contacts are annealed at temperatures above 300 °C, the S1
atoms diffuse into the crystalline Ni layers to form amorphous nickel-silicon layers
(indicated by a-N1-S1) At higher temperatures, the a-Ni-S1 layer close to the GaAs
surface transforms into the crystalline structure that 1s indicated by c-Ni-S1 The best
candidate for this crystalline structure as determined by XRD measurements and TEM

observation 15 6-N1,S1

At final stage

of annealing
Afg 1mt1a11 1srfage ~650 °C
As-deposited 23%%11?3 8 a-N1-S1
Ni a-N1-S1 ¢-Ni-S1
S: S :_J‘> n"-GaAs
N a-N1-S1 E— ‘ n'-GaAs
n-GaAs n-GaAs
(NON-OHMIC)
a-N1-S1
::> c-N1-S1|N1As
n-GaAs

Fig 1 13 Schematic illustration of microstructural changes of N1S1W Ohmic contacts,
where a-N1-S1 and c¢-Ni-S1 indicate amorphous-nickel-silicon and crystalline-nickel-
silicon, respectively [111]

The N1,GaAs phases were not detected in the N1S1W Ohmic contacts even at the
mtial stages (=300 °C) of RTA Therefore, the n™ -GaAs layers for the NiISIW Ohmuc
contacts were believed to be formed by 1n-diffusing S1 atoms The growth of the NiAs
compounds results 1n non-Ohmic behaviour, which 1s schematically shown in Fig 1 13
The formation of N1As 1s found to be suppressed by increasing the S1 concentration and
decreasing the annealing ime using RTA The top W layer reduces the sheet resistance
of the contact metal, improves the surface morphology of the NiS:1 contacts and also
reduces the formation of N1As compounds
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The kinetic effects of a layering sequence in Al-Ge-Ni Ohmic contact
components on (OO0l)GaAs were investigated by Lampert et al. [112]. Al-Ge-Ni
metallizations have been successfully fabricated on both n- and p-type GaAs [113]. For
n-type GaAs, the thickness of Ge deposited and the alloying time have a large influence
over the degree of Ohmicity observed. The contact interface is extremely flat and
uniform with a continuous single phase polycrystalline layer of AINi adjacent to the
semiconductor. Kalkur et al. [79] have analyzed the microstructure of Al-Ge-Ni RTA
Ohmic contacts. Epitaxial GaAs/NiAllGaAs heterostructures consisting of buried NiA|
layers and GaAs overlayers that are monocrystaline and well aligned were also
reported [114].

The Al-Sn-Ni [115] metallizations can produce Ohmic contacts to both n- and p-
type GaAs and they have morphological characteristics superior to the Al-Ge-Ni
contacts [79, 112, 113]. It is easy to pattern Al-Sn-Ni with the lift-o ff process and the
surface remains remarkably smooth and planar after alloying. Contact resistivities in the
range of 10'4Q-cm2are obtained for both n- and p-type GaAs [115]. The homogeneity
of alloyed Ni-Sn Ohmic contacts to n-GaAs was investigated by Nikolaev et al. [116].
They reported intermediate phases NiAs, NiGa, and SnAs for the inhomogeneity of
these contacts. Similarly, the role of Ge in NiAs/in-GaAs, NiAs/Ge/n-GaAs and
Ge/NiAs/n-GaAs structures have been investigated [117].

1.3.12 Au-Ge metallizations

Most commonly employed Ohmic contacts to n-type GaAs are based on the
Au-12wt.%Ge eutectic alloy [118,119]. A minimum pcof9xI0'7 Q-cm2is obtained for
an epilayer doping of 3x10 17 cm'3after annealing at 450 °C for 214 min [119], Melting
ofthis eutectic alloy at atemperature ofabout 360 °C causes the localized dissolution of
GaAs (presumably at pinholes in the native oxide). The higher solubility of Ga in the
Au-Ge melt encourages the solidification of As-rich GaAs during cooling. Ge is thus
incorporated preferentially on the Ga site in the precipitated GaAs, resulting in n-type
GaAs and a tunneling Ohmic contact. lliadis and Singer [119] observed that the role of
Ge in Au-Ge metallization is not simply as dopant, but it is also the key element in
initiating the melting. Barrier height reduction in Au-Ge metallization is investigated by
lliadis [118]. A massive reduction in barrier height [{B (TFE)=0.34 eV] ata 300 °C heat
treatment is due to the large fraction of Ge atoms that is not accommodated in Ga
vacant sites and indiffuses along with the Au atoms.
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Recently, non-alloyed Au-Ge Ohmic contacts to n-GaAs have gamed significant
research interest [120-123] Low emperature, non-alloyed Au-Ge contact formation 1s a
multi-step process [121] Ohmic behaviour was observed after 3 hrs of annealing at
320 °C and a Au,Ga phase was found at this stage Samples annealed with Si,N, cap
layers to prevent As sublimation resulted in higher p, values than uncapped samples
[121] A novel model was presented for single crystal, non-alloyed epitaxial Au-Ge
Ohmic contacts 1n Ref [120] According to this model, Au first comes 1n contact with
the GaAs at points where the Ge layer 1s either very thin or nonexistent It reacts with
the GaAs to form AuGa phases which results in the formation of free As and/or
vacancies 1n the GaAs lattice The Ge then rapidly mdiffuses substantially via Ga
vacancies forming GeAs related phases Heavy Ge doping may then occur, leading to
Ohmic contact formation Isothermal regrowth of doped, smooth and planar Ohmic
contacts with low p, using Au-Ge metallization has also been reported [122] This
procedure 1s suitable for forming Ohmic contacts on shallow junction devices
Extremely low resistance non-alloyed Au-Ge Ohmic contacts on 3-doped GaAs have
also been developed [123] and recently, properties of Au-Ge Ohmic contacts after the
alloying process have been studied [124]

1.3.13 Au/Te/Au metallizations

In AwTe/Au metallizations, Te 1s used as the dopant to form an Ohmic contact to
n-GaAs Te atoms become electrically active donors only when occupying As sites
Therefore, As vacancies must be created during metallization Although reports on
Au/Te/Au/GaAs contacts are scarce, several mechanisms have been invoked to explain
therr Ohmic behaviour In particular, Wuyts and co-workers attributed the formation of
an Ohmic contact to the formation of either a metal/Te/Ga,Te,(Au)/GaAs or a
metal/(Te)/Ga,Te,(As)/GaAs heterostructure [125-127]

Munder et al [128] investigated pulsed laser beam and furnace annealed
Auw/Te/Au metallizations For furnace annealed contacts the mechanism responsible for
the Ohmic behaviour was dominated by the formation of a Ga,Te,, polycrystalline Te
and a highly disordered GaAs layer [125,129] For laser annealed contacts electron
tunneling through the potential barrier involving localized gap states was postulated for
Ohmic behaviour The effects of an Al,O, cap on the structural and electrical properties
of Au/Te/Au contacts on n-GaAs were also ameliorated [130,131] Contacts annealed
without the capping layer became Ohmic after annealing at 420 °C for 3 mm with a p,
of ~1 6x10” Q-cm’ [130] In the uncapped system, the contact reaction 1s dominated by
the Au-GaAs interaction, as indicated in TABLE I by the appearance of Au,Ga, phase
and large arsenic losses
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Annealing under a capping layer changes the kinetics of the contact reaction.
For sealed GaAs/Au/Te/Au contacts, the losses of both Te and As are limited.
Suppression of As vapourisation restrains the Au-GaAs reaction, while reduction of Te
sublimation activates the Te-GaAs reaction. Ga’*Te, and AsZle3are the main products of
the interaction, apart from unreacted Au. Such interactions, however, do not lead to the
formation of Ohmic contacts to n-GaAs. The results indicated do not support the
heterojunction model of Ohmic contact, but rather testify in favour ofthe doping model.

TABLE 1. The influence of A12) 3capping layer on the outcome ofn-GaAs/Te and
n-GaAs/Au/Te/Au contact reaction [131].

Contact Annealing Phase As loss Te loss
material composition

T(°C) t(min) NA10 b NTex10 5

(atom/cm2  (atom/cm2

Te As-deposited  Te

380 3 Te (small amount)

420 3 Te (traces) 300

460 3 Te (traces) 310
TelAlD 3 380 3 GazTe3

420 3 Ga”ej, AsZe3(traces) 10

460 3 GaZle3 AsZTe3(traces) 3

AulTe/Au As-deposited  Au+Te
380 3 Au+AuGa(50 at. %)

420 3 Aut+AuTca2 139 455
460 3 Au+AuTGaz 320 504
Au/Te/Au/ 380 3 AutGaZle3tAsZTedtraces)
aidb3 420 3 AutGarTedrAsZTedtraces) 173 05
460 3 Aut+GaZ e3+AsZTedtraces) 53 0.7

1.3.14 High-temperature refractory metallizations
The main reason for using refractory metals, e.g., W, Ti and Mo, is to achieve thermal

stability ofthe contact both during processing and in real applications. Refractory metal
contacts are expected to withstand high temperatures encountered during device
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processing such as those used to activate the ion implanted dopants. In addition, the
metals/alloys can act as a barrier against Ga and As out-diffiision. Since the refractory
metals/alloys are good alternatives to Ni/AuGe metallization, many research groups
have attempted to exploit these high-temperature metallization schemes.

Among the composites recently investigated are [27,28,86,105,107-109,
132-142] as follows: Au/Tiw/Ge/Pd, NilnW, MoGeW, MoGe, Ge-Mo-LaBGAu,
Ge-WSi2Au, WGe, W-In, TIW Six TW/Ge, TiWySiz TilPt/Au, TilPt and TilM o (with
Si & Ge). In most of these investigations, W is common and chosen over other high
temperature metals because of its compatibility with processes used in dry etching
(reactive ion), its thermal stability (B on GaAs is stable up to 700 °C) and its
compatibility with AICu wiring. Refractory NilnW metallizations [105,107-109] have
already been discussed. Arsenic(As)-doped GeMoW ie., Ge(As)MoW refractory
Ohmic contacts can be fabricated for n-GaAs using different annealing techniques
[108,132]. Very low contact resistivities, in the range of a few 107 Q-cm2 have been
obtained when annealed under an As overpressure. Without As doping, the same
metallization gives higher pcvalues.

A minimum pcof5x10"6Q-cm2has been obtained without arsenic doping in the
GeMoW contacts annealed at 800 °C for 7 min [132,134]. As the arsenic doping is
increased, the pcvalues are decreased with pe- 2x10'7Q-cm2for an arsenic doping of
10D ¢m'3(800 °C, 10 min). A minimum pcof0.176 Q-mm is obtained at an annealing
temperature of 500 °C using GeMoW contacts to n-GaAs with a In05GalbAs cap layer
[133]. The li"Ga”™As cap layer significantly widens the range over which the n-GaAs
is Ohmic (300-700 °C). Merkel et al. [28] applied GeMoW metallization as source/drain
contacts to GaAs-MESFETs with Al and TiPtAu as gate contacts. Both
GeMoW/TiPtAu and GeMoW/Al are thermally stable up to 450 °C. Thermal cycling at
500 °C resulted in degradation of both contacts with GeMoW/Al exhibiting less
degradation. Furthermore, self-aligned high-temperature MoGe Ohmic contacts for
HBTs have been fabricated by Ketata et al. [135].

Refractory metallizations incorporating diffusion barriers [86] or refractory
metallization diffusion barriers [27,136] can improve the overall thermal stability of
Ohmic contacts. The choice of W Si2 which also acts as a diffusion barrier, is due to its
phase stability with GaAs [136]. TIW and LaB6 diffusion barriers are also utilized in
PdGe and GeMoAu metallizations, respectively [27,86], Thermally stable WGe Ohmic
contacts for GaAs/AlGaAs HBTs have also been reported [137]. W-In-(Ge, Si or Te)
Ohmic contacts to n-GaAs show thermal stability up to 500 °C with good surface
morphology [138], The W-In-Siln-GaAs structure shows a pcof 3x10-6 Q-cm2 Ohmic
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contacts to n-GaAs using graded-band-gap layers of low pressure organometallic
chemical vapor deposition (LPMOCVD)-grown InxGa,As and sputter-deposited
TiW Sixfilms were investigated [139]. The as-deposited contacts exhibited pcvalues of
IxI0 '5Q-cm2and 9x107Q-cm2for In"Ga,,As and InAs caps, respectively. Ti/Pt/Au
non-alloyed source and drain contacts to Sn or Si doped AlGaAs/GaAs HEMTs were
fabricated without additional intermediate InGaAs or InAs layers [140]. Ti/Pt
metallization has been utilized to form contacts on both n+InAs emitter cap and p+hbase
layers of HBTs [141]. Comparison of Ti, Mo and Cr metallizations with Ge- or Si-
doped GaAs have been reported [142]. Tabi1e Il Summarizes the results obtained with
many ofthese refractory metals. One can clearly see that all ofthese refractory contacts
have very low pcand are stable at -400 °C. This temperature is compatible with the
wiring and packaging process.

Table Il. Summary ofrefractory metallizations to n-GaAs.

Metallization Doping Contact Thermal Application  Ref.
concentration resistivity  stability No.

(cm-3) (Q-cm2

AulTiW/GelPd 2x10 B 1.45x10'6  410°C, Ih MESFET [27]

GeMow 3x108 021 Q-mm* Upto 450 °C, 10 min MESFET [28]

Ge(As)MoW 4xI0B ~4x10'7 HBT [132]
GeMoWw 5x108 0.176 Q-mm [133]
GeMoWw IXIO B 2x10-7 HBT [134]
MoGe XIO B HBT [135]
Au/WSi2Ge IxIO® 5x10'5 460 °C, In MESFET [136]
WGe 7.5x10'7 HBT [137]
W-In-Si 3x10'%6 Up to 500 °C [138]
TIW/SilAu 3x108 -9x1 07 Up to 500 °C [139]
TilPt/Au XIO B -1.Ix10 '6 HEMT [140]
TilPt ~3xl0*7 HBT [141]

*Q-mm and Q-cmzcan be correlated if the contact width is known.
1.3.15 InAs-based metallizations

In forming good Ohmic contacts to large band gap GaAs, narrow band gap InAs has
been used as a cap layer sandwiched between the metal and GaAs. Since the Fermi
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level of metals 1s normally pinned in the conduction band of InAs (Fig 1 14(a)), the
conduction barrier at metal-GaAs nterface can be drastically reduced However, due to
the relatively large band gap difference between GaAs and InAs (Fig 1 4(b)), only a
reasonable value with non-alloyed p_ of about 1076 Q-cm? has been obtained 1n a nearly
abrupt layer of n"-InAs [143] To eliminate this band discontinuity and thus the high
barrier for carrier transport, an epitaxial layer of In Ga, As with the In mole fraction
graded from x=0 at the GaAs interface to x=1 at the surface contacting metal has been
proposed [16] and p, values 1n the range from 5x10-7 to 5x106 Q-cm? are obtained
This graded metal/n-InAs/n-In Ga, ,As/n-GaAs (x=0-0 53) structure 1s shown i1n
Fig 1 14(b) Applying a graded InGaAs cap layer has also led to p_ of 5x10-% Q-cm? for
non-alloyed T1/Pt/Au contacts [17]

non abrupt
E interface
C S N\

(@) (b)

Fig 1 14 Band-bending diagrams for (a) metal on n-InAs and (b) metal on n-InAs on
graded n"-In,Ga, ,As/n-GaAs [144]

A refinement to the InAs on GaAs procedure 1s to replace the thick and
cumbersome InGaAs graded layer with a thin superlattice structure In doing so, the
refinement resulted m dramatic reductions of p, (1 5x10-% Q-cm?) on n-GaAs as
demonstrated by Peng et al [15] using an straned layer superlattice (SLS) structure
Ohmic contacts using an SLS structure have many advantages Firstly, the SLS scheme
requires a smaller overall layer thickness than the graded structure Secondly, a SLS 1s
easier to fabricate and plable for different structures Hence it 1s convement to
incorporate this structure in devices and optimize 1t to obtain even lower p, The
implementation of this SLS scheme m a GaAs-MESFET has been demonstrated [144]
Huang et al [145] have concluded that quantum tunneling through SLS conduction
bands plays an essential role 1n the effective barrier lowering leading to extremely low
contact resistance
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1.4 Applications of Ohmic Contacts to
n-GaAs

Ongoing mimaturization of GaAs devices requires Ohmic contacts having very
low p, (21076 Q-cm?), easy reproducibility, a shallow (non-spiking) interface, smooth
surface morphology and thermal stability Many devices based on GaAs and 1ts alloys,
such as the high electron mobihty transistor (HEMT), heterojunction bipolar transistor
(HBT), charge imjection transistor (CHINT)/negative resistance field-effect transistor
(NERFET), metal-semiconductor field-effect transistor (MESFET), modulation doped
field-effect transistor (MODFET) and multiple quantum-well (MQW) superlattice
devices require reliable planar low-resistance Ohmic contacts Nonspiking Ohmic
contacts are essential to GaAs-based very large scale integration (VLSI) technology
Three of the most important 1ssues are (1) achievement of low-resistance Ohmic
behaviour with a wide processing window, (11) thermal stability at temperatures up to
~500 °C and (1) applicability to small contact areas (down to sub-pum sizes) Thermal
stability of Pd/In Ohmic contacts [65,66,68,69] 1s more than sufficient to meet the
demands of subsequent device and circuit fabrication steps Pd/Ge Ohmic contacts for
GaAs MESFETs [21,31,32,38,53] are an even better alternative to conventional
AuGeN1 ones, with a fabrication process fully compatible with standard MESFET
technology Moreover, these contacts are obtammed by a solid-phase interaction at a
lower temperature allowing easier control of the process, better flatness and edge
definition

AlGaAs/GaAs heterojunction structures are extensively used in fabricating
HBTs, HEMTs and CHINT/NERFETs Rapid thermal annealed (RTA) Pd/Ge [38] and
Ge/Pd/W/Au [55] contacts have already been utihzed in fabrnicating HBTs The
successful application of Pd/Ge contacts 1s also reflected i multiple quantum-well
(MQW) structures [18,39] Chen et al [146] found that the Pd/Ge/Au contact 1s not
surtable for the HEMT structure, but 1t could be useful in some heterojunction devices,
such as MQW structures, 1n which the apparent inability of the Pd-Ge to diffuse beyond
the AlGaAs/GaAs nterface could be used to advantage Based on the above assumption
Wang et al [20] have successfully applied the Pd/Ge Ohmic scheme to an
AlGaAs/GaAs HEMT Han et al [56] developed a non-alloyed Pd/Ge/T1/Pt Ohmic
contact for optical switch (OS) CHINT/NERFET devices require shallower Ohmic
contacts Lai and Lee very recently developed even shallower RTA Ohmic contacts for
CHINT/NERFET devices using Pd/Ge metallizations [22,37] Using this process
technology, the fabrication tolerances for the CHINT/NERFET become much less
critical
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tasLE IIl. Summary of Pd-based metallizations to n-GaAs.

Metallization Doping Annealing Contact Application  Ref,
concentration condition resistivity No.
(em'3 (Q-cm2
Pd/Ge XIO B 325 °C, 30 min -Ix10 "6 MQW [18]
Pd/Ge 4x108 325 °C, 30 min ~3x10'7 HEMT [20]
Pd/Ge 2x108 RTA, 450-500 °C, 00s-IxI0O'6 CHINT/NERFET [22]
Pd/Ge 2x107 RTA, 450-500 °C, 60s~1IxI0'6 CHINT/NERFET [37]
Pd/Ge 1.5xI07 325 °Cin forming gas 0.16 Q-mm  MESFET [31]
Pd/Ge 1.5xI07 325 °C, 30 min 0.16 Q-mm  MESFET [32]
Pd/Ge 3x108 RTA, 500-750 °C, 10s~7.5xI0*6 HBT/MESFET  [38]
Pd/Ge 4.5x108 250-500 °C, 1-5 min ~1.25xI0-6 MQW [39]
Pd/GelTilAu 1.5x107 325 °C, 30 min 4x10'6 MESFET [53]
Pd/GelTilAu IxIO T 340 °C, 2 min ~1x10'5 MESFET [21]
Ge/Pd/W/Au IxIO T RTA, 800-900 °C, 10s~5xI0'6 HBT [55]
Pd/Ge/TilPt 2xI0B RTA, 450-450 °C ~ 4.7x107 0S [56]
Pd/Ge/Au  IxIO B 450 °C, 30s -Ix10 "6 HEMT [146]

"0-mm and Q-cm? can be correlated if the contact width is known.

HEMTs are also fabricated on n-GaAs by incorporating diffusion barriers [87,99]
and capping layers [71] to AuGeNi Ohmic contacts. Two-stage annealing incorporating
a Ag barrier in AuGeNi contacts is used to fabricate conventional HEMTs (CHEMTS)
[99]. This Ag barrier is also used in fabricating AlGaAs/GaAs and AllnAs/GalnAs
MODFETs [100], Rapid thermal annealed (RTA) AuGeNi contacts with a WSIN
barrier are utilized to fabricate MESFETs aswell as HBTs and HEMTs [87]. Goronkin
et al. [72] found that AuGe/Ni Ohmic contacts are more suitable for GaAs MESFETS
than for GaAs/AIGaAs MODFETs. Multilayer AuGeNi Ohmic contacts [94] are very
attractive for fabricating a wide variety of microwave and lightwave devices including
switching diodes (SDs) and MESFETs. GaAs MESFETs with AuGeNi and NilnW
metallizations have been successfully fabricated [105] and their characteritics were
evaluated. NilnW contacts have improved thermal stability compared to AuGeNi
contacts and the fabrication process is compatble with the current GaAs MESFET
technology. Thermally stable non-gold NiGe and NiSIW Ohmic contacts for MESFETS
are reported by Takata et al. [110,111]. Al-Sn-Ni Ohmic contacts [115] on both types of
GaAs with pe-10~4 Q-cm2 are very cost effective in a rapid tumnaround fabrication
procedure. Refractory metallizations (TABLE II) are very attractive for the fabrication of
thermally stable, high-speed, self-aligned GaAs devices. The applications of Pd- and
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Ni-based Ohmic contacts, along with other useful parameters, are listed in TABLE III

and TABLE IV, respectively

TABLE IV Summary of Ni-based metallizations to n-GaAs

Metallizations Doping Annealing Contact Applhication Ref
concentration condition resistivity No
(cm™3) (Q2-cm?)
AuGe/N1 (2-7)x10v 340°C,30 min =~ --m-e--- HEMT [71]
Au/Ge/N1 2x1018 460°C, 8 mmn =~ - MESFET, MODFET (72]
AwWWSIN/  (1-2)x10"7  430-470 °C, 150s ~5x1077 MESFET, [87]
Au/N1/Ge HEMT & HBT
Aw/Ge/Aw  2x1018 425 °C, 1 min 8 8x10~7 SD, MESFET [94]
NI/Au
AwWAg/AuGe/Ni------- 250 °C, 20s + ~01Q-mm’ HEMT [99]
400 °C, 40s
Aw/Ag/AuGe/N1~2x10'3 540-600 °C 006-0 2 Q-mm" MODFET  [100]
NilnW ~ ——eeeeee RTA, 800°C, ~7s  -------- MESFET [105]
NilnW =~ e RTA e MESFET [107]
NV/Ge/N1 1x10'8 200-700°C,5mmn 078 Q-mm  MESFET [110]
N1/Sn/Al 1 9x1018 505-605 °C, 1-4 min  1x10-4 HBT [115]

*Q-mm and Q-cm? can be correlated if the contact width 1s known

1.5 Conclusions

From the above discussions it 1s evident that thermally stable, non-spiking Ohmic

contacts are necessary to meet device mimaturization and speed requirements Special
attention 1s given to rapid thermal annealed (RTA) Ohmic contacts because the RTA
process often gives better results than those of conventional furnace annealing It 1s

found that the scanned electron beam (SEB) annealing process 1s more advantageous
than the RTA process Refractory Ohmic contacts have been developed to meet the

demands of self-aligned fabrication process of GaAs devices

The highlights of the most recent developments in Ohmic contacts are

summarized as follows

e Metallizations such as Ge/Pd, Ge/Pd/Au, Pd/Ge/Tiy/Pt, Pd/AuGe/Ag/Au, Sy/Pd,
In/Pd, etc to n-GaAs have low contact resistivities of ~107¢ Q-cm? and are good
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alternatives to the AuGeN1 metallization But their thermal and long-term stabilities
at and above 400 °C still require further studies

High-temperature (refractory) contacts have both thermal stability and low p,
However, other properties such as thermal expansion coefficients compared to
GaAs and adhesion to GaAs should be investigated

RTA 1s an excellent means of limiting interfacial reactions and has distinct
advantages over conventional alloying procedures

Several techniques such as the use of capping layers, diffusion barriers and GaAs
surface treatments, have been used extensively to reduce p,

The advantages of high-speed GaAs devices can only be exploited if adequate

and relhiable Ohmic contacts are available For this reason, efforts should be directed

towards the fabrication of new thermally stable Ohmic contacts to n-GaAs More

fundamental interface studies of the interactions between metals and GaAs, along with

thewr long-term reliability, are necessary Moreover, further investigations are required

to optimize various metallizations for the fabrication of high-speed, sub-pum size GaAs

devices for both present and future requirements

1.6 Organisation of This Thesis

This thesis 1s organised into nine chapters The theoretical background and research

survey related to Ohmic contacts to n-GaAs have been described 1n this introductory

chapter

Chapter 2 presents the objectives of this research and brief highlights of the
characterization techniques to be employed

Chapter 3 presents the optimisation of Pd and Sn evaporation rates for better surface
morphology of Pd/Sn contacts on GaAs(SI) using Scanning Tunneling Microscopy
(ST™M)

Chacter 4 mtroduces the conventional Transmission Line Model (¢cTLM) method
employed to determine the p, of the contacts on n-GaAs This chapter also presents
the effects of metallization thickness on the characteristics of Pd/Sn Ohmic contacts
to n-GaAs
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Chapter 5 describes the effects of a Au overlayers on the characteristics of Pd/Sn
Ohmic contacts A comparative study of non-alloyed Pd/Sn and Pd/Sn/Au and
alloyed Aw/Ge/Auw/N1/Au Ohmic contacts will also be presented 1n this chapter

Chapter 6 compares the electrical and morphological characteristics of non-alloyed
Pd/Ge and alloyed Au-Ge/N1 Ohmic contacts with those of non-alloyed Pd/Sn and
Pd/Sn/Au metallizations

Chapter 7 presents a study of the thermal stability of the contacts at temperatures of
300 °C and 410 °C Long-term stability of the contacts 1s carried out for 400 h at

300 °C

Chapter 8 examines the characteristics of GaAs-MESFETs fabricated using Pd/Sn,
Pd/Ge and Pd/Sn/Au Ohmic contacts

Chapter 9 presents the conclusions of this research and offers suggestions for further
study
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CHAPTER 2

Objectives of this research

2.1 Introduction

Because Ohmic contacts are so important to GaAs devices (section 1.1), substantial
experimental effort has been directed toward developing practical metallization and
processing procedures. O f all the metallizations investigated, none has proven superior
to Au-Ge based systems for contacting n-GaAs. However, as device dimensions have
shrunk into the sub-(im and even toward the nanometre regime, the shortcomings of Au-
Ge based Ohmic metallization have become serious. These deficiencies are:

« High contact resistivity pc A typical Au-Ge pe«10'6Q-cm2produces a 5Q contact
resistance to a 10 (am diameter diode but a 50KQ contact resistance to a 100 nm
diameter diode. Contact resistance [147] in modem GaAs FETs may comprise at
least half the total parasitic source resistance and noise figures are particularly
sensitive to such resistances. Parasitic resistance is likely to be the limitation in high
frequency exploitation ofvertical transport devices.

Poor morphology. During annealing the typical AuGeNi eutectic mix is in the
liquid phase which can result in balling-up and surface roughness or patchiness.

« Thermal instability. The Au-Ge system is not thermally stable [118-121], due to

the formation low melting point (-375 °C) 0-AuGa phase [104], so cannot be used
for high temperature applications or be subjected to subsequent high temperature
(400 °C) processing steps.
Metal diffusion. The alloying steps necessary to contact formation results in the
component metals, particularly Au, moving both vertically and laterally into the
underlying semiconductor over distances that can be several thousand Angstroms,
This necessitates the growth of thick contact layers on epitaxial structures and
imposes a lower limit on lateral separation. Furthermore, metal migration during
device operation compromises device reliability causing shorts and other failure
modes.

To overcome the aforementioned disadvantages of Au-Ge based contact
systems, nonalloyed Pd/Ge contacts have been developed [38,148]. Nonalloyed Pd/Ge
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contacts have low pcin the range of ~106 Q-cm2[22,39,148]. Pd/Ge contacts are also
very shallow in nature and therefore can be used for GaAs based heterojunction devices
[148-150],

One of the most important criteria for an Ohmic contact is its thermal stability.
Although a suitable Au diffusion barrier is used to improve the thermal stability of
Pd/Ge contacts (section 1.3.1), thermal stability ofthis contact system at and above 400
°C still requires further study [31,148,151],

2.2 Objectives

Pd/Ge Ohmic contacts are extensively used to fabricate GaAs devices. To our
knowledge, Pd/Sn Ohmic contacts to n-GaAs have yet to be developed. Ni-Sn based
alloyed Ohmic contacts are reported [102,115], but their contact resistivities are very
high and surface morphology is poor. Although both Ge and Sn are shallow amphoteric
dopants in GaAs and are 0.006 eV from the edge of the conduction band, Sn has a
distinct advantage over Ge. Sn is a less-compensated amphoteric dopant compared to
Ge [152] which results higher net doping concentration and thus lowers pc values.
Although little work has been carried out on the Pd/Sn metallization system [153], there
IS enough information to suggest that this system could withstand the elevated
temperatures associated with modem GaAs device processing.

Anticipating the above facts, a novel potentially non-alloyed Pd/Sn Ohmic
contact system is fabricated on n-GaAs. The objectives ofthe present research are:

1) to undertake the development of a new contact to n-GaAs comprising a Pd/Sn mix
undergoing a solid-phase reaction. The successful completion of this undertaking
would place the users at the forefront of a whole new contact technology for the
microwave and optoelectronic industries.

2) the design, fabrication, testing and modelling ofthe contact having target properties
of

contact resistivity pe<10'6Q-cm2

<>thermal stability up to 410 °C

A smooth morphology on a sub-(am scale
abruptness i.e. having avertical and lateral penetration of metal in the
semiconductor of <50 nm.
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In addition, the effects of a Au overlayer on the properties of Pd/Sn contacts 1e the
properties of Pd/Sn/Au contacts will also be investigated A comparative study among
the charactenistics of Pd/Sn, Pd/Sn/Au, Pd/Ge and conventional Au-Ge/N1 contacts will
be performed Finally, GaAs-MESFETs will be fabricated utiizing Pd/Sn, Pd/Ge and
Pd/Sn/Au Ohmic contacts

2.3 Characterization of the Contacts

The metallization would be deposited by thermal (resistance heating) evaporation
(Appendix A) onto n-GaAs bulk and epitaxial wafers patterned with test structures by
photolithography Lift-off techmques will produce the required metal test structures
which will then undergo the annealing steps by conventional graphite strip annealer
(Appendix B) and rapid thermal annealer (RTA) Experimental design principles will be
applied 1n the optimisation of metal component relative proportions, order of deposition,
thicknesses and annealing conditions A furnace will be employed to characterize the

long-term thermal stability of the contacts

In addition, the characterization of the contact and evaluation of the contact
structure and chemustry will be undertaken by

= Current-Voltage (I-V) measurements to examine conversion from Schottky to
Ohmic behaviour of the contacts

Transmussion Line Model (TLM) to determine the contact resistivity p,

Scanning Tunneling Microscopy (STM) to study surface morphology

Tencor surface profilometry measurements to determine surface roughness
Scanning Electron Microscopy (SEM) to study surface morphology

483 383 38 8

Energy Dispersive Analysis of X-rays (EDAX) to study phase formation before and
after annealing the contacts

4

Secondary Ion Mass Spectrometry (SIMS) to evaluate the phase and component
chemustry of the contacts and movement of the metals into the substrate
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CHAPTER 3

Optimization of Pd and Sn
evaporation rates for better
surface morphology of the
Pd/Sn contacts

3.1 Introduction

Conventionally alloyed Au-Ge/N1 1s the most common Ohmic contact material regime
for n-GaAs [38,72,73,78] After alloying, this contact system gives very rough surface
morphology which 1s detrimental for VLSI GaAs devices Once Ohmic contact 1s
formed, a second metallization (e g TiAu) for bonding 1s required to connect the Ohmic
contact to the outside environment If the surface morphology of the contacts is very
bumpy or rough, it 1s difficult to define a small area bonding pad, which imposes
geometrical constraints on VLSI GaAs devices Rough surface morphology Ohmic
contacts may also be of a spiking nature Spiking contacts cannot be used for GaAs
based heterojunction devices One of the most important reasons for the development of
non-alloyed Pd/Ge Ohmic contacts [22,53,148] 1s to overcome the rough surface
morphology of conventional alloyed Au-Ge/N1 contacts Since Pd/Ge contacts are non-
alloyed, they show better surface morphology and a non-spiking nature which can be
used for GaAs based VLSI devices [31,53,149,154]

In this chapter, a non-alloyed contact system comprising of Pd/Sn metallization
1s fabrnicated on GaAs Considering the aforementioned importance of the surface
morphology of an Ohmic contact, the morphology of the proposed metallization 1s
optimized using Scanning Tunneling Microscopy (STM) for various evaporation rates
of Pd and Sn The effect of Sn to Pd thickness ratio (m) 1s mnvestigated for both as-
deposited and annealed contacts Metallizations are deposited using a resistance heating
evaporator (Appendix A) and annealing 1s carried out 1n a conventional graphite strip
annealer (Appendix B)
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3.2 Experiments

Undoped semi-insulating (SI) GaAs substrates of (001) surface orientation were
sequentially cleaned in trichloroethylene, acetone, methanol and de-ionized (D) water
each for 10 min. The substrates were blow-dried immediately using dry N2 Prior to
loading into an evaporator, the substrates were soaked in a solution of DI HA:HC1
(15:1 by volume) for at least 2 min and then blow dried to remove native oxides.
Samples (GaAs/Pd/Sn structures) listed in TABLE V were prepared by sequential
deposition of Pd and Sn in a resistance heating evaporator without breaking vacuum.
The base pressure was ~4xI0°7Torr and pressure during evaporation was -Ix10 "6 Torr.
Samples A to J were then annealed in a conventional graphite strip annealer with a
flowing forming gas (5% H2+ 95% N2 ambient at 200-400 °C for 5 or 10 min. Surface

morphology ofsamples A to Jwas investigated using STM.

TasLE V. Summary of GaAs/Pd/Sn samples used in STM.

Sample Pd evaporation  Sn evaporation

rate (A/s) rate (A/s)
5 5
8
10
12
5
8
10
12
10
15

—« T I o Mmoo w >
~ oo U1 o1 U1 o1 U1 o1 Ol

3.3 Results

A surface area 0f 60000Ax60000A was scanned using STM. Table VI summarizes the
surface morphology of samples A to J before and after annealing at 200 °C for 10 min.
In the as-deposited state, samples A, E and G exhibit smooth surface morphology
compared to other samples. After annealing at 200 °C for 10 min, all samples, except
sample H show rough surface morphology. Further annealing of samples B, C, D, F, G,
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I and J at temperatures above 200 OC result n a very rough surface Therefore, surface
roughness of samples A, E, and H was further investigated Fig 3 1 shows the standard
deviation of surface roughness (SDSR) of metallizations as a function of Sn evaporation
rate for the as-deposited condition with m=3 and m=5 From Fig 3 1, it 1s clear that for
better surface morphology in the as-deposited state the evaporation rates of both Pd and
Sn should be around 5 A/s It 1s also noted that m=3 gives better surface morphology
under these conditions The STM photographs of samples A, E, G and H before and
after annealing at 200 °C for 10 mun are shown 1n Fig32 and Fig33 The results,
summarnized in TABLE VI, are also confirmed from these photographs

TABLE VI Summary of surface morphology before and after annealing at 200 OC for 10
mm

Sample | Pd Sn Value | Surface Surface
evaporation | evaporation | of m | condition condition
rate (A/s) | rate (A/s) before annealing | after annealing

A 5 5 5 Smooth Worse
B 5 8 5 Rough Worse
C 5 10 5 Rough Worse
D 5 12 5 Rough Worse
E 5 5 3 Smooth Worse
F 5 8 3 Rough Worse
G 5 10 3 Smooth Worse
H 5 12 3 Rough Better
I 8 10 3 Rough Worse
J 7 15 5 Rough Worse
3000
c- @ - -m=5
2500 3
< 2000 ;
o ?
8 1500 ]
* ]
1000 3
s0 ¥ ———— —————
3 7 1 15

Sn evaporation rate (A/s)

Fig31 Standard deviation of surface roughness (SDSR) as a function of Sn
evaporation rate of samples A, B, C, D, E, F, G and H under as-deposited condition, Pd
evaporation rate being constant at 5 A/s Data points are connected for visual aid
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60000A 60000A

0 60000A

Sample A (as-deposited)

60000A

0 | © 60000A 0 | ) 60000A
Sample E (as-deposited) Sample E (200 °C, 10 min)

Fig 32 STM photographs of samples A and E under both as-deposited and annealed
(at 200 OC for 10 min) conditions Orniginal photographs are given in Appendix C
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60000A 60000A

0 - | 60000A 0 | | 60000A
Sample G (as-deposited) Sample G (200 °C, 10 mm)

60000A 60000A

0 60000A 0 60000A
Sample H (as-deposited) Sample H (200 °C, 10 mmn)

Fig 33 STM photographs of samples G and H under both as-deposited and annealed
(at 200 oC for 10 mm) conditions Original photographs are given in Appendix C

The SDSR of samples A, E and H as a function of various annealing
temperatures 1s shown 1n Fig 3 4 Annealing time 1s 10 min for all temperatures except
at 300 °C where annealing time 1s 5 mm Both samples E and H have m=3, but sample
E shows better surface morphology than that of sample H at almost all annealing
temperatures investigated (Fig 3 4(a)) The SDSR of samples A and E 1s shown 1n
Fig 3 4(b) For annealing temperatures above 300 °C, all samples give better surface
morphology (Fig 3 4(a) and F1g 3 4(b)) This behaviour 1s significant because Ohmuicity
of Pd/Sn metallization 1s expected to occur at and above 300 °C In this region, sample
A (with m=35) exhibits better surface morphology than that of sample E (Fig 3 4(b))
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Fig 34 Standard deviation of surface roughness (SDSR) as a function of annealing
temperature of (a) samples E and H, (b) samples A and E Data points are connected for
visual aid

Fig35 shows the STM results for samples E and H after annealing at
temperatures of 350 %C and 400 °C for 10 mm At 350 °C, both samples show almost
1dentical surface morphology After annealing at 400 °C, the surface morphology of
sample E deteriorates when compared to that of sample H Fig 3 4(a) also confirms
these results At these temperatures, the STM photographs of sample A are shown in
Fig36 Sample A shows a slightly deteriorated surface morphology at 400 oc
compared to that at 350 °C However, at these temperatures, sample A shows the best
surface morphology among all of the samples investigated These results are also
confirmed from Fig 3 4(b)
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0o C 60000A 0 | 60000A
Sample E (350 °C, 10 mm) Sample E (400 °C, 10 min)

60000A 60000A

0 60000A 0 C 60000A
Sample H (350 °C, 10 mm) Sample H (400 °C, 10 mn)

Fig 3 5 STM photographs of samples E and H annealed for 10 mm at temperatures of
350 °C and 400 °C Original photographs are given 1n Appendix C
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60000A g 60000A

0 60000A 0 6000A
Sample A (350 °C, 10 mm) Sample A (400 °C, 10 min)

Fig 3 6 STM photographs of sample A annealed for 10 mm at temperatures of 350 °C
and 400 °C Orniginal Photographs are given in Appendix C

3.4 Summary

Surface morphology of the Pd/Sn contacts on GaAs(SI) has been optimised for various
evaporation rates of Pd and Sn utilizing STM The effects of Sn to Pd thickness ratio
(m) on the morphological characteristics of Pd/Sn contacts are also presented From the
results, the following conclusions can be drawn

o Evaporation rates of both Pd and Sn should be around 5 A/s for better surface
morphology

e For the 1mitial evaporation, m=3 gives best results under almost all evaporation rates
investigated

e For annealing temperatures, T,>300 °C the surface morphology of the contacts
improves

e Sample A with a contact structure of GaAs/Pd(466A)/Sn(2726A) shows the best
surface morphology among all of the contacts investigated at T,,>300 ’c
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CHAPTER 4
Pd/Sn Ohmic contacts to n-GaAs

4.1 Introduction

An Ohmic contact system comprising of Pd/Sn metallization has been developed for
n-GaAs for the first time [155-157] Metallizations are deposited using a resistance
heating evaporator and annealing 1s carried out 1n a conventional graphite strip annealer
Metallization thickness and annealing cycles are optimized to reduce p, values The
effects of layering sequencing on the Ohmicity of the Pd/Sn contact are reported The
effects of two-step annealing on the characteristics of Pd/Sn contacts are also

investigated

Pd/Sn contacts are systematically characterized using Surface Profilometry
measurements, Scanning Electron Microscopy (SEM), Energy Dispersive Analysis of
X-rays (EDAX), Secondary Ion Mass Spectrometry (SIMS) and current-voltage (I-V)
measurements Surface Profilometry measurements and SEM are utilized to investigate
surface morphology of the contacts Conversion from Schottky to Ohmic behaviour of
the contacts 1s confirmed by I-V measurements Contact resistivities, p,, of the proposed
metallizations are measured using the conventional Transmission Line Model (¢cTLM)
method which will be described n Section 4 2 EDAX 1s used to determine the various
signal peaks of the contacts at different annealing temperatures These signal peaks will
be correlated with the measured p, values Contact depth profiles are analyzed by SIMS
The formation of various compounds at different annealing temperatures will be
determined by mass spectrometer analysis

4.2 Conventional TLM (cTLM) Method

The TLM pattern used for the contact resistance measurements 1s shown in Fig4 1 The
total resistance between two adjacent Ohmic pads of width W separated by a distance L
1s given by

R, =2R

[

R\
+#L+RP 4 1)
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where rRse is the sheet resistance of the active layer between the contacts (i.e., the film
resistance per square), Rc is the contact resistance and rp is the resistance of the
interconnect wires. If R=RT- rPthen equation (4.1) may be written as

B _ 2R S\LT ~Rsh2 N (42)

W W

L Ohmic contact

active layer

SUBSTRATE

Fig.4.L TLM pattern. Three or more Ohmic contacts with different distances between
adjacent contacts are used in TLM measurement.

where rsni is the sheet resistance of the active layer under the contacts and LTis the
transfer length [12], For the non-alloyed contact it is assumed that Ri=RgemFor the
alloyed contact, R$i*Rshe-

Fig.4.2. Plot of measured resistance as a function of contact separation yields sheet
resistance, contact resistance and other parameters.

Assuming that sheet resistance is constant, aplot of r as afunction of L will yield
a straight line, as shown in Fig.4.2. The slope of the line gives the value rRsi/w and the
intercept with the r axis gives the value 2rc. The intercept with the L axis, -Lx, is related
to the transfer length, Lf.

_2RW _2RMLT 43)

v

Thus the ¢-axis intercept would give the value of LT if Rsi=Rse=Rsh Equation (4.1)
gives unequivocal answers for rse and RrC these are the experimentally determined
variables. Additional data is needed to accurately determine the quantities pg rRm of Lr.



Technically, the end resistance measurement [10] can supply the necessary information
if the length, Lc, ofthe contact is known. The end resistance measurement is useful only
if Lcis not greatly larger than L7 Usually, Lo L r, S0 that rc is independent of L.
Under these circumstances the area wicdoes not have much significance, but w itself
still does, of course. The effective area of the contact is wir and the contact resistivity
is given by

PC= WLtRc = RshLI2. (4.4)

4.3 Experiments

Contacts were fabricated on a Si-doped (2x10®cm® n-GaAs epitaxial layer grown by
metal-organic vapor phase epitaxy (MOVPE) in a metal-semiconductor field-effect
transistor (MESFET) structure. The starting material for this MESFET structure was
semi-insulating (SI) GaAs substrate of (100) surface orientation. The epitaxial structure
consists of the following layers: a 50 nm AlAs undoped barrier layer, a 2500 nm GaAs
undoped channel layer, a 200 nm n-GaAs (5xI017 cm'3) layer for recessed gate
metallization, and a 100 nm n-GaAs (2x108 cm'3 layer for Ohmic contacts (Fig.4.3).
The top 100 nm GaAs heavily doped layer is used to reduce contact resistivity and the
50 nm AlAs barrier layer is used to confine electrons in the channel layer.

100 nm n-GaAs (2x1018cm'3

200 nm n-GaAs (5x107cm'3)
2500 nm GaAs (undoped)

50 nm AlAs (undoped)

GaAs(Sl) substrate

Fig.4.3. Schematic diagram ofthe GaAs MESFET substrate.

The GaAs substrates were sequentially cleaned and degreased in
trichloroethylene, acetone, methanol and de-ionized water (DI H20), each for 10 min.
The substrates were blow-dried immediately using dry nitrogen (N2. Ohmic test,
morphology and TLM patterns were defined by standard photolithography and lift-o ff
processes. A solution of HO 2NH4H:DI HA (1:3:15 by volume) was used as an
etchant for mesa definition.
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Prior to loading into an evaporator, the wafers were soaked in a solution of DI
H2:HC1 (15:1 by volume) for at least 2 min and then blow dried using dry N2 to
remove native oxides. The n-GaAs/Pd(30 nm)/Sn(90 nm), n-GaAs/Pd(30 nm)/Sn(150
nm), n-GaAs/Pd(40 nm)/Sn(120 nm) and n-GaAs/Pd(50 nm)/Sn(125 nm) samples were
prepared by a sequential deposition of Pd and Sn in a resistance heating evaporator
without breaking vacuum. In addition, n-GaAs/Sn(25 nm)/Pd(25 nm) and
n-GaAs/Pd(25 nm)/Sn(25 nm) samples were prepared in order to investigate the effect
ofthe layering sequence on Ohmic behaviour. The base pressure was -4x10" Torr and
pressure during evaporation was between 1.5x10'6 Torr and 3.5x1 06 Torr.

All samples were then annealed by a conventional graphite strip annealer in a
flowing forming gas (5% H2 + 95% N2 ambient. The n-GaAs/Pd(30 nm)/Sn(90 nm)
and n-GaAs/Pd(30 nm)/Sn(150 nm) contacts are annealed in the temperature range of
300-400 °C for 30 min, whereas the n-GaAs/Pd(40 nm)/Sn(120 nm) and n-GaAs/Pd(50
nm)/Sn(125 nm) contacts are annealed in the temperature ranges of 330-400 °C for 30
min and 360-425 °C for 30 min, respectively. The n-GaAs/Pd(25 nm)/Sn(25 nm)
contact is annealed at 390 C for 20 min, whereas the n-GaAs/Sn(25 nm)/Pd(25 nm)
contact is annealed at 400 °C for 5 min. For two-step annealing, the samples were first
annealed in a rapid thermal annealer (RTA), and then in a conventional graphite strip
annealer under the same ambient condition.

Surface morphology ofthe contacts was investigated using a Tencor Instruments
Surface Profilometer and a Hitachi S-4000 FESEM (FEM). A Cameca IM S3f SIMS
intrument using an 0 2 primary ion heam with an impact energy of 12.5 keV was used
in depth profiling studies. Conversion from Schottky to Ohmic behaviour of the
contacts was examined by |-V measurements. Contact resistivity was measured utilizing
the cTLM method.

4.4 Results and Discussions

4.4.1 Electrical characteristics

The pcofthe Pd/Sn Ohmic contacts are measured in a test pattern conforming to the

TLM (Fig.4.1), with the pad spacing ranging from 2 to 128 (am. The width ofthe Ohmic
pad, w, is 140 nm. The transfer length method [12] is utilized to measure pcvalues of

the contacts. It is assumed that the sheet resistance of the semiconductor under the
contacts, rRshj, is equal to the sheet resistance ofthe semiconductor between the contacts,
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R,, Fig 4 4 shows the measured average contact resistivity vs annealing temperature

curves for 4 TLM patterns The measured current-voltage curves show rectifying
behaviour when the annealing temperature 1s <300 °C The Pd(30 nm)/Sn(150 nm)
contact shows a lowest p, of 3 26x10- Q-cm? after annealing at 360 °C for 30 mm,
whereas the Pd(30 nm)/Sn(90 nm) contact shows a lowest p, of 6 05x10-5 Q-cm? for
the same annealing condition However, both Pd(40 nm)/Sn(120 nm) and Pd(50
nm)/Sn(125 nm) contacts exhibit a lowest p, of 2 38x10”° Q-cm® and 2 07x10”° Q-cm’,
respectively after annealing at 400 %C for 30 mm Thus, metallization thickness has a

significant effect on annealing cycles for the Pd/Sn contacts It 1s also clear that excess
Sn does not lower the p, values significantly Measurement errors, Ap,, of the Pd/Sn

Ohmic contacts at the lowest p_ points are shown in TABLE VII The Pd(50 nm)/Sn(125
nm) Ohmic contact appears to have excellent reproducibility with a Ap, of 0 92x10”

Q-cm’ among all metallizations investigated

10?2
t
9 107
G ]
&
>
— -4 ]
§ 10 E
2 ]
o ] ;
' { | —@— Pd(30 nm)/Sn(90 nm)
g 10°% J | —®— Pd(30 nm)/Sn(150 nm)
8 1|- - # - -Pd(40 nm)/Sn(120 nm)
1| —¢—Pd(50 nm)/Sn(125 nm)
°
250 300 350 400 450

Annealing temperature (°C)

Fig 44 Contact resistivity vs annealing temperature curves of the Pd/Sn contacts to
n-GaAs All contacts are annealed for 30 min

TABLE VII Summary of contact resistivity, p.,, and measurement error, Ap,, of the
Pd/Sn Ohmic contacts to n-GaAs

Contact structure Annealing condition p, (Q-cmz) Ap, (Q-cmf)
Pd(30 nm)/Sn(150 nm) 360 °C, 30 mm 326x10° +2 50x10°
Pd(30 nm)/Sn(90 nm) 360 °C, 30 mm 6 05x107 +1 63x107
Pd(40 nm)/Sn(120 nm) 400 °C, 30 mm 2 38x107 +1 25x107
Pd(50 nm)/Sn(125 nm) 400 °C, 30 mm 2 07x107 +0 92x10°
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TABLE VIII Summary of calculated sheet resistance, R, and transfer length, L,
parameters of the Pd(30 nm)/Sn(150 nm) contact to n-GaAs under various annealing
temperatures

Annealing condition R, (/0O) Ly (um)
300 °C, 30 muin 191 49 5491
330 °C, 30 min 192 80 2918
360 °C, 30 mn 165 00 04 45
400 °C, 30 min 288 08 0553

TABLE VIII summarizes the calculated sheet resistance, Ry, and transfer length,
Ly, parameters of the Pd(30 nm)/Sn(150 nm) contact under different annealing
temperatures Both R, and L; decrease up to an annealing temperature of 360 °C where
the mimmum p, value occurs Above 360 °C, both R, and L;tend to increase At 360
°c, Lr1s 445 pm which 1s much lower than the length of contact, L, (100 um) This
validates the application of the transfer length method for the Pd/Sn contacts

4.4.2 Surface profilometry measurements

Surface profiles of the Pd(30 nm)/Sn(150 nm) contacts under both as-deposited and
lowest p, conditions are shown in Fig 4 5 In the as-deposited condition, the maximum
peak-to-valley distance, TIR, of the scanned surface 1s 30 nm and the average surface
roughness, Ra, 1s 5 nm (Fig 4 5(a)) At the lowest p, condition (360 °C, 30 min), these
values are 90 nm and 15 nm, respectively (Fig 4 5(b)) TABLE IX summarizes the
surface profiles of all Pd/Sn contacts under both as-deposited and at the lowest p,
conditions In the as-deposited state, the Pd(30 nm)/Sn(90 nm) contact shows a TIR of
30 nm and a Ra of 5 nm For the Pd(40 nm)/Sn(120 nm) contact, these values are 45 nm
and 5 nm, respectively The Pd(50 nm)/Sn(125 nm) contact shows better surface
profiles under as-deposited condition with a TIR of 24 5 nm and a Ra of 3 5 nm

At the lowest p, point, the Pd(30 nm)/Sn(90 nm) contact displays a TIR of 10
nm and a Ra of 0 nm, whereas for the Pd(40 nm)/Sn(120 nm) contact these values are
60 nm and 10 nm, respectively The Pd(50 nm)/Sn(125 nm) contact shows a TIR of 33
nm and a Ra of 5 nm at the lowest p_ condition (400 ’%c, 30 min) Therefore, the Pd(30
nm)/Sn(90 nm) contact exhibits best surface profiles among all the contacts investigated
at the lowest p, conditions
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Fig.4.5. Surface profies of the Pd(30 nm)/Sn(150 nm) contact to n-GaAs: (a) as
deposited and (b) annealed at 360 °C, 30 min.

TasLe IX. Summary of surface profiles ofthe Pd/Sn contacts to n-GaAs under both as-
deposited and lowest pcconditions.

Contact structure Annealing condition TIR (nm) Ra (nm)
Pd(30 nm)/Sn(150 nm) as-deposited 30.0 50
Pd(30 nm)/Sn(150 nm) 360 °C, 30 min 90.0 15.0
Pd(30 nm)/Sn(90 nm) as-deposited 30.0 50
Pd(30 nm)/Sn(90 nm) 360 °C, 30 min 10.0 0.0
Pd(40 nm)/Sn(120 nm) as-deposited 45.0 50
Pd(40 nm)/Sn(120 nm) 400 °C. 30 min 60.0 10.0
Pd(50 nm)/Sn(125 nm) as-deposited 24.5 35
Pd(50 nm)/Sn(125 nm) 400 °C, 30 min 33.0 50
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4.4.3 Surface morphology using SEM

SEM micrographs of the Pd(30 nm)/Sn(150 nm) and Pd(30 nm)/Sn(90 nm) contacts
under both as-deposited and lowest pcconditions are shown in Fig.4.6. Micro-crystals
of the order of -1.0 jam in diameter are observed on the surface with the Pd(30
nm)/Sn(150 nm) contacts under both as-deposited (Fig.4.6(a)) and at the lowest pc
(Fig.4.6(b)) conditions. However, metallizations are more uniformly distributed at the
lowest pcpoint compared to the as-deposited state. The Pd(30 nm)/Sn(90 nm) contact
shows micro-crystals of the order 0f-0.5 (im in diameter under the as-deposited state
(Fig.4.6(c)). After annealing at 360 °C for 30 min, the size of these micro-crystals does
not change appreciably (Fig.4.6(d)) but the metallizations seems to be more uniformly
distributed compared to the as-deposited condition. Therefore, excess Sn appears to
have a significant effect on the surface morphology ofthe Pd/Sn contacts.

Fig.4.6. SEM micrographs of the Pd/Sn contacts to n-GaAs: (a) Pd(30 nm)/Sn(150 nm),
as-deposited; (b) Pd(30 nm)/Sn(150 nm), 360 °C, 30 min; (c) Pd(30 nm)/Sn(90 nm), as-
deposited and (d) Pd(30 nm)/Sn(90 nm), 360 °C, 30 min.
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The s1ze of micro-crystals improves significantly after annealing at the lowest p,
point for both Pd(40 nm)/Sn(120 nm) and Pd(50 nm)/Sn(125 nm) contacts (Fig 4 7) In
the as-deposited state, Pd(40 nm)/Sn(120 nm) and Pd(50 nm)/Sn(125 nm) contacts
show micro-crystals of the order of ~1 0 um and ~0 75 pum diameters, respectively
(Figs 4 7(a) & 4 7(c)) At the lowest p. point, the size of micro-crystals decreases to
~0 5 um for both contacts (Figs 4 7(b) & 4 7(d)) Thus, excess Pd shows little effect on
the surface morphology of the Pd/Sn contacts

(b)

(d)

Fig 4 7 SEM micrographs of the Pd/Sn contacts on n-GaAs (a) Pd(40 nm)/Sn(120 nm),
as-deposited, (b) Pd(40 nm)/Sn(120 nm), 400 °C, 30 mun, (c) Pd(50 nm)/Sn(125 nm),
as-deposited and (d) Pd(50 nm)/Sn(125 nm), 400 °C, 30 mm

It 1s postulated that the Ohmic contact formation mechanism of the Pd/Sn
metallization to n-GaAs 1s simular to that which occurs mn the Pd/Ge metallization
(Fig 1 5), with Sn taking the place of Ge and 1s shown schematically in Fig4 8 In
Pd/Sn metallization, Sn dopes n-GaAs at temperatures T>300 °C (Fig4 8) and
consequently a low resistance Ohmic contact 1s obtained At the lowest p_ point, all of
the Pd could react to form the compound PdSn which 1s comparable to PdGe formation
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for the Pd/Ge metallization scheme annealed at 325 °C for 30 mmn [18] Thus layer 1s at
the sample surface It 1s believed that excess Sn 1s now transported through the PdSn
layer to dope the n-GaAs to form n'-GaAs layer resulting n the lowenng of p, values

~100°C ~300°C >300 °C
Sn Sn Sn PdSn
Pd Pd PdSn Sn
_— + +
Pd,GaAs n -GaAs (Sn) n -GaAs (Sn)
Gads GaAs GaAs GaAs

Fig48 Schematic representation of regrowth mechanmisms using the Pd/Sn
metallization to n-GaAs (postulated)

4.4.4 Contact depth profiles using SIMS

SIMS depth profiling shows how metallizations penetrate into the underlying GaAs
Due to the 'knock-on' effect of the primary O," 10n on the contact constituent elements,
it 1s difficult to determine the exact penetration depths of metals into the underlying
GaAs usmg SIMS In the as-deposited sample, knock-on produces “metal tails”
Preferential knock-on of species 1s not responsible for the shape changes of profiles,
rather they reflect genuine diffusion Therefore, the best approach 1s to compare shapes

(e g peaks) and look for relative changes between profiles

The SIMS depth profiles of Pd(30 nm)/Sn(150 nm) and Pd(30 nm)/Sn(90 nm)
contacts at the lowest p, point are shown 1n Fig4 9 and Fig 4 10, respectively The

depth profiles for Pd and Sn of the former contact (Fig 4 9) have lower slopes than those
of the latter contact (Fig 4 10) However, the Ga and As profiles are 1dentical for both
contacts Therefore, a Pd(30 nm)/Sn(90 nm) contact 1s more abrupt than that of a Pd(30
nm)/Sn(150 nm) contact
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Fig 4 9 SIMS depth profiles of the Pd(30 nm)/Sn(150 nm) contact annealed at 360 oOu
30 min
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Fig 4 10 SIMS depth profiles of the Pd(30 nm)/Sn(90 nm) contact annealed at 360 oc,

30 min

SIMS depth profiles of the Pd(40 nm)/Sn(120 nm) contact under both as-
deposited and lowest p, (400 °C, 30 min) conditions are shown mn Fig 4 11 and Fig 4 12,
respectively The metal/GaAs interface 1s well defined in the as-deposited state
(Fig4 11) After annealing at 400 ’C for 30 mim, Ga and As profiles remain almost
identical as those 1n as-deposited state. although slight outdiffusion of Ga and As 1s
observed at this temperature (Fig 4 12) The slopes of Pd and Sn profiles decrease
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sigmficantly after annealing The widths of both Pd and Sn profiles are almost doubled
at the lowest p, point (Fig 4 12) compared to the as-deposited state (Fig 4 11) indicating
significant metal penetration into the underlying GaAs substrate However, the exact
penetration depth can not be determined due to the ‘knock-on’ effect as described
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Fig4 11 SIMS depth profiles of the Pd(40 nm)/Sn(120 nm) contact under as-deposited
condition
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Fig 4 12 SIMS depth profiles of the Pd(40 nm)/Sn(120 nm) contact annealed at 400 °C,
30 min

Fig 4 13 shows the SIMS depth profiles of the Pd(50 nm)/Sn(125 nm) contact
under both as-deposited (Fig 4 13(a)) and annealed at 400 °C for 30 mm (Fig 4 13(b))
conditions Outdiffusions of Ga and As are observed after annealing at 400 OC for 30
mm The shape of Pd profile does not change appreciably after annealing However, the
shape of Sn profile changes sigmficantly indicating Sn penetration into underlying
GaAs substrate
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From the SIMS depth profiles (from Fig4 9 to Fig 4 13) 1t 1s clear that both
Pd(40 nm)/Sn(120 nm) and Pd(50 nm)/Sn(125 nm) contacts have wider depth profiles
compared to both Pd(30 nm)/Sn(150 nm) and Pd(30 nm)/Sn(90 nm) contacts at the
lowest p, points This 1s due to a higher temperature (400 °C) requirement at the lowest
p. point for both Pd(40 nm)/Sn(120 nm) and Pd(50 nm)/Sn(125 nm) contacts The
Pd(30 nm)/Sn(90 nm) contact shows the most abrupt metal/GaAs interface among all

Pd/Sn contacts mvestigated
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Fig4 13 SIMS depth profiles of the Pd(50 nm)/Sn(125 nm) contact (a) as-deposited
and (b) annealed at 400 °C, 30 mmn
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Fig.4.14. Mass spectra of positive secondary ions for (a) Pd(30 nm)/Sn(150 nm) and (b)
Pd(30 nm)/Sn(90 nm) contacts, both annealed at 360 °C, 30 min.

4.4.5 Mass spectrometer analysis
Fig.4.14 shows the mass spectrometer analysis of positive secondary ions for the Pd(30

nm)/Sn(150 nm) and Pd(30 nm)/Sn(90 nm) contacts at the lowest pc point. Positive
secondary ions of Pd+, Sn+, Si+, As+ Ga*, Gaz+, GaO+, SnO+, Sn02+ PdGa+ SnGa+and
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Pd2+ are monitored in the ion microanalyzer for hoth contacts. Mass spectrometer
analysis of the Pd(50 nm)/Sn(125 nm) contact at the lowest pc point is shown in
Fig.4.15. The observed secondary ions are identical to those found with both Pd(30
nm)/Sn(150 nm) and Pd(30 nm)/Sn(90 nm) contacts (Fig.4.14).

Mass (a.m.u.)

Fig.4.15. Mass spectra of positive secondary ions for the Pd(50 nm)/Sn(125 nm) contact
annealed at 400 C, 30 min.

At the lowest pcpoint, SnPd+ions should be monitored in the microanalyzer and
they will have an atomic mass unit (amu) of -226. SIMS is not very chemically
sensitive to SnPd+ species and these species w ill be formed in the plasma within the
instrument. At high amu the noise increases and weak signals are unreliable. For this
reason, SnPd+ions are not detected. The detection of PdSn compound formation would
support the non-alloying behaviour of the contacts. Since we failed to detect PdSn
compound formation due to SIMS insensitivity as described above, the non-alloying
behaviour of the contacts could not be confirmed. However, the detection of PdGa+and
SnGa+ions indicates the outdiffusion of Ga into the metallization.
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4.4.6 Correlation between Ga signal and contact behaviour

Fig 4 16 shows the EDAX spectra of the Pd(30 nm)/Sn(150 nm) contacts at various
annealing temperatures TABLE X also summarizes the calculated various signal peaks
from EDAX spectra at different annealing temperatures As the annealing temperature
increases from 300 °C (Fig 4 16(a)) to 360 °’c (Fig 4 16(b)), the peak of the Ga signal
also increases This signifies Ga outdiffusion into the metallization and formation of
more Ga vacant sites in n-GaAs The dopant Sn now occupies these Ga vacant sites to
dope the n-GaAs resulting 1 the formation of epitaxial n'-GaAs and thus lowers p,
values This Ga signal peak 1s highest at 360 %C which correlates with the lowest Pe
value at that temperature The signal peaks of As decreases with increasing annealing
temperature Since annealing 1s carried out 1n an open system where As vaporizes
through the metallization into the surrounding atmosphere or to vacuum, the loss of As
increases with the increase in annealing temperatures The diffusivity and or solubility
of Ga mn Pd 1s greater than that of As [2] The Pd/Sn metallization serves as a sink for
Ga 1n much the same way that Au acts as a sink for Ga 1n Au-Ge based Ohmic contacts
[120,121] The Pd and Sn signal peaks decrease with increasing temperature This type
of behaviour 1s anticipated since more reactions are expected at increased temperatures
indicating more compound (e g PdGa and SnGa) formation as evidenced by mass
spectrometer analysis (Fig 4 14)

TABLE X Summary of calculated signal peaks from EDAX spectra of the Pd(30
nm)/Sn(150 nm) contacts after annealing for 30 mm at different temperatures

Annealing Peak counts Peak counts Peak counts Peak counts
temperature ofGa(au) ofAs(au) ofPd(au) ofSn(au)
300 °C 265 372 620 1389

360 °C 354 377 593 1293

400 °C 339 320 594 1090

62



1389 rs
%4000 @ 10kV

X-ray Counts

T L]
6 0 890 10 0
Energy (keV)
(a)
1293 ¥s
%4000 € 10kV
&
]
=
=]
Q
=
)
o
»
L p— L] N
490 60 80 10 0
Energy (keV)
(b)
1090 ¥s
¥4000 € 10KV

X-ray Counts

Energy (keV)

(©

Fig4 16 EDAOX spectra of the Pd(30 nm)/Sn(150 nm) contacts after annealing for 30
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4.4.7 Effect of layering sequence

Plots of the I-V behaviour of the Pd(25 nm)/Sn(25 nm) and Sn(25 nm)/Pd(25 nm)
metallizations to n-GaAs are shown m Fig4 17 The n-GaAs/Pd(25 nm)/Sn(25 nm)
contact shows Ohmic behaviour (constant resistance) after annealing at 390 OC for 20
mun (Fig 4 17(a)), whereas the n-GaAs/Sn(25 nm)/Pd(25 nm) contact shows rectifying
behaviour (vanable resistance) after annealing at 400 °C for 5 min This result indicates
that Pd must be the first layer deposited on chemically cleaned n-GaAs 1n order to
fabricate Ohmic contacts using the Pd/Sn metallization This 1s consistent with the 1dea
that Pd disperses the native oxides from the n-GaAs surface 1n order that the epitaxial
growth of Sn can occur during the annealing treatment [2]
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Fig 4 17 Graphics plots of (a) n-GaAs/Pd(25 nm)/Sn(25 nm) contact annealed at 390 °C
for 20 min and (b) n-GaAs/Sn(25 nm)/Pd(25 nm) contact annealed at 400 °C for § min
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4.4.8 Effects of two-step annealing on the characteristics of
Pd/Sn Ohmic contacts

Two-step annealing can improve the overall properties of Ohmic contacts [71] In order
to mvestigate the effects of two-step annealing, the Pd(30 nm)/Sn(150 nm) contacts are
first annealed in a RTA and then in a conventional graphite strip annealer TABLE XI
summarizes the measured p, and R, values under both single-step and two-step
annealing conditions A p of 3 26x10” Q-cm” 1s obtained after single-step annealing at
360 °C for 30 min The same contact shows p, of 1 49x10” Q-cm” and 1 53x10”° Q-cm’
after two-step annealing of 225 0C, 50 s + 350 OC, 15 min and 225 0C, 2 mm + 350 OC,
10 mnin, respectively After annealing at 200 °C, 2 mm + 400 °C, 15 mm, the Pd(30
nm)/Sn(150 nm) contact displays a p, of 3 35x10° Q-cm® Therefore, two-step
annealing improves the electrical characteristics of the Pd/Sn contacts very shightly In
addition, two-step annealing has almost insignificant effect on R,

TABLE XI Summary of measured contact resistivity, p., and sheet resistance, R, of the
Pd(30 nm)/Sn(150 nm) contacts to n-GaAs under both single-step and two-step
annealing conditions

Annealing condition Pc (Q-cmz) R, (YO
360 °C, 30 min 326x10° 165 00
225°C, 50 s + 350 °C, 15 mm 149x107 160 00
225°C, 2 mm + 350 °C, 10 min 153x10° 159 35
200 °C, 2 muin + 400 °C, 15 mimn 335x107 133 82

TABLE XII Summary of surface profiles of the Pd(30 nm)/Sn(150 nm) contacts to
n-GaAs under different annealing conditions

Annealing conditions TIR (nm) Ra (nm)
360 °C, 30 min 90 15
225°C, 50 s + 350 °C, 15 mn 20 0
225°C, 2 mm + 350 °C, 10 min 85 10
200 °C, 2 mum + 400 °C, 15 mimn 90 15

TABLE XII summarizes the surface profiles of the Pd(30 nm)/Sn(150 nm)
contacts under both types of annealing Single-step annealing (360 °C, 30 mm) shows a
maximum peak-to-valley distance of the scanned surface, TIR, of 90 nm and average
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surface roughness, Ra, of 15 nm. Two-step annealing conditions exhibit better surface
profiles compared to single-step annealing. Annealing at 225 °C, 50 s + 350 °C, 15 min
shows the best results with a TIR of 20 nm and a Ra of 0 nm. Therefore, two-step
annealing improves the surface profiles ofthe Pd/Sn Ohmic contacts significantly.

SEM micrographs ofthe Pd(30 nm)/Sn(150nm) contacts are shown in Fig.4.18.
Micro-crystals of the order o f-1.0 jam in diameter are observed after annealing at 360
°C for 30 min (Fig.4.18(a)). The size of micro-crystals decreases to -0.75 |am in
diameter when annealed at 225 °C, 50 s + 350 °C, 15 min (Fig.4.18(b)) and 225 °C, 2
min + 350 °C, 10 min (Fig.4.18(c)). However, two-step annealing at 200 °C, 2 min +
400 °C, 15 min (Fig.4.18(d)) shows micro-crystals ofthe order o f-1.0 *min diameter.
Surface profilometry measurements (TABLE X1I) also reveal these results. Therefore,
judicious choice of two-step annealing can improve the morphological characteristics of
the Pd/Sn Ohmic contacts.

Fig.4.18. SEM micrographs of the Pd(30 nm)/Sn(150 nm) contacts at various annealing
conditions: (a) 360 °C, 30 min; (b) 225 °C, 50 s + 350 °C, 15 min; (c) 225 °C, 2 min +
350 °C, 10 min and (d) 200 °C, 2 min + 400 °C, 15 min.
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Fig 4 19 and Fig 4 20 show the SIMS depth profiles of the Pd(30 nm)/Sn(150
nm) contact after annealing at 225 0C, 50 s + 350 OC, 15 min and 225 0C, 2 min + 350
%C, 10 mm, respectively The depth profiles of Pd and Sn are almost 1dentical to those
found in single-step annealing at 360 °C, 30 mm (Fig 4 9) However, the signal peaks of
Ga and As are higher 1n single-step annealing (Fig 4 9) than those of two-step annealing
(Fig 4 19 & Fig 4 20) Therefore, aforementioned two-step annealings do not improve
the abruptness of the Pd(30 nm)/Sn(150 nm) contacts However, two-step annealing at
225 °C, 50 s + 350 °C, 15 mm (Fig 4 19) shows higher slopes of Pd and Sn profiles
compared to two-step annealing at 225 °C, 2 mm + 350 °C, 10 min (Fig 4 20) with
almost 1dentical p, values (TABLE XI)
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Fig 4 19 SIMS depth profiles of the Pd(30 nm)/Sn(150 nm) Ohmic contact annealed at
225°C, 50 s +350°C, 15 min
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Fig.4.20. SIMS depth profiles of the Pd(30 nm)/Sn(150 nm) Ohmic contact after
annealed at 225 °C, 2 min + 350 °C, 10 min.

Fig.4.21 shows the SIMS depth profiles of the Pd(30 nm)/Sn(150 nm) Ohmic
contact annealed at 200 °C, 2 min + 400 °C, 15 min. The Pd and Sn profiles are wider
and have lower slopes than those of single-step annealing at 360 °C, 30 min (Fig.4.9).
However, peak counts of both Ga and As profiles are identical in both types of
annealing. Thus two-step annealing at 200 °C, 2 min + 400 °C, 15 min deteriorates the
abruptness of the contact. This is due to higher temperature (400 °C) used in the case of
this annealing.
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4.5 Summary

In summary, a novel Ohmic contact system comprising of Pd/Sn metallization has been
developed for n-GaAs The effects of metallization thickness on the characteristics of
Pd/Sn Ohmic contacts are reported Metallization thickness shows little effect on the
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electrical characteristics of the contacts A lowest p, of 3 26x10”° Q-cm’ 1s obtaimed for
a substrate doping of 2x10"® cm™ with a Pd(30 nm)/Sn(150 nm) contact after annealing
at 360 °C for 30 mm, whereas the Pd(30 nm)/Sn(90 nm) contact shows a lowest p, of
6 05x10° Q-cm” at the same annealing condition Thus excess Sn does not lower the p,
values significantly Metallization thickness has a significant effect on the annealing
cycles at the lowest p. points The Pd(40 nm)/Sn(120 nm) contact produces a lowest p,
of 238x10” Q-cm® at 400 0C, 30 mm, whereas a lowest p, of 2 07x10° Q-cm’ 1s
obtained with the Pd(50 nm)/Sn(125 nm) contact under the same annealing condition
The Pd(50 nm)/Sn(125 nm) contact exhibits excellent reproducibility among all

metallizations investigated

The Pd(30 nm)/Sn(90 nm) Ohmic contact appears to have the best surface
morphology and least metal penetration into the underlying GaAs among all contacts
investigated as evidenced by Surface Profilometry measurements, SEM and SIMS
Two-step annealing has little effect on the electrical characteristics of the Pd/Sn Ohmic
contacts Two-step annealing at 225 °%C, 50 s + 350 0C, 15 min gives a p, of 1 49x107
Q-cm® with a Pd(30 nm)/Sn(150 nm) Ohmic contact Proper choice of two-step
annealing cycles improves the morphological characteristics of the contacts However,
two-step annealing does not improve the abruptness of the contacts

The EDAX spectra indicate an increase in Ga out-diffuston with an increase in
annealing temperatures This behaviour 1s correlated with the calculated p, values Mass
spectrometer analysis indicates the formation of PdGa and SnGa compounds at the
lowest p, conditions However, the formation of PdSn compounds could not be
identified due to SIMS insensitivity as described in 44 5 For this reason the non-
alloymg behaviour of the contact could not be confirmed Pd must be the first layer
deposited on n-GaAs 1n order to fabricate Ohmic contacts using the Pd/Sn metallization
All evidence 1s consistent with a replacement mechanmism n which an n*-GaAs surface
region 1s formed when Sn occupies excess Ga vacant sites resulting in higher tunneling

probability and lower p values
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CHAPTER 5

Effects of Au overlayers on the
characteristics of Pd/Sn Ohmic
contacts to n-GaAs

5.1 Introduction

The effects of Au overlayers on the characteristics of non-alloyed Pd/Sn Ohmic contacts
have been studied Metallizations are deposited using a resistance heating evaporator
and annealing 1s carried out in a conventional graphite strip annealer Surface
morphology of the contacts 1s investigated using Surface Profilometry measurements
and Scanning Electron Microscopy (SEM) The contact depth profiles are analyzed by
Secondary Ion Mass Spectrometry (SIMS) Conversion from Schottky to Ohmic
behaviour of the contacts 1s confirmed by I-V measurements Contact resistivities, p,, of
the proposed metallizations are measured using the conventional Transmission Line
Model (cTLM) method The formation of various compounds at the lowest p, point will
be determined by mass spectrometer analysis Finally, a comparison will be made
among non-alloyed Pd/Sn and Pd/Sn/Au and alloyed five-layer Au/Ge/Au/Ni/Au
contacts

5.2 Experiments

Contacts were fabricated on a Si-doped (2x10"® cm'3) n-GaAs epitaxial layer grown by
metal-organic vapor phase epitaxy (MOVPE) in a metal-semiconductor field-effect
transistor (MESFET) structure shown previously in Fig 4 3 The GaAs substrates were
sequentially cleaned and degreased in trichloroethylene, acetone, methanol and de-
iomzed water (DI H,0), each for 10 mm The substrates were blow-dried immediately
using dry mitrogen (N,) Ohmic test, morphology and TLM patterns were defined by
standard photolithography and lift-off processes A solution of H,0, NH,OH DI H,0O
(1.3:15 by volume) was used as an etchant for mesa definition
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Prior to loading into an evaporator, the wafers were soaked in a solution of DI
H2:HCL (15:1 by volume) for at least 2 min and then blow dried using dry N2 to
remove native oxides. Samples consisting of n-GaAs/Pd(30 nm)/Sn(150 nm)/Au(40
nm), n-GaAs/Pd(30 nm)/Sn(150 nm)/Au(100 nm), n-GaAs/Pd(50 nm)/Sn(125
nm)/Au(40 nm), n-GaAs/Pd(50 nm)/Sn(125 nm)/Au(100 nm), n-GaAs/Pd(25
nm)/Sn(102 nm)/Au(100 nm) and n-GaAs/Au(14 nm)/Ge(14 nm)/Au(14 nm)INi(ll
nm)/Au(200 nm) structures were prepared by sequential deposition of metallizations in
a resistance heating evaporator without breaking vacuum. The base pressure was
-4x10""Torr and pressure during evaporation was between 1x10° Torr and 6x10"° Torr.

All samples with n-GaAs/Pd/Sn/Au structures were then annealed in the
temperature range of 300-360 °C for 30 min by a conventional graphite strip annealer in
a flowing forming gas (5% H2+ 95% N2 ambient. The five-layer Au(14 nm)/Ge(14
nm)/Au(14 nm)/Ni(l Lnm)/Au(200 nm) contacts were alloyed at 430 °C for 6 min under
the same forming gas ambient in a graphite strip annealer.

Surface morphology ofthe contacts was investigated using a Tencor Instruments
Surface Profilometer and a Hitachi S-4000 FESEM (FEM). A Cameca IM S3f SIMS
intrument using an 0 2+ primary ion beam with an impact energy of 12.5 keV was used
in depth profiling studies. Conversion from Schottky to Ohmic behaviour of the
contacts was examined by I-V measurements. Contact resistivity was measured utilizing
the cTLM method.

5.3 Results and Discussions

5.3.1 Electrical characteristics

The pcofthe contacts are measured in a test pattern conforming to the TLM (Fig.4.1),
with the pad spacing ranging from 2 to 128 (im. The width ofthe Ohmic pad, w, is 140
jam. The transfer length method [12] is utilized to measure pcvalues ofthe contacts. The
Pd/Sn/Au contacts are annealed for 30 min. It is assumed that the sheet resistance ofthe
semiconductor under the contacts, rxn, is equal to the sheet resistance of the
semiconductor in between the contacts, ree Fig.5.1 shows the measured average
contact resistivity vs. annealing temperature curves for 4 TLM patterns. A lowest pcof
3.89x106 Q-cm2 is obtained at 330 °C for the Pd(30 nm)/Sn(150 nm)/Au(100 nm)
contacts, whereas the Pd(30 nm)/Sn(150 nm)/Au(40 nm) contacts show a lowest pcof
2.05x10-5Q-cm2at 360 °C.
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The Pd(50 nm)/Sn(125 nm)/Au(40 nm) contacts show a lowest pcof 5.10x1 06
Q-cm2 at 330 °C, whereas the Pd(50 nm)/Sn(125 nm)/Au(100 nm) contacts have a
lowest pc of 1.29x10" Q-cm® at the same annealing temperature. However, the Pd(25
nm)/Sn(102 nm)/Au(100 nm) contacts display a lowest pc of 2.27x1 o5 Q-cm2 at 330
°C. In the previous chapter (Section 4.4.1), it is seen that the Pd(30 nm)/Sn(150 nm)
contacts produce a minimum pc of 3.26x10° Q-cm2 after annealing at 360 °C for 30
min, whereas the Pd(50 nm)/Sn(125 nm) contacts give a lowest pc0f2.07x10° Q-cm2
at 400 °C. Therefore, a suitable Au overlayer improves the electrical characteristics of
the Pd/Sn Ohmic contacts and lowers the pc values by approximately one order of
magnitude. A Au overlayer also changes the annealing cycles of the Pd/Sn contacts at
the lowest pc points. The five-layer Au(l4 nm)/Ge(14 nm)/Au(l4 nm)/Ni(ll
nm)/Au(200 nm) contacts show a pcof 6.49xI0'6 Q-cm2 after alloying at 430 °C for 6
min. Herbert et al. [41] reported a pcin the range of low 10 Q-cm® with this five-layer
contact after alloying at 425 °C for 140 seconds. The results reported in this thesis are in
consistent with those observations.
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Fig.5.1. Contact resistivity vs. annealing temperature curves of the Pd/Sn/Au Ohmic
contacts to n-GaAs. A ll contacts are annealed for 30 min.

The reduction in pc values can be correlated with the production of Ga out-
diffusion by Au in an open system where arsenic (As) is allowed to escape through the
metallization into the surrounding atmosphere during annealing. In such a system, Au
will dissolve GaAs to form Au-Ga compounds. The large positive entropy of
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sublimation of As will help to drive the Au-Ga reactions [158]. The technological
importance of this reaction is that out-diffusion of Ga encourages the incorporation of
Sn impurities on Ga sites in the GaAs near the metal/GaAs interface, thereby resulting
in the formation ofathin layer of n+GaAs which lowers the pcvalues.

TABLE XIII summarizes the lowest pc and measurement error, Apc of the
Pd/Sn/Au Ohmic contacts. The Pd(50 nm)/Sn(125 nm)/Au(100 nm) contacts appear to
have excellentreproducibility with a Apcof+1.0x10" Q-cm?® among all ofthe Pd/Sn/Au
metallizations investigated. The five-layer Au/Ge/Au/Ni/Au contacts show a Apc of
+3.25x10"6Q-cm2after having been alloyed at 430 °C for 6 min.

tasLE XIII. Summary of calculated average pcand measurement error, Apg, values of
the Pd/Sn/Au and Au/Ge/Au/Ni/Au Ohmic contacts to n-GaAs.

Contact structure Annealing Pe Apc
condition (Q-cm2 (Q-cm2)
*Pd(30 nm)/Sn(150 nm) 360 °C, 30 min 3.26x10'5  £2.50xI0'5

Pd(30 nm)/Sn(150 nm)/Au(40 nm) 360 °C, 30 min 2.05x10'5  £0.31xI0'5
Pd(30 nm)/Sn(150 nm)/Au(100 nm) 330 °C, 30 min 3.89x106  +1.50xI0°6
*Pd(50 nm)/Sn(125 nm) 400 °C, 30 min 2.07x10'5  +0.92x10'

Pd(50 nm)/Sn(125 nm)/Au(40 nm) 330 °C, 30 min 5.10xI0'6  £3.80x1 06
Pd(50 nm)/Sn(125 nm)/Au(100 nm) 330 °C, 30 min 129x106  £1.00x10%
Pd(25 nm)/Sn(102 nm)/Au(100 nm) 330 °C, 30 min 2.27x10'5  £1.26x10°5

Au(14 nm)Ge(14 nm)/Au(l4 nm)/” 430°C, 6min  649x106  +3.25x10°6
Ni((1'Lnm)/Au(200 nm)

" From TasLe VI (Section 4.4.1)
5.3.2 Surface profilometry measurements

Details of surface profile measurements of the non-alloyed Pd/Sn/Au and alloyed
Au/Ge/Au/Ni/Au contacts are summarized in tasLe XIV. In the as-deposited state, the
Pd(50 nm)/Sn(125 nm)/Au(100 nm) contacts show a TIR of4.5 nm and Ra of 0.5 nm,
whereas for the Au(14 nm)/Ge(14 nm)/Au(14 nm)/Ni(ll nm)/Au(200 nm) contacts
these values are 3.5 nm and 1.0 nm. respectively. The Pd(25 nm)/Sn(102 nm)/Au(100
nm) contacts produce aTIR of 35 nm and aRa of5nm in the as-deposited condition.
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At the lowest p, point, the Pd(30 nm)/Sn( 150 nm)/Au(40 nm) contacts display a
TIR of 85 nm and a Ra of 5 nm, whereas for the Pd(30 nm)/Sn(150 nm)/Au(100 nm)
contacts these values are 6 nm and 1 nm, respectively The Pd(50 nm)/Sn(125
nm)/Au(40 nm) contacts exhibit a TIR of 810 nm and a Ra of 165 nm, whereas for the
Pd(50 nm)/Sn(125 nm)/Au(100 nm) contacts these values are 125 nm and 2 0 nm,
respectively At the lowest p, point, the Pd(25 nm)/Sn(102 nm)/Au(100 nm) contacts
show a TIR of 20 nm and a Ra of 0 nm From the previous chapter (Section 4 4 2,
TABLE IX), 1t 1s seen that the Pd(30 nm)/Sn(150 nm) contacts exhibit a TIR of 90 nm
and a Ra of 15 nm at the lowest p, point, whereas for the Pd(50 nm)/Sn(125 nm)
contacts these values are 33 nm and 5 nm, respectively Thus, a judicious choice for a
Au overlayer improves the surface profiles of the Pd/Sn contacts significantly
However, the Au/Ge/Au/N1/Au contacts show sigmificantly rougher surface profiles
with a TIR of 625 nm and a Ra of 119 nm under the alloyed condition

TABLE XIV Summary of surface profiles of the Pd/Sn/Au and AwGe/AwNVAu
contacts to n-GaAs

Contact structure Annealing condition TIR (nm) Ra (nm)
Pd(50 nm)/Sn(125 nm)/Au(100 nm) as-deposited 45 05
Pd(50 nm)/Sn(125 nm)/Au(100 nm) 330 °C, 30 min 125 20
Pd(50 nm)/Sn(125 nm)/Au(40 nm) 330 °C, 30 mm 810 165
"Pd(50 nm)/Sn(125 nm) as-deposited 245 35
"Pd(50 nm)/Sn(125 nm) 400 °C, 30 min 330 50
"Pd(30 nm)/Sn(150 nm) as-deposited 300 50
"Pd(30 nm)/Sn(150 nm) 360 °C, 30 min 90 0 150
Pd(30 nm)/Sn(150 nm)/Au(40 nm) 360 °C, 30 min 850 50
Pd(30 nm)/Sn(150 nm)/Au(100 nm) 330 °C, 30 mm 60 10
Pd(25 nm)/Sn(102 nm)/Au(100 nm) as-deposited 350 50
Pd(25 nm)/Sn(102 nm)/Au(100 nm) 330 °C, 30 min 20 0 00
Au(14 nm)/Ge(14 nm)/Au(14 nm)/ as-deposited 35 10
Ni(11 nm)/Au(200 nm)

Au(14 nm)/Ge(14 nm)/Au(14 nm)/ 430 °C, 6 min 625 119

Ni(11 nm)/Au(200 nm)

" From TABLE IX (Sectton 4 4 2)
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5.3.3 Surface morphology using SEM

SEM micrographs of the Pd/Sn/Au contacts under both as-deposited and lowest p,
conditions are shown 1n Fig 5 2 Micro-crystals of the order of ~0 2 pm 1n diameter are
observed on the surface with the Pd(30 nm)/Sn(150 nm)/Au(40 nm) contacts under both
as-deposited (Fig 5 2(a)) and at the lowest p, (Fig S 2(b)) conditions However, the
metallizations appear to be more uniformly distributed at the lowest p, point when
compared to the as-deposited state The Pd(30 nm)/Sn(150 nm)/Au(100 nm) contacts
display smooth surface morphology under both as-deposited (Fig 5 2(c)) and lowest p,
(F1g 5 2(d)) conditions The Pd(30 nm)/Sn(150 nm) contacts produce micro-crystals of
the order of ~1 0 um i1n diameter under both as-deposited and lowest p, conditions
(Fi1g 4 6(a) & Fig 4 6(b)) Therefore, Au overlayers improve the surface morphology of
the Pd(30 nm)/Sn(150 nm) contacts significantly The Pd(25 nm)/Sn(102 nm)/Au(100
nm) contacts show micro-crystals of the order of ~0 2 um 1n diameter under both as-
deposited (Fig 5 2(e)) and lowest p, (Fig 5 2(f)) conditions

The Pd(50 nm)/Sn(125 nm)/Au(40 nm) contacts exhibit smooth surface
morphology under as-deposited condition (Fig53(a)) At the lowest p. point
(F1g 5 3(b)), the surface morphology of these contacts deteriorates but still better than
the Pd(50 nm)/Sn(125 nm) contacts (Fig 4 7(d)) The Pd(50 nm)/Sn(125 nm)/Au(100
nm) contacts display smooth surface morphology under both as-deposited (Fig 5 3(c))
and lowest p, (330 °C, 30 mm) (Fig 5 3(d)) conditions Once again, a judicious choice
of Au overlayers improve the surface morphology of the Pd(50 nm)/Sn(125 nm)
contacts significantly

Alloyed Au(14 nm)/Ge(14 nm)/Au(14 nm)/Ni(11 nm)/Au(200 nm) contacts
produce smooth surface morphology only under as-deposited condition (Fig 5 3(e))
Subsequently, surface morphology of this five-layer contact system degrades after
alloying at 430 °C for 6 min (Fig 5 3(f)) Therefore, Pd/Sn/Au metallization exhibits
better surface morphology than that of alloyed Au/Ge/Au/N1/Au metallization with a
comparable contact resistivity Surface profilometry measurements (TABLE XIV) also
reveal these results
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Fig 52 SEM micrographs of the Pd/Sn/Au contacts to n-GaAs (a) Pd(30 nm)/Sn(150
nm)/Au(40 nm), as-deposited, (b) Pd(30 nm)/Sn(150 nm)/Au(40 nm), 360 °C, 30 mm,
(c) Pd(30 nm)/Sn(150 nm)/Au(100 nm), as-deposited, (d) Pd(30 nm)/Sn(150
nm)/Au(100 nm), 330 °C, 30 mun, (e) Pd(25 nm)/Sn(102 nm)/Au(100 nm), as-deposited
and (f) Pd(25 nm)/Sn(102 nm)/Au(100 nm), 330 °C, 30 mm
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Fig 53 SEM mucrographs of the Pd/Sn/Au and Au/Ge/Au/Ni/Au contacts to n-GaAs
(a) Pd(50 nm)/Sn(125 nm)/Au(40 nm), as-deposited, (b) Pd(50 nm)/Sn(125 nm)/Au(40
nm), 330 °c, 30 min, (c) Pd(50 nm)/Sn(125 nm)/Au(100 nm), as-deposited, (d) Pd(50
nm)/Sn(125 nm)/Au(100 nm), 330 °C, 30 mun, (e) Au(14 nm)/Ge(14 nm)/Au(14
nm)/Ni(11 nm)/Au(200 nm), as-deposited and Au(14 nm)/Ge(14 nm)/Au(14 nm)/Ni(11
nm)/Au(200 nm), 430 °C, 6 mm
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Fig 54 SIMS depth profiles of the Pd(50 nm)/Sn(125 nm)/Au(100 nm) contact to
n-GaAs (a) as-deposited and (b) annealed at 330 °C, 30 min

5.3.4 Contact depth profiles using SIMS
Since the reproducibility of the Pd(50 nm)/Sn(125 nm)/Au(100 nm) Ohmic contacts 1s

superior to the other Pd/Sn/Au metallizations investigated, SIMS depth profiles of the
Pd(50 nm)/Sn(125 nm)/Au(100 nm) metallization will be presented and compared with
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those of the alloyed Au(14 nm)/Ge(14 nm)/Au(14 nm)/Ni(11 nm)/Au(200 nm)

metallization

SIMS depth profiles of the Pd(50 nm)/Sn(125 nm)/Au(100 nm) contacts are
shown 1n Fig 5 4 In the as-deposited state (Fig 5 4(a)), the metal/GaAs interface 1s well
defined After annealing at 330 °C for 30 mm (F1g 5 4(b)), 1t 1s found that Pd, Sn and
Au atoms penetrate into the underlying GaAs The exact penetration depths of these
atoms can not be determined due to the ‘knock-on’ effect as described in Section 4 4 4
However, the metal/GaAs interface 1s still well defined after annealing at 330 °C for 30
mm At the minimum p, points, the slopes of Pd and Sn profiles are even steeper and
narrower for the n-GaAs/Pd/Sn/Au contacts (Fig 5 4(b)) than those of the n-GaAs/Pd/Sn
contacts (Fig 4 13(b)) This variation of Pd and Sn profiles 1s due to the different

annealing temperatures used 1n these contacts

The secondary 10n counts of Ga are higher for the n-GaAs/Pd/Sn/Au contacts
(F1g 5 4(b)) than those of the n-GaAs/Pd/Sn contacts (Fig 4 13(b)) This 1s due to the
out-diffusion of Ga from GaAs by the in-diffusion of Au in the contact structures
containing Au as a metallization [6] On the other hand, Ga atoms appear in the metal
layer Therefore, the Pd/Sn/Au contacts are shallower than those of the Pd/Sn contacts

Fig 5 5 shows SIMS depth profiles of the n-GaAs/Au(14 nm)/Ge(14 nm)/Au(14
nm)/N1(11 nm)/Au(200 nm) contacts under both as-deposited condition and after having
been alloyed at 430 °C for 6 min In the as-deposited state (Fig 5 5(a)), the metal/GaAs
interface 1s well defined After alloying at 430 °C for 6 mm (Fig 5 5(b)), the metal/GaAs
interface 1s not well defined as seen with the n-GaAs/Pd/Sn/Au contacts (Fig 5 4(b)) In
addition, the penetration depths of N1, Ge and Au species into underlying GaAs are
quite significant compared to the Pd, Sn and Au species m n-GaAs/Pd/Sn/Au contacts
Thus, the n-GaAs/Pd/Sn/Au contacts are more abrupt and shallower than those of
alloyed n-GaAs/Aw/Ge/AwNVAu contacts The n-GaAs/Pd/Sn contacts (Fig 4 13(b))
are also more abrupt and shallower than those of alloyed n-GaAs/Au/Ge/Au/NY/Au
contacts (Fig 5 5(b))
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Fig55 SIMS depth profiles of the Au(14 nm)/Ge(14 nm)/Au(14 nm)/Ni(11

nm)/Au(200 nm) contacts to n-GaAs (a) as-deposited and (b) alloyed at 430 °C for 6
min

5.3.5 Mass spectrometer analysis

Fig 5 6 shows the mass spectrometer analysis of positive secondary 1ons for the Pd(50
nm)/Sn(125 nm)/Au(100 nm) contacts at the lowest p_ point Positive secondary tons of
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Pd’, Sn*, Au", S1i, As®, Ga’, Ga2+, GaO", SnO”, PdGa’, SnGa' and sz+ are monitored
1n the 10n microanalyzer Due to the noise generation at higher amu (>200) as described
in Section 4 4 5, other 10ns could not be determined However, the detection of PdGa’
and SnGa' 10ns indicates the out-diffusion of Ga into the metallization
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Fig 56 Mass spectra of positive secondary tons for the n-GaAs/Pd(50 nm)/Sn(125
nm)/Au(100 nm) contacts annealed at 330 0C, 30 mm

Fig 5 7 shows the 1nass spectrometer analysis of positive secondary 1ons for the
Au(14 nm)/Ge(14 nm)/Au(14 nm)/Ni(11 nm)/Au(200 nm) contacts under both as-
deposited condition and after having been alloyed at 430 °C for 6 min In the as-
deposited state (Fig 5 7(a)), positive secondary 1ons of NI, Ge', Au’, Si*, As”, Ga',
N1,", Ga,", GaO", and As," are monttored 1n the 10n microanalyzer After alloying at
430 °C for 6 min (Fig 5 7(b)), N1As', Ga,0" and N1,Ga" 10ns are monitored m addition
to the 1ons detected 1n the as-deposited state which are 1n consistent with the alloyed
Au-Ge/N1 contacts [71,81]
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Fig 57 Mass spectra of positive secondary 1ons for the Au(14 nm)/Ge(14 nm)/Au(14
nm)/N1(11 nm)/Au(200 nm) contacts to n-GaAs (a) as-deposited and (b) alloyed at 430
°C for 6 min
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5.4 Conclusion

The effects of Au overlayers on the characteristics of Pd/Sn Ohmic contacts to n-GaAs
have been imnvestigated A comparison has also been made among non-alloyed Pd/Sn
and Pd/Sn/Au and alloyed five-layer Au/Ge/Auw/N1/Au contacts A judicious choice of
Au overlayers improves the characteristics of Pd/Sn contacts A Au overlayer also
changes the annealing cycles at the lowest p, points A lowest p, of 3 89x10°° Q-cm” 1
obtamned for a substrate doping of 2x10"® cm™ with a Pd(30 nm)/Sn(150 nm)/Au(100
nm) contact after annealing at 330 °C for 30 mun, whereas the Pd(50 nm)/Sn(125
nm)/Au(100 nm) contact had a minimum p, of 1 29x10° Q-cm” at the same annealing
condition The reproducibility of the Pd(50 nm)/Sn(125 nm)/Au(100 nm) Ohmic contact
1s also excellent with a Ap, of 1 0x10™ Q-cm” at the lowest p. pomnt The Au(14
nm)/Ge(14 nm)/Au(14 nm)/N1(11 nm)/Au(200 nm) contacts produce a p, of 6 49x10°
Q-cm” after alloying at 430 °C for 6 min

Proper choice of Au overlayers also improves the morphological characteristics
of Pd/Sn contacts The Pd(50 nm)/Sn(125 nm)/Au(100 nm) Ohmic contacts appear to
have better surface morphology and a lower metal penetration into the underlying GaAs
than those of alloyed five-layer Au/Ge/Aw/N1/Au contacts as evidenced by Surface
Profilometry measurements, SEM and SIMS The Pd(50 nm)/Sn(125 nm) contacts are
also shallower than those of alloyed Auw/Ge/Auw/Ni/Au contacts Surface morphology of
the PA(30 nm)/Sn(150 nm)/Au(100 nm) and Pd(50 nm)/Sn(125 nm)/Au(100 nm) Ohmic
contacts 1s even better than that of alloyed Au-Ge/N1 and non-alloyed Au-Ge Ohmic
contacts to n-GaAs with a comparable contact resistivity [73,121]

Mass spectrometer analysis indicates the formation of PdGa and SnGa at the
lowest p. condition with the Pd/Sn/Au contacts However, the formation of other
compounds with higher amu (>200) could not be 1dentified due to the noise generation
as described in Section 4 4 5 For the Auw/Ge/Auw/N1/Au contacts, formation of N1As and
N1,Ga compounds are confirmed after alloying at 430 °C for 6 min
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CHAPTER 6

Comparison of Pd/Sn, Pd/Ge,
Pd/Sn/Au and alloyed Au-Ge/Ni
Ohmic contacts to n-GaAs

6.1 Introduction

The electrical and morphological charactenistics of Pd/Sn and Pd/Sn/Au Ohmic contacts
are described 1n the previous chapters (chapter 4 & chapter 5) Non-alloyed Pd/Ge and
alloyed Au-Ge/N1 are the most common Ohmic contacts for n-GaAs In this chapter, an
effort has been made to fabricate these contacts on the same MESFET structure
(Fig 4 3) as used for the Pd/Sn and Pd/Sn/Au Ohmic contacts Alloyed Ni/Au-Ge/N1
contacts have also been fabricated n order to investigate the effect of N1 first layer on
the properties of Au-Ge/N1 Ohmic contacts The electrical and morphological
characteristics of the non-alloyed Pd/Ge and alloyed Au-Ge/N1 and Ni/Au-Ge/N1 Ohmic
contacts have been studied and compared with those of the Pd/Sn and Pd/Sn/Au
contacts Metallizations are deposited using a resistance heating evaporator and
annealing 1s carried out 1n a conventional graphite strip annealer Surface morphology of
the contacts 1s mvestigated using Scanning Electron Microscopy (SEM) Conversion
from Schottky to Ohmic behaviour of the contacts 1s confirmed by I-V measurements
Contact resistivities, p., of the metallizations are measured using the cTLM method

6.2 Experiments

Contacts were fabricated on a Si-doped (2x1018 cm'3) n-GaAs epitaxial layer grown by
metal-organic vapor phase epitaxy (MOVPE) in a metal-semiconductor field-effect
transistor (MESFET) structure shown previously in Fig 4 3 The GaAs substrates were
sequentially cleaned and degreased in the same manner as used for the preparation of
Pd/Sn and Pd/Sn/Au contacts (Section 4 3 and Section 52) Ohmic test, morphology
and TLM patterns were defined by standard photolithography and lLift-off processes A
solution of H,0, NH,OH DI H,0 (1 3 15 by volume) was used as an etchant for mesa

definition
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Prior to loading into an evaporator, the wafers were soaked in a solution of DI
H,0 HCI (151 by volume) for at least 2 min and then blow dried using dry N, to
remove native oxides Samples consisting of n-GaAs/Pd(50 nm)/Ge(126 nm),
n-GaAs/Au-12wt % Ge(150 nm)/N1(16 nm) and n-GaAs/Ni(5 nm)/Au-12wt %Ge(150
nm)/N1(16 nm) structures were prepared by sequential deposition of metallizations in a
resistance heating evaporator without breaking vacuum The base pressure was ~1x10°

Torr and pressure during evaporation was between 1 5x10°® Torr and 4 5x10° Torr

The n-GaAs/Pd(50 nm)/Ge(126 nm) contacts were then annealed in the
temperature range of 300-360 °C for 30 mm by a conventional graphite strip annealer in
a flowing forming gas (5% H, + 95% N,) ambient The eutectic n-GaAs/Au-Ge(150
nm)/N1(16 nm) and n-GaAs/N1(5 nm)/Au-Ge(150 nm)/N1(16 nm) contacts were alloyed
for 150 s 1n the temperature range of 400-440 °C under the same forming gas ambient n
a graphite strip annealer The alloying time was measured from the moment at which

the wafer temperature reached 98% of its preset value

Surface morphology of the contacts was mvestigated using a Cambridge S360
SEM Conversion from Schottky to Ohmic behaviour of the contacts was examined by
I-V measurements Contact resistivity was measured utilizing the cTLM method

6.3 Results and Discussions

6.3.1 Electrical characteristics

The p, of the contacts are measured 1n a test pattern conforming to the TLM (Fig 4 1),

with pad spacing ranging from 2 to 128 pm The width of the Ohmic pad, 7, 1s 140 um
The transfer length method [12] 1s utiized to measure p, values of the contacts The

Pd/Ge contacts are annealed for 30 min It 1s assumed that the sheet resistance of the
semiconductor under the contacts, R,,, 1s equal to the sheet resistance of the
semiconductor in between the contacts, R,, Fig61 shows the measured average
contact resistivity vs annealing temperature curves for 2 groups of samples, each group
consists of two samples A lowest p_ of 2 84x10% Q-cm? 1s obtained at 330 OC for the
Pd(50 nm)/Ge(126 nm) contacts This p,_ value 1s approximately one order of magnitude
lower than that of the Pd(50 nm)/Sn(125 nm) contacts (Fig 4 4) Moreover, the Pd/Ge
contacts show excellent reproducibility with a Ap, of +0 12x10°° Q-cm’.
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Fig 6 1 Contact resistivity vs annealing temperature curves of the non-alloyed Pd/Ge
and alloyed Au-Ge/N1 and Ni/Au-Ge/N1 Ohmic contacts to n-GaAs The Pd/Ge contacts
are annealed for 30 mm, whereas the Au-Ge/N1 and N1i/Au-Ge/N1 contacts are alloyed
for 150 s

The alloyed eutectic Au-Ge(150 nm)/N1(16 nm) contacts produce a minimum p,

of 190x10° Q-cm? after having been alloyed at 420 °C for 150 s, whereas the Ni(5
nm)/Au-Ge(150 nm)/N1(16 nm) contacts display a lowest p, of 7 60x10°® Q-cm” at the
same annealing condition The measurement error, Ap,, of the Au-Ge/N1 contacts at the
minimum p, point 1s £1 04x10” Q-cm’, whereas for the Ni/Au-Ge/Ni contacts this
value 15 13 40x10° Q-cm® Therefore, the N1 first layer reduces the spread of p,
significantly which 1s consistent with the observations of Shih et al [81] Moreover, a 5
nm N1 first layer in the alloyed Au-Ge/Ni Ohmic contacts lowers the p, value
significantly The mimimum p,_ value of the alloyed Ni/Au-Ge/N1 Ohmic contacts 1s
slightly higher than that of the Pd(50 nm)/Sn(125 nm)/Au(100 nm) contacts annealed at
330 °C for 30 mm (Fig 5 1) However, the Au-Ge/N1 contacts produce a lowest p,
which 1s approximately one order of magnitude higher than that of the Pd(50
nm)/Sn(125 nm)/Au(100 nm) contacts The Pd(50 nm)/Sn(125 nm)/Au(100 nm)
contacts show supertor reproducibility with a Ap, of +1 00x10° Q-cm® (Section 5 3 1)
than those of alloyed Au-Ge/N1 and N1/Au-Ge/N1 Ohmic contacts

6.3.2 Surface morphology using SEM

SEM micrographs of the non-alloyed Pd/Ge and alloyed Au-Ge/N1 and Ni/Au-Ge/N1
contacts under both as-deposited and lowest p, conditions are shown m Fig 62 The
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Pd/Ge contacts show smooth surface morphology under the as-deposited state
(Fig 6 2(a)) After annealing at 330 °C for 30 min (Fig 6 2(b)), surface morphology of
this contact system deteriorates very slightly, but remains superior to that of Pd(50
nm)/Sn(125 nm) (Fig 4 7(d)) and Pd(50 nm)/Sn(125 nm)/Au(100 nm) (Fig 5 3(d))

contacts
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Fig62 SEM micrographs of the non-alloyed Pd(50 nm)/Ge(126 nm) contacts to
n-GaAs (a) as-deposited and (b) annealed at 330 °C for 30 mm

Fig 6 3 shows the SEM micrographs of the alloyed Au-Ge(150 nm)/Ni(16 nm)
and N1(5 nm)/Au-Ge(150 nm)/N1(16 nm) contacts In the as-deposited state (Fig 6 3(a)),
the Au-Ge/N1 contacts display almost smooth surface morphology After having been
alloyed at 420 °C for 150 s (Fig 6 3(b)), surface morphology of the Au-Ge/N1 contacts
deteriorates significantly and balling-up of the metallization 1s observed The Ni/Au-
Ge/N1 contacts exhibit smooth surface morphology 1n the as-deposited state (Fig 6 3(c))
At the mmmmum p, pomnt (Fig 6 3(d)), the Ni/Au-Ge/N1 contacts show rough surface
morphology Balling-up of the metallization 1s also observed in this case However, at
the mmimum p, point, the N1/Au-Ge/N1 contacts produce better surface morphology
than that of the Au-Ge/N1 contacts (Fig 6 3(b) & Fig 6 3(d)) Therefore, a 5 nm N first
layer improves the morphological characteristics of the alloyed Au-Ge/Ni Ohmic
contacts At the lowest p. point, both Pd(50 nm)/Sn(125 nm) and Pd(50 nm)/Sn(125
nm)/Au(100 nm) contacts (Fig 4 7(d) & Fig 5 3(d)) show better surface morphology
than that of the alloyed Au-Ge(150 nm)/N1(16 nm) and Ni(5 nm)/Au-Ge(150 nm)/Ni(16
nm) contacts (Fig 6 3(b) & Fig 6 3(d))
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Fig 6 3 SEM micrographs of the Au-Ge/Ni and Ni/Au-Ge/N1 contacts to n-GaAs
(a) Au-Ge(150 nm)/N1(16 nm), as-deposited, (b) Au-Ge(150 nm)/Ni(16 nm), 420 0C,
150 s, (c) Ni(5 nm)/Au-Ge(150 nm)/Ni(16 nm), as-deposited and (d) Ni(5 nm)/Au-
Ge(150 nm)/N1(16 nm), 420 °C, 150 s

6.4 Conclusion

The electrical and morphological characteristics of the non-alloyed Pd/Ge and alloyed
eutectic Au-Ge/N1 and Ni/Au-Ge/Ni1 Ohmic contacts to n-GaAs are presented and
compared with those of Pd/Sn and Pd/Sn/Au contacts The Pd(50 nm)/Ge(126 nm)
contacts show excellent reproducibility and produce a minimum p, of 2 84x10° Q-cm?
after annealing at 330 °C for 30 min which 1s approximately one order of magnitude
lower than that of the Pd(50 nm)/Sn(125 nm) contacts However, mimmum p, values
are almost 1dentical for both Pd(50 nm)/Ge(126 nm) and Pd(50 nm)/Sn(125
nm)/Au(100 nm) contacts A lowest p, of 190x10° Q-cm’ 1s obtamned for the
Au-Ge(150 nm)/Ni(16 nm) contacts after having been alloyed at 420 °C for 150 S,
whereas the Ni(5 nm)/Au-Ge(150 nm)/Ni(16 nm) contacts show a mmmmum p, of
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7 60x10°° Q-cm® under the same annealing condition Therefore, a 5 nm N first layer
umproves the electrical characteristics of the alloyed Au-Ge/Ni contacts The Pd(50
nm)/Sn(125 nm)/Au(100 nm) Ohmic contacts display superior reproducibility and
improved electrical characteristics with a mmnimum p, of 1 29x10° Q-cm’ (Figs 1)
when compared with the alloyed Au-Ge/N1 and N1/Au-Ge/Ni1 contacts

The non-alloyed Pd/Ge Ohmic contacts appear to have better surface
morphology than those of Pd/Sn and Pd/Sn/Au and alloyed Au-Ge/N1 and Ni/Au-Ge/N1
Ohmic contacts A Ni first layer improves the morphological properties of the alloyed
Au-Ge/N1 contacts However, surface morphology of the Pd/Sn and Pd/Sn/Au Ohmic
contacts 1s better than those of alloyed Au-Ge/N1 and N1/Au-Ge/N1 contacts
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CHAPTER 7

Thermal and long-term stability of
the Pd/Sn and Pd/Sn/Au Ohmic
contacts to n-GaAs

7.1 Introduction

One of the most important criteria for an Ohmic contact 1s 1ts thermal stability 410 °'c
and 300 °C are typical temperatures for testing the degradation of Ohmic contacts on
GaAs [31,38,44,56] In this chapter, thermal and long-term stability analysis of the
Pd/Sn and Pd/Sn/Au Ohmic contacts will be presented A comparison will be made
between the thermal stability of the Pd/Sn and Pd/Ge contacts Thermal stability of the
Pd/Sn/Au contacts will be compared with those of alloyed Au/Ge/Au/N1/Au, Au-Ge/Ni
and Ni/Au-Ge/N1 contacts SEM will be employed to investigate the surface
morphology of the Ohmic contacts Contact resistivities, p,, of the proposed

metallizations are measured using the cTLM method

7.2 Experiments

Once again, the contacts were fabricated on a Si-doped (2)(1018 cm'3) n-GaAs epitaxial
layer grown by metal-organic vapor phase epitaxy (MOVPE) 1n a metal-semiconductor
field-effect transistor (MESFET) structure shown previously in Fig43 Samples
consisting of n-GaAs/Pd(50 nm)/Sn(125 nm), n-GaAs/Pd(50 nm)/Ge(126 nm),
n-GaAs/Pd(50 nm)/Sn(125 nm)/Au(100 nm), n-GaAs/Au(14 nm)/Ge(14 nm)/Au(14
nm)/Ni(11 nm)/Au(200 nm), n-GaAs/Au-12wt% Ge(150 nm)/Ni(16 nm) and
n-GaAs/N1(5 nm)/Au-12wt %Ge(150 nm)/Ni(16 nm) structures were prepared as
described 1n the previous sections (Section 4 3, Section 5 3 & Section 6 2)

After Ohmic contact formation at the lowest p, points, thermal stability
measurements of the contacts were then carried out 1n a furnace at 410 °C for I0 hn a
flowing forming gas (5% H, + 95% N,) ambient The long-term stability of the contacts
were performed at 300 °C for 400 h under the same ambient condition
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Surface morphology of the contacts was mvestigated using a Hitachi S-4000
FESEM (FEM) and a Cambridge S360 SEM Contact resistivity was measured utilizing
the cTLM method
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Fig 71 Contact resistivity vs accumulated annealing time curves for the Pd/Sn and
non-alloyed Pd/Ge Ohmic contacts to n-GaAs at 410 °c

7.3 Results and Discussions

7.3.1 Thermal stability at 410 °C

The transfer length method [12] 1s utilized to measure p, values of the contacts It 1s
assumed that the sheet resistance of the semiconductor under the contacts, R, 1s equal
to the sheet resistance of the semiconductor in between the contacts, R,,, Fig 7 1 shows
the thermal stability at 410 °C for the n-GaAs/Pd(50 nm)/Sn(125 nm) and non-alloyed

n-GaAs/Pd(50 nm)/Ge(126 nm) contacts The average p, values of 4 TLM patterns are
presented m Fig 71 The zero accumulated annealing time value of p, indicates the

minimum value of p, for both types of contacts before starting thermal stability at
410°C After annealing at 410 °C for 4 h, the Pd/Sn contacts show p. value 1n the range
of low 10”° Q-cm” and no significant change in contact resistivity 1s observed After
10 h of annealing, the p, value reaches to ~1x10™* Q-cm* The p, of the Pd/Ge contacts
Iincreases by approximately two orders of magmtude from its initial value after 2 h of
annealing at 410 °C. After that the Pd/Ge contacts mantain a p. 1n the range of low
1x10™* Q-cm? but sl higher than those of the Pd/Sn contacts Therefore, the Pd(50

92



nm)/Sn(125 nm) contacts display superior thermal stability at 410 °C when compared to
the Pd(50 nm)/Ge(126 nm) contacts Han et al [56] observed that the non-alloyed RTA
Pd/Ge/T1/Pt contact 1s thermally stable at 400 °C for 35 s Therefore, thermal stability of
the Pd/Sn contact 1s superior to that of the Pd/Ge/T1/Pt contact

Fig 7 2 shows SEM mucrographs of the Pd/Sn and Pd/Ge contacts after having
been annealed at 410 °C for 10 h For the Pd(50 nm)/Sn(125 nm) contacts (Fig 7 2(a)),
surface morphology remains 1dentical to that of observed at the minimum p, condition
(Fig4 7(d)) No change in surface morphology 1s observed for the Pd/Ge contacts
(F1ig 7 2(b)) when compared to the lowest p. condition (Fig 6 2(b)) However, Pd/Ge
contacts display superior surface morphology to that of Pd/Sn contacts after having been
annealed at 410 °C for 10 h (Fig 7 2)

NMRCB? 18.BkV X15.8

Fig 72 SEM micrographs of the (a) Pd(50 nm)/Sn(125 nm) and (b) non-alloyed Pd(50
nm)/Ge(126 nm) contacts to n-GaAs after having been annealed at 410 °Cfor 10 h

Thermal stability of the Pd(50 nm)/Sn(125 nm)/Au(100 nm) and alloyed Au(14
nm)/Ge(14 nm)/Au(14 nm)/Ni(11 nm)/Au(200 nm), Au-Ge(150 nm)/N1(16 nm) and
N1(5 nm)/Au-Ge(150 nm)/Ni(16 nm) Ohmic contacts at 410 °C 1s shown 1n Fig73
After 30 min of annealing at 410 °C, the p. of the Pd/Sn/Au contacts increases by
approximately one order of magnitude The p, remains 1n the low 10” Q-cm® range for
up to 10 h of annealing at 410 °C The alloyed five-layer Au/Ge/AwN1I/Au Ohmic
contacts show almost 1dentical thermal stability to the Pd/Sn/Au contacts The thermal
stability of both Pd/Sn/Au and AwGe/Auw/N1I/Au contacts 1s better than that of alloyed
Au-Ge/N1 and Ni/Au-Ge/Ni1 contacts The Au-Ge/N1 contacts also show superior
thermal stability when compared with Ni/Au-Ge/Ni1 contacts This 1s 1n consistent with
observations of Shih et al [81]
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Fig 73 Contact resistivity vs accumulated annealing time curves for the Pd/Sn/Au,
Au/Ge/Au/N1/Au, Au-Ge/N1 and N1/Au-Ge/N1 Ohmic contacts to n-GaAs at 410 o°c
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Fig 74 SEM micrographs of the (a) Pd(50 nm)/Sn(125 nm)/Au(100 nm) and alloyed
(b) Au(l4 nm)/Ge(14 nm)/Au(14 nm)/Ni(11 nm)/Au(200 nm), (c) Au-Ge(150
nm)/N1(16 nm) and (d) Ni(5 nm)/Au-Ge(150 nm)/N1(16 nm) contacts to n-GaAs after
thermal stability at 410 °C for 10 h
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SEM micrographs of the Pd/Sn/Au and alloyed Aw/Ge/AwNVAu, Au-Ge/N1 and
Nv/Au-Ge/N1 contacts after thermal stability at 410 °C for 10 h are shown m Fig74
Sigmficant changes 1n surface morphology are observed for all of the contacts
Segregation of metallization 1s observed on the surface with the Au-Ge/N1 and Ni/Au-
Ge/N1 contacts (Fig 7 4(c) & Fig 7 4(d)) The surface morphology of both Pd/Sn/Au
(Fig 7 4(a)) and AwGe/AwNvVAu (Fig 7 4(b)) contacts 1s better than that of the
Au-Ge/N1 and NVAu-Ge/N1 contacts

7.3.2 Long-term stability at 300 °C

Long-term stability of the Pd(50 nm)/Sn(125 nm) and Pd(50 nm)/Ge(126 nm) contacts
1s carried out at 300 °C for 400 h and 1s shown 1n Fig 75 After 8 h of annealing, the p,
of both Pd/Sn and Pd/Ge contacts increases by approximately one order of magmtude

The p, of the Pd/Sn contacts remain in the low 10* Q-cm’ range up to 300 h Finally, 1t
reaches the high 10 Q-cm® range at 400 h The Pd/Ge contacts maintain p, in the range
of low 10”° Q-cm® up to 83 h After that p, remains in the range of mid 10° Q-cm’

Therefore, the long-term stability of the Pd/Ge contacts appears to be better than that of
the Pd/Sn contacts
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Fig 75 Contact resistivity vs accumulated annealing time curves for the Pd/Sn and
Pd/Ge Ohmuc contacts to n-GaAs at 300 °C

After annealing at 300 °C for 400 h, SEM micrographs of the Pd/Sn and Pd/Ge

Ohmic contacts are shown in Fig 76 For the Pd/Sn contacts, no change in surface
morphology 1s observed after 400 h of annealing at 300 ’'c (Fig 7 6(a)) when compared
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to that of the minimum pc condition (Fig.4.7(d)). No change in surface morphology is
also observed after annealing the Pd/Ge contacts for 400 h at 300 °C (Fig.7.6(b)) when
compared to the lowest pc point (Fig.6.2(b)). However, Pd/Ge contacts show better
surface morphology than that of Pd/Sn contacts after long-term stability tests (Fig.7.6).

Fig.7.6. SEM micrographs ofthe (a) Pd(50 nm)/Sn(125 nm) and (b) Pd(50 nm)/Ge(126
nm) contacts to n-GaAs after having been annealed for 400 h at 300 °C.
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Fig.7.7. Contact resistivity vs. accumulated annealing time curves for the Pd/Sn/Au,
Au/Ge/Au/Ni/Au, Au-Ge/Ni and Ni/Au-Ge/Ni Ohmic contacts to n-GaAs at 300 °C,

Fig.7.7 shows the long-term stabilty of the Pd/Sn/Au and alloyed
Au/Ge/Au/Ni/Au, Au-Ge/Ni and Ni/Au-Ge/Ni Ohmic contacts at 300 °C. After 3 h of
annealing at 300 °C, the pcof Pd/Sn/Au contacts reaches the mid 10° Q-cm2range and
remains in this region up to 300 h. The pc approaches the high 105 Q-cm2 range at
400 h. For the alloyed five-layer Au/Ge/Au/Ni/Au contacts, the pcremains in the range
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of low 10° Q-cm” up to 155 h and 1t increases to mud 10 Q-cm® at 400 h The increase
n p, for the alloyed Au-Ge/N1 contacts 1s msigmficant up to 83 h of annealing at 300 °c
and p, remains 1n the range of low 10° Q-cm® At 400 h, 1t increases to the high 10° Q-
cm’ range The Ni/Au-Ge/N1 contacts show the best long-term stability up to 83 h of
annealing at 300 °C among all of the contacts investigated, with a p. in the range of low
10 Q-cm® The five-layer alloyed Aw/Ge/AwN1/Au contacts exhibit the best stability at
300 °C for 400 h among all of the Au-based contacts (Fig 7 7)
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Fig 78 SEM micrographs of the (a) Pd(50 nm)/Sn(125 nm)/Au(100 nm) and alloyed
(b) Au(l4 nm)/Ge(14 nm)/Au(14 nm)/Ni(11 nm)/Au(200 nm), (c) Au-Ge(150
nm)/N1(16 nm) and (d) Ni(5 nm)/Au-Ge(150 nm)/N1(16 nm) contacts to n-GaAs after
long-term stability at 300 °C for 400 h

After long-term stability tests at 300 °C for 400 h, SEM micrographs of the
Pd/Stw/Au and alloyed Aw/Ge/AwNiy/Au, Au-Ge/N1 and Nv/Au-Ge/Ni contacts are
shown mn Fig 78 No sigmificant change 1n surface morphology 1s observed after 400 h
of annealing at 300 °C for the Pd/Sn/Au (F1g 7 8(a)) and Aw/Ge/Au/N/Au (Fig 7 8(b))
contacts when compared to the lowest p, conditions (Fig 5 3(d) & Fig 5 3(f)) However,
the Au-Ge/N1 and Nr/Au-Ge/Ni contacts display almost 1dentical morphological
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characteristics after having been annealed at 300 °C for 400 h (Fig7 8(c) & Fig 7 8(d))

7.4 Conclusion

Thermal stability and long-term stability of the Pd/Sn and Pd/Sn/Au Ohmic contacts are
presented and compared to the non-alloyed Pd/Ge and alloyed Aw/Ge/Au/Ni/Au,
Au-Ge/N1 and N1/Au-Ge/N1 Ohmic contacts The Pd/Sn contacts show superior thermal
stability at 410 °C to that of the Pd/Ge contacts After annealing at 410 °C for 4 h, p, of
the Pd/Sn contacts reduces to 1 44x10° Q-cm” from the mutial value of 2 07x10™ Q-
cm’ The p. of the Pd/Ge contacts increases by approximately two orders of magnitude
after 2 h of annealing at 410 °C from the mtial value of 2 84x10° Q-cm® No
significant change 1n surface morphology of both Pd/Sn and Pd/Ge contacts 1s observed
However, the Pd/Ge contacts exhibit better surface morphology than that of the Pd/Sn
contacts after annealing for 10 h at 410 °c

The Pd/Sn/Au contacts show almost 1dentical thermal stability at 410 °C to that
of the alloyed five-layer Auw/Ge/AwNy/Au contacts After annealing at 410 °C for 10 h,
the p, of the Pd/Sn/Au contacts increases by approximately one order of magnitude and
remams 1n the range of low 10° Q-cm® The Pd/Sn/Au contacts also display better
thermal stability than that of non-alloyed Pd/Ge and alloyed Au-Ge/Ni and Ni/Au-
Ge/Ni1 Ohmic contacts at 410 °C  Although the electrical and morphological
characteristics of N1i/Au-Ge/N1 Ohmic contacts are better than that of Au-Ge/N1 contacts
(Section 6 3), thermal stability of the former contacts 1s worse Surface morphology of

the above Au-Ge based contacts deteriorates sigmificantly after annealing at 410 °C for
10h

Long-term stablity at 300 °C of the non-alloyed Pd/Ge contacts 1s better than
that of the Pd/Sn contacts After 8 h of annealing at 300 9C, the p. of the Pd/Sn contacts
increases by approximately one order of magnitude from an 1mtial value of 2 07x107° Q-
cm’ At this condition, the Pd/Ge contacts maintamn p. 1n the range of low 10° Q-cm’
After annealing for 400 h at 300 °C, p. of the Pd/Ge contacts remains n the range of
mid 107 Q-cm’, which 1s one order of magmtude lower than that of the Pd/Sn contacts
Once again, no change in surface morphology of the Pd/Sn and Pd/Ge contacts is
observed The Pd/Ge contacts maintain surerior surface morphology to that of the Pd/Sn
contacts after anncaling at 300 °C for 400 h
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The alloyed N1/Au-Ge/N1 contacts show improved long-term stability at 300 °c
only up to 83 h After that, the five-layer Aw/Ge/Au/N1/Au contacts maintain p, in the
range of mud 10° Q-cm® which 1s better than those of the Pd/Sn/Au and alloyed
Au-Ge/N1 and Ni/Au-Ge/N1 contacts For the Pd/Sn/Au contacts, p, remains in the
range of mid 10° Q-cm’ up to 300 h and 1t approaches the high 107 Q-cm’ range at
400 h At 300 °C, the Pd/Sn/Au Ohmic contacts display p.’s which are shightly higher
than those of alloyed Au/Ge/AwN1/Au, Au-Ge/N1 and Ni/Au-Ge/N1 contacts However,
the Pd/Sn/Au contacts maintain better surface morphology than that of the alloyed
contacts and no significant morphological change 1s observed after annealing at 300 °c
for 400 h Therefore, thermally stable Pd/Sn and Pd/Sn/Au Ohmic contacts appear to be
promising candidates for GaAs devices
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CHAPTER 8

Fabrication of GaAs MESFETSs
using Pd/Sn and Pd/Sn/Au
Ohmic contacts

8.1 Introduction

GaAs Metal Semiconductor Field-Effect Transistors (GaAs MESFETS) have been
fabricated using Pd/Sn and Pd/Sn/Au Ohmic contacts as source/drain metallizations and
Schottky Al gate contacts. The characteristics of the GaAs MESFETs fabricated with
non-alloyed Pd/Ge Ohmic contacts are also investigated and compared with those of the
Pd/Sn and Pd/Sn/Au contacts. Metallizations are deposited using a resistance heating
evaporator and annealing is carried out in a conventional graphite strip annealer. Surface
morphology ofthe contacts is investigated using Scanning Electron Microscopy (SEM).
Conversion from Schottky to Ohmic behaviour of the contacts is confirmed by |-V
measurements. The |-V characteristics of the GaAs MESFETs are determined using a
TEKTRONIX 576 curve tracer. Contact resistivites, pg of the metallizations are
measured using the cTLM method.

8.2 Experimental Procedures

8.2.1 Level 1 - Mesa isolation

The substrate shown previously in Fig.4.3 is used for the MESFET fabrication. The first
process in the fabrication cycle is the production of mesas on the surface by chemical
etching. An appropriate mask and Shipley Microposit S1818 positive photoresist are
used for this purpose. Mesas for the MESFETS, morphology and TLM structures were
fabricated in the same chip. It is important to etch deep enough such that the bulk Sl
GaAs is reached. This provides mesas which are electrically isolated from each other.
The sequential steps for the mesa isolation were as follows:

» The GaAs substrates were sequentially cleaned and degreased in trichloroethylene,

acetone, methanol and de-ionized water (DI H2), each for 10 min.
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The substrates were blow-dried immediately using dry N,

Spin on Microposit S1818 photoresist diluted with Microposit EC solvent in the
ratio of 1 4 by volume Spinner speed and acceleration were optimised using test
samples Spinner speed=4500 rpm and acceleration =maximum

Soft bake at 115 °C for 5 min and cool to room temperature

Using a UV light mask aligner and mesa mask, expose the substrates for 25 s
Expose time was optimised using test samples

Develop 1n 3 1 (by volume) DI H,O Microposit M351 developer for ~60 s and then
clean in DI H,0 Dry off using N,

Hard bake at 115 °C for 5 min and cool to room temperature

Etch n a solution of H,0, NH,OH DI H,O (1 3 15 by volume)

The etch rate for the above etchant was typically 0 8 pm/min at a room temperature
of 20 °C and was determined from test samples The etch time was 4 mm 15 s so
that the total etch depth became at least 3 2 pm

Rinse in DI H,O and dry off only using N,

Leave the chips 1n acetone for 10 min and strip off photoresist Rinse in DI H,0O and
dry off using N,

8.2.2 Level 2 - Ohmic contacts

The second level 1s the Ohmic level The sequential process steps of this level were as

follows

Spin on Microposit S1818 photoresist diluted with EC solvent 1n the ratio of 1 1 by
volume on the mesa defined chip Thus ratio was optimised using test samples

Soft bake at 115 °C for 5 min and cool to room temperature

Soak 1n chlorobenzene for 3-4 mun and dry off only This gives the resist an
undercut profile which will assist the metal lift off

Using a UV light mask aligner and Ohmic mask, expose the substrates for 12 s
Expose time was optimised using test samples

Develop 1n 3 1 (by volume) DI H,O Microposit M351 developer for ~45 s and then
clean in DI H,O Dry off using N,

The source/drain metallizations were sequentially cleaned 1n trichloroethylene,
acetone, methanol and de-1onized water (DI H,0), each for 10 min and dry off using
N,

Prior to loading 1nto an evaporator, the wafers were soaked 1n a solution of DI
H,O.HCI (15.1 by volume) for at least 2 min and then blow dried using dry N, to
remove native oxides.
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The n-GaAs/Pd(50 nm)/Sn(125 nm), n-GaAs/Pd(50 nm)/Ge(126 nm) and
n-GaAs/Pd(50 nm)/Sn(125 nm)/Au(100 nm) contacts were prepared by sequential
deposition of metallizations 1n a resistance heating evaporator (Appendix A) without
breaking vacuum W boats were used as evaporation sources The base pressure was
~1x10® Torr and pressure during evaporation was between 1 5x10° Torr and
4 5x10° Torr

Leave the chips in Microposit 1165 remover for at least 3 h and strip off photoresist
Runse 1n DI H,O and dry off using N, An ultrasonic bath was used (with care) to aid
lift-off

All contacts were annealed for 30 mm by a conventional graphite strip annealer
(Appendix B) 1n a flowing forming gas (5% H, + 95% N,) ambient The Pd(50
nm)/Sn(125 nm) and Pd(50 nm)/Ge(126 nm) contacts were annealed at 330 °c,
whereas the Pd(50 nm)/Sn(125 nm)/Au(100 nm) contacts were annealed at 300 °’c

8.2.3 Level 3 - Schottky (Gate) contacts

Level 3, the most critical step for device performance, involves the deposition of gate

metallization between the source and dram contact pads The Schottky contact 1s
composed of Al The gate length, L;, used for the fabrication of MESFETs are 2, 5 and
50 um The gate-to-source distance, L, 1s equal to the gate-to-drain distance, L), and

for all MESFETs Lg=Lsp=2 pm The sequential process steps for this level were as

follows

Spin on Microposit S1818 photoresist diluted with EC solvent 1n the ratio of 1 1 (by
volume) on the Ohmic contact defined chup This ratio was optimised using test
samples

Soft bake at 115 °C for 5 min and cool to room temperature

Soak 1n chlorobenzene for 3-4 mm and dry off only

Using a UV hght mask aligner and gate mask, expose the substrates for 20 s Expose
time was optimised using test samples

Develop 1n 3 1 (by volume) DI H,0 Microposit M351 developer for ~45 s and then
clean in DI H,O Dry off using N,

A recess gate etch was performed 1n order to obtain a target pinch off voltage of SV
(Appendix D) The following steps were carried out 1n order to achieve a channel
depth, d, of 0 12 pum (120 nm)

[ | A solution of H,0, NH,OH DI H,0 1n the ratio of 1 3 15 (by volume)
was prepared and diluted with DI H,0 1n the ratio 1 10 Etch rate was
checked using test pieces and the Tencor Profilometer Etch rate was
~24A/s
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[ | A stop etch solution of NH,OH DI H,0 1nl 5 ratio was prepared

| The substrates were placed 1n the etchant for 75 s 1n order to achieve
d=0 12 pm

[ ] Place m stop etch for 30 s

[ | Runse 1n DI H,O for 30 s and dry off using N,

e The gate metallization, Al, was sequentially cleaned in trichloroethylene, acetone,
methanol and de-10mzed water (DI H,0), each for 10 mm and dried off using N,

e Prior to loading into an evaporator, the wafers were soaked in a solution of DI
H,0 HCI (15 1 by volume) for at least 2 min and then blow dried using dry N, to
remove native oxides

e A 250 nm Al gate metallization was evaporated using a W coil in a resistance
heating evaporator (Appendix A) The base pressure was ~2x10°® Torr and pressure
during evaporation was between 3 0x10°® Torr and 4 0x10°® Torr

o Leave the chips in Microposit 1165 remover for at least 3 h and strip off photoresist
Rinse 1n DI H,O and dry off using N, Lift-off was aided by careful use of an
ultrasonic bath

Surface morphology of the contacts was investigated using a Cambridge S360
SEM Conversion from Schottky to Ohmic behaviour of the contacts was examined by
I-V measurements The I-V charactenstics of the MESFETs were determined using a
TEKTRONIX 576 curve tracer Contact resistivity was measured utilizing the ¢cTLM
method

8.3 Results and Discussions

8.3.1 Ohmic contacts

The p, of the Ohmic contacts are measured 1n a test pattern conforming to the TLM

(Fig 4 1), with pad spacing ranging from 2 to 128 um The width of the Ohmic pad, W,
1s 140 um The transfer length method [12] 1s utilized to measure p, values of the

contacts All Ohmic contacts are annealed for 30 mm It 1s assumed that the sheet
resistance of the semiconductor under the contacts, R,,,, 1s equal to the sheet resistance

of the semiconductor 1n between the contacts, R,, The average p, for 2 groups of

samples, with two samples 1n each group, were measured The Pd(50 nm)/Sn(125 nm)
contacts show a p, of 2.28x10™ Q-cm? at 330 °C, whereas for the Pd(50 nm)/Ge(126
nm) contacts this value 1s 2 84x10° Q-cm? under the same annealing condition A p_ of

8 13x10° Q-cm® 1s obtamed at 300 °C for the Pd(50 nm)/Sn(125 nm)y/Au(100 nm)
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contacts Under these conditions, contact resistances, R, of the Pd/Sn, Pd/Ge and
Pd/Sn/Au Ohmic contacts are 3 88Q, 1 41Q and 2 31Q , respectively
10 um

10 pm 10 pm 80 um «— <« (Lg+4)um
S — € LG

FIO um
10 pm

80 um
125 um

10 um

1S pm

(] Mesa level
ks Ohmic level
R Gate level

.~ _ 71 Passivation level

i 10 uym

=

100 um

Fig 8 1 Layout of GaAs MESFET Alignment marks are not included

8.3.2 MESFET characterization

The layout of the GaAs MESFET is shown in Fig 8 1 Level 4 (passivation level) was
not used for this characterization MESFETSs with gate lengths, L, of 2 um, 5 um and
50 um were nvestigated 1n this study The dimensions of the source and drain Ohmic
pads 1s 100 um x 100 um MESFET characteristics were mvestigated under the gate
metal as-deposited condition All MESFETs operated in depletion mode. MESFET
transconductance, g,, and series resistance, Rg, were extracted from the I-V

characteristics The Rg was measured 1n the linear region and was defined by
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(8.1)

whereas gmwas measured in the saturation region and was defined by

DSS (8.2)

where 1as = drain current and 1oss = drain saturation current. Both rs and gmhave a
significant effect on the performance of GaAs MESFETs. Higher rs produces greater
heat dissipation and larger voltage drop in the extrinsic parts of the device, which in tum
reduces the value of ios. The relationship between rs and gmis defined by

where gn{int) is the intrinsic transconductance of the device. As rs increases, gm
decreases as seen from eqn.(8.3). Any degradation in 1> and gm will have a
corresponding effect on the speed of the GaAs ICs [159]. In analog circuits, the small-
signal voltage gain is directly proportional to gm[160].

Fig.8.2 compares the |-V characteristics of the MESFETs fabricated with Pd/Sn
and Pd/Sn/Au metallizations for Lc= 2 [im. It is seen that these characteristics exhibit
looping behaviour (i.e., hysteresis of drain current). It is believed that the looping
phenomenon is attributed to slow transient behaviour of deep traps present in semi-
insulating substrates [161]. This type of looping phenomenon in GaAs MESFETS is also
observed by other researchers [162-164], In the case of Pd/Sn Ohmic metallizations
(Fig.8.2(a)), ?s=107Q (linear, ves=ov) and gm=107.1 mS/mm (VCS=-0.1V and
VD6=0.94V) . For the Pd/Sn/Au metalizations (Fig.8.2(b)), rRs=52.63H (Vcs=0V). Due
to the difficulty of viewing I-V characteristics at VG&=0V in the saturation region
(Fig.8.2(b)), gmis calculated at ves=-0.8V and v = 0.76V. This value is 100 mS/mm.
Generally, maximum gm(gmay occurs around ves= 0V. Therefore, gmfor this MESFET
would, in all liklihood, be greater than 100 mS/mm. The calculated gm values under
different gate bias conditions for the above MESFETs are shown in tasLe XV and
TasLE XVI. From these tables, it is clear that the MESFET with Pd/Sn/Au'metallization
displays an improved gmwhen compared to the Pd/Sn contact.
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(b)

Fig.8.2. |-V characteristics of the MESFETs for LG~2 (am with (a) Pd/Sn and
(b) Pd/Sn/Au as source/drain contacts.

tasLE XV. Calculated gmvalues under different gate bias conditions for a MESFET
with Lg =2 (im and Pd/Sn source/drain contacts (F D5=0.94V).

AGS(V) 01 0.2 03 = 05
(mSimm) 1071 08.2 88.1 786 69.3
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TABLE XVI Calculated g,, values under different gate bias conditions for a MESFET
with L; =2 pm and Pd/Sn/Au source/drain contacts (V=0 76V)

Vis(V) -08 -10 -12 -14 -16
g, (mS/mm) | 100 925 771 67 2 575

Fig 8 3 I-V charactenistics of the MESFET for L;=5 um with Pd/Sn as source/dram
contacts

Fig 8 3 shows the I-V charactenistics of the MESFET for L;=5 um with Pd/Sn
as source/drain metallization At V=0V, R=110Q For this MESFET, g,, values are
calculated at V,g=0 78V and are shown in TABLE XVII The g,,,. occurs at V=0 1V
which 1s 71 4 mS/mm

TABLE XVII Calculated g,, values under different gate bias conditions for a MESFET
with L; =5 pm and Pd/Sn as source/drain contacts (Vpg=0 78V)

Vis (V) 01 |-02 |03 |04 |05 |06 |07 |-08
g,mS/mm) (714 |696 |690 |670 |643 |[607 |[561 [515

A MESFET with Pd/Sn/Au as source/drain contacts yields Rg=109 22Q
(V6s=0V) for Lg =5 pm (Fig 8 4) The g, values are calculated for ¥,¢=0 78V and are
shown m TABLE XVIII The g,,,, occurs at Vge=-0 1V and 1s 64 3 mS/mm Therefore,
MESFETs with both Pd/Sn and Pd/Sn/Au source/drain contacts show almost 1dentical
Rg values at L; =5 um However, the Pd/Sn contact shows improved g,, values when
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compared with the Pd/Sn/Au metallization This result 1s somewhat surprising and this

may be due to the production variations

Fig 8 4 I-V charactenistics of the MESFET for L; =5 um with Pd/Sn/Au as source/drain
contacts

TABLE XVIII Calculated g, values under different gate bias conditions for a MESFET
with L; =5 pm and Pd/Sn/Au as source/drain contacts (V=0 78V)

Vs (V) -01 -02 -03 -04 -05 -06 -07
gn (mS/mm) | 643 600 543 500 457 429 408

A MESFET with L; =50 um and Pd/Sn as source/drain contacts yields a
Rg=505Q2 at V;=0V The I-V charactenistics for this MESFET 1s shown in Fig 8 5
TABLE XIX summarizes g,, values at different gate bias ponts for V=1 89V The g,,,.
15 20 8 mS/mm (V;5=-0 1V, V=1 89V) For Pd/Sn/Au metallization (Fig 8 6), the
calculated Rg 1s 485Q at V=0V The g, data are calculated at ¥,g=2V and are shown
m TABLE XX The g, 15 22 2 mS/mm (V;=-0 1V, Vp=2V) which 1s shghtly gher
than that of the Pd/Sn contacts (TABLE XIX)

TABLE XIX Calculated g, values under different gate bias conditions for a MESFET
with L; =50 um and Pd/Sn as source/drain contacts (V=1 89V)

Vss (V) -0.1 -02 -03 -04 05 06 07 }-08
g, (mS/mm) | 208 194 194 191 183 181 179 | 169
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Fig 8 5 [-V characteristics of the MESFET for L; =50 um with Pd/Sn as source/drain
contacts

Fig86 I-V charactenstics of the MESFET for L;=50 pum with Pd/Sn/Au as
source/drain contacts

TABLE XX Calculated g, values under different gate bias conditions for a MESFET
with L; =50 um and Pd/Sn/Au as source/drain contacts (Vp=2V)

Vg (V) 01 -02 03 -0 4 05 06 07
g, (mS/mm) (222 |208 |[204 194 189 |181 173
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Although MESFETs were fabricated with Pd/Ge metallization for L; =2 pum, the
I-V characteristics were very poor and hence omitted from this study For L;=5 pm, the
I-V characteristics for the MESFET fabricated with Pd/Ge as source/drain contacts 1s
shown in Fig 8 7 At V;=0V, R=49 71Q2 The g,, values are calculated at V=1 89V
and are shown in TABLE XXI The measured g,,,, has a broad peak and 1s 92 9 mS/mm
At V=1 89V, the I-V curve 1s not 1n the saturation region for V;=0V For this reason,
Emax Occured at different V;¢ The calculated Rg 1s better than that of the Pd/Sn and
Pd/Sn/Au contacts It 1s belhieved that this improved Ry 1s due to the lower R, with the
Pd/Ge contacts (Section 8 3 1) This may also be due to production variations However,
the Pd/Ge metallization also produces a better g,,,, than that of the Pd/Sn and Pd/Sn/Au

contacts

Fig 8 7 I-V charactenstics of the MESFET for L; =5 um fabricated with Pd/Ge as
source/dram contacts

TABLE XXI Calculated g, values under different gate bias conditions for a MESFET
with L =5 pm and Pd/Ge as source/drain contacts (Vpg=1 89V)

Vs (V) -05 -10 -15 20 25 -30
g, (mS/mm) | 929 929 905 857 800 733

For the MESFET with L; =50 um and Pd/Ge as source/drain contacts, R¢=316Q
at V5s=0V The g, parameters are calculated from the I-V curve of Fig8 8 at
Vps=1 34V and are summarnzed 1n TABLE XXII. The g, 15 153 mS/mm at Vgg=-0 5V
which 1s comparable to that of the MESFETs fabricated with Pd/Sn and Pd/Sn/Au
contacts at the same V5 (TABLE XIX & TABLE XX)
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Fig 8 8 I-V charactenistics of the MESFET for L; =50 pm with Pd/Ge as source/drain
contacts

TABLE XXII Calculated g, values under different gate bias condrtions for a MESFET
with L; =50 pm and Pd/Ge as source/drain contacts (Vpg=1 34V)

Vs (V) -05 -10 -15 20
g, (mS/mm) 153 146 137 123

The gate I-V charactenistics (1e Iz vs Vgg) are almost identical for all
metallizations Fig 8 9 shows this charactenistic for the Pd/Sn source/dram contacts with
Ls =2 ym Diode behaviour 1s expected and 1t 1s observed The V at which diode
current starts to increase from 1its zero value 1s ~0 5V

Fig 8 9 Gate leakage I-V characteristics, 1€ 55 vs. Vg
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Fig.8.10. SEM micrographs of the source/drain and gate metallizations: (a) Pd/Sn,
(b) Pd/Sn/Au, (c) Pd/Ge and (d) Al.

SEM micrographs of the source/drain and gate metallizations are shown in
Fig.8.10. The Pd/Ge metallization (Fig.8.10(c)) exhibits smooth surface morphology
compared to the Pd/Sn contact (Fig.8.10(a)) and is slightly better than the Pd/Sn/Au
metallization (Fig.8.10(b)). The as-deposited Al gate metallization also displays smooth
surface morphology (Fig.8.10(d)). A typical MESFET with a Lc =5 |am and Pd/Sn as
source/drain contacts is shown in Fig.8.11. The contact edges and alignment accuracy
for 2 jam MESFETs with different source/drain metallizations are shown Fig.8.12,
Fig.8.13 and Fig.8.14. Morphological characteristics display a significant effect on
contact edge uniformity. For all MESFETs, gate metallization shows smooth and
uniform contact edges. The contact edges are poor for the Pd/Sn metallization (Fig.8.12)
and are due to the rough surface morphology. The maximum amplitude of this
undulation is ~0.65 p.m. Improved surface morphology produces better edge uniformity
for the contacts. It is obviously better for the Pd/Sn/Au metallization (Fig.8.13) and is
-0.10 fim. Although the edge uniformity for the Pd/Ge contact is very good and the
undulation is virtually impossible to measure, this metallization system exhibits a slight
lift-o ff problem as seen in Fig.8.14.
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Fig 8 11 SEM micrograph of a typical MESFET device showing Gate, Source and
Drain regions and also some alignment marks
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Fig 812 SEM mucrograph showing alignment accuracy and edge umiformity of a
MESFET fabricated with Pd/Sn Ohmic contacts for L; =2 pm
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Fig 813 SEM micrograph showing alignment accuracy and edge umiformity of a
MESFET fabricated with Pd/Sn/Au Ohmic contacts for L; =2 pm

Fig 8 14 SEM micrograph showing alignment accuracy and edge uniformity of a
MESFET fabricated with Pd/Ge Ohmic contacts for L; =2 pm
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8.4 Conclusion

GaAs MESFETs have been fabricated with Pd/Sn, Pd/Sn/Au and Pd/Ge metallizations
as source/drain Ohmic contacts MESFETs with gate length of 2 um, 5 pm and 50 pm
are 1nvestigated MESFETs with Pd/Sn/Au metallizations show improved
characteristics compared to Pd/Sn contacts Although MESFETs with Pd/Ge
metallizations were fabricated for L;=2 um, the [-V characteristics were very poor and

thus omutted from this study

The gate length, L, appears to have significant impact on Rg Thus 1s due to the
increase 1n channel resistance with an increase 1n L; [165] g,, decrease with increasing
L (eqn 8 3), as expected The Pd/Ge metallization displays shightly better Rg and g,
values compared to the Pd/Sn/Au metallization at L;=5 um

Morphological characteristics have a significant impact on the edge umiformity
of the contacts Sharp edge definition/umformity of the source/drain metallizations 1s
necessary for VLSI GaAs devices Improved morphology implies better edge defimtion
The edge definition of source/drain contacts fabricated with Pd/Sn/Au metallization 1s
better than that of the Pd/Sn metallization The Pd/Ge contacts show slightly improved
surface morphology when compared to Pd/Sn/Au metallization However, the edge
definmtion of the Pd/Sn/Au metallization 1s comparable to that of the Pd/Ge contacts
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CHAPTER 9

Conclusions and suggestions for
future research

9.1 Conclusions

The main objective of this study was to develop and characterize a novel Pd/Sn Ohmic
contact system to n-GaAs for use i microwave, optoelectronic and low-dimensional
devices The proposed Ohmic contact system has been developed and systematically
and extensively characterized using Scanning Tunneling Microscopy (STM), Tencor
Surface Profilometry, Scanning Electron Microscopy (SEM), Energy Dispersive
Analysis of X-rays (EDAX), Secondary Ion Mass Spectrometry (SIMS) and Current-
Voltage (I-V) measurements Contact resistivities, p., of the proposed metallizations
were measured utilizing a conventional Transmission Line Model (cTLM) method

Imtially, Pd and Sn evaporation rates were optimized for better surface
morphology of the contacts usmg STM The effects of Sn to Pd thickness ratio (m) on
the properties of Pd/Sn metallizations were also presented Annealing cycles were
optimized for minmimum values of p, Proper choice of two-step annealing cycles
marginally improves morphological and electrical characteristics of the contacts But 1t
does not change contact abruptness Although 1t 1s postulated that the Ohmic contact
formation mechanisms of the Pd/Sn metallizations undergo solid-phase reaction
(Fig 4 8), the non-alloying behaviour could not be confirmed due to SIMS 1nsensitivity
as described 1n Section 4 4 5

The effects of Au overlayers on the properties of Pd/Sn Ohmic contacts, 1 e the
properties of Pd/Sn/Au metallizations were also analysed It 1s seen that a judicious
choice of Au overlayers improves the characteristics of the Pd/Sn contacts An overlayer
of Au also changes the annealing cycles at the mmmmum p, points Both Pd/Sn and
Pd/Sn/Au Ohmic contacts are very adhesive to the substrates The Pd/Sn and Pd/Sn/Au
metallizations are more abrupt than the alloyed five-layer Auw/Ge/Aw/N1/Au contacts

A comparison has also been made between the electrical and morphological
characteristics of the Pd/Sn, Pd/Sn/Au, non-alloyed Pd/Ge and alloyed eutectic
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Au-Ge/Ni and Ni/Au-Ge/Ni contacts. The Pd/Sn Ohmic contacts show almost identical
pc values when compared with alloyed Au-Ge/Ni contacts. However, morphological
characteristics of the Pd/Sn metallizations are even better than those of alloyed
Au-Ge/Ni and Ni/Au-Ge/Ni contacts at the lowest pc conditions. The Pd/Sn/Au Ohmic
contacts display comparable pcvalues to the non-alloyed Pd/Ge metallizations with only
a slightly deteriorated surface. The electrical and morphological properties of the
Pd/Sn/Au metallizations are much better than those of alloyed Au-Ge/Ni and Ni/Au-
Ge/Ni contacts.

One ofthe most important criteria for an Ohmic contact is its thermal stability.
No significant change in surface morphology is observed for the Pd/Sn and Pd/Ge
metallizations after annealing at 410 °C for 10 h. The Pd/Sn metallizations exhibit
excellent thermal stabilty at 410 °C when compared to the non-alloyed Pd/Ge
metallizations. Even the Pd/Sn/Au metallizations show better thermal stability at this
temperature than that of non-alloyed Pd/Ge contacts with a slightly deteriorated surface
morphology. Thermal stabilty of the five-layer alloyed Au/Ge/Au/Ni/Au Ohmic
contacts is almost identical to that of the Pd/Sn/Au metallizations. However, the
Pd/Sn/Au Ohmic contacts display improved thermal stability when compared to the
alloyed Au-Ge/Niand Ni/Au-Ge/Ni metallizations with a better surface morphology.

An analysis of the long-term stability of the Ohmic contacts was carried out at
300 °C. The non-alloyed Pd/Ge metallizations show better long-term stability than the
Pd/Sn contacts. No change in surface morphology is observed for the Pd/Sn and Pd/Ge
metallizations after annealing at 300 °C for 400 h. Although Pd/Sn/Au metallizations
maintain pc values which are slightly higher than those of alloyed Au-Ge/Ni, Ni/Au-
Ge/Ni and Au/Ge/Au/Ni/Au metallizations, no singificant morphological change is
observed with Pd/Sn/Au conatcts after having been annealed at 300 °C for 400 h. At
this temperature, the pc values of the Pd/Sn/Au metallizations are only slightly higher
than those ofnon-alloyed Pd/Ge contacts.

Finally, GaAs MESFETs have been fabricated using Pd/Sn and Pd/Sn/Au
metallizations as source/drain contacts. Non-alloyed Pd/Ge Ohmic contacts have also
been utilized to fabricate GaAs MESFETs. MESFETs with gate lengths of 2 (am, 5 (im
and 50 jam were investigated.

The morphological characteristics of the source/drain and gate metallizations

impose an ultimate limit on gate-to-source and gate-to-drain separations (LGs & LaD).
Improved morphology implies sharper edge definition for the contacts. Surface
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morphology of the non-alloyed Pd/Ge metallizations 1s better than that of Pd/Sn
metallizations The Pd/Ge metallizations also display shightly improved surface
morphology when compared to the Pd/Sn/Au contacts Although, edge definition for the
Pd/So/Au  source/drain contacts 1s comparable to that of non-alloyed Pd/Ge
metallizations, Pd/Ge contacts tend to exhibit imperfect metal lift-off

Thermal stability of the Ohmic contacts at a device processing temperature
(400 °C) 15 of serious concern One of the most important reasons for developing non-
alloyed Pd/Ge Ohmic contacts was to overcome the thermal nstability of the
conventional alloyed Au-Ge/Ni metallizations  Although, non-alloyed Pd/Ge
metallization offers somewhat better electrical and morphological properties, thermal
stability of this contact system still require further studies The newly developed Pd/Sn
Ohmic contacts display better thermal stability at 410 °C when compared to the non-
alloyed Pd/Ge metallizations At this temperature, thermal stability of Pd/Sn/Au
metallizations 1s also better than that of non-alloyed Pd/Ge contacts with a shghtly
deteriorated surface morphology Thermal stability of Pd/Sn/Au Ohmic contacts is
much better than that of alloyed AwGe/AwNI/Au, Au-Ge/Ni and Ni/Au-Ge/Ni
metallizations The analysis of long-term stability at 300 °C shows that both Pd/Sn/Au
and Pd/Ge metallizations have almost 1dentical stability at this temperature The long-
term stability of Pd/Sn/Au metallizations 1s much better than that of alloyed
Au/Ge/AwNVAu, Au-Ge/N1 and NV/Au-Ge/Ni contacts with a improved surface
morphology Therefore, thermally stable Pd/Sn and Pd/Sn/Au metallizations provide
promising candidates for future GaAs devices
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9.2 Suggestions for Future Research

For future research with Pd/Sn and Pd/St/Au Ohmic contacts, the following suggestions

are made

e X-Ray Diffraction (XRD) method could be employed 1in order to investigate the
non-alloying behaviour of the contacts This measurement will also determine the
phase formation of the metallizations

e Transmission Electron Microscopy (TEM) will show the metal/GaAs mterface

which will indicate the spiking or non-spiking nature of the contacts

¢ A Rapid Thermal Annealer (RTA) could be employed for contact formation This
should improve the overall characteristics of the contacts

e Auger Electron Spectroscopy (AES) could determine the actual depth profiles of the
contacts as SIMS cannot indicate real profiles (Section 4 4 4)

e For fabrication of GaAs MESFETs in the sub-um range utihizing these

metallizations, electron beam evaporation of metals 1s recommended
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Appendix A

Resistance heating (Thermal)
evaporator

An Edwards Coating System E306A (Fig A1) was used as a resistance heating (thermal)
evaporator for the deposition of metallizations on the GaAs substrates Imitially, the
whole system was disassembled and chemically cleaned using trichloroethylene,
acetone, methanol and de-iomzed water (DI H,0) An ultrasonic bath was used for the
cleaning of small parts All parts were then dried 1n the fume hood The system was then

reassembled

-

Protective jar ~————

oo S 204

Vacuum chamber
Prrani gauge

Penning gauge

Power control
knob

Control lever

Fig A1 Photograph of Edwards Coating System E306A indicating some of the

components

Al



Initially, the system had only one evaporation source This source was a low
tension (LT) source and was not sufficient for the evaporation of Pd After some
modification of the system, a second evaporation source (high tension, HT) was
connected Fig A2 shows the HT transformer, LT transformer, rotary pump and
diffusion pump After reassembling, the minimum base pressure was 2x107 Torr

Daffusion pump

LT transformer

Rotary pump HT transformer

LR e
e

A g

Fig A2 Photographs of resistance heating evaporator indicating HT transformer, LT
transformer, rotary pump and diffusion pump

A close-up of the base plate of the system 1s shown in Fig A3 W boats were
used for the evaporation of all metals, except Al For Al evaporation, a W coil was used
The system has three shutters The substrate shutter was used to 1solate the substrates
from the source when outgassing of the system occurs The second shutter, known as
the crystal shutter, was used with the crystal thickness momitor The third shutter,
known as the source shutter, was used to 1solate the HT and LT boats so that metal

inter-mixing does not occur

A2



Substrate
Thickness

holder
monitor crystal
Substrate Crystal
shutter shutter
o0
)
/ : i
¢ H %
]
ks g %
, ; % . Source
LT boat —p & shutter
Roughing port HT boat
High vacuum
valve
Power ports

Base plate

EPN Eal

Fig A3 Detailed photograph of base plate of the evaporator Shutters and other
components are indicated
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Appendix B

Graphite strip annealer

The graphite strip annealer 1s shown m Fig Bl The mamn components of the annealer
are a rotary pump, transformer, thermocouple with monitor, annealing chamber, cooling
water system and annealing ambient The system 1s newly designed and bwlt Forming
gas (5% H, + 95% N,) 1s used for the annealing ambient A valve (Fig B1) 1s used to
1solate the pump from the annealing chamber during annealing

Thermocouple monitor

Power control

Annealing transformer
chamber
Water cooling
Forming gas system
cylinder Transformer
Speedy valve

Rotary pump

Fig B1 Photograph of the graphite strip annealer indicating mam components

A close-up of the base plate 1s shown n Fig B2 The graphite strip 1s held by the
water cooled power ports The middle of the graphite strip 1s thinned and 1its surface area
1s reduced to achieve higher temperature A small hole 1s drilled in this thinned region
for the thermocouple Samples are placed next to this hole so that accurate sample
temperature 1s momtored The rate of temperature rise 1s ~10 °C/s up to 400 °C and
above 400 °C this rate falls slightly The temperature fall rate 1s higher than the rise rate
and 15 ~12 °C/s up to 200 °C Below 200 °C, this fall rate reduces The maximum
attainable temperature of this annealer 1s 550 °C

Bl



Forming gas
inlet port Substrate

Base plate

Graphite strip

Thermocouple Water cooled
power ports

Fig B2 Photograph of base plate of the graphite strip annealer indicating various
components
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Appendix C

Original STM photographs of the
Pd/Sn contacts to GaAs(Sl)
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Appendix D

Calculation of pinch off voltage

The relationship between the pinch off voltage, Vp, and the channel depth, 4, 1s given by

d= ’28‘(VP +V,)
gN

where €, = intrinsic permittivity = 13 1 x 8 85 x 10 2 F/m
V= Built 1n potential = 0 8V
q = electronic charge = 1 9 x 10%°C
Np = donor concentration = 5 0 x 10> m>

Thus whend =012 pm, Vp =5V
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