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ABSTRACT
This thesis addresses Ohmic contacts to InAlSb/InAs high electron mobility transistor
(HEMT) heterostructures and InGaAs epilayers. Palladium-based contacts provide very low
contact resistance to both materials, which helps minimize parasitic resistances in transistors. For
Pd/Pt/Au and Pd/Ru/Au contacts to the HEMTs, lower contact resistances are correlated with
increasing reaction between Pd (and Pt) and the semiconductor during annealing and aging at
175–200 °C for 3 h or 1 week. Voids form in the Pt diffusion barrier layer when Pd/Pt/Au
contacts are aged 1 week at 175 °C and grow larger during aging at higher temperatures. The
increase in contact resistance of Pd/Pt/Au contacts by more than a factor of 2 after a 1 week, 225
°C aging cycle is discussed in light of the interfacial reactions that occur during aging.
Alternatively, no reaction is observed between the Ru diffusion barrier and the semiconductor in
Pd/Ru/Au contacts, which yield a contact resistance of 0.05 ± 0.01 Ω mm after a 1 week, 225 °C
aging cycle that is comparable to the minimum value of 0.03 ± 0.01 Ω mm yielded by Pd/Pt/Au
contacts.
Measurement artifacts associated with the transfer length method are identified and probe
placements that mitigate the artifacts are used to reliably examine low specific contact resistance
(ρc) Ohmic contacts to InGaAs. Standardization of surface preparation procedures and a low
relative humidity processing environment yield very low ρc contacts to n-InGaAs. Examinations
of wet etchants for oxide removal after UV/O3 treatment demonstrate that BOE- and NH4OHbased etchants yield much lower ρc values than HCl (5.0±0.610-9 and 5.7±1.410-9 versus
1.7±0.110-8 Ω cm2). Palladium and Pt yield lower as-deposited and annealed ρc values than Mo-,
Ti-, and TiW-based contacts. Furthermore, collimated sputter-deposited contacts yield lower ρc
values than electron-beam evaporated contacts. Several phenomena that may be responsible for
the low ρc values of Pd-based contacts are proposed and discussed. Ohmic contacts to p-InGaAs
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with a thin n-InGaAs cap are also examined: Pd/Ti multilayer contacts yield ρc < 110-8 Ω cm2
after 2 hr at 270 °C.
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Chapter 1
Background

1.1 Introduction
The compound semiconductors InxGa1-xAs and InAs are of interest for integration into
high-speed, low power electronic and optoelectronic devices. The replacement of Si metal oxide
semiconductor field effect transistors (MOSFETs) with InxGa1-xAs metal insulator semiconductor
FETs (MISFETs) is currently being pursued in the drive to continue large scale integrated circuit
(IC) scaling trends at the 22 nm node,[1-5] and InGaAs high electron mobility transistors
(HEMTs) and heterojunction bipolar transistors (HBTs) are currently under heavy development
for THz telecommunications applications,[6, 7] as well a broad range of other THz imaging,
medical, microscopy, and security applications.[8, 9] The inclusion of high-mobility, narrow
bandgap (Fig. 1.1) InAs or InAsSb layers between wider bandgap (Al, Ga, In)Sb layers can yield
deep quantum wells and forms the basis of antimonide based compound semiconductor (ABCS)
HEMTs, which are under development for use in high-speed, very low-power communications,
imaging, sensing, and space-based applications.[10, 11] Minimization of parasitic resistances in
all of these devices is vital because at high frequencies, those resistances can increase device
energy consumption and impose limits on transistor cutoff frequencies.
This thesis is concerned with the formation of extremely low resistance Ohmic contacts
to InGaAs HBTs and ABCS HEMTs. Although two very different device structures are used for
these studies, the semiconductor materials in which the current transport occurs in both structures
are very similar. One common theme throughout will be the low contact resistances yielded by
Pd-based contacts.
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Figure 1.1 Energy gap versus lattice constant for several binary semiconductors, Ge, and Si. (After
references [11, 12])

1.2 Metal-Semiconductor Interfaces
There is almost universally a potential barrier at metal-semiconductor interfaces. The key
to successful contact engineering in electronic devices is to reduce the height or width (for
tunneling) of this barrier as much as possible in Ohmic contacts so that voltages can be applied to
the desired devices with minimal energy losses along the way, or to tailor the height of this
barrier for rectification, charge confinement/separation, and circuit control (gate) purposes.
Before discussing Ohmic contacts in the context of specific device structures considered in this
thesis, it is useful to consider these metal-semiconductor interfaces in general.
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1.2.1 The Schottky-Mott Model (Ideal Schottky Barriers)
The simplest description of metal-semiconductor contacts is illustrated in Fig. 1.2 for a
lightly n-doped semiconductor and a high work function metal. Here, 

M

is the metal work

function,  S is the semiconductor work function,  S is the semiconductor electron affinity, EC is
the bottom of the conduction band, EV is the top of the valence band, EG is the semiconductor
bandgap, and EF is the Fermi level in both materials (the energy at which the electron occupation
probability is 0.5 at absolute zero—electrons have a 50% chance of having an energy above or
below this energy).[12-14] On the left side of Fig. 1.2, the metal and the semiconductor are
separated in space. When the metal and semiconductor are brought together in the absence of any
interface states, their Fermi levels must equilibrate. In this case, a transfer of charge will occur
from the semiconductor to the metal, often resulting in a depletion of charge from region with a
characteristic distance into the semiconductor (the depletion region). By inspection, the barrier
height is  B   M   S . For p-type semiconductors, the barrier height is  B   M   S  EG .

Figure 1.2 Schematic of band bending before and after a metal and semiconductor are brought into contact.

1.2.2 The Bardeen Model, Fermi Level Pinning, and the Role of Surface Preparation
In practice, the Schottky barrier present at metal-semiconductor interfaces almost never
agree with the Schottky-Mott model. Bardeen clarified this problem by considering how the
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surface states at a semiconductor surface could cause experimentally observed insensitivity of
Schottky barriers to the work functions of various metals.[15] The surface of any crystalline
semiconductor undergoes reconstruction and oxidation at the surface when exposed to the
atmosphere that will change the density and occupation of states at the semiconductor surface.
There is a neutral level of occupation for these surface states. However, if the Fermi level is
above this level, then the acceptor states between the neutral level and the Fermi level will be
occupied (negatively charged). Similarly, if the Fermi level is below the neutral level, then the
donor states between the neutral level and the Fermi level will be empty (positively charged).
Both of these non-neutral cases can lead to band-bending at the semiconductor surface before it is
in contact with the metal, and the degree of the bending will be dictated by the density of the
surface states.[12, 13] If the density of surface states participating in the Fermi level equilibration
process is > ~1013 cm-2, then the Schottky barrier will be largely independent of the metal work
function.[15] In this situation “Fermi level pinning” occurs at the metal-semiconductor interface.
The ability to engineer various Schottky barrier heights at metal-semiconductor interfaces
is crucial for researchers and manufacturers of both Ohmic and Schottky (gate) contacts.
However, the Bardeen model shows that the presence of a large number of surface states at a
semiconductor surface can nullify the dependence of the Schottky barrier height on the metal
work function, causing the loss of this important degree of control in device fabrication. One
corollary of the heavy dependence of the Schottky barrier on the state of the semiconductor
surface is that the surface preparation and related procedures that are chosen to prepare a
semiconductor surface prior to metallization can be a key factor in determining whether or not the
desired Schottky barrier height is achieved, especially for contacts that undergo little or no
subsequent reaction with the semiconductor. If the ability of a metal itself to induce states at the
semiconductor surface is ignored, then the surface preparation and environment that the
semiconductor surface is exposed to before metallization will directly determine the final
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condition of the semiconductor surface and the number of surface states, and so the degree of
Fermi level pinning that will occur. Thus, surface preparations can be of critical importance for
the fabrication of Ohmic contacts with ultralow contact resistances. This point will be
demonstrated very clearly in Chapter 4. However, the presence of a metal at the surface of a
semiconductor has also been associated with Fermi level pinning. The explanation in this case is
that the electron wavefunctions in the metal tunnel (or “sample”) a finite distance into the
semiconductor. Because the energy of those states within the bandgap of the semiconductor
coincide with experimentally measured Schottky barrier values, there is very strong evidence that
the states are responsible for the associated Fermi level pinning.[13, 16] Therefore, on metallized
semiconductor surfaces one often expects surface state contributions that promote Fermi level
pinning from the semiconductor surface itself and also as a result of the metallization—a
superposition of state-creation mechanisms.
The contact resistance of a contact that reacts heavily with the semiconductor is likely to
be less sensitive to the initial semiconductor surface, because the majority of the current transport
will probably occur at the interface between the heavily reacted region and the unreacted
semiconductor.

1.2.3 Current Transport and Specific Contact Resistance
There are several ways in which current can cross the barrier at metal semiconductor
interfaces. Three common transport processes are illustrated in Fig. 1.3.[12] For low to moderate
doping, thermionic emission (TE) applies and the carriers are primarily thermally excited over the
barrier.
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Figure 1.3 Current transport for a degenerately-doped n-type semiconductor under forward bias.

For high doping concentrations, the Schottky barrier is very thin due to the high doping (a narrow
depletion width results during Fermi level equilibration) and the carriers can tunnel through it, so
that field emission (FE) applies. In the intermediate case where moderate to high doping levels
are present, there are contributions from thermionic and field emission, so that thermionic field
emission (TFE) applies. The conventional way to differentiate between which regime is most
likely to apply in a given circumstance is to compare kBT to the characteristic energy E00, where

E 00 

q N d
,
2 m * s

and q is the electron charge,  is the reduced Plank’s constant, m* is the effective mass of a
tunneling electron,  s is the dielectric constant of the semiconductor, and Nd is the doping
concentration. For kBT >> E00, TE dominates; for kBT  E00, both TE and FE are present and TFE
dominates; for kBT << E00, FE dominates.
The specific contact resistance (Ω cm2) is an important figure-of-merit used to
characterize Ohmic contacts and is defined by
1

 J 
c  
 .
 V V 0
This gives different expressions for the specific contact resistance in each the three different
current transport regimes.[12, 17] For TE,
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 c  C1e

qb
kBT

,

where C1 = (kB/qA**)T, b is the barrier height, and A** is the reduced effective Richardson
constant. For TFE,
b

 c  C2 e

E
N d coth  00
 kBT





2  s m*  b
  N d






,

where C2 is a function of b and T. For FE,

 c  C3 e

,

where C3 has a weak temperature dependence. Specific contact resistance is thus a function of
barrier height (TE, TFE, TE), doping concentration (TFE, TE), and temperature (TE and TFE).
Because temperature cannot usually be controlled, the barrier height and the doping are the
primary means available to engineer Ohmic contacts. If the density of surface states is high, then
control of the barrier height may also be ineffective. In the FE case, ln c  has a linear
dependence on the inverse square root of the doping

ln  c 

where the slope B is

2  s m*  b


B
,
Nd

. This enhancement of the tunneling component of the current

transport with increased doping explains why workers commonly use heavily doped epilayers in
Ohmic contacts.
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1.2.4 Diffusion Barriers

Additional metal layers are often present in contacts to semiconductors in order to lower
the metal sheet resistance for thin-film contacts,[18] prevent oxidation of the contact, or to
facilitate the formation of interconnects or electrical leads.[13] Gold layers are often used for the
first two purposes in contacts to compound semiconductors, while Al layers are representative
historical examples that have been used for the third purpose in Si electronics. These additional
metals do not usually function in establishing the desired Schottky or Ohmic contact at the
metal/semiconductor interface. However, diffusion of large volumes of the extra metals into the
metal/semiconductor region of a device during elevated-temperature packaging processes or
contact annealing/sintering procedures can alter device performance over time or cause reliability
problems.[19] A related problem may be encountered with reactive contacts to compound
semiconductors in which more volatile species in the semiconductor diffuse out through the
contact and leave the device, causing stoichiometry changes and additional reliability
problems.[20] To reduce both of these problems, diffusion barriers are often interposed between
the additional metal layers and the active metal/semiconductor region of a device. Nicolet
identified several conditions that ideal diffusion barriers should meet.[19] First, the rate at which
species from both sides of the barrier enter or cross the barrier should be low (to prevent an influx
of metal or a loss of semiconductor species). Second, the barrier should be thermodynamically
stable against the various species (maintain its functional integrity), strongly adhered on both
sides (maintain its mechanical integrity), and not be responsible for large interfacial resistances
(not increase the device series resistance). Thirdly, the barrier should be laterally uniform (offer
predictable and reliable performance), resistant to thermal and mechanical stresses (stable during
processing and operation and resistant to fissure formation), and highly thermally and electrically
conducting.
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Additional complexities arise in thin-film contacts, such as the contacts used in this
thesis, because the diffusion constant in thin films can be > 10 orders of magnitude larger than in
bulk materials, due to grain boundary diffusion.[19] Single crystal diffusion barriers are known to
reduce this problem,[21] but are usually impractical due to cost or deposition technique
constraints. This leaves several other practical options.[19] Single-metal diffusion barriers can
sometimes be found that are stable against reaction with the species on both sides, but are often
subject to grain boundary diffusion. When a single metal is stable against species on one side of
it, but not the other, multilayer diffusion barriers may be used in which the lower layer in the
barrier is stable against the species on the lower side of the barrier, while the upper barrier layer is
stable against the species on the top side of the barrier and against the lower barrier layer.
However, multilayer barriers may also be subject to grain boundary diffusion. Compound
diffusion barriers can help reduce grain boundary diffusion. In this case, a metal species with a
minority concentration preferentially segregates to and “stuffs” the grain boundaries of the metal
species with the majority concentration. This idea may also be implemented by reactively
sputtering metals in the presence of O, N, or both in an attempt to incorporate the O or N as grain
boundary “stuffing agents.” The use of amorphous diffusion barriers can also minimize grain
boundary diffusion.[22]

1.3 Antimonide-Based Compound Semiconductor High Electron Mobility Transistors

1.3.1 Need for Lower Contact Resistances

To illustrate the importance of reducing the contact resistance in ABCS HEMTs, it is
instructive to look at the cutoff frequency fT and the maximum frequency of oscillation fmax, which
represent the maximum frequencies of unity gain and power gain and are appropriate figures of
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merit for digital and analog circuits, respectively. Assuming that the source and drain contact
resistances are the same, the cutoff frequency for a HEMT is [12]

2  f T 

while f max 

gm
 2R 
CG 1  c   2 RcCGD  Cpar
RDS 


,

(1)

f T . Here, Rc is the contact resistance (in Ω), gm is the transconductance, CGD the

capacitance between the gate and drain, CG = GGD + CGS and is proportional to the gate length
(CGS is the capacitance between the gate and the source), Cpar is the parasitic input capacitance,
and RDS is the output resistance (which reflects the nonsaturating drain current with drain bias).
Although the dependence on the contact resistance is not as simple here as the scaling law given
for the InGaAs HBTs below, it is still clear from equation (1) that reductions in contact resistance
will be crucial for achieving extremely high device frequencies.

1.3.2 Methods of Contacting Buried Conduction Channels

The ABCS HEMT heterostructures considered in this thesis have quantum wells
consisting of InAlSb/InAs/AlGaSb layers. The electron affinity of the InAlSb is much less than
the work function of any practical contacts so that there will be a barrier to electron transport > 8
nm thick between the contact metal and the InAs quantum well (electron channel). Fabrication of
an Ohmic contact for this structure will necessarily involve reducing the distance between the
metallization and the channel. There are three primary methods to achieve this end. The first,
sometimes used with GaAs/AlGaAs 2-dimensional electron gases (2DEGs), is to use reactive
contacts that form spikes through the semiconductor barrier into the 2DEG active transport
region.[23-25] The second method is to selectively etch a portion or the entirety of the barrier
above the channel so that the contact may be deposited in closer proximity to or in direct contact
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with the 2DEG,[26, 27] or use a contact metallization that will react to a certain depth[28] so that
the reaction region is in close proximity to the 2DEG or even reacted to it. The third method is to
use a contact that is guaranteed to react to the electron channel.[29-32] Because the antimonides
oxidize heavily during exposure to the atmosphere, the second approach is not recommended for
use with ABCS HEMTs. The third approach will be used in this thesis.

1.4 InGaAs HBT Devices Trends and Ohmic Contacts Literature Review

Scaling laws for InGaAs HBTs stipulate that the specific contact resistance (ρc) of the
base and emitter contacts must scale as the inverse square of the transistor cutoff frequency, so
that for THz devices, the Ohmic contacts to the emitter and base regions will need ρc values <
2×10-8 Ω cm2.[33] Furthermore, the base thicknesses in THz devices will need to be < 20 nm
thick. This means that Ohmic contacts with extremely shallow reaction depths are essential and
that annealed contacts that react many tens or even hundreds of nanometers will not be viable in
these devices because they can cause shorting between the semiconductor layers. In the context of
the discussion of the Bardeen model in Section 1.2.2, surface states are expected to play an
increasingly important role in such extremely shallow Ohmic contacts to HBTs. It will be
important to characterize the semiconductor surface as a function of surface preparation and
correlate those surface characterizations with the specific contact resistances yielded by different
surface preparations.
A brief review of Ohmic contacts to n- and p-InGaAs (as well as GaAs and InAs) is
provided in Tables 1.1–1.4. The tables highlight contacts that are similar to those examined in this
thesis and that are expected to have reasonably shallow reaction depths. Contacts that feature
extensive reaction, such as the Au-Ge, Ni-Au-Ge, Pd-Ge, and other similar “annealed” contacts
that have been thoroughly examined on GaAs, are not included because they often have very deep
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reaction depths. Because the parameter space is so large (stoichiometry, doping, surface
treatment, details of post-surface-treatment atmospheric exposure, deposition technique,
metallization, and post-metallization treatment), it is difficult to identify trends. However, it is
reasonable to conclude from the review that Ti-, Pd-, TiW-, and Mo-based contacts are promising
candidates for very low specific contact resistance Ohmic contacts to InGaAs.
Table 1.4 lists some recent work in which very low specific contact resistances were
reported by the Rodwell group at University of California, Santa Barbara after they examined
various surface preparations and deposited contacts on highly doped n-InGaAs surfaces, and
these results are discussed in more detail in Section 4.1. This thesis also addresses the challenges
of accurately measuring such low specific contact resistances in Section 2.2.3.

Ti/Pd/Au 20/20/200 nm, e-beam

Mo/Au 75/100 nm, e-beam

In situ Ar
sputtering (60
eV, 40 s)

10% NH4OH

Buffered HF
followed by
dilute acetic
acid
W 250 nm, sputtered

Ti/Pt/Au 50/100/200 nm, e-beam

Phosphoric acid
treatment

NH4OH (1:20),
30 s

Ti/Pt/Au 50/50/100 nm, e-beam

NH4OH (1:10)

Contact
Ti/Pt/Au 110/90/220 nm
Ti/Ni/Au 110/130/220 nm
e-beam all

Surface
Preparation

1.3×10-6

10 s, 600 °C

2 h, 300 °C

20 s, 400 °C

2.54×10-7

2×10-7

1 s, 400 °C
1 s, 400 °C

5 min , 370 °C

90 s, 350 °C,
90 s, 250 °C

Treatment

4.3×10-8
1.7×10-8

5×10-8

7.8×10-7
1.1×10-6

Representative ρc
(Ohm cm2)

n-In0.4Ga0.6As

n-In0.5Ga0.5As

n-In0.53Ga0.47As

n-InGaAs
n-InAs

n-InAs

n-InAs

Stoichiometry

5×1018 (Si)

2.4×1019 (Si)

1×1019 (Si)

5×1019 (Si)
4×1019 (Si)

2×1019 (Si)

5×1018 (Si)

doping

[39]

[38]

[37]

[36]

[35]

[34]

Ref
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Table 1.1 Brief review of Ohmic contacts to n-InGaAs and n-InAs.

20 s, 400 °C
As-dep–300 °C
400 °C
300 °C
As-dep
30 s, 600 °C
30 s, 600 °C
30 s, 450 °C
30 s, 450 °C
1 s, 400 °C
1 s, 400 °C

1.7×10-6
3×10-6
5×10-6
4×10-6
1.2×10-6
5–7×10-8
8.5×10-5
7.5×10-6
3.4×10-8
9×10-6
4.8×10-8
2.8×10-8

Pd/Ir/Au 5/5/190 nm
Ir/Au 5/195 nm
Ti/Pt/Au 10/10/180 nm
e-beam all
Pd/Pt 20/100 nm
Pd/Pt 25/100 or Cr/Au 80/200, e-beam
W 100 nm sputterd
Ti/Pt 50/75 nm, e-beam
Pt/Ti 75/75 nm, e-beam
Ti/Pt/Au 50/100/200 nm, e-beam

HF-based etchant
implied

HF-based etchant
implied

No surface
preparation given

Removal of
anodic oxide in
dilute HF, then in
situ Ar sputtering
(60 eV, 40 s)

1% HF, 15 s

No surface
preparation given

Pd/Ti/Pd/Au 10/20/20/200 nm

10% NH4OH

20 s, 400 °C

~2×10-6

Pd/Ti/Pd/Au 10/20/20/200 nm e-beam

10% NH4OH

Treatment

Contact

Representative ρc
(Ohm cm2)

Surafce
Preparation

p-InGaAs
p-GaAs

p-In0.53Ga0.47As

p-In0.53Ga0.47As

p-InGaAs

p-In0.53Ga0.47As

p-InGaAs

p-In0.53Ga0.47As

p-In0.53Ga0.47As

Stoichiometry

1×1020 (Zn)
2×1020 (Be)

5×1018 (Zn)

1.5×1019 (Zn)

5×1019 (Zn)
1.4×1020 (Be)

1.7×1019 (Zn)
1.4×1020 (Be)

1×1019 (Be)

1×1019 (Be)

1×1019 (Be)

Doping

[46]
and
[36]

[45]

[44]

[43]

[42]

[41]

[37]

[40]

Ref

14

Table 1.2 Brief review of Ohmic contacts to p-InGaAs and p-GaAs.

As-dep

As-dep

As-dep
30 s, 290 °C
30 s, 320 °C
As-dep
30 s, 210 °C
30 s, 210 °C
30 s, 300 °C
30 s, 320 °C
30 s, 300 °C
30 s, 210 °C
30 s, 290 °C
30 s, 300 °C

2.1×10-6
9.6×107
2.8×10-6
1.34×10-5
2.6×10-6
5.6×10-5
7.1×10-6
5.5×10-6
8×10-6
6×10-6
6.4×10-6
4.3×10-6
3.3×10-6
3.5×10-6
3.9×10-6
2.7×10-6
2.4×10-6

Pd/W/Au 30/50/145 nm, sputtered
Pd/Pt/Au 3/50/145 nm, e-beam
Ti/Pt/Au 50/60/140 nm, e-beam
Ti/Pt/Au 50/60/140 nm, sputtered
Ti/Pt/Au 25/60/115 nm, e-beam

Ru/V/Ru/Au 2/40/20/80
Ti/Pt/Au 4/50/50/80
V/Pt/Au 40/40/80
Ni/V/Ni/Au 5/40/40/80
Pt/V/Au 5/40/80
Pt/V/Au 4/40/80
Pt/Ru/Au 5/20/80
Pt/V/Pt/Au 5/40/40/80
Pt/Ti/Pt/Au 5/40/40/80
Pd/V/Pt/Au 5/40/40/80
Pd/Pt/Au 3/40/120
Pd/Ru/Au 5/20/80
e-beam all

60 s BOE

30 s BOE

1 min BOE

5 min, 450
degC

<5×10-6

Treatment

1.6×10-6
1.7×10-6
1.9×10-6
2.7×10-6
2.9×10-6
4.8×10-6

Pt/Ti/Pt/Au 10/20/30/150 nm e-beam

HCl, Ar
plasma

Representative ρc
(Ohm cm2)

Pd/Pt/Au 5/50/145 nm
Pd/Cr/Au 3/50/145 nm
Pd/Ti/Pt/Au 3/50/50/100 nm
Pd/W/Au 3/50/145 nm
Co/Pt/Au 5/50/145 nm
Ti/Pt/Au 5/60/140 nm

Contact

Surafce
Preparation

p-InAs0.8P0.2

p-InAs

p-InAs

p-GaAs

Stoichiometry

2.3×1019
(Be)

2.05×1019
(Be)

[50]

[49]

[48]

[47]

1×1019
(Be)

2×1019
(Be)

Ref

Doping
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Table 1.3 Brief review of Ohmic contacts to p-GaAs, p-InAs, and p-InAsP.

(Ti/Pd/Au)e-beam 20/40/200 nm
TiWblanket-sputtered/(Ti/Ni)e-beam 500/20/100 nm

10 min UV/O3, NH4OH
10 s, N2 dry

(Mo/Ti/Au/Ni)e-beam 10/20/150/50 nm

(Mo/Ti/Au/Ni)e-beam 20/20/150/150 nm

In-situ deposition of Mo
after MBE growth of
In0.53Ga0.47As

In-situ deposition of Mo
after MBE growth of
In0.53Ga0.47As

No UV/O3, NH4OH 10 s

TiWblanket-sputtered/(Ti/Au/Ni)e-beam
100/20/150/50 nm

TiWblanket-sputtered/(Ti/Au/Ni)e-beam 500/20/150/50
nm

UV/O3, NH4OH

10 min UV/O3, HCl:H2O
1:10 60 s, rinse 60 s

Contact

Surafce Preparation

As-dep

7.3×10-9
8.4×10-9

1.1×10-8

1.3×10-8

2.5×10

-8

As-dep

As-dep

As-dep

As-dep

7×10-9

1.9×10-8

Treatment

Representative ρc
(Ohm cm2)

n-In0.53Ga0.47As

n-In0.53Ga0.47As

n-InGaAs

n-In0.53Ga0.47As

In0.53Ga0.47As

Stoichiometry

6.0×1019
(Si)

3.6×1019
(Si)

5×1019
(Si)

3.5×1019
(Si)

3.5×1019
(Si)

Doping

[55]

[54]

[53]

[52]

[51]

Ref
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Table 1.4 Brief review of Ohmic contacts to n-InGaAs. The challenges of accurately measuring such low
specific contact resistances are addressed in Section 2.2.3.
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1.5 Surface Treatment with UV/O3

The reduction of contact resistance that accompanies the use of the UV/O3 surface
preparation[56] is probably due to the successful removal of organic contaminants and the
exposure of the clean semiconductor surface after the oxide is removed.[57, 58] There are many
factors that may control the rate and composition of UV/O3-oxidized films.[59] The energy of the
photons, the gas composition, and the bandgap of the semiconductor play important roles. Two
wavelengths are important for effective UV/O3 procedures.[57] The ~185 nm wavelength photons
emitted by Hg vapor lamps is absorbed by molecular oxygen, leading to the creation of ozone.
The ~254 nm wavelength photons are absorbed by hydrocarbons, leading to their volatilization
and transport away from the substrate. That 254 nm wavelength is also absorbed by ozone,
leading to its breakdown and the creation of highly reactive atomic oxygen near the substrate that
enhances the rate of oxidation. The gas composition is important because the concentration of
oxygen is expected to determine the concentration of ozone. The bandgap of the semiconductor
also plays an important role: electron-hole pairs will be formed in semiconductor materials with
bandgap energies smaller than the incident photon energies. The close proximity of the
photogenerated carriers to the surface is known to enhance the oxidation rate in GaAs,[60, 61]
and it has been found experimentally that materials with bandgaps much higher than the incident
photons oxidize slowly.[59]

Chapter 2
Experimental Methods

2.1 Ohmic Contacts for Antimonide-Based Compound Semiconductor HEMTs

The antimonide-based compound semiconductor HEMT heterostructure to which Ohmic
contacts are made is shown in Fig. 2.1.[31, 32] Two regions of the structure that are referred to in
Section 3.2 are indicated on the right of the figure.

Figure 2.1 Schematic of heterostructure and Ohmic contact for the ABCS HEMT structure. Reaction
regions I and II are referenced in Section 3.2 when the reaction morphology of the Pd/Pt/Au contact is
reported and discussed.

2.1.2 Contact Resistance Measurements via the Transfer Length Method

The transfer length method[62] is used to measure the contact resistances. Schematics of
the test structure and the fitting procedure are shown in Fig. 2.2. The resistance between each set
of contacts, the distances between each set of contacts, and the width of the contacts are measured
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and the resistance is plotted versus the distance between the contacts. The data are fit to RT = Rs
d/Z + 2 Rc, where Rs is the sheet resistance of the semiconductor, d is the distance between the

contacts, Z is the width of the contacts, and Rc is the contact resistance in Ω. The slope of the line
yields the sheet resistance of the semiconductor, the y-intercept yields twice the contact
resistance, and the x-intercept yields the transfer length (LT), which may be conceived of as the
distance back from the front edges of the contacts at which approximately (1  e 1 )  100% of the
current has exited or entered the contact.

Figure 2.2 A TLM test structure and extracted electrical parameters.

2.1.3 Sample Fabrication

A schematic overview of the sample fabrication procedure is shown in Fig. 2.3. The
individual steps are discussed below in more detail.
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Figure 2.3 Schematic overview of the fabrication of TLM test structures from the ABCS HEMT
heterostructure studied in this thesis.

2.1.3.1 Photolithography

3×3 mm samples with the heterostructure shown in Fig. 2.1 were degreased in acetone,
methanol, and deionized water for 5 min, respectively, and then blown dry with compressed
nitrogen. Standard contact photolithography procedures were used to define transfer length
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method (TLM) patterns with nominal gap spacings of 2, 4, 6, 8, 15, and 20 μm. The 100 μm
edges of the contacts were adjacent to the gaps, while the contacts were 50 μm long. Several
photolithography procedures were examined for patterning. Initial patterning was performed with
a resist stack that involved exposing the semiconductor surface to a tetramethylammonium
hydroxide-based (TMAH) developer. This was undesirable because of worries about possible
exposure of the Al-containing layers in the heterostructure to the developer, as TMAH is known
to etch Al-containing compounds. A second process incorporated PMMA as a bottom layer in the
resist stack so that non-reactive solvents (toluene or xylene) could be used for final image
development. However, this process was time-consuming and difficult to standardize. The details
of the photolithography procedure that was used to fabricate the samples reported in this thesis
are included below. The extremely fast development of the resist (often 15 s or less) minimizes
any reaction between the basic (pH) sodium metasilicate-based developer and the sample surface.
1) Dehydration bake degreased samples: 110 °C, 5 min
2) Secure samples to scrap wafer or glass with adhesive so that they are located > 0.5 in from the
central spin axis of the resist spinner.
3) Static dispense of BPRS 100 resist and spin: 5006000 rpm at 2000 rpm s-1; 6000 rpm, 40 s
4) Resist solvent bake: 30 s at 110 °C
5) Expose edge-bead removal pattern (large rectangular pattern that permits exposure of the outer
0.3–0.5 mm of the sample while shielding the sample’s center) in broadband I-line aligner: 120 s
6) Develop edge-bead removal pattern in PLSI3:1: times vary according to visual inspection of
development
7) Resist solvent bake: 60 s at 110 °C
8) Expose TLM pattern in broadband I-line aligner: 32 s
9) Develop TLM pattern in PLSI3:1: times vary according to visual inspection of development
(usually < 15 s)
The importance of the edge-bead removal procedure in steps 5 and 6 is illustrated in Fig.
2.4, which shows the variation in resist height after a very small sample on which the edge-bead

removal procedure was not used is patterned with lines and cleaved. Removal of these height
variations near the edges of small samples permits the desired pattern to be imaged with much
greater fidelity in the center of small samples.
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Uniform resist
thickness in the center
of the sample.

Resist thickness variation near the
edge of the sample due to edge
bead.

80 μm

AlGaSb
buffer layer

Figure 2.4 An SEM micrograph of a cleaved small sample patterned with photoresist, showing variations in
resist thickness due to edge bead near the edge of the sample. The resist on the left side of the sample is 2
μm thick.

2.1.3.2 Surface Preparation and Vacuum Pumpdown

After patterning, the samples are placed inside a PR-100 UV-Ozone Photoreactor (UVP
Inc., San Gabriel, CA) for 4 min to remove any remaining carbonaceous material from the sample
surface and to create a slightly thicker and more uniform oxide layer on the surface. The samples
are then immersed in a buffered oxide etch (BOE) (10:1) solution for 1 min, rinsed in deionized
water, blown dry with compressed nitrogen, and loaded into an electron-beam deposition
chamber that is pumped to a base pressure of 2×10-7 torr prior to metal deposition.

2.1.3.3 Metal Deposition

Before metal deposition, the pressure and residual oxygen level in the vacuum chamber
are minimized by gettering with an electron-beam Ti source. The Ti gettering consists of a 30–35
nm Ti deposition at >4 Å s-1, during which the samples are shielded from the electron-beam
source. After the gettering step, 20 or 30 nm of Pd (99.95%) is deposited, followed by two
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separate 17.5 nm depositions of either Pt (99.99%) or Ru from a Ru (99.95%) source composed
of pieces of pressed, sintered Ru powder. The two Pt or Ru deposition steps are separated by 30–
45 min cool down periods to avoid excessive heating of the samples. To minimize the spitting
phenomenon that is usually observed during electron-beam deposition of Ru, a reduced
deposition rate is used when Ru is deposited, which may expose the samples to more heating than
when Pt is used. A 100 nm Au (99.999%) layer is then deposited in a single deposition step.

2.1.3.4 Liftoff, Mesa Mask Patterning, Mesa Etching and Mask Removal, Optional InAs
Cap Removal

Liftoff is performed in acetone with sufficient sonication to remove any metal wings
remaining at the edges of the metal pads, followed by 10 min immersions in methanol and
deionized water. The samples are then blown dry with N2.
A second photolithography step is then used to pattern mesa etch masks. A wet etchant
composed of hydrogen peroxide, hydrofluoric acid, and lactic acid is used to etch the mesas. The
photoresist is then removed using 10 min sequential immersions in acetone, methanol, and
deionized water, after which the samples are blown dry with nitrogen.
The InAs cap between the contact pads is sometimes removed in the Pd/Pt/Au study with
a wet etchant composed of citric acid (anhydrous, J. T. Baker), hydrogen peroxide, and deionized
water, after which the samples are rinsed in deionized water and blown dry with nitrogen. In the
Pd/Ru/Au study, the InAs cap is always removed. As discussed in Chapter 3, removing the InAs
cap tends to reduce sheet resistance fluctuations observed during successive aging cycles.
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2.1.4 Test Structure Geometry, Probe Placements, Electrical and Geometric Measurements,
and Data Fitting

The TLM test structure has nominal gap spacings of 2, 4, 6, 8, 15, and 20 μm. The 100
μm edges of the contacts were adjacent to the gaps, while the contacts were 50 μm long. The
TLM gap spacings were measured with a scanning electron microscope (SEM) with an electron
beam oriented perpendicular to the sample surface. Those measurements were calibrated using a
linear fit function from a series of calibration measurements—taken immediately prior to
measurements of gap spacings—from an MRS-3 magnification reference standard (Geller
Microanalytical Laboratories) at the same working distance.

2.1.5 Annealing

Because as-deposited measurements yielded higher contact resistances and variations in
the contact resistance and semiconductor sheet resistance, samples were always annealed in 100
SCCM (SCCM denotes cubic centimeters per minute at standard temperature and pressure) of
flowing, gettered argon at 175 °C for 3 h prior to electrical characterization. Following the initial
electrical measurement, the samples were loaded into evacuated, sealed quartz tubes that were
then gettered via heated titanium sponge that was sealed with the samples at the opposite ends of
the sealed tubes, and then finally separated into their own separate ampoules; the integrity of the
sealed vacuum was maintained throughout the entire process. The samples were then aged in
ovens for 1 week intervals at 175, 200, or 225 °C, with electrical characterization after each aging
step. Several additional Pd/Ru/Au samples were also prepared and annealed at 200 °C and 225 °C
for 3 h, instead of 175 °C.

25
2.1.6 Transmission Electron Microscopy Sample Preparation

The blanket layer transmission electron microscopy (TEM) samples used in this
investigation were all prepared with Pd/(Pt or Ru)/Au with 20/35/100 nm thicknesses. The
degrease and surface preparation procedures for the blanket layers were the same as for the
electrical samples, and depositions of the blanket layers were often performed concurrently with
depositions of the contacts for the electrical samples. The thermal annealing and aging procedures
used for the TEM samples were the same as those for electrical samples, with annealing occurring
in Ar, and aging occurring in vacuum-sealed, Ti-gettered quartz ampoules. However, TEM
samples were never aged cumulatively. For example, a TEM sample “aged for one week at 225
°C” refers to an as-deposited sample that has been aged for one week at 225 °C, with no
intermediate thermal treatment.
The annealed and aged blanket layers were characterized by TEM, scanning transmission
electron microscopy (STEM), and energy-dispersive x-ray spectroscopy (EDS) using a fieldemission TEM (JEM-2010F, JEOL). The Pd/Pt/Au and Pd/Ru/Au TEM samples were made using
conventional cross-sectional sample preparation techniques in which blanket layers were glued
face to face, cross-sectioned, mechanically thinned, and then ion milled to electron transparency.
To avoid unintentional sample annealing, all cross-sectional samples were prepared at room
temperature and ion-milled at low temperatures using a Fischione 1010 ion mill. Annular dark
field STEM (ADF-STEM) images were obtained with a 0.2 nm probe size.

2.2 Ohmic Contacts to InGaAs

Most contacts to n-InGaAs are to a heavily doped 40 nm thick n+-In0.86Ga0.14As epilayer
grown by molecular beam epitaxy (MBE) with a Si donor concentration of 1019 cm-3. The
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epilayer is on 25 nm n+-InxGa1-xAs (1019 cm-3 Si) compositionally graded to lattice match a 200
nm unintentionally doped InP epilayer on a (100) semi-insulating InP substrate. A second
moderately doped n-InGaAs epilayer is used for experiments in Section 2.2.1.2. In this case,
contacts are prepared on a 100 nm n-In0.86Ga0.14As epilayer (2×1017 cm-3 of Si) on a 25 nm thick
n-InxGa1-xAs epilayer (2×1017 cm-3 of Si) compositionally graded to lattice match to a 200 nm
unintentionally doped InP layer on a (100) semi-insulating InP substrate. Contacts to p-InGaAs
are to a heavily doped p+-InxGa1-xAs (1019 cm-3 Be) epilayer where 0.45 < x < 0.54. A 5 nm nInGaAs (1017 cm-3 Si) cap was always present over the p+-InGaAs. Schematics of the n+-, n-, and
p+-InGaAs wafers are shown in Fig. 2.5.

Figure 2.5 Schematics of the n+-, n-, and p+-InGaAs wafers used in this thesis.

2.2.1 Sample Fabrication

A schematic overview of the sample fabrication procedure is shown in Fig. 2.6. The
individual steps are discussed below in more detail.
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Figure 2.6 Schematic overview of the fabrication of TLM test structures on InGaAs.

2.2.1.1 Photolithography

Samples of size 1×1 cm are degreased in acetone, methanol, and then de-ionized (18.3
MΩ cm) water for 5 min, respectively, lightly sonicated in de-ionized water for 10 s to remove
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any residual particulates from cleaving, and then blown dry with N2. A 10×10 array of TLM sets
featuring the proposed test structure discussed in Section 2.2.3.2 are then photolithographically
patterned with a stepper using i-line photolithography. The nominal pad dimensions are 25×30
µm and the nominal gap widths between the contacts are 0.6, 0.7, 0.8, 0.9, 1.0, 1.2, 1.4, 1.6, 1.8,
and 2.0 µm. Only gap widths ≤2 µm are used for three reasons: the first is our desire for
measurement accuracy of gap spacings using scanning electron microscopy (SEM), which for us
is reduced at length scales greater than 10.0 µm; second, we want to make measurements at
length scales that are reasonably close to actual device dimensions; and third, large gaps exert a
disproportionate influence on the least squares curve fit. Because of the low specific contact
resistances that are to be measured, there are higher photolithographic tolerances than in the
HEMT study. Examples of the resist profiles obtained with this process are shown in Fig. 2.7.
The detailed photolithography processing steps are given below.

Figure 2.7 Side profiles of the resist stack used to deposit Ohmic contacts to InGaAs, for various
development times of the bottom layer.

1) Dehydration bake degreased samples: 110 °C, 5 min.
2) Static dispense of PMGI SF6 (MicroChem) and spin: 04000 rpm at 2000 rpm s-1; 4000 rpm,
40 s
3) Solvent bake: 10 min, 190 °C
4) Static dispense of SPR 3012 photoresist and spin: 04000 rpm at 2000 rpm s-1; 4000 rpm, 40
s
5) Solvent bake: 60 s, 90 °C
6) Expose pattern in I-line stepper: 0.42 s
7) Develop 3012 resist in MF CD-26 (TMAH) developer (MicroChem): 60 s
8) Expose SF6 in to deep ultraviolet light in a DUV exposure tool: 12 min
9) Develop SF6 in XP101A developer (MicroChem): 23–25 s
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2.2.1.2 Surface Preparation

After photolithographic patterning, the lamp of an UV-ozone photoreactor (model PR100, UVP, Inc., San Gabriel, CA) is warmed up for 10 min with no samples present. The samples
are then placed inside the photoreactor before it is purged with 10 L of standardized N2:O2 4:1 at
1.2 SLPM (cubic liters per minute at standard temperature and pressure). The flow rate is then
reduced to 1.0 SLPM and the samples are exposed to UV light and ozone for 10 min at a set
distance of less than 1 inch from the lamp.
A series of surface preparations were initially examined in order to establish their
influence on the resistance of Pd/Ti/Pt/Au (5/15/15/100 nm) Ohmic contacts to n-InGaAs
deposited via electron-beam deposition. These preparations always involved the 10 min UV/O3
treatment described above, except for a single preparation that served as a control and allowed us
to examine the effect of omitting the UV/O3 treatment. The baseline preparation consists of a 2
min BOE 10:1 immersion followed by a 15 s rinse in de-ionized water and N2 dry. Four
additional preparations involved first treating the samples for 10 min with UV/O3 and removing
the oxide with the baseline etch, and then exposing the semiconductor surfaces to additional
treatments, to examine how the additional treatments affect the specific contact resistance. In the
first of these alternate treatments, the semiconductor was immersed in a mixture of NH4OH:H2O
1:10 for 10 s, rinsed for 15 s in DI water, and dried with N2. In the second alternate treatment, the
semiconductor was left in the ambient atmosphere for 5 min before the baseline oxide etch was
repeated. In a third treatment, the 15 s rinse time used with the baseline etch was extended to 60 s
and the semiconductor was agitated at 3 Hz inside the 50 mL rinse vessel containing the rinse
water. In a fourth alternate treatment, the semiconductor was placed in a humid ambient for 30 s
before it was loaded into the vacuum system for contact deposition. A control preparation
consisting of the baseline BOE oxide etch, 15 s rinse, and N2 dry, but with no prior UV/O3
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treatment, was also examined. A final surface preparation that did not involve the baseline BOE
etch consisted of an oxide etch in HCl:H2O 1:10 for 30 s followed by a 15 s water rinse and N2
dry. A summary of these conditions is provided in Table 2.1.
Table 2.1 Summary of the surface preparations studied for contacts to n-InGaAs

Surface
Preparation
Baseline
2
3
4
5
6
7

Preparation Details
10 min UV/O3 treatment, BOE (10:1) 2 min, 15 s water rinse, N2 dry
Baseline preparation, NH4OH:H2O (1:10) 10 s, 15 s water rinse, N2 dry
Baseline preparation, ambient exposure (5 min), repeat baseline oxide etch
Baseline preparation with a 60 s rinse
Baseline preparation, 30 s exposure to humid ambient
Baseline preparation without the UV/O3 treatment
10 min UV/O3 treatment, HCl:H2O (1:10) 30 s, 15 s water rinse, N2 dry

For the study of different contact metallizations to n-InGaAs, the baseline surface
preparation procedure was used: samples are immersed in a buffered oxide etch (10:1) solution
for 2 minutes, submerged in de-ionized water for approximately 10–12 s before being sternly
agitated back and forth across the width of the 50 mL rinse vessel three times for a total
submersion time of <15 s, and then blown dry with nitrogen before they are loaded into a cryopumped vacuum chamber equipped for both electron beam evaporation and sputter deposition.
Although we photolithographically pattern samples in parallel, we note here that our standard
procedure, which yields the values in Table 4.1 and Fig. 4.5, is to perform all steps after
photolithography serially, one sample at a time. This minimizes variations in specific contact
resistances and standardizes the time that each sample is rinsed and exposed to the atmosphere
before being put under vacuum. A dehumidifier in the laboratory where the work is performed
maintains the ambient relative humidity, measured with three separate and dispersed humidity
monitors, at ≤20%.
The experimental procedures used to prepare p-InGaAs samples for contact deposition
are the same as for the studies of contacts to n-InGaAs described above. This involves the serial
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preparation of single samples after photolithography with 10 min UV/O3 treatments followed by
an oxide etch, rinse in DI water, and dry in N2 in a laboratory that has a relative humidity of
≤20%. Three different oxide removal procedures were examined. The first consisted of a 1 or 2
min immersion in BOE 10:1, followed by a 15 s water rinse and N2 dry. The second consisted of
a 30 s immersion in HCl:H2O 1:10 (30 s), followed by a 15 s water rinse and N2 dry. The third
was comprised of an initial 30 s oxide etch in HCl:H2O followed by a water rinse and N2 dry, and
then a secondary 10 s immersion in 1:6 HCl:H3PO4, and then a final DI water rinse and N2 dry.
After the oxide removal, the samples are then loaded into a cryo-pumped vacuum chamber
equipped for both electron beam evaporation and sputter deposition.

2.2.1.3 Vacuum Pumpdown Times

Deposition sources are loaded and the vacuum chamber is pumped down overnight
before samples are loaded for deposition of Ohmic contacts. To minimize exposure of the
vacuum chamber walls to the atmosphere, the chamber is purged continuously with N2 during the
brief time it is open while the samples are loaded. The pressure reproducibly reaches ≤3×10-7 torr
less than 90 min after initial pump down. The pressure is then lowered to <2×10-7 torr via
gettering with Ti, followed immediately by the deposition of the contacts. The Ti gettering
consists of a 30–35 nm Ti deposition at 4.5 Å/s, during which the samples are shielded from the
electron-beam source.

2.2.1.4 Electron-Beam and Collimated Sputter Deposition

A summary of the metal thicknesses for the contacts to n-InGaAs that were studied in this
thesis are shown in Table 2.2. The metals used for electron beam deposition have the following
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purities: Pd (99.95%), Au (99.999%), Pt (99.99%), Ti (99.995%), Mo (99.9%), W (99.9%), and
TiW (99.95%). The metals used for sputter deposition have the following purities: Pd (99.95%),
Pt (99.99%), and TiW (99.99%, 10% Ti by weight). All sputtered metal layers are deposited via
DC magnetron sputtering with Ar gas. A 30 min cool-down period is introduced between the
electron-beam deposited Pt and Au layers in the X/Ti/Pt/Au (where X is Mo, Pd, or Pt) and
Ti/Pt/Au contacts, between the electron-beam deposited TiW and Au layers in the (TiW/Au)e-beam
contact, and twice during the deposition of the W and also between the third W deposition step
and the Au in the (Pd/Ti

x4)sputtered/(Pd/W/Au)e-beam (1/1 x4)/2/50/100 nm multilayer contact. The

purpose in each case is to minimize sample heating.

Table 2.2 Summary of metal thicknesses used in Ohmic contacts to n-InGaAs

Contact
(Mo/Ti/Pt/Au)e-beam
(Ti/Pt/Au)e-beam
(TiW/Au)e-beam
TiWsputtered/Aue-beam
(Pd/Ti/Pt/Au)e-beam
(Pd/Ti/Pt/Au)e-beam
Pdsputtered/(Ti/Pt/Au)e-beam
(Pd/Ti, ×4)sputtered/(Pd/W/Au)e-beam
(Pt/Ti/Pt/Au)e-beam
(Pt/Ti/Pt/Au)e-beam
Ptsputtered/(Ti/Pt/Au)e-beam

Thicknesses (nm)
30/15/15/100
15/15/100
30/100
30/100
5/15/15/100
2/15/15/100
5/15/15/100
(1/1, ×4)/2/50/100
5/15/15/100
3.5/15/15/100
5/15/15/100

For contacts designated as “sputter deposited,” only the first layer is sputter deposited,
while the remaining layers are electron-beam evaporated after the post-sputtering pressure in the
chamber falls to <6×10-7 torr. Several processes were examined for avoiding the problem
encountered in the liftoff of sputter deposited metal contacts in which the metal deposits under
the liftoff profile of the resist (Fig. 2.8).
(a)

(b)
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Figure 2.8 A collection of SEM micrographs illustrating the problems encountered in the liftoff of sputterdeposited contacts. (a) A non-collimated Pdsputtered/(Ti/Pt/Au)e-beam 5/15/15/100 nm contact after liftoff. (b)
A non-collimated, sputter-deposited contact in which > 100 nm of Au was sputtered. (c) A series of
contacts featuring sputtered Pt layers under other electron-beam deposited metals. Thin Pt films often
contain large planar stresses, which may explain the way in which the Pt layer in the images have curled up
from the semiconductor surface (arrows point to the Pt).

These processes included wet [Figs. 2.9(a) and (b)] and dry [Figs. 2.9(c)–(f)] etch back of
blanket-sputtered metals using post-blanket-metal-deposition-patterned photoresist or metal
masks.
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(c)
(a)

2 μm
(d)
1 μm

10 μm
(e)

(b)
500 nm

2 μm

(f)

500 nm
Figure 2.9 (a) and (b) Blanket-deposited, wet-etched Au (using Transene Au etch) and TiW (using warm
H2O2) before (a) and after (b) removal of the resist mask, illustrating the difficulties of wet etch back of
blanket-deposited metal contacts. (c)–(e) Photoresist patterns on blanket-deposited TiW/Au that is reactiveion-etched with a Cl-based dry etch for low (c), medium (d), and high (e) power levels. At low power (c),
the Au etches non-uniformly. At medium power (d), the patterned resist is deformed. At high power (e), the
semiconductor and photoresist suffer catastrophic damage. (f) Successful RIE etching of a blanketdeposited TiW layer with an Au mask patterned via liftoff after deposition of the TiW.

However, wet chemical etch back processes are difficult to employ successfully at the scales of
the gap widths used in this study, and removal of Pd or Pt by either wet or dry etch processes may
damage (dry etch) or remove (wet etch) a portion of the InGaAs epilayers between the contacts.
Therefore, a collimator[63] (Fig. 2.10) was fabricated and used during the sputter and electron
beam deposition steps for contacts that have sputtered metal layers.
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Figure 2.10 A picture of the collimator used to pattern sputter-deposited metal contacts via liftoff processes
in this thesis.

The collimator is machined from a 3/4 inch thick slab of Al and features a hexagonal closepacked pattern of 5/32 inch diameter holes. The distance between the centers of the holes is 3/16
inches. A hinged quick-fastening assembly bolted to the sheet metal around the platen to which
the samples are clamped during deposition facilitates quick loading of samples. The lower face of
the slab is located 1/4 inch above the platen to which the samples are mounted and is in place
during the entire contact deposition when it is used, while the sputter heads are located 4 in above
the platen. The platen rotates beneath the collimator during metal deposition. Because moderate
sputtering pressures of ~5 mtorr cause severe reductions in the deposition rate when the
collimator is used, all sputtering is performed at the lowest possible pressure at which we can
maintain a plasma in the chamber, which is 0.9–1.1 mtorr. This necessity of using low sputtering
pressure is fortuitous from the point of view of the contacts to n-InGaAs: any effective reduction
of the Schottky barrier at the metal/semiconductor interface via sputter-induced defects is
expected to be greatest for low-pressure, high sputter voltage conditions. The effectiveness of the
collimator for sputter-deposited liftoff processing with a resist profile like those in Fig. 2.7 is
illustrated in Fig. 2.11 for a contact with 5 nm of sputtered Pd.
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(a)

(b)

Figure 2.11 Two SEM micrographs of Pdsputtered/(Ti/Pt/Au)e-beam 5/15/15/100 nm contacts to smooth pInGaAs deposited without (a) and with (b) the collimator. The metal deposition under the resist profile in
(a) is eliminated in (b)

Contacts to p-InGaAs were deposited in the same manner as described above for contacts
to n-InGaAs.

2.2.1.5 Liftoff, mesa mask patterning, sample cleaving, mesa etching and mask removal

Liftoff is performed in 60 °C Remover PG (MicroChem) with a stir bar. After liftoff,
mesa etch masks are photolithographically aligned and patterned with an i-line stepper. A room
temperature wet etchant composed of H3PO4 : anhydrous citric acid : lactic acid (85%) : H2O2
(30%) (1mL : 1g : 6mL : 1 mL) is used to isolate the InGaAs mesas before the mesa masks are
removed. The three acids are mixed briefly at 60 °C and then chilled to room temperature before
the H2O2 is mixed in. An InP etchant composed of HCl:H3PO4:lactic acid 2:5:2 was used for
additional mesa isolation in early experiments, but found to be unnecessary. The final mesa edges
are usually < 500 nm wider than the metal pads on either side. A single set of contacts on a mesa
etched down into the the InP is shown in Fig. 2.12(a), while an entire TLM set of contacts is
shown in Fig. 2.12(b).
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(a)

(b)

Figure 2.12 A completed set of contacts (a) and TLM series of contacts (b) featuring gap widths of 0.6, 0.7,
0.8, 0.9, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 3, 4, 6, 8, and 10 µm. Only the contacts with the smallest 10 gaps are
used in this thesis.

2.2.2 Electrical and Geometric Measurements, and Data Fitting

Test structures are probed with 4 probes in various configurations, discussed below in
Section 2.2.3.2. All electrical measurements are made in a dark room. Following the electrical
measurements, the gap widths between the contacts and the mesa widths are measured via
scanning electron microscopy (SEM) with an incident beam oriented perpendicular to the sample
surface. The measurements are calibrated for each sample using an MRS-3 magnification
reference standard (Geller Microanalytical Laboratories) at the same working distance (~10.2 ±
0.1 mm) and magnification (10,000x) as all subsequent gap and mesa width measurements.
All data points are given equal weighting during the curve-fitting procedure, which is
performed with the Marquardt-Levenberg method. The resistance vs. gap data for each TLM set
is fit independently of all others. Each value reported in this work is a mean average value
calculated from 8 TLM sets. The reported error values are the standard deviations calculated from
those 8 values. A common validity metric for the transmission line model (ρc>0.2 Rs h2,[64]
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where h is the epilayer thickness and Rs is the sheet resistance) is satisfied by all of the contacts
on n+- and lightly-doped n-InGaAs.

2.2.3 Measuring Extremely Low Specific Contact Resistances

2.2.3.1 Introduction

Electrical test structures that provide accurate values are critical for electrical studies
Ohmic contacts, specifically in studies of extremely low contact resistances and especially when
the effects of different experimental variables on very low contact resistances are being evaluated.
The transfer length method[62] is used to measure contact resistances in this thesis.
Concerns about the accuracy of this method when it is used to evaluate low specific contact
resistance contacts fabricated from low resistivity materials on low sheet resistance
semiconductors necessitate a detailed understanding of any possible test-structure-related
problems before the method is used in the measurement of very low specific contact resistance
contacts to InGaAs.
This section presents an examination of the transfer length method test structure. Overand underestimation artifacts are identified and explained. A modified TLM test structure and
optimal electrical probe placements are identified that mitigate the artifacts.
A reported overestimation artifact can affect specific contact resistance measurements of
contacts with high metal sheet resistance.[65] However, a related issue that has received much
less attention is the influence on specific contact resistance measurements of metal contacts on
very low sheet resistance (highly-doped) semiconductors. This issue is especially relevant in light
of published studies of these types of contact/semiconductor systems with very low specific
contact resistances.[36, 46, 51, 52, 54]

39
2.2.3.2 Low Specific Contact Resistance Contacts to High and Low Sheet Resistance
Semiconductors

Specific contact resistances extracted via transfer length method measurements from
Pdsputtered/(Ti/Pt/Au)e-beam 5/15/15/100 nm contacts are shown in Fig. 2.13(a) for the five different
current probe placements and the single voltage probe placement depicted in Fig. 2.14. The
placement of the voltage probes is identical for all measurements in this Thesis.

(a)

(b)

Figure 2.13 (a) Specific contact resistances extracted from Pdsputtered/(Ti/Pt/Au)e-beam 5/15/15/100 nm

contacts to n-InGaAs epilayers that have sheet resistances of 500 or 36 Ω □-1, using the I1–I5 probe
orientations in Fig. 2.14. (b) Resistance versus contact separation in (a) for the I3 probe configuration,
measured on the highly-doped (Rs = 36 Ω □-1) epilayer.
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Figure 2.14 Geometric details for an electrical test structure that can mitigate over- and underestimation
artifacts of specific contact resistances of contacts to low sheet resistance semiconductors. The I1–I5 probe
orientations that are referenced in Fig. 2.13(a) are also shown, along with schematic isopotentials for the
I1–I5 probe orientations.

Figure 2.13(a) illustrates the general insensitivity of the specific contact resistance
measurements to current probe placements when the specific contact resistance is measured for
contacts to a semiconductor with a moderate to high sheet resistance (moderate doping ○, ρc = 2–
3×10-8 Ω cm2, Rs = 500 Ω □-1). Figure 2.13(a) also illustrates two measurement artifacts that may
be encountered when TLM test structures are used to measure low ρc contacts to semiconductors
with a low sheet resistance (highly-doped ●, ρc = 1×10-10–1×10-8 Ω cm2, Rs = 36 Ω □-1). The first,
an overestimation artifact, is illustrated by the I1 probe configuration and the corresponding
schematic representation of isopotential lines for 25×30 µm and 25×10 µm sets of pads shown in
Figs. 2.14 and 2.15. In this case, the resistive contributions of the metal that the voltage probes
measure between the current probes and the front edges of the metal pads must be considered.
The transfer length method (TLM) ignores these resistive contributions and treats the contacts as
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isopotentials. As the resistive contribution from the contact material becomes increasingly
nontrivial relative to the resistive contribution of the semiconductor, the TLM curve is effectively
shifted upward, resulting in an overestimation of the contact resistance.

Figure 2.15 Schematic isopotential lines for current probes on 2510
configuration shown in Fig. 2.14.

µm pads oriented in the I1 probe

The results for the I5 probe configuration shown in Fig. 2.13(a) illustrate a less common
underestimation artifact. A schematic representation of isopotential lines for 25×30 µm and
25×10 µm sets of pads with this probe configuration is shown in Figs. 2.14 and 2.16. There is a
large potential drop laterally across the pads due to the resistance of the metal. Thus, there is a
non-uniform current distribution in the metal before it enters the semiconductor, accompanied by
a higher current density along the path directly between the laterally opposed current probes in
the semiconductor. Measuring the voltage on the sides of the pads farthest from the current
probes in the I5 configuration will result in a much smaller voltage than would be measured in the
regions of the pads that are closer to the current probes, and the contact resistance is
underestimated. This artifact is found when ρc and Rs are very low, and it becomes negligible
when a higher sheet resistance semiconductor is used that promotes more uniform current
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spreading. The results from the I2 and I4 current probe configurations in Fig. 2.13(a) are mixtures
of the over- and underestimation artifacts.

Figure 2.16 Schematic isopotential lines for current probes on 2510
configuration shown in Fig. 2.14.

µm pads oriented in the I5 probe

Computer simulations performed of the structures shown in Figs. 2.15 and 2.16 agree
with the trends shown in Fig. 2.13(a). For these simulations, finite element analysis of 2510
µm pads are performed in Comsol Multiphysics. The system is solved for potential after a total
inward current flow of 1 mA and ground are defined at separate 2×2 µm areas on the two metal
pads. The metal pads are 250 nm thick and the defined metal conductivity is that of bulk Au
(4.5167×107 S m-1  Rs, Au = 8.9×10-2 Ω □-1). Because the semiconductor region is defined to be
100 nm thick, its sheet resistance is set to 10 Ω □-1 by setting its conductivity to 1×106 S m-1 (Rs=

ρ/t = 1/σt, where ρ is the resistivity, σ is the conductivity, and t is the thickness of the film). A
specific contact resistance of 5×10-9, 1×10-8, or 5×10-8 Ω cm2 is defined between the metal and
semiconductor regions by defining a 1 nm interfacial region with a conductivity of 2000, 1000, or
200 S m-1, respectively (ρc = ρ t = t/σ). No current transport physics are defined: the specific
contact resistance is simply defined as a uniform resistor network between the metal and
semiconductor.
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The mesh elements are composed of rectangular prisms in order to match the thin-film,
rectangular geometry of the structures. The mesh in all regions is identical in the x-y plane,
preventing any interfacial offsets. The resolution of the mesh is higher adjacent to and in the gap
region to ensure an accurate solution for the current flow near the front of the contacts.
Four gap widths (0.6, 1.2, 1.8, and 2.4 µm) are simulated for each condition of interest, in
order to generate a resistance vs. gap spacing fit line for extraction of TLM parameters. Four gaps
are sufficient for fitting purposes: the R2 fit values are greater than 0.99999. The probe
placements used to extract the current and voltages are shown in Figs. 2.15 and 2.16. For each
individual gap, simulated with an associated set of defined parameters, a second simulation is
always performed that is identical to the first in every way, except that the conductivity of the
metal is set to be three orders of magnitude higher than that of Au (4.5167×1010 S m-1  Rs =
8.9×10-5 Ω

□-1). When the metal is “infinitely” conductive (negligibly resistive) as it is in this

second set of simulation data, the simulated ρc should collapse to the true (defined) value because
any over- or underestimation artifacts due to the resistance of the metal should disappear.
As shown in Fig. 2.17, for metal contacts with a sheet resistance of 0.089 Ω □-1 that form
Ohmic contacts with ρc = 5, 10, or 50×10-9 Ω cm2 to a semiconductor with a sheet resistance of 10
Ω

□-1, the probe placements in Fig. 2.15 yield overestimations, while the probe placements in

Fig. 2.16 yield underestimations. These simulation results agree with the experimental results in
Fig. 2.13(a). Furthermore, when the sheet resistance of the metal is set three orders of magnitude
lower than it is for metal contacts, the measurement artifacts vanish for both probe configurations.
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Figure 2.17 Extracted specific contact resistances for the simulated contact structures in Figs. 2.15 and 2.16
discussed in the text. The coincident probe orientation of Fig. 2.15 yields overestimated values while the
opposing probe orientation of Fig. 2.16 yields underestimated values. There results agree with the
experimental results in Fig. 2.13(a)

The experimental and computational results presented above suggest two design
principles to assist in mitigating the over/underestimation artifacts. The first is that the potential
should be uniform laterally across the contact pads in the region where the voltage measurements
are made. The second is that isopotentials should be parallel to the front edges of the metal pads.
Taken together, these principles suggest using contact pads with a high length/width ratio and
orienting the current probes at the rear/back center of the pads. A representation of the
isopotentials for this structure and orientation of current probes are shown in Fig. 2.18. In the
ideal case, the voltage probes are placed directly at the front of the metal pads so that the
measured resistance is attributable to only the contact resistances and semiconductor between the
contacts, as illustrated by additional simulation results in Fig. 2.19 conducted in the same manner
as the simulations discussed above. However, the addition of extension arms and voltage
measurement pads (Fig. 2.14) can reduce the difficulties (high tolerances) that accompany manual
placement of the voltage probes. We orient the front edges of the extension arms 1.5 µm back
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from the front edges of the main pads to minimize their perturbation of the current flow at the
front edges of the pads. We measure no meaningful difference when the current probes are used
in the I3 configuration of Fig. 2.14 or when the current probes are placed at the back of the pads.
The SEM micrographs in Figs. 2.20(a) and 2.20(b) show fabricated pairs of contacts. Because the
extension arms for the voltage pads are fabricated a small distance back from the front edges of
the main pads, a small overestimation of the contact resistance is expected from the resistive
contribution of the metal pads. However, the extracted values are expected to converge to the
correct values when the voltage probes are placed arbitrarily close to the front of the pads. It
should not be possible to underestimate contact resistances due to the influence of the metal sheet
resistance when this test structure is used in conjunction with the I3 probe configuration.

Figure 2.18 Schematic isopotential lines for current probes located at the rear of 2530 µm metal pads on a
semiconductor epilayer.
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Figure 2.19 (a) Probe placements and (b) extracted specific contact resistances for simulated 2530 µm
pads as a function of voltage probe position. The extracted specific contact resistances converge to the
defined value when the voltage probes are located near the front of the pads.

(a)

(b)

Figure 2.20 Scanning electron micrographs of fabricated test structures after mesas have been etched
through the n-InGaAs and InP (a) or just the n-InGaAs (b).

2.2.4 Annealing

Samples are annealed at 270 °C for 1 h increments in a quartz tube furnace through which
100 SCCM (cm3 min-1 at standard temperature and pressure) of gettered Ar flows.
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2.2.5 X-Ray Photoelectron Spectroscopy

The XPS spectra of InGaAs surfaces treated with the surface preparations listed in Table
2.1 are acquired on a monochromatic Al Kα source instrument (Kratos, Axis Ultra; United

Kingdom). With a takeoff angle of either 30° (surface sensitive) or 90° (greater sampling depth)
relative to the sample surface. Deconvolution of the spectra is performed in CasaXPS (Casa
Software Ltd., version 2.3) using calibrated relative sensitivity factors and a calibrated
transmission function. The following constraints are imposed on the fitting procedure. 1) The full
width at half maximum (FWHM) of all components in each deconvoluted spectrum must be
identical. 2) During deconvolution of the the Ga 3p and As 3d, the area of the 3p1/2 peaks must be
½ the area of the 3p3/2 peaks and the area of the 3d3/2 peaks must be 2/3 of the area of the 3d5/2
peaks. 3) To enforce consistency in the deconvolution process across all samples, it was often
necessary to define upper and lower binding energies to constrain the peak-fitting algorithm,
especially when fitting the Ga and As data. These binding energy constraints are provided in
Table 2.3, along with the average measured binding energies of all species reported in this thesis.
Table 2.3 Average measured binding energies of deconvoluted XPS species and upper and lower binding
energies used to constrain the peak fitting algorithms.

Ga 2p3/2
Ga 3p
In 3d5/2
C 1s
O 1s
As 3d

bulk
oxide
bulk (3p3l2)
bulk (3p1/2)
oxide (3p3/2)
oxide (3p1/2)
bulk
oxide
adventitious carbon
hydrocarbons
Ga-, In-, As oxides
hydroxides, hydrocarbons, water
bulk (3d5/2)
bulk (3d3/2)

Average
Binding
Energy (eV)
1117.18 ± 0.04
1118.38 ± 0.05
104.53 ± 0.05
108.06 ± 0.04
106.55 ± 0.07
109.93 ± 0.02
444.14 ± 0.05
444.76 ± 0.05
284.54 ± 0.13
286.12 ± 0.56
530.95 ± 0.06
532.51 ± 0.43
40.76 ± 0.04
41.44 ± 0.03

Upper Binding
Energy
Constraint (eV)
N/A
1118.45
104.61
108.1
106.6
109.95
444.3
444.83
N/A
N/A
N/A
N/A
40.81
41.51

Lower Binding
Energy
Constraint (eV)
N/A
1117.4
104.45
108.0
106.47
109.9
444.0
444.71
N/A
N/A
N/A
N/A
40.7
41.38
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As 2p3/2

As0 (3d5/2)
As0 (3d3/2)
As2O (3d5/2)
As2O (3d3/2)
AsO and As2O3 (3d5/2)
AsO and As2O3 (3d3/2)
bulk
As0
As oxides

41.60 ± 0.04
42.24 ± 0.10
42.70 ± 0.26
43.60 ± 0.10
44.28 ± 0.06
44.97 ± 0.09
1322.78 ± 0.08
1323.45 ± 0.07
1325.88 ± 0.09

41.69
42.35
42.78
43.76
44.39
44.99
1323.0
1323.8
N/A

41.55
42.22
42.48
43.43
44.21
44.7
1322.6
1323.2
N/A

The consistent deconvolution of the As 3d data across all samples is more challenging
than the deconvolution of other atomic species because there are many peaks close together in As
3d spectra (an example is shown in Fig. 2.21). Additionally, the spectra of oxide-stripped surfaces
having only unintentional oxides that form during a short interaction with the atmosphere often
feature species that are not present in native or intentionally grown oxides. A compilation of
different reported As 3d spectral lines shown in Fig. 2.22 illustrates this point. In XPS As 3d
spectra of native or intentionally grown oxides on InxGa1-xAs, there is usually a prominent gap in
binding energy between the bulk As component and the As2O3 or As2O5 components. However,
oxide species identified as As2O and AsO that have binding energies between those of the bulk
As and stochiometric As oxides are observed on surfaces that are exposed to atmosphere after
oxide removal.[66] The presence of such species is reasonable because the initial, unintentional
oxidation of the surface after oxide removal is expected to progress by partial oxidation of surface
atoms, possibly via bridging O atoms.

Counts (s-1)
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Figure 2.21 A deconvoluted As 3d XPS spectrum taken from a p-InGaAs surface after an oxide generated
by a 10 min UV/O3 treatment is removed with a 2 min BOE treatment, rinsed in water, and dried with N2.

Figure 2.22 A summary of binding energies for different As 3d species from references [66-70].

An example is shown in Figs. 2.23 and 2.24 of the three different ways in which the
analyzed XPS data are presented in this thesis. The first representation (Fig. 2.23) shows the total
species concentration on each sample for the 90° (less surface sensitive) and 30° (more surface
sensitive) acquisition angles. In this case, there is no distinction between the different bonding of
each species. For example, the O data in Fig. 2.23 represent all O species on each sample; no
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distinction is made between semiconductor oxides and hydrocarbons. To calculate these results,
first the total peak area (Atot, i) of each species i is extracted after subtraction of the respective
background (where i = As 3d, In 3d5/2, Ga 2p3/2, O 1s, and C 1s). Then

Atot, i


 is calculated for each i, where RSF is the empiricallyAtot, adjusted, i  
 RSFi  TF  MFP 
determined relative sensitivity factor, TF is the empirically-determined transmission function of
the analyzer, and MFP is the mean free path of the photons (set to 1 in all analyses). Finally, the
species concentrations are calculated from Ci 

Atot, adjusted, i

A
i

.

tot, adjusted, i

The second and third representations of the XPS data (top and bottom of Fig. 2.24,
respectively) distinguish between how the species are bonded and show the results of the spectral
deconvolutions for the 90° (less surface sensitive) and 30° (more surface sensitive) acquisition
angles. These are the different “components.” For example, the O data in Fig. 2.24 distinguish
between the semiconductor oxides and hydrocarbons. To calculate these species concentrations,
the main peaks (O 1s, for example) are first deconvoluted into sets of component peaks via leastsquares fitting. The sum of a set of component peaks yields an envelope that matches very closely
with the respective main peak (for example, a series of 1s peaks for the differently bonded species
under the main O 1s peak). Then, the total area of each component peak in a set (Atot, j) is
extracted after subtraction of the relevant background. (Note that for the Ga 2p3/2, In 3d5/2, As
2p3/2, O 1s, and C 1s peaks, each component peak is treated as a separate component. However,
for the As 3d data, the areas of the 3d5/2 and 3d3/2 peaks must be added together and treated as one
component; the 3p3/2 and 3p1/2 peaks of the Ga 3p data must also be added together and treated as
one component.) The adjusted areas for the component peaks in each set are then calculated



Atot, j
 . Finally, the species concentrations are calculated
according to Atot, adjusted, j  
 RSFj  TF  MFP 
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according to C j 

Atot, adjusted, j

A
i

. This process yields a set of Cj values for each main peak. This

tot, adjusted, j

information provides the species concentrations on the surface of each sample. However,
conclusions drawn by comparing the species concentrations from different samples can be
misleading. For example, species concentrations may be very similar between samples, but the
total number of detected counts for different samples may be very different. A complementary
third representation of the data facilitates the comparison of the different samples by showing the
normalized intensity of the different component species, exemplified in the bottom of Fig. 2.24.
Let us consider as an example the O 1s main peaks. In this third representation, the different
backgrounds of the main O 1s peaks on all samples are brought into coincidence with highest O
1s background among the samples. This procedure is performed by multiplying all XPS data
points in each data set’s O 1s main peak by a single coefficient cO 1s, i that is sufficient to bring the
backgrounds into coincidence with whichever O 1s background is highest (i here stands for the
different samples). Once these coefficients are identified for all samples, the raw areas of the
deconvoluted component peaks on each sample are multiplied by the coefficient that is paired
with the main O 1s peak on that sample. The resulting Acomponent, i  cO 1s, i values are then plotted
as the normalized intensities. This process is performed for the Ga 2p3/2, Ga 3p, In 3d5/2, O 1s, C
1s, As 3d, or As 2p3/2 main peaks from all samples so that there are a set of cO 1s, i, a set of cGa 3p, i,
and so on. The normalized intensities are similar in nature to the species concentrations because
adding up the intensities of all species (components) for a given sample and then dividing the
intensity of each species on that sample by the total intensity will yield ratios similar to the
species concentrations. However, the normalized intensities allow one to compare the different
data sets in a more direct way, solving the problem highlighted above in which direct
comparisons of the species concentrations from different samples can be misleading. The
example in Fig 2.24 shows that while the O 1s species concentrations are similar for all samples,
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the normalized intensity of the Ga-, In-, and As oxides on the sample prepared with HCl are much
lower than on the other samples, which implies that there are fewer III-V oxides overall on that
sample, particularly in the shallowest region of the surface (30° normalized intensity). The ability
to compare normalized intensities will be crucial to properly interpreting the results in Chapter 4.

Figure 2.23 Total species concentration on each sample from XPS spectra acquired at 30° and 90° from
smooth p-InGaAs surfaces after oxides generated by 10 min UV/O3 treatments are removed with a 2 min
BOE treatment, rinsed in water, and dried with N2.

O 1s

Figure 2.24 Normalized intensities and species concentrations of O 1s species from XPS spectra acquired at
30° and 90° from smooth p-InGaAs surfaces after oxides generated by 10 min UV/O3 treatments are
removed with a 2 min BOE treatment, rinsed in water, and dried with N2.
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2.2.6 Transmission Electron Microscopy Sample Preparation

The TEM samples in the study of Ohmic contacts to InGaAs were prepared in an SEM
equipped with a Ga focused ion beam (FIB) by etching out a wedges from the regions of interest,
attaching them to TEM grids with Pt, and milling the wedges to electron transparency. The
samples were characterized by TEM, scanning transmission electron microscopy (STEM), and
energy-dispersive x-ray spectroscopy (EDS) using a field-emission TEM (JEM-2010F, JEOL).
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Chapter 3
Ohmic Contacts to Antimonide-Based Compound Semiconductor HEMTs

3.1 Introduction

Antimonide-based compound semiconductor high electron mobility transistors (HEMTs)
are particularly attractive because of their demonstrated high-frequency, low-power
characteristics.[11] However, parasitic resistances from the Ohmic contacts can be a limiting
factor in the performance of the transistors. Part of the solution to this problem is the optimization
of low-resistance contacts that are morphologically and electrically stable under desired
processing and operating conditions.
Early contacts to compound semiconductors were often laterally and vertically
inhomogeneous and suffered from non-uniformities within the contact.[71, 72] Later studies
incorporated near-noble metals, particularly Pd, into attractive contacts formed through solid-state
reactions.[73] Desirable features of Pd in those contacts include easy penetration and
displacement of the native oxide layer on the semiconductor[73-76] and the formation of
metastable ternary reaction products at temperatures of interest for narrow-bandgap
semiconductor processing.[73, 75-78]
Previous studies of Pd-bearing contacts to antimonide-based compound semiconductor
heterostructures using Pt as a diffusion barrier and Au as a capping layer have shown that
Pd/Pt/Au contacts exhibit low contact resistances and excellent morphology. Boos et al.[29]
found AuGe/Ni/Pt/Au and Pd/Ge-based contacts to AlSb/InAs HEMT heterostructures suffered
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significant lateral diffusion during annealing, but a Pd/Pt/Au (10/20/60 nm) contact annealed for
up to 19 h at 250 °C did not show lateral diffusion and yielded a contact resistance of 0.10 Ω mm.
A slightly different but related AlSb/InAsSb HEMT heterostructure was contacted by Robinson et
al.,[30] also using a Pd/Pt/Au (12/35/60 nm) metallization. They also observed good edge acuity
and low contact resistance values of 0.07 Ω mm after annealing at 300 °C for 15 min and noted,
in conjunction with the results from Boos et al., that a longer annealing time using a lower
annealing temperature may be more effective at lowering the contact resistance of the Pd/Pt/Au
contacts to similar heterostructures than shorter, higher-temperature anneals. While Boos et al.
and Robinson et al. found Pd/Pt/Au to be an attractive contact, a more complete materials
characterization of the Pd/Pt/Au contact to an antimonide-based compound semiconductor
heterostructure, including the effects of long-term aging, is unavailable.
The need for a more detailed examination is motivated from knowledge of the high
reactivity of Pd and Pt on many III-V semiconductors that occurs near 200 °C, and the general
need to keep Au away from the semiconductor. Relevant Pd-III-V ternary phase diagrams show
that Pd is not in equilibrium with InAs, AlAs, InSb, or GaSb.[79-82] Ternary phase diagrams of
Pt and the components of these III-V semiconductors also show that Pt is not in equilibrium with
the semiconductors.[80-83] Lysczek et al.[48] found that a Pt/W/Au (3/50/145 nm) contact to a pInAs epilayer resulted in the reaction of Pt more than 30 nm into the substrate during a 250 °C, 9
h anneal in an evacuated quartz tube, independent of Au penetration of the W diffusion barrier in
other regions.[84] Lysczek et al.[48] also found that a Pd/Pt/Au (3/50/145 nm) contact to p-InAs
annealed at 250 °C for 9 h resulted in the reaction of Pt more than 40 nm into the substrate.
Extensive void formation was observed in cross-sectional transmission electron microscopy
(TEM) micrographs in the lower portion of the unreacted Pt layer, though the Pt diffusion barrier
functionality was not compromised. Finally, many ternary phase diagrams featuring Au and the
III and V components of common semiconductors in antimonide-based compound semiconductor
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devices show that Au is not in equilibrium with the respective III-V compound
semiconductors,[79-81, 85, 86] and there is evidence of extensive reaction between Au and GaSb
at only 180 °C.[87]
In this chapter, we examine the details of the reaction between the Pd/Pt/Au contact and
an antimonide-based compound semiconductor heterostructure that is similar to those currently
being researched for incorporation into ABCS HEMTs, and elucidate possible eventual failure
mechanisms of the Pd/Pt/Au contact. We then describe the electrical and morphological stability
of a Pd/Ru/Au contact to InAlSb/InAs heterostructures. The replacement of Pt with Ru allows us
to isolate the dependence of the contact resistance on the reaction of the Pd layer with the
semiconductor, and it greatly inhibits the growth of voids in the diffusion barrier. Ruthenium does
not react with Au at the temperatures and times of interest.[88]

3.2 Pd/Pt/Au Ohmic Contacts to ABCS HEMTs

3.2.1 Contact Resistance Results

Samples with a Pd/Pt/Au (20/35/100 nm) contact retaining their 2 nm thick InAs cap
layers between the contacts were examined first. After 3 h at 175 °C, the measured contact
resistance is 0.07 ± 0.01 Ω mm (Fig. 3.1).
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Figure 3.1 Measured contact and semiconductor sheet resistances. ○ Pd/Pt/Au (20/35/100 nm) etched InAs
cap; □ Pd/Pt/Au (30/35/100 nm) etched InAs cap; ● Pd/Pt/Au (20/35/100 nm) unetched InAs cap. The
abscissas are offset to increase visibility of the error bars.

After cumulative aging for 1 week at 175 °C, the contact resistance decreases slightly to 0.04 ±
0.03 Ω mm. Further cumulative aging for 1 week at 200 °C results in a decrease in the contact
resistance to 0.03 ± 0.01 Ω mm, followed by an increase to 0.08 ± 0.03 Ω mm after 1 week at 225
°C. However, the semiconductor sheet resistance varies from 298 ± 23 Ω
samples to 359–391 Ω

□-1

□-1 in the annealed

in the aged samples, possibly due to changes to the exposed

semiconductor surface between the contacts and its effect on the density of carriers in the
channel. We note that we have not presented specific contact resistance values because in order to
extract them, the sheet resistance of the material under and between the contacts must be the
same. As we show in TEM micrographs below, the sheet resistance of the material under and
between the contacts is likely to differ substantially.
Because a large change in the semiconductor sheet resistance occurs for samples
retaining the 2 nm InAs cap between the contacts after they are cumulatively aged at 175 °C for 1
week, and because we wanted to be sure there was no parallel conduction path through the very
thin InAs cap, we also examined similarly processed samples from which we removed the InAs
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caps before annealing. The contact resistance of samples without the InAs cap between the
contacts is higher than for samples retaining the InAs caps, and among the samples without the
caps, the Pd/Pt/Au 30/35/100 nm contacts have slightly lower contact resistances than the
Pd/Pt/Au 20/35/100 nm contacts: 0.10 ± 0.03 versus 0.11 ± 0.04 Ω mm after a 175 °C, 3 h anneal
and 0.06 ± 0.03 versus 0.07 ± 0.01 Ω mm after a 1 week, 175 °C cumulative aging cycle. The
small difference is within the error bars. The sheet resistance for Pd/Pt/Au 20/35/100 and
30/35/100 nm contacts without the InAs cap between the contacts varies much less following
annealing and cumulative aging for 1 week at 175 °C (Fig. 2). While Pd/Pt/Au (20/35/100 nm)
samples retaining the InAs cap show a sheet resistance increase from 298 ± 23 to 391 ± 69 Ω

□

-1

,

the semiconductor sheet resistance of the analogous Pd/Pt/Au (20/35/100 nm) samples without
the InAs cap between the contacts changes very little, from 308 ± 13 to 305 ± 5 Ω □-1. Likewise,
the 30/35/100 nm contact without the InAs cap also changes little, from 287 ± 38 to 329 ± 50 Ω

□-1.
The range of measured electrical parameters resembles values from previous studies of
similar systems using Pd/Pt/Au contacts. Boos et al.[29] found a contact resistance of 0.08 Ω mm
for Pd/Pt/Au (10/20/60 nm) contacts to AlSb/InAs heterostructures annealed in H2:N2 (5%:95%)
at 175 °C for 3 h. Robinson et al.[30] found a contact resistance of 0.07 Ω mm for Pd/Pt/Au
(12/35/60 nm) contacts to AlSb/InAs0.7Sb0.3 heterostructures; however, they used a higher
annealing temperature (300 ºC) and a shorter annealing time (15 min) in H2:N2.
After the samples retaining their InAs caps are aged at 175 °C for 1 week, a very small
number of contact metallization pads show purple discolorations in small, isolated patches,
visible with light microscopy, indicating isolated failures of the Pt diffusion barrier. Subsequent 1
week cumulative aging cycles at 200 and 225 °C each showed increasing numbers of discolored
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patches, although none of the pads used to measure contact resistances contained these features.
Because later samples with the InAs caps between the contacts removed showed similar isolated
patches after aging cumulatively at 175 °C for 1 week, they were not subjected to the 200 and 225
°C cumulative aging cycles. Curiously, although we observed isolated discolored patches on the
electrical samples after cumulatively aging them for 1 week at 175 °C, no TEM blanket layer
samples showed discolorations even after being noncumulatively aged at 225 °C for 1 week.

3.2.2 Interfacial Reactions

3.2.2.1 As-Deposited

Significant reaction occurs before intentional annealing. The Pt and Pd in the asdeposited Pd/Pt/Au (20/35/100 nm) blanket layer mix over a depth of about 10 nm and the Pd
reacts with the heterostructure, leaving 10 nm of the InAs electron channel visible for a total
reaction region that is 40–45 nm thick (Fig. 3.2).

Figure 3.2 Cross-sectional TEM micrographs of Pd/Pt/Au (20/35/100 nm) as-deposited. (a) Bright-field
micrograph showing the reaction region. (b) Schematic of (a). (c) Bright-field HRTEM micrograph
showing about 10 nm of unreacted crystalline InAs.
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The reacted Pd-III-V region is amorphous, as confirmed from high-resolution TEM (HRTEM)
micrographs and electron diffraction patterns. Small, bright regions 2–3 nm in diameter are
visible between the Pt and Pd. These regions appear to be either the beginning of void formation
due to the significant reaction of Pd with the semiconductor below, or the remnants of the original
interfacial oxide. Because we observe growth of this thin region in all studied conditions and are
unable to detect evidence of oxygen there, we presume it is a void region and refer to it as such
throughout this investigation.
There is no oxide layer visible between the Pd and the semiconductor. This is consistent
with previous observations that Pd disperses the native oxide on many III-V semiconductors
during annealing, including GaAs[73, 74] and more readily oxidized materials such as GaSb.[76]
The high temperature Pt deposition is a likely source of heat for Pd/semiconductor reaction and
dispersal of the oxide by Pd, though the Pt deposition was split into two steps to minimize heating
of the samples.

3.2.2.2 175 °C, 3 h

To help describe further TEM observations below, the region encompassing the original
Pd layer and the semiconductor heterostructure down to the bottom of the InAs channel may be
divided into two reaction regions: reaction region I, composed of products from the reaction of
metal and the III-V barrier containing InAlSb and InAs, and reaction region II, composed of
products from the reaction of metal and the InAs channel (Fig. 2.1). In TEM mode, reaction
region I is darker and amorphous after a 175 °C, 3 h anneal, and we see EDS signals for Pd, Pt,
In, Al, Ga, Sb and As. This region also has isolated dark regions that appear to be crystallized
reaction products [Fig. 3.3(b)].
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Figure 3.3 Cross-sectional TEM micrographs of Pd/Pt/Au (20/35/100 nm) after annealing at 175 °C for 3 h.
(a) Bright-field micrograph of the void layer at the base of the Pt layer and the surrounding reaction
regions. (b) Schematic of (a). The dashed lines mark the approximate extent of reaction regions I and II. (c)
ADF-STEM micrograph of the entire reaction region, showing the irregular interface of the reaction region
at the Pd-Al-Ga-Sb/AlGaSb interface. Note that the lower magnification of Fig. 4c makes the interfacial
roughness between the Pt and the reaction region, as well as the voids there, more difficult to see. One void
may be seen just above and to the left of “M” in “Metal.”

Reaction region II contains more Pd than reaction I and has brighter, amorphous regions and
darker crystalline regions [Fig. 3.3(b)]; EDS shows that the amorphous regions have more Pd
than the crystalline ones. We also see EDS signals for In, As, smaller quantities of Ga and Sb, and
decreasing intensity of Pt in reaction region II. Beneath reaction regions I and II, the Pd–Al–Ga–
Sb region is 40-75 nm thick and polycrystalline, as confirmed by HRTEM images and electron
diffraction.
Comparing the measured electrical parameters and these TEM results, the low contact
resistance measured after the 175 °C, 3 h anneal may be correlated to reaction of the metals
through the InAs electron channel.
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3.2.2.3 Aged 175 °C, 1 week

After aging for 1 week at 175 °C, the metal consumes more semiconductor (Fig. 3.4).The
Pd moves more deeply into the sample and is found primarily in reaction region II. Platinum, In,
As, Sb, Al, and low levels of Ga are also detected via EDS in reaction regions I and II. Reaction
region I and the top of reaction region II are amorphous, while the lower 5-10 nm of reaction
region II appears mostly polycrystalline [Fig. 3.4(c)]. Below reaction region II, the Pd–Al–Ga–Sb
region is polycrystalline and 45-95 nm thick.

Figure 3.4 Cross-sectional TEM micrographs of Pd/Pt/Au (20/35/100 nm) after aging at 175 °C for 1 week.
(a) ADF-STEM micrograph of the reaction region (compare Fig. 4c) (b) Schematic of (a). The dashed line
marks the approximate interface between reaction regions I and II. (c) Bright-field HRTEM micrograph of
the reaction region.

The thin void region at the bottom of the elemental Pt layer retains the same thickness as
in the previous conditions and has become more continuous, while the larger voids beneath the
unreacted Pt have increased slightly in number and depth. In contrast with samples aged at 175
°C for 3 h [Fig. 3.3(c)], large Kirkendall voids greater than 10 nm in diameter form in the lower
two-thirds of the unreacted Pt layer [Fig. 3.4(a)] due to the diffusion of the Pt into the region
beneath it. We verified that the features in the Pt are voids and not ion-milling artifacts (for
example, preferential milling of soft In agglomerations in the Pt) by examining cleaved cross
sections of aged samples in a field-emission SEM. Two examples are shown in Fig. 3.5. From
this information, we note it is likely that Lysczek et al.[48] also saw void formation in their
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investigation of Pd/Pt/Au on p-InAs, which they noted might have been either voids or
preferential milling artifacts.

Voids

Au

Pd–Al–Ga–Sb
500 nm

Voids

500 nm

Au
Pd–Al–Ga–Sb

Figure 3.5 Field-emission SEM micrographs of cleaved cross sections of Pd/Pt/Au contacts after
cumulative 1 week aging at 225 °C.

3.2.2.4 Aged 200 °C, 1 week

Additional diffusion of Pt from the unreacted Pt layer into the reacted region occurs in
samples aged for 1 week at 200 °C (Fig. 3.6). Little if any Pd is detected via EDS in reaction
regions I and II, which is a predominantly Pt-III-V region. Aluminum, As, Ga, In and possibly a
little Sb are detectable in both regions. Auger electron spectroscopy (AES) (Fig. 3.7) shows that
the Pd is located almost entirely in the Pd–Al–Ga–Sb region below reaction region II.
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Figure 3.6 Cross-sectional TEM micrographs of Pd/Pt/Au (20/35/100 nm) after aging at 200 °C for 1 week.
(a) Bright-field micrograph showing the reaction region. (b) Schematic of (a). The dashed line marks the
approximate interface between reaction regions I and II. (c) ADF-STEM micrograph of the reaction region.

Figure 3.7 AES depth profile of a Pd/Pt/Au (20/35/100 nm) blanket layer after aging for 1 week at 200 °C.
The As plot has been removed because of its low signal to noise ratio. Note: this sample was not
cumulatively aged.

Figure 3.7 also shows a long Pd tail into the sample. This long tail might be due to reaction of Pd
hundreds of nm down beyond its main reaction front in the AlGaSb along dislocations in isolated
regions. Detailed micrographs of this phenomenon will be shown for the Pd/Ru/Au contact
below. Both reaction regions are polycrystalline, as confirmed by HRTEM, and the Pd-Al-Ga-Sb
region is polycrystalline and 60–80 nm thick.
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The thin void region between the elemental Pt layer and reaction region I appears as it did
in the samples aged at 175 °C for 1 week, while the larger voids that extend down from that thin
layer have not increased in number or depth, but are more rectangular and longer in the lateral
dimension. The large Kirkendall voids in the unreacted Pt are in the same positions as they were
in the 1 week, 175 °C case, but are now approximately 15 nm in diameter and appear to form a
nearly continuous matrix within the Pt layer.

3.2.2.5 Aged 225 °C, 1 week

For TEM samples aged for 1 week at 225 °C (Fig. 3.8), little if any Pd remains detectable
via EDS in reaction regions I and II. The two regions still contain Pt, Al, As, Ga, In, and little if
any Sb. Both reaction regions are polycrystalline, and the metal–Al–Ga–Sb region is also
polycrystalline, extending 60–85 nm below the bottom of reaction region II.
The thin void region between the elemental Pt layer and the metal-III-V reaction region is
still 2-3 nm thick, retaining the degree of continuity observed for the samples aged for 1 week at
175 and 200 °C. The larger voids immediately beneath that thin layer appear to have decreased in
number, retained their depth, and further increased their lateral dimensions. The large Kirkendall
voids in the unreacted Pt have not changed noticeably from the samples aged at 200 °C for 1
week; the voids still appear to form a semicontinuous matrix within the Pt layer. We note that a
blanket layer aged for 1 week at 225 °C subjected to a “tape test” did not peel up, indicating that
the contact still has a high degree of mechanical integrity despite the presence of voids.
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Figure 3.8 Cross-sectional TEM micrographs of Pd/Pt/Au (20/35/100 nm) after aging at 225 °C for 1 week.
(a) ADF-STEM micrograph. The voids in the Pt layer form a nearly continuous matrix. (b) Schematic of
(a). The dashed lines mark the approximate extent of reaction regions I and II. (c) Bright-field micrograph
showing the extent of the voids in the Pt layer more clearly.

3.2.3 Discussion

In agreement with the conclusion of Robinson et al.[76] and the AES data presented by
Boos et al.,[29] we also observe that minimization of the contact resistance of the Pd/Pt/Au
contact to an antimonide-based compound semiconductor HEMT heterostructure corresponds to
the reaction of the metal through the channel region of the heterostructure. However, our data
suggests that Pt may play a more important role in the minimization of the contact resistance than
previously realized.
Following the initial reduction of contact resistance via reaction with Pd, the contact
retains its low resistance as the Pd gradually reacts into the buffer layer below the original InAs
channel region and is largely replaced by Pt. The TEM examinations show that the Pt reacts
approximately halfway through reaction region II after the 175 °C, 3 h anneal; three-fourths of
the way through reaction region II after the 175 °C, 1 week aging cycle; completely through it
after the 200 °C, 1 week aging cycle; and 10-15 nm beyond it after the 225 °C, 1 week aging
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cycle. The replacement of the Pd by Pt after the 200 °C age perhaps corresponds to a further
reduction in the contact resistance (Fig. 3.1), although the decrease remains within the error bars
of the previous value measured after the 175 °C, 1 week aging cycle. From these observations of
the Pd and Pt reaction, it appears that the low contact resistances measured after the different heat
treatment conditions are not substantially dependent on the dominant metal species present in the
InAs channel region of the structure; formation of a sufficiently thick (Pd, Pt)-III-V reaction
product leads to a low contact resistance.
The front edge of the metal-III-V reaction product likely makes intimate contact to the
unreacted InAs channel, as shown in Fig. 3.9. Metal contacts to InAs are often pinned in the
conduction band, and this situation provides a very low contact resistance. Further work is needed
to explore the band alignment of the unreacted heterostructure in close proximity to the reacted
region.

Figure 3.9 Schematic showing the metal-III-V reaction region contacting the unreacted InAs channel.

A complication with the Pd/Pt/Au contact is the continuing reaction after the 175 and 200
°C, 1 week aging cycles. Here, Pt diffusion with aging further reduces the resistance of this
contact. However, it also leads to void formation in the Pt layer and works against the
maintaining of the integrity of the Pt diffusion barrier. Heavy Pt diffusion into the semiconductor
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with failure of its diffusion barrier functionality may eventually allow undesirable penetration of
Au into the metal-semiconductor region. Significant Pt diffusion without a loss of the Pt diffusion
barrier functionality may also lead to long-term degradation of the contact via constricted current
flow in the Pt-void region or loss of mechanical integrity.
Although the diffusion of Pt and void formation in the Pt layer is undesirable, we cannot
conclusively claim that they are entirely responsible for the eventual increase in contact resistance
measured after the 225 °C, 1 week aging cycle. The formation of isolated features in the reaction
region, visible after the contact was aged at 225 °C for 1 week [Fig. 3.8(b)], suggests localized
crystallization of material. Some of those features are clearly within reaction region II (the
original InAs channel region), and we cannot dismiss that they may play a role in increasing the
overall contact resistance.
The competing interests of minimizing consumption of Pt to keep the Au from reaching
the semiconductor and promoting Pt indiffusion to lower the contact resistance may make further
optimization of this contact challenging and its use in devices processed at or exposed to
sustained elevated temperatures problematic. We will show below that replacing the Pt with a
more refractory Ru layer increases the thermal stability of the contact’s electrical characteristics,
but appears to require higher annealing temperatures to achieve the same contact resistances
when the same Pd thicknesses are used. Furthermore, though we found that Pd/Pt/Au is
mechanically stable in a tape test after being aged at 225 °C for 1 week, the severity of void
formation in and below the elemental Pt layer remains a concern. Mechanical failure of the
Pd/Pt/Au contact may precede electrical failure in devices subjected to temperature cycling.
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3.3 Pd/Ru/Au Contacts to ABCS HEMTs

3.3.1 Ru/Au Contacts Demonstrate the Need for Pd

Though it will be shown below that Ru is a stable diffusion barrier at all annealing
temperatures of interest, it is useful to examine whether or not Ru-based contacts yield low
contact resistances. Figure 3.10 shows measured contact resistances and sheet resistances of
Ru/Au (20, 30)/100 nm contacts, with no Pd present below the Ru layer. The Ru/Au 30/100 nm
contact yields a minimum contact resistance of 2.1 ± 0.3 Ω mm after it is cumulatively annealed
at 200 °C for 3 h. After additional cumulative annealing at 225 °C for 3 h, the contact resistances
for the Ru/Au 30/100 nm and 20/100 nm contacts are 2.3 ± 0.3 and 2.6 ± 0.5 Ω mm, respectively.
Based on the discussion above for the Pd/Pt/Au contact in which metal reaction to the channel is
correlated with a low contact resistance, and the TEM observations below that show that Ru does
not react during annealing and aging, it is reasonable to conclude that the high contact resistance
values observed for the Ru/Au contact are a result of the inability of the Ru to react through the
III-V barrier layers above the electron channel. This motivates the need for the inclusion of Pd in
order to achieve low contact resistances.
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Figure 3.10 Measured contact and semiconductor sheet resistances. ● Ru/Au 20/100 nm unetched InAs
cap; ■ Ru/Au 30/100 nm unetched InAs cap. The abscissas are offset to increase visibility of the error bars.

3.3.2 Contact Resistance Results

After a 3 h, 175 °C anneal, the Pd/Ru/Au (20/35/10 nm) contact has a reduced contact
resistance of 0.14 ± 0.05 Ω mm (Fig. 3.11). The contact resistance continues to decrease during
further 1 week cumulative aging cycles at successively higher temperatures. The contact
resistance is 0.10 ± 0.01 Ω mm after 1 week at 175 °C, 0.07 ± 0.01 Ω mm after a second week at
200 °C, and 0.05 ± 0.01 Ω mm after a third week at 225 °C. This continuous reduction of contact
resistance values is in contrast to the increase in contact resistance of the Pd/Pt/Au contact to the
same heterostructure after the cumulative 225 °C, one week aging condition (Section 3.2.1),
although those Pd/Pt/Au samples differed slightly because they retained their InAs cap layers.
A second set of samples with Pd/Ru/Au contacts having 30 nm of Pd, instead of 20 nm,
also show a continuing decrease in contact resistances for all annealing conditions. After the
initial 3 h, 175 °C anneal, the contact resistance is 0.10 ± 0.01 Ω mm (Fig. 3.11). After the
samples are then cumulatively aged for 1 week at 175 °C, the contact resistance drops to 0.05 ±
0.02 Ω mm. Further cumulative aging of the samples yields additional reductions in contact
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resistance: 0.04 ± 0.01 Ω mm after a second week of cumulative aging at 200 °C and 0.03 ± 0.02
Ω mm after a third week of cumulative aging at 225 °C.

Figure 3.11 Measured sheet and contact resistances of Pd/Ru/Au contacts to InAlSb/InAs heterostructures
as a function of annealing condition. ○ Pd/Ru/Au (20/35/100 nm), initial 3 h anneal at 175 °C; ■ Pd/Ru/Au
(20/35/100 nm) annealed 3 h at 200 °C; ▼ Pd/Ru/Au (20/35/100) annealed 3 h at 225 °C; □ Pd/Ru/Au
(30/35/100 nm), initial 3 h anneal at 175 °C. The InAs cap was removed via wet-etching after contact
deposition, but before annealing. The abscissas are offset to increase visibility of the error bars.

The contact resistance of the Pd/Ru/Au contact with the thicker Pd layer (30/35/100 nm)
is significantly less after the initial anneal at 175 °C for 3 h than the contact resistance of the
Pd/Ru/Au (20/35/100 nm) contact with the thinner Pd layer. The contact resistance of the
Pd/Ru/Au (30/35/100 nm) contact is also much closer to its observed minimum value after the 1
week, 175 °C aging cycle than the contact resistance of the Pd/Ru/Au (20/35/100 nm) contact is
to its respective observed minimum.
Since contact resistances dropped with high-temperature aging, additional Pd/Ru/Au
(20/35/100 nm) samples were annealed at 200 °C or 225 °C for 3 h, instead of 175 °C for 3 h.
The results, shown in Fig. 2 along with the cumulative aging results, indicate that higher
temperature 3 h anneals do reduce the measured contact resistance. The samples annealed at 200
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°C and 225 °C for 3 h have contact resistances of 0.10 ± 0.04 Ω mm and 0.07 ± 0.03 Ω mm,
respectively.
We note that we never observed discolorations of any contact pads via light microscopy.
This is in contrast to the results for the Pd/Pt/Au contacts in Section 3.2.1 which first showed
isolated purple discolorations after being cumulatively aged for 1 week at 175 °C, with additional
discolorations after subsequent higher-temperature cumulative aging. The Pd/Ru/Au contacts
were smooth, specular, and gold-colored during all observations.

3.3.3 Interfacial Reactions

3.3.3.1 As-Deposited

Cross-sectional TEM images of Pd/Ru/Au (20/35/100 nm) contacts prior to annealing are
shown in Fig. 3.12. The elemental Pd layer is completely consumed by reaction with the
semiconductor and has reacted through most of the heterostructure to a uniform depth, leaving
approximately 5 nm of the unreacted crystalline InAs channel visible [Fig. 3.12(c)]. The reaction
region is mostly amorphous, though darker features are visible in the center of the reaction
region. Nanobeam diffraction shows that the darker features are crystalline, as shown in the inset
of Fig. 3.12(b). The Pd/Ru/Au contact reacted more deeply than a Pd/Pt/Au contact with the same
metal layer thicknesses and prepared using the same procedure (Section 3.2.2.1), probably due to
increased heating of the sample during the deposition of Ru.
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Figure 3.12 Cross-sectional TEM micrographs of Pd/Ru/Au (20/35/100 nm) as-deposited. (a) Bright-field
micrograph of the reaction region showing dark crystallized reaction products near the center of the
amorphous reaction region. (b) Schematic of (a) and a nanobeam diffraction pattern from a crystalline
region in (a). (c) Bright-field micrograph showing the extent of reaction with the remaining crystalline InAs
channel.

3.3.3.2 175 °C, 3 h

Figure 3.13 shows a cross-sectional TEM micrograph of Pd/Ru/Au (20/35/100 nm)
samples annealed for 3 h at 175 °C in which the Pd has reacted with the AlGaSb buffer layer
beneath the InAs channel. Extensive reaction of the Pd with the top four semiconductor layers
results in the formation of an amorphous Pd-III-V region there.

Figure 3.13 Cross-sectional TEM micrographs of Pd/Ru/Au (20/35/100 nm) after annealing at 175 °C for 3
h. (a) Bright-field micrograph. (b) Schematic of (a). (c) Bright-field micrograph showing an image of the
boxed region from (b). The inset shows the FFT from the crystalline region.
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Palladium also continues to react with the InAs channel, leading to the formation of an
amorphous reaction product rich in Pd that extends downward to the top of the reacted buffer
layer in some places. However, as shown in Fig. 3.13(c), large regions of noncontiguous singlecrystalline material are also present at the base of what was previously the InAs channel. As
addressed below, there is evidence that this crystalline material may be unreacted InAs. We have
verified via EDS that there are high concentrations of Pd in the amorphous regions. In the single
crystal regions, the Pd signal is sufficiently low and the regions examined are sufficiently small
that we cannot be sure if the Pd signal comes from adjacent regions in the sample or if it actually
originates from the crystalline regions. Likewise, low signals from Ga, Al, and Sb are also
measured in STEM mode when examining this region, but they may actually originate from the
adjacent Pd–Ga–Al–Sb layer. Beneath this region, the reaction of Pd with the AlGaSb buffer
layer results in the formation of a polycrystalline Pd–Al–Ga–Sb phase that is 25–60 nm thick.
The inset in Fig. 3.13(c) shows a fast Fourier transform (FFT) of the crystalline region in
that figure. The diffraction pattern shows remarkable similarity to what would be observed for
unreacted InAs in the same orientation as the original epitaxial InAs channel. Though we were
unable to tilt the sample enough to image other high-symmetry directions, the inset in Fig. 3.13(c)
and other data from analogous micrographs, all from the [011] zone axis of the substrate, yield dspacings that closely match those expected from {111} and {200} planes of InAs, differing by
only 2.0 and 1.7%, respectively. These data are presented in Table 3.1. Furthermore, these peaks
are the ones we would expect for a [011] zone axis of a zinc-blende crystal, and the average
measured angle between the (200) and ( 111 ) and ( 111 ) spots shown in Table 3.1 matches the
expected value of 54.7° within three significant figures. How InAs might be retained above the
Pd-Al-Ga-Sb reaction product is considered in Section 3.3.4.
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Table 3.1 Average measured (with ranges) and expected d-spacings and angles between diffraction spots
for InAs. The measured values were extracted from TEM bright-field images via FFT.
Annealing
condition
175 °C, 3 h
175 °C, 1 week
200 °C, 1 week
225 °C, 1 week

Measured d111
(nm)
0.357
(0.354–0.360)
0.349
(0.339–0.359)
0.348
(0.344–0.351)
0.347
(0.345–0.349)

Expected
d111 (nm)
for InAs
0.3498
0.3498
0.3498
0.3498

Measured
d200 (nm)
0.308
(0.304–0.310)
0.306
(0.296–0.313)
0.302
(0.298–0.305)
0.302
(0.300–0.304)

Expected
d200 (nm)
for InAs

Measured angles
between the (200) and
( 111 ) and ( 111 ) spots (°)

Expected angles between
the (200) and ( 111 ) and
( 111 ) spots (°) for InAs

0.3029

54.7 (54.0–55.2)

54.7

0.3029

54.9 (52.3–57.0)

54.7

0.3029

54.6 (53.7–55.8)

54.7

0.3029

54.9 (54.2–55.5)

54.7

3.3.3.3 175 °C, 1 week

Palladium continues to react with the semiconductor, as seen in TEM samples aged at
175 °C for 1 week (Fig. 3.14). The accompanying Pd flux from the contact toward the substrate is
not balanced by group III and V fluxes toward the surface of the contact, resulting in the
formation of voids beneath the Ru layer. We verified that the voids are present in the electrical
samples and are not artifacts from TEM sample preparation (for example, preferential ion-milling
of a phase) by examining cleaved cross sections of aged samples in a field-emission SEM (Fig.
3.15). The reacted region immediately beneath the Ru layer is amorphous, but beneath the

amorphous region is a single-crystalline or highly-oriented region. The Pd–Al–Ga–Sb reaction
region below this single-crystalline region is polycrystalline and is 40–100 nm thick.
The inset in Fig. 3.14(c) shows the FFT of the single-crystalline region in Fig. 3.14(c).
Table 3.1 shows the percentage differences between the average measured d-spacings and known
d111 and d200 values of InAs to be less than 1%, as is the match for the average angle between the
planes. Additionally, we have EDS data from the crystalline region showing no Pd signal there,
though there is also a low signal from Ga that may originate from adjacent layers or redeposited
ion-milled material. These results again provide evidence that this crystalline material may be
InAs.
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Figure 3.14 Cross-sectional TEM micrographs of Pd/Ru/Au (20/35/100 nm) after annealing at 175 °C for 1
week. (a) ADF-STEM micrograph. (b) Schematic of (a). (c) Bright-field micrograph showing the boxed
region in (b). The inset shows the FFT from the crystalline region.

Au

Voids

Ru
Pd–Al–Ga–Sb
100 nm
Single Crystal

Figure 3.15 Field-emission SEM micrograph of a cleaved cross section of a Pd/Ru/Au contact after
cumulative 1 week aging at 175 °C.

3.3.3.4 200 °C, 1 week

The Pd reacts further after 1 week at 200 °C, and larger voids form beneath the Ru layer,
as revealed in TEM samples of layers aged at 200 °C for one week (Fig. 3.16). As was the case
for the previous condition, there is still a single-crystalline or highly-oriented region within the
reacted contact, as shown in Fig. 3.16(c). Data from the FFT of the image (Table 3.1) are again
consistent with InAs. The polycrystalline Pd–Al–Ga–Sb reaction region below the singlecrystalline region is 40–70 nm thick. As for previous aging conditions, no Ru is detected outside
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the unreacted Ru layer, and the Ru layer does not appear changed relative to previously discussed
conditions.

Figure 3.16 Cross-sectional TEM micrographs of Pd/Ru/Au (20/35/100 nm) after annealing at 200 °C for 1
week. (a) ADF-STEM micrograph of the reaction region showing voids near the Ru layer. (b) Schematic of
(a). (c) Bright-field micrograph showing the reacted portion of the contact. The inset shows the FFT of the
crystalline region.

3.3.3.5 225 °C, 1 week

The TEM samples aged for one week at 225 °C show some features seen in the samples
aged for one week at 200 °C, but with an increased number of voids beneath the Ru barrier layer
(Figs. 3.17 and 3.18). Additionally, there is no longer a single crystal or highly-oriented layer
sandwiched between Pd-III-V reaction products. There are also no regions with low Pd signals
detected via EDS in the reacted portion of the contact. The Pd-Al-Ga-Sb layer is 50-80 nm thick,
and no Ru is detected outside the unreacted Ru layer.
Several regions examined on samples aged for 1 week at 225 °C show unique
characteristics we have not previously observed in this investigation. In Fig. 3.18, the Pd–Al–Ga–
Sb reaction product is laterally discontinuous. At the center of Fig. 3.18(c) we detect unreacted
AlGaSb with single crystal InAs above it. EDS shows no Pd in the AlGaSb or InAs, but high
levels of Pd in the polycrystalline reaction product are found to the left and right of the unreacted
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InAs in Fig. 3.18(c). In addition, there are locations in Fig. 3.18(a) where the reaction of Pd with
AlGaSb appears to be hundreds of nanometers deeper than in most places. As described in the
Section 3.3.4, this observation helps us develop a possible explanation for the retained InAs in the
contacts.

Figure 3.17 Cross-sectional TEM micrographs of Pd/Ru/Au (20/35/100 nm) after annealing at 225 °C for 1
week. (a) Bright-field micrograph. (b) Schematic of (a). (c) ADF-STEM micrograph. Note that the scales of
(a) and (b) match, while the scale of (c) is slightly larger.

Figure 3.18 Cross-sectional TEM micrographs of Pd/Ru/Au (20/35/100 nm) after annealing at 225 °C for 1
week. (a) Bright-field micrograph at low magnification. (b) Bright-field micrograph. The inset shows the
FFT of the crystalline region. (c) Bright-field micrograph showing nonuniform lateral reaction of the Pd
with the AlGaSb buffer. The diagonal lines in the center of (c) are a result of combining two images,
although the diagonal feature in (b) is a crystalline defect. (d) Selective schematic of (c).
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3.3.4 Discussion

The contact resistance decreases with annealing and aging for all conditions studied. This
result differs from the Pd/Pt/Au contact, for which the contact resistance more than doubled when
the sample was cumulatively aged for 1 week at 225 °C. For the Pd/Pt/Au contact, several causes
may have been responsible for that increase in contact resistance, including the Kirkendall voids
that formed in the unreacted portion of the elemental Pt layer, the thin layer of voids below the
elemental Pt layer, and the additional crystallization of reaction products. No Kirkendall voids
like those in the Pt layer of the Pd/Pt/Au contact form in the elemental Ru layer of the Pd/Ru/Au
contact. Though the voids in the Pd/Ru/Au contact continue to grow at higher-temperatures, the
contact resistance continues to decrease.
The difference in contact resistance of the Pd/Ru/Au contacts with 20 and 30 nm thick Pd
layers is greater than the difference in contact resistance of the analogous Pd/Pt/Au contacts with
20 and 30 nm thick Pd layers after a 3 h anneal at 175 °C and a cumulative, 1 week aging cycle at
175 °C (Fig. 3.19).

Figure 3.19 Comparison of measured contact resistances. ● Pd/(Pt, Ru)/Au 20/35/100 nm; ■ Pd/(Pt,
Ru)/Au 30/35/100 nm. The InAs cap was removed via wet-etching after contact deposition, but before
annealing. The abscissas are offset to increase visibility of the error bars.
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In both cases, lower contact resistances are obtained for mild annealing and aging conditions
when a thicker (30 nm) Pd layer is used. The larger disparity for the Pd/Ru/Au contacts appears to
be due to reduced reaction in the Pd/Ru/Au contact. Specifically, both Pt and Pd react with the
semiconductor in these contacts for annealing conditions as severe as 1 week at 225 °C, but Ru
does not. Because of the significant reaction of Pt in addition to the reaction of Pd, the resistance
of the Pd/Pt/Au contact is much less dependent on the Pd thickness. However, for the Pd/Ru/Au
contact, because only Pd reacts for the conditions studied, the contact resistances show a greater
initial dependence on the Pd thickness. The extra 10 nm of Pd in the Pd/Ru/Au (30/35/100 nm)
contact facilitates not only a lower contact resistance after the initial annealing, but also a faster
subsequent reduction of the contact resistance during cumulative aging of the contact compared
to the 20/35/100 nm contact. We note that it may be possible to reduce or eliminate the void
formation below the Ru layer by reducing the thickness of the Pd layer. However, both this study
and our previous study of the Pd/Pt/Au contact suggest that minimized contact resistance is
strongly correlated with the quantity of metal that reacts with the semiconductor heterostructure.
The constraints imposed on the Pd thickness from wanting to minimize void formation and
wanting to minimize contact resistance appear to be incompatible, and the chosen thickness
employed will necessarily reflect a compromise based on application-specific considerations.
The single crystalline or highly-oriented regions sandwiched between reaction products
in the annealed and aged samples, and the discontinuities in the lateral Pd–Al–Ga–Sb reaction for
samples aged for 1 week at 225 °C, provide interesting information about the reaction between Pd
and the semiconductor. The FFT data provide evidence that the single-crystalline regions may be
unreacted crystalline InAs. It is conceivable that rapid and in some cases lateral reaction of Pd
with AlGaSb may leave unreacted InAs above the Pd–Al–Ga–Sb phase. Regions where Pd does
not react completely with the InAs during annealing (Fig. 4), along with crystalline defects in the
heterostructure, may result in reactions between the Pd and AlGaSb that occur more rapidly in
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some regions than others. This may be the cause of the lateral discontinuities in the reaction
products shown in Fig. 3.18. In this scenario, the Pd quickly diffuses locally to the AlGaSb and
then reacts laterally with the AlGaSb, more quickly than it can react with the InAs channel above
it. This type of reaction is facilitated by dislocations that propagate from the buffer layer through
the heterostructure, as exemplified by the reaction of Pd nearly 600 nm beneath the majority of
the Pd-Al-Ga-Sb layer in Fig. 3.18(a). An instance of this reaction characteristic was also
observed in the previously discussed examination of the Pd/Pt/Au contact. In regions where
significant amounts of Pd are lost to deep reactions in the buffer layer, there may not be enough
remaining Pd to allow the lateral formation of a contiguous Pd–Al–Ga–Sb reaction region.
Further improvements in crystal growth techniques, reducing the dislocation density, may
improve the uniformity of the reaction.
The Pd–Al–Ga–Sb reaction region on the right side of Fig. 3.18(c) and the corresponding
schematic in Fig. 3.18(d) show an example of a region where Pd and AlGaSb have reacted
laterally under the InAs channel (to the left in this case), with no corresponding reaction with the
InAs channel occurring above that region. For the case shown, the Pd–Al–Ga–Sb reaction region
extends approximately 75 nm under the crystalline InAs. With short source-gate and gate-drain
separations in HEMTs, the occurrence of such lateral reaction regions at contact edges could
introduce an additional leakage path through the AlGaSb buffer layer. As a result, higher gate
leakage current could occur in the device, affecting the gain, noise, and microwave performance
of ABCS HEMTs.

3.4 Conclusions

The initial dramatic reduction of contact resistance of the Pd/Pt/Au Ohmic contact to an
InAlSb/InAs heterostructure for a HEMT occurs after a 3 h, 175 °C anneal, when Pd reacts nearly
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or entirely through the InAs channel of the heterostructure down to the AlGaSb buffer layer.
During continued exposure to elevated temperature, Pt also reacts with the semiconductor and
large Kirkendall voids form in the unreacted Pt layer during that Pt indiffusion. After aging at 225
°C for 1 week, additional crystallization begins in the reaction region. The increase in the contact
resistance that occurs at this stage of aging might originate from the voids in the Pt. Although a
less likely explanation, crystallization of the reaction products may also affect the contact
resistance. Further work is needed to examine the interface between the reacted metal-III-V
region and the nonreacted heterostructure and to examine current stressing phenomena. For
antimonide-based compound semiconductor HEMTs that may be subjected to elevated
temperatures for prolonged periods, a more thermally and morphologically stable contact is
desirable.
The Pd/Ru/Au Ohmic contact gives increased electrical and metallurgical stability over
an analogous Pd/Pt/Au contact after similar heat treatments: no reaction of Ru is detectable even
after the contact is aged for 1 week at 225 °C. The contact resistance is reduced after the samples
are annealed at 175 °C for 3 h. Further reduction in the contact resistance during aging is
correlated with the reaction of the Pd with the semiconductor. The extent of void formation in
these contacts is far less severe than for the Pd/Pt/Au contacts, and the voids do not appear to
increase the contact resistance. The possible occurrence of lateral Pd diffusion at the edge of
contacts is a remaining concern for Pd-based contacts to ABCS HEMTs.
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Chapter 4
Ohmic Contacts to InGaAs

4.1 Introduction

High speed heterojunction bipolar transistors (HBTs) require very low resistance emitter
and base Ohmic contacts in order to achieve transistor cutoff frequencies above 1 THz and
geometric scaling laws show that a twofold increase in transistor bandwidth requires a fourfould
decrease in specific contact resistance.[33] High semiconductor doping can be paired with
optimized surface preparation procedures and metal selection in an effort to achieve low ρc ex situ
contacts (in which the surface of a semiconductor epilayer is exposed to atmosphere after it is
grown on a substrate). The use of high semiconductor doping concentrations is known[12] to
promote current transport by tunneling, and the efficacy of very high doping concentrations for
this purpose has been demonstrated.[55] However, optimal surface preparation procedures, which
are playing an increasingly important role in facilitating low ρc contacts, are still being clarified.
Several reports have demonstrated that exposing the semiconductor surface to an ultraviolet
light/O3 (UV/O3) treatment prior to a wet chemical oxide strip can promote low contact
resistances.[51-53, 56] Crook et al.[52] report specific contact resistances of 7.3 and 8.4×10-9 Ω
cm2 for annealed (Ti/Pd/Au)e-beam and TiWblanket-sputtered/(Ti/Ni)e-beam contacts to n-In0.53Ga0.47As
after exposure of samples to UV/O3 and a subsequent oxide etch with concentrated NH4OH.
Related work by Singisetti et al.[51] reports an as-deposited specific contact resistance of 7×10-9
Ω cm2 for TiWblanket-sputtered/(Ti/Au/Ni)e-beam contacts to n-In0.53Ga0.47As after the use of a similar
surface preparation. However, further work[53] by the same group using a similar surface
preparation and also a separate UV/O3-HCl-based preparation did not reproduce such low values.
Lysczek and Mohney[56] used BOE (10:1), NH4OH, or HCl:H2O (1:1) to remove an UV/O3-
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generated oxide on p-In0.53Ga0.47As before electrolessly plating Pd-based contacts. They reported
that surfaces prepared with NH4OH and BOE yielded contact resistances that were nearly an
order of magnitude lower than their HCl-based treatments. Lysczek et al.[48] also reported that
using BOE (10:1) to remove the native oxide (with no UV/O3 treatment performed) on InAs
before contact deposition yielded lower contact resistances than H2SO4:H2O (1:1) or HCl:H2O
(1:1) oxide etchants.
In addition to the surface preparation, different physical vapor deposition (PVD)
techniques may also influence the specific contact resistance of Ohmic contacts. Past
examinations of contacts to Si[89] and GaAs[90, 91] reported that point defects may be caused by
sputter-deposition of metal contacts on semiconductors. Another report[92] shows that defects
caused by sputter-deposition of metal contacts to n-GaAs cause a reduction of the effective
Schottky barrier at the metal-semiconductor interface, possibly due to donor-like defects[93]
(trap-assisted tunneling[90]), and a corresponding increase in the effective height of the Schottky
barrier on p-GaAs.
The choice of contact metal is also important. We have chosen a group of metals (Ti,
TiW, Mo, Pd, and Pt) that feature a range of work functions and reactivities. Titanium has a work
function of 4.33 eV[13] and is expected to provide low specific contact resistances after the
requisite annealing. Refractory TiW and Mo contacts are studied because they are expected to
have shallow reaction depths that are desirable for HBT applications, and because low and stable
specific contact resistances have been reported for them.[51-55] Contacts based on the high work
function metals Pd and Pt (w, Pd = 5.12 eV, w, Pt = 5.65 eV) are included in the study because
Pd and Pt are both effective at displacing native surface oxides on GaAs—though Pd begins to
react on GaAs in the as-deposited state, while Pt does not begin to react until it is annealed at
>200°C.[75] Palladium is also known to form metastable ternary phases on narrow-bandgap III-V
materials at low annealing temperatures.[73, 75-79]. For example, thin (12 nm) annealed films of
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Pd on GaAs yield a ternary PdxGaAs phase that is stable up to 600 °C against stratification into
PdGa/PdAs2 layers.[20]
This chapter first reports and discusses examinations of the specific contact resistances of
electron-beam deposited Pd-based contacts to n-InGaAs as a function of surface preparation.
After the best surface preparation is identified, that preparation is used in a second study in which
metals that have a range of work functions are deposited via collimated sputter or electron beam
deposition. The test structure shown in Fig. 2.14 is used with the I3 probe configuration for all
electrical measurements in this chapter. Sputtered contacts yield lower specific contact resistance
than contacts deposited via electron-beam deposition and for both deposition techniques, Pdbased as-deposited and annealed contacts yield lower specific contact resistances than the other
metals. X-ray photoelectron spectroscopy (XPS) studies are then reported of the InGaAs surfaces
that remain after the use of surface preparations that are identical to those used in the beginning
of the chapter with Pd-based contacts. The XPS data help explain the trends in specific contact
resistances observed in the surface preparation study. From the study of the different
metallizations, it is evident that a unique, metal-dependent current transport phenomenon may be
present in Pd-based contacts. From the study of different surface preparations and the XPS data, it
is also evident that the different preparations affect the current transport via metal-independent
phenomena, and that the presence of elevated concentrations of hydrogen at the semiconductor
surface before metallization may degrade one or more transport-related phenomena. This thesis
thus provides motivation for additional research into the details of the various phenomena at
Pd/InxGa1-xAs interfaces and the affects of those phenomena on the current transport at those
interfaces.
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4.2 Contact Resistance of Ohmic Contacts to n-InGaAs as a Function of Surface
Preparation

4.2.1 Fluctuations in Initial Results and Alleviatory Process Refinements

Initial Pd-based samples were often fabricated in parallel and in a laboratory with
weather-dependent humidity variations. In those studies, electron-beam deposited Pd/W/Au
5/50/100 nm contacts were prepared with our baseline surface preparation, which involves a 10
min UV/O3 treatment followed by a 2 min BOE 10:1 oxide etch, a 15 s water rinse, and a final N2
dry, as well as a variety of other procedures. The as-deposited specific contact resistances varied
by almost half an order of magnitude and the values were > 1×10-8 Ω cm2 after the contacts were
annealed at 250 °C for 30 min. It eventually became clear that preparing and loading multiple
samples into the vacuum system simultaneously—in an effort to rapidly examine multiple
preparation procedures—was generally correlated with higher contact resistances. By serially
processing one sample at a time and using a dehumidifier in the laboratory environment, we were
able to standardize the rinse time, atmospheric exposure time, and ambient relative humidity
(≤20%). This resulted in a significant reduction in the measured ρc fluctuations and enabled us to
consistently achieve repeatable, post-annealed ρc values < 1×10-8 Ω cm2 with Pd-based contacts.

4.2.2 Post-Oxide Removal Atmospheric Exposure Oxidation Study

In order to explore further the variations in specific contact resistances that were
measured in early experiments (Section 4.2.1), a series of samples were taken through the
baseline surface preparation procedure, but left in the laboratory ambient for much longer than
normal after the oxide etch/rinse/dry, before they were put under vacuum. These samples were
prepared in a low-humidity environment. As shown in Fig. 4.1, even after sitting in the laboratory
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ambient for more than 20 minutes after the oxide removal/rinse/drying processing steps before
being loaded into the vacuum chamber, the as-deposited ρc of a Pd/Ti/Pt/Au 5/15/15/100 nm
contacts were still < 8x10-9 Ω cm2. These results imply that the variations in early measurements
were probably not a result of small variations in atmospheric exposure times before vacuum
pumpdown. To determine if too short of a rinse time was responsible for the variations, a sample
was also examined that was dried right after the BOE 10:1 oxide etch and not rinsed with water.
It was then left in the same low-humidity laboratory ambient for 10 minutes before being put
under vacuum. The specific contact resistance of the non-rinsed sample was similar to those that
were rinsed (Fig. 4.1). It will be shown in Section 4.5.3 that a longer (60 s) rinse also does not
significantly increase the as-deposited ρc, but that a high relative humidity in the surface
preparation environment is correlated with a significant increase in as-deposited ρc.

Figure 4.1 Extracted specific contact resistances for Pd/Ti/Pt/Au 5/15/15/100 nm contacts to nInGaAs after the semiconductor surfaces were exposed to the atmosphere for different times after the oxide
removal, but before the surfaces were placed under vacuum. The abscissas of the annealed data are offset to
increase the visibility of the error bars.
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4.2.3 Contact Resistance Results

Out of several different surface preparations used in conjunction with the standardized
rinse and atmospheric exposure times, in a humidity controlled environment, the baseline surface
preparation procedure provided the lowest specific contact resistance when Pd/Ti/Pt/Au
(5/15/15/100 nm) contacts were made to n+-In0.86Ga0.14As (5×10-9 Ω cm2 as deposited), as shown
in Fig. 4.2.

Figure 4.2 Measured specific contact resistances of Pd/Ti/Pt/Au 5/15/15/100 nm contacts to n-InGaAs after
different surface preparations. ● As-deposited. ○ Annealed at 270 °C for 1 h in gettered Ar. Subsequent ○
points represent additional cumulative 1 h anneals.

Several variations on this procedure (substitution of a 60 s rinse with agitation instead of the usual
15 s rinse; subsequent exposure to dilute NH4OH, rinsing in DI water, and drying; or subsequent
exposure for 5 min to atmosphere followed by a repetition of the baseline preparation) caused
only minimal increases in specific contact resistance. However, when the UV/O3 treatment was
omitted from the baseline procedure, in which it was otherwise always used, the specific contact
resistances were nearly 4x10-9 Ω cm2 higher than when the UV/O3 was used, demonstrating the
importance of the UV/O3 treatment. In a fifth surface preparation, the baseline treatment
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(including UV/O3) was followed by placement of the sample in a large beaker saturated with
water vapor for 30 s before it was loaded into the vacuum system for contact deposition. The
measured ρc after the exposure to a humid environment was more than an order of magnitude
larger than when the baseline treatment alone was used. The final surface preparation, in which
the oxide etch was performed in HCl:H2O 1:10 for 30 s, yielded specific contact resistances that
were nearly 5.5x10-9 Ω cm2 higher than the baseline procedure.
Any reaction between Pd and the InGaAs always causes an increase in ρc, whether
through annealing or long term aging at room temperature. Figure 4.3 shows that the ρc of
electron-beam deposited Pd-based contacts to n-InGaAs prepared with the baseline preparation
increases with time even at room temperature, slowly approaching the value measured after
annealing. Palladium is known to have a high reactivity and ability to penetrate native oxides on
III-V semiconductor surfaces.[73-76] This suggests that continued reaction of the Pd contact is
degrading some current-transport-related phenomenon at room temperature.

Figure 4.3 The extracted specific contact resistances for electron-beam deposited Pd/Ti/Pt/Au 5/15/15/100
nm contacts as a function of time at room temperature. ● As-deposited. ○ Annealed at 270 °C for 1 h in
gettered Ar.
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4.3 Electron Beam and Collimated Sputter Deposited Ohmic Contacts to n-InGaAs

Table 4.1 and Fig. 4.4 show the metallizations and corresponding specific contact
resistances measured with the TLM test structure discussed in Section 2.2.3.2, using the I3 probe
configuration, when the different metallizations are deposited via collimated sputtering or
electron-beam evaporation. For Pd-based contacts with 5 nm of Pd, the as-deposited specific
contact resistances are extremely low and largely insensitive to the deposition technique that is
used, though the value for the sputtered Pd contact (3.1±0.3×10-9 Ω cm2) is slightly lower than it
is for electron-beam deposited Pd contact (5.0±0.6×10-9 Ω cm2).
The specific contact resistances of the 5 nm Pd-based contacts increase during 1 h, 270
°C annealing treatments by 2.5×10-9 Ω cm2 for the electron-beam deposited contact and by
1.0×10-9 Ω cm2 for the sputtered contact and then remain constant during a second cumulative 1 h
anneal. Although the surface roughness of the n-InGaAs [Figs. 2.20(a) and (b)] hinders
transmission electron microscopy (TEM) studies of the reacted Pd/Ti/Pt/Au contacts, we are able
to establish estimates for the reaction depth. A TEM examination of a Pd/Ti/Pt/Au 5/15/15/100
nm contact to smooth p-In0.53Ga0.47As that was annealed for 1 h at 270 °C (Fig. 4.5) shows an
amorphous reaction region that has a uniform reaction depth of approximately 7 nm.
Examinations of other samples prepared via focused-ion beam at contact edges establish that the
contact reaction region extends 5 nm below the actual surface plane of the InGaAs. Lysczek et al.
examined a similar Pd/Ti/Pt/Au 3/50/50/100 nm contact to p-InAs[48] and observed an average
reaction depth of 6.9±1.1 nm after the contact was annealed at 250 °C for 9 h. These reaction
depths raise concerns about HBT device applications, where shallow reaction regions are
necessary for contacts to thin emitter layers, and also with regard to the TLM model, where the
resistivity of the semiconductor under and between the contacts is assumed to be the same.
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Table 4.1 Details of the contact metallizations and extracted electrical parameters
Contact

a

Thicknesses
(nm)

(Mo/Ti/Pt/Au)e-beam

30/15/15/100

(Ti/Pt/Au)e-beam

15/15/100

(TiW/Au)e-beam

30/100

TiWsputt/Aue-beam

30/100

(Pd/Ti/Pt/Au)e-beam
with dehumidifier

5/15/15/100

(Pd/Ti/Pt/Au)e-beam

2/15/15/100

Pdsputt/(Ti/Pt/Au)e-beam

5/15/15/100

(Pd/Ti, ×4)sputt/(Pd/W/Au)e-beam

(1/1, ×4)/2/50/100

(Pt/Ti/Pt/Au)e-beam

5/15/15/100

(Pt/Ti/Pt/Au)e-beam

3.5/15/15/100

Ptsputt/(Ti/Pt/Au)e-beam

5/15/15/100

As-deposited
Annealed 1 h at 270 °C
Annealed cumulatively for a second hour at 270 °C
d
Annealed cumulatively for a third hour at 270 °C
b
c

ρc
(×10-9 Ω cm2)
100±53a
45.7±19.6b
313±64a
22.5±1.3b
20.1±0.9c
259±33a
38.4±1.6b
46.2±2.5c
15.7±2.7a
16.1±2.7b
15.5±2.7c
5.0±0.6a
7.5±0.7b
7.6±0.5c
3.9±0.4a
5.4±0.5b
5.3±0.4c
3.1±0.3a
4.1±0.3b
4.1±0.4c
4.1±0.3a
5.0±0.5b
4.8±0.4c
17.0±1.9a
14.6±2.1b
13.8±1.5c
17.9±2.6a
14.8±2.4b
13.8±1.2c
4.5±1.0a
8.3±1.5b
9.2±1.5c

Rs

(Ω □ )
39.6±5.9a
37.3±3.0b
38.1±3.3a
35.5±0.4b
35.4±0.4c
39.2±1.7a
36.1±0.3b
36.4±0.4c
35.1±0.6a
34.4±0.6b
34.8±0.6c
35.5±0.3a
34.7±0.3b
35.0±0.3c
35.6±0.2a
34.9±0.2b
35.1±0.2c
35.0±0.2a
34.3±0.3b
34.4±0.2c
36.8±0.2a
36.2±0.3b
36.3±0.2c
36.3±0.7a
35.4±0.7b
35.7±0.6c
38.9±2.3a
37.0±0.5b
37.1±0.3c
36.0±0.5a
35.6±0.5b
35.5±0.5c
-1

Rc
(×10-3Ω mm)
19.0±3.7a
12.7±2.0b
34.3±2.8a
8.9±0.2b
8.4±0.2c
31.7±1.5a
11.8±0.2b
13.0±0.3c
7.4±0.6a
7.4±0.6b
7.4±0.6c
4.2±0.2a
5.1±0.2b
5.1±0.2c
3.7±0.2a
4.3±0.2b
4.3±0.1c
3.3±0.1a
3.7±0.2b
3.7±0.2c
3.9±0.1a
4.2±0.2b
4.2±0.1c
7.8±0.4a
7.2±0.5b
7.0±0.3c
8.3±0.5a
7.4±0.5b
7.2±0.3c
4.0±0.4a
5.4±0.4b
5.7±0.4c
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Figure 4.4 Specific contact resistance as a function of metallization, PVD technique, and annealing. ● Asdeposited. ○ Annealed at 270 °C for 1 h in gettered Ar. Subsequent ○ points represent additional
cumulative 1 h anneals. The contact metallizations are: (Mo/Ti/Pt/Au)e-beam 30/15/15/100 nm, (Ti/Pt/Au)ebeam 15/15/100 nm, (TiW/Au)e-beam 30/100 nm, TiWsputtered/Aue-beam 30/100 nm, (Pd/Ti/Pt/Au)e-beam (2 or
5)/15/15/100 nm, Pdsputtered/(Ti/Pt/Au)e-beam 5/15/15/100 nm, (Pd/Ti, ×4)sputtered/(Pd/W/Au)e-beam (1/1,
×4)/2/50/100 nm, and (Pt/Ti/Pt/Au)e-beam (3.5 or 5)/15/15/100 nm, Ptsputtered/(Ti/Pt/Au)e-beam 5/15/15/100 nm.
All metal layers in contacts featuring a sputtered layer are deposited through a collimator.

Figure 4.5 Bright field transmission electron micrographs of an electron-beam deposited Pd/Ti/Pt/Au
5/15/15/100 nm contact on p-InGaAs after a 1 h, 270 °C anneal. (a) Low magnification showing the
uniformity of the reaction depth. The Pd reaction region is slightly less than 10 nm thick. (b) High
magnification showing the details of the reaction region and surrounding layers. The fast Fourier transform
from four regions offer evidence that the InGaAs and Ti are crystalline and polycrystalline, respectively,
while the Pd/Ti and Pd-In-Ga-As reaction regions are amorphous.

In order to examine how much the thin reaction regions might in our extracted specific
contact resistance values, we performed a series of calculations using a modified expression for
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the total resistance measured between two contacts. Ordinarily, the total resistance measured
resistance between two contacts is RT 
semiconductor in Ω

□-1

Rs d
 2Rc , where Rs is the sheet resistance of the
Z

(assumed to be the same under and between the contacts), d is the

distance between the contacts, Z is the contact width, and Rc is the contact resistance in Ω.[62]
When the sheet resistance under the contacts is different than the sheet resistance between the
contacts, this expression can be approximated by
RT 

Rs d
R L
 2 sc Tc
Z
Z

where Rsc is the sheet resistance under the contact and LTc 

(1)

c

Rsc

.[62]

Our examination first involves the assumption of a specific contact resistance ρc (5×10-9
Ω cm2 here) and a semiconductor sheet resistance RS (36 Ω

□-1) between the contacts that are

identical to the values extracted from our as-deposited TLM measurements. We then calculate a
modified sheet resistance (Rsc) for the region under the reacted contacts. For this, we assume the
reaction product itself is metallic in nature and that the modified sheet resistance simply scales in
proportion to the remaining thickness of the semiconductor. For example, treating the two
different epilayers on our samples as a single layer that is 65 nm thick in total and assuming a
 65 
contact reaction depth of x nm, we would expect a modified sheet resistance of Rs  
.
 65  x 

We then calculate LTc 

c

Rsc

. A given reaction depth will yield a set of these four parameters

(ρc, Rs, Rsc, LTc) that can be used in conjunction with the known Z and a series of chosen gap
spacings (d) to generate a set of RT(d) values with equation (1). By then fitting these sets of RT(d)
data for different reaction depths as TLM data, we can explore how the changing sheet resistance
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of the semiconductor under the contact affects the extracted ρc using equation (1). The results are
shown in Fig. 4.6 for reaction depths of 1–10 nm. The left side of the figure demonstrates that for
a reaction depth of up to 10 nm, the increase in semiconductor sheet resistance under the contacts
is expected to cause an artificial increase in the extracted ρc by ~ 1×10-9 Ω cm2. The change in
sheet resistance under the contact is thus probably not responsible for large errors in the ρc values
we are presenting, and any errors present are expected to be overestimates, not underestimates.

Figure 4.6 Comparison of the input and extracted ρc values for the calculations of the effect of modified
semiconductor sheet resistances under the contacts on the extracted specific contact resistances.

In an effort to reduce the reaction region thickness for both electron-beam and sputtered
contacts, variations of the Pd layer were examined. For the electron-beam deposited contact, the
Pd thickness was reduced to 2 nm, yielding a specific contact resistance of 5.3×10-9 Ω cm2 after 2
h at 270 °C. This reduction in the Pd thickness has the favorable effect of improving the thermal
stability of the contacts compared to similar contacts with 5 nm of Pd. For the sputter deposited
contact, the 5 nm Pdsputtered layer and the 15/15 nm (Ti/Pt)e-beam diffusion barrier were replaced
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with a (Pd/Ti x4)sputtered (1/1 nm x4) multilayer[94] and a (Pd/W)e-beam 2/50 nm diffusion barrier
beneath a Au cap. Although the as-deposited specific contact resistance of the sputtered
multilayer metallization is slightly higher (by 1×10-9 Ω cm2) than that of contacts with 5 nm of
sputtered Pd, the predicted shallow reaction depth and low specific contact resistance of
4.8±0.4×10-9 Ω cm2 after cumulative annealing for 2 h at 270 °C may make them more desirable.
Molybdenum-, Ti-, and TiW-based electron-beam deposited contacts all exhibit higher
as-deposited specific contact resistances ≥1.0×10-7 Ω cm2 that decrease to 2.0–4.6×10-8 Ω cm2
when they are annealed for 1 or 2 h at 270 °C. Sputter-deposited TiW-based contacts exhibit an
order of magnitude reduction in as-deposited specific contact resistance over similar electronbeam evaporated contacts (1.6±0.3×10-8 vs. 2.6±0.3×10-7 Ω cm2); this ρc is very stable during
annealing. The ρc of the as-deposited sputtered TiW contacts is lower than even the annealed
value of a similar electron-beam deposited contact. This demonstrates that sputter deposition can
be an effective method for lowering the specific contact resistance of Ohmic contacts on nInGaAs relative to electron-beam evaporated contacts.
Platinum-based contacts exhibit a similar reduction in as-deposited specific contact
resistance—over half an order of magnitude—when the Pt is deposited via sputtering instead of
electron-beam deposition (4.5±1.0×10-9 vs. 1.7±0.2×10-8 Ω cm2). However, the values for the
sputtered Pt contacts increase half an order of magnitude during annealing, converging toward
1x10-8 Ω cm2 and eliminating the difference in values between the sputter deposited and electronbeam evaporated Pt-based contacts. No significant difference in specific contact resistance is
observed when the Pt thickness of the electron-beam evaporated contact is reduced from 5 nm to
3.5 nm. The formation of PtAs2, which is a known semiconductor,[95] at the metalsemiconductor interface is expected to prevent the Pt contact from achieving ultralow ρc values.
Sinha and Poate[96] and Fontaine et al.[97] reported current-voltage (I-V) measurements from
which they extracted increased barrier heights after annealing Pt contacts to n-GaAs.
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4.4 Oxidation, Surface Reconstruction, and Electronic Surface Structure of Arsenides

Section 4.2.3 demonstrates that the specific contact resistances of Pd-based contacts to
InGaAs are very sensitive to the surface preparations used prior to the deposition of the contacts
and that the baseline surface preparation yields very low ρc values. An XPS examination of
InGaAs surfaces that have undergone identical surface preparations as the samples measured in
Section 4.2.1 are discussed below in Section 4.5.
The purpose of this current section is to review for the reader in increasing detail and
relevancy the different phenomena reported at the InGaAs surface and thereby establish a bridge
between the electrical results of Section 4.2.1 and the XPS study in Section 4.5. A detailed
knowledge of the surface phenomena provides a framework for interpreting the XPS results and
is necessary to correlate those results back to their possible affects on the contact resistances. The
review includes brief literature reviews of three different classes of studies from which insights
can be gained. The first class encompasses studies of oxides on InAs, GaAs, and InGaAs
conducted with a range of surface-sensitive analytical techniques. The second class encompasses
studies of the surface that remains after the native oxide on InAs, GaAs, or InGaAs is removed.
The third class of studies encompasses the atomic-level surface reconstruction of arsenide
surfaces, the disorder-inducing influence on the surface structure as a result of oxidation, and the
accompanying changes to the surface electronic structure that accompany that disorder.

4.4.1 Review of Studies of Oxides on InAs, GaAs, and InGaAs and Results for TEM
Examination of Mo on UV/O3-Oxidized InGaAs

The condensed literature summary in Table 4.2 shows that past Raman scattering,[98101] X-ray photoelectron spectroscopy (XPS),[99, 102, 103] and Auger electron spectroscopy
(AES)[104] examinations of oxides on (100) GaAs, InAs, and InGaAs generated by anodic
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oxidation or oxygen plasma have reported the presence of elemental As at the bulk/oxide
interface. Additional studies with XPS[69, 105] or TEM and XPS[106] of oxides on (100) GaAs
and InAs generated by UV/O3 treatment have also confirmed the existence of the As under the
oxide generated by UV/O3 treatments. This As-rich layer has been a longstanding problem
impeding the development of III-V metal oxide semiconductor (MOS) device technology.[101,
107] The formation of the As layer is attributed to the preferential oxidation of Ga or In (and
accompanying reduction of As oxides to elemental As) at the bulk/oxide interface because of the
more negative enthalpies of formation of Ga2O3 and In2O3 relative to As oxides.[101, 104]
Figure 4.7 shows a TEM micrograph of the oxide that remains after a 10 min UV/O3
treatement of a smooth p-In0.53Ga0.47As surface. The oxide was capped with Mo before removal of
the UV/O3-generated oxide.

Mo

Oxide
InGaAs
2 nm
Figure 4.7 Cross-sectional TEM micrograph of the interface between UV/O3-oxidized InGaAs and Mo.

[102]

[104]

[99]

Elemental As is always observed at the
substrate/oxide interface after anodic oxidation.
-Elemental As at the substrate/oxide interface
-The formation of the As is attributed to the
preferential oxidation of Ga because of the more
favorable enthalpy of formation of Ga2O3 relative to
As2O3.
- The elemental As layer is thicker for samples with
thicker oxides.
-Arsenic at the substrate/oxide interface (via
Raman).
-Raman not able to detect elemental As on similar
samples from which the oxides are removed.
-Anodic oxides contain less elemental As than the
DC/RF plasma grown oxides.
-Annealing the oxides generated by all three
techniques at 400 °C produces a mixture of
crystalline and amorphous As.

Anodic oxidation and subsequent
pulsed laser treatment of
substrate/oxide interface (the
oxide is transparent to the laser)
to provide local heating. Melting
and evaporation were avoided.
Anodic oxidation

Oxygen RF plasma
substrate biased +90 V with
respect to the plasma

Anodic oxidation, DC and RF
oxygen plasma

XPS depth
profile

XPS depth
profile

AES depth
profile

Raman
Scattering, XPS

GaAs

GaAs

GaAs(100)

GaAs

-The thickness of the As at the substrate/oxide
interface thickens with laser treatment.
-The formation of elemental As is speculated to be a
byproduct of As2O3 reduction during Ga2O3 growth
at the bulk/oxide interface.

Same authors as
1st reference in
this table. The
same detection
limits probably
apply.

[103]

[100]

GaAs(100)

Elemental As not observed under the oxide unless
the samples are annealed (>300 °C). The elemental
As that is initially observed is amorphous and
crystallizes rapidly above 366 °C.

Anodic oxidation and subsequent
annealing

Raman
Scattering

GaAs(100)

The authors note
that their lower
[98]
thickness limit for
detection is 3 nm.

Anodic oxidation and subsequent
annealing

Ref

Raman
Backscattering

Notes

-Elemental As not observed under the oxide unless
the samples were annealed at 450 °C for 5 min. The
formation sequence starts with amorphous As, then
becomes progressively crystalline with further
annealing.

Results

Treatment

Analysis

Surface
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Table 4.2 Condensed review of studies of oxides on InAs, GaAs, and InGaAs.

Analysis

Raman
Scattering

XPS

XPS

TEM, XPS

Surface

InAs(111)
InGaAs(100)

GaAs(100)

GaAs(100)
InAs(100)

InAs(001)
UV/O3 2–80 min

UV/O3 10 min, 1 h, 3 h

UV/O3 20 min

anodic oxidation and subsequent
annealing

Treatment

[105]

[69]

[106]

-Elemental As is observed at the substrate/oxide
interface.
-Longer UV/O3 treatment times of GaAs are
correlated with thicker layers of elemental As at the
substrate/oxide interface.
-The As layer was only observed at the InAs
substrate/oxide interface after 3 h of UV/O3
treatment.
-XPS observation of elemental As at the
substrate/oxide interface.
-TEM observations of elemental As at the
substrate/oxide interface.
-Elemental As observed via XPS after the oxide
was removed.

Ref

[101]

Notes

-Arsenic is observed at the substrate/oxide interface
for InAs and InGaAs after the oxide was annealed.
-Quaternary In-Ga-As-O phase diagram examined
and found to thermodynamically support the
existence of elemental As via reduction of As2O3.

Results
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4.4.2 Review of Studies of Resultant Surfaces after Removal of the Native Oxide from InAs,
GaAs, and InGaAs and Results for TEM Examination of Oxide-Stripped InGaAs/Mo

For Ohmic contacts, it is generally believed to be desirable to remove the oxide before
metal deposition, in order to achieve a uniform interface and eliminate any electronic barrier at
the metal-semiconductor interface. A collection of reports is summarized in Table 4.3 that are
concerned with the surface that remains after the native oxides on InAs, GaAs, or InGaAs are
removed with various oxide wet etchants. Those studies, conducted with XPS,[66, 108-113]
synchrotron radiation photoelectron spectroscopy (SRPES),[114-116] and XPS/AES,[117] report
that removal of the native oxides from the surfaces of (100) GaAs, InAs, and InGaAs using an
assortment of common acidic or alkaline oxide etchants (followed by a water rinse) leaves an Asrich semiconductor surface topped with elemental As, and that a thicker initial oxide is correlated
with a thicker remaining elemental As cap after oxide removal.[116] During the deconvolution of
XPS data, the contribution from the elemental As at the surface has a higher binding energy than
the As in the bulk, and is commonly referred to as “As0.” Contributions from As-As dimers at the
surface of the semiconductor under the As0 have been reported in synchrotron photoelectron
spectroscopic studies using photon energies < 100 eV [114, 118] and have a binding energy lower
than the As in the InGaAs. Due to the high energy of the photons used in our XPS studies, we are
unlikely to observe As-As dimer contributions in the deconvolution procedure. Failure to include
a water rinse after the use of a wet etchant is correlated with the presence of additional group III
surface species as well as the As0 or other surface oxides (for example, III-chlorides for HCl
etches and III-phosphates for H3PO4 etches). Just as the As layer at the bulk/oxide interface
described above is a problem for the development of MOS device technology, this residual Asrich surface and the accompanying surface states that are caused by subsequent oxidation[119]
complicates the related development of metal insulator semiconductor (MIS) device technology.
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A TEM micrograph of a smooth p-In0.53Ga0.47As surface capped with Mo after removal of
the UV/O3-generated oxide with our baseline [BOE (10:1) 2 min, 15 s rinse, N2 dry] surface
preparation is shown in Fig. 4.8. The oxide that is readily apparent in Fig. 4.7 is not apparent.
Although the sample is too thick to provide credible evidence for the presence of As0, our results
in Section 4.5 show that As0 is indeed present.

Mo

5 nm

InGaAs

Figure 4.8 Cross-sectional TEM micrograph of the interface between an InGaAs surface from which a
UV/O3-generated oxide has been removed, and a Mo contact.

Samples that remain at ambient
for 24 hr after the oxide etch
have increased surface oxidation,
[66]
shown by the As surface oxide
concentrations
As2O<(As0~As2O3)<AsO<AsGaAs
-Arsenic contributions in order of
concentration are
As2O3<AsO<As2O<As0<AsGaAs.
-Gallium surface oxide contributions
attributed to Ga2O, GaO, and Ga2O3.

SRPES
80 eV

XPS

GaAs(100)

GaAs(100)

HCl solution 5 minH2O/dry

-Argon-purged, loadlocked
glovebox is used.
-Suggests As0 layer as a protective [115]
cap against C contamination that
can be desorbed in vacuum.

-5 Å (2 ML) As0.
H2SO4:H2O2:H2O (4:1:100 120 s) -No As0 remains after a 450 °C, 30
H2O/dry HCl:H2O (1:3 120 s)
min anneal in vacuum. As-As and
Ga surface components are observed
H2O/dry
after annealing.

N2 chamber is attached to the
vacuum port

NH4OH (25%) 90 sDry

SRPES
95 eV

-As-As dimers, As0, As-OH, Ga
suboxides and Ga surface
components.
-The As0, As-OH concentrations
decrease and As-As dimers remain
with annealing at 450 °C, while Ga
suboxide and surface components
both increase.

[114]

[109]

GaAs(100)

GaxOy is insoluble in H2O [33]

XPS

GaAs(100)

GaCl and elemental As
Ga-PO4 and elemental As
Elemental As
Elemental As
Ga-O

HClDry
H3PO4Dry
HClH2O/Dry
H3PO4H2O/Dry
HClH2O/DryNH4OHDry

[108]

Ref

XPS

Results show that GaClx
dissolves/decomposes in H2O.
This agrees with the CRC
handbook.[33]

Notes

GaCl covered by GaCxOy
As-rich surface

Resulting Surface

HCl (36%) 10 minDry
HCl (36%) 10 minH2O(10 s)/Dry

Etchant

GaAs(100)

Native Oxide Analysis
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Table 4.3 Condensed review of studies of the resultant surfaces after the native oxides are
removed from InAs, GaAs, and InGaAs.

XPS

XPS

AES,
XPS

SRPES
95 eV

In0.2Ga0.8As
on InP(100)

In0.53Ga0.47As
on InP(100)

GaAs(100),
(111)

GaAs(100)

Oxide removed in NH4OH (25%) and
annealed at 500 °C in vacuum (clean
sample) before treatment with
HCl:2-propanol (1:10) 120 s
or
NH4OH (25%) 120 s

Arsenic dimers, very little As0,
Ga oxides, and Ga S1/S2 surface
components are detected on clean
samples.
After HCl treatment, chlorides
and much As0 are present.
After NH4OH treatment,
increased quantities of As0 and
As-OH are present, while Ga is
depleted at the surface.

AES: Significantly higher C
Anodic oxide grown before removal with
contamination after oxide
HCl:H2O (1:1) H2O/dry
removal with HCl.
or
XPS: More As0 observed after
NH4OH:H2O (1:1) H2O/dry
the HCl etch.

As-As or As-H, topped with a
thin cap of (As2O3>Ga2O3)

Elemental As, AsxOy, In-O or InOH, GaxOy (peaks all similar)

HCl (30%) 15 min H2O /Dry 
NH4OH (4%) 15 min H2O/Dry

In0.53Ga0.47As SRPES
on InP(100) 100 eV

HF(50%):H2O (1:50) 5 min  H2O/Dry

Elemental As (4–10 Å) for all
conditions.
No elemental As observed after
annealing in vacuum for 30 min
at 200 °C.

HCl (2%) 2 minH2O(?)/Dry
HCl (10%) 2 min H2O(?)/Dry
HF (2%) 2 min H2O(?)/Dry
HF (10%) 2 min H2O(?)/Dry
H2SO4 (5%) 2 min H2O(?)/Dry

[117]

[113]

-Initial oxide removal before
annealing and subsequent etching
performed in a Ar-purged
chamber attached to a UHV
[118]
vacuum port.
-It is possible that As-H is being
misattributed to As0 for the HCletched samples.

-It is possible that As-H is being
misattributed to As0 for the HCletched samples.

-Suggests As plane termination
and H-termination of As or AsAs dimers

[112]

-DIW rinses are not mentioned,
but are implied because no InxCly
or GaxCly compounds were
observed.
[116]
-Suggests As layer as protection
against oxidation. Argon-purged
glove bag used.

[111]

XPS

InAs(100)

AsxOy will dissolve in H2O [33]

XPS

InAs(100)
Elemental As, trace AsxOy

Ref

HF (49%) 5 minDry

Notes
[110]

Resulting Surface
InClx will decompose in H2O33

HCl:isopropanol (30 s) isopropanol
rinse (60 s)

Etchant
Elemental As, InCl, InCl2,
hydrocarbons

Native Oxide Analysis
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4.4.3 Review of Arsenic-Rich III-V Surface Reconstructions and their Adsorbate-Dependent
Electronic Surface Structure

Sections 4.4.1 and 4.4.2 establish that an As-rich surface, with a thin overlayer containing
As0, is always present during room temperature processing of (100) GaAs, InAs, and InGaAs
surfaces. Furthermore, the surface states associated with this As-rich surface have been an
impediment to the development of III-V MOS and MIS technology for three decades. However,
the renewed drive of the semiconductor industry to develop and integrate III-V devices into Sibased integrated circuits in order to continue device scaling trends necessitates the solution of this
problem. While the As0 is not a problem for Ohmic contact development in the sense that it is for
the development of MOS and MIS devices, the ongoing research and development in the III-V
MOS and MIS community provides insights that can also further understanding and development
of Ohmic contacts to those same materials.
Several models, including the advanced unified defect model (AUDM)[120], effective
work function theory,[121] metal-induced gap states (MIGS) model,[16] defect-induced gap
states (DIGS) model,[122] and others were proposed in the 1970s and 80s to interpret results of
Schottky barrier studies on various semiconductors. More recently, detailed computer simulations
have begun to yield specific, mechanistic insights into the surface phenomena at III-V surfaces.
While many common surface defects are not expected to give rise to surface states in the bandgap
of our In0.86Ga0.14As,[123] a large number of states are expected to be present in the bandgap at
the surface of As-rich GaAs, InAs, and InGaAs as a result of As displacement at the surface
during oxidation[124, 125] and possibly also due to As2 antisite surface dimers (As dimers on top
of As-terminated III-V surfaces).[126]
The postulated defect state creation mechanism via As displacement is an initial
attraction of O2 to the electron density at surface As dangling bonds, followed by the formation of
more thermodynamically stable Ga- or In-O bonds between the O and the group III atoms
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beneath the As-rich surface, which causes the displacement of the As that the O replaces.[2] The
remaining As atoms are no longer dimerized and have additional unbound electrons that
contribute to states in the bandgap. A schematic of a clean As-rich GaAs (100) surface is shown
in Fig. 4.9 and a schematic of the same surface with single- or double-dimer displacements is
shown in Fig. 4.10. Only the single dimer displacement is associated with states in the bandgap in
the reported computational simulations because no As atoms remain to contribute states after the
double dimer displacement.[124] The gap states are also not present if, when a single dimer
displacement occurs, the additional dangling bonds on the remaining As are hydrogen
passivated.[124] This gap-state creation mechanism via As-displacement is expected to be nearly
non-existent on group III-rich surfaces because the absence of surface As dimers and their
associated electron densities will result in a lower sticking probability for O2 and less surface
disorder (atomic displacement).[2] This is the reason why workers in the MIS community have
transitioned to examining and using group III-rich GaAs, InAs and InGaAs surfaces in surface
passivation and MIS device studies.[2, 127-133]

106

Figure 4.9 A schematic of a clean As-rich GaAs (100) surface. (after references [124, 134, 135])

Figure 4.10 A schematic of an As-rich GaAs(100) surface with adsorbed O atoms that cause single-or
double-dimer As displacements. (after references [124, 134, 135])
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For surfaces that are exposed to large atmospheric O2 doses and that have additional thin
layers of As0 above the As rich surface, it is reasonable to expect the presence of gap states
associated with wide-scale displacement of surface As present in As-As dimers and As0, and also
possibly due to various bond distortions at the surface. Together, these states probably form a
continuum of gap states at the surface, in a situation similar to Hasegawa’s DIGS model.[136]
Because of its past importance in GaAs-related Fermi level pinning work, the AsGa
antisite defect (also known as the EL2 defect) will be briefly addressed, because one might expect
that it also contributes a large number of gap states at the surface of our InGaAs. Historically, a
melt stoichiometry slightly rich in As was used during the melt growth of GaAs because an Asrich melt yields a reduced dislocation density in the final crystal.[137] The excess As in the final
crystal also enables the formation of a high concentration of AsGa defects that are associated with
Fermi level pinning: the concentration of AsGa defects present after the melt growth of GaAs is
>1016 cm-3. However, the concentration of AsGa defects in GaAs grown with MBE is only ~1013
cm-3.[138] Since the n-In0.86Ga0.14As used for experiments in this thesis are grown with MBE, we
expect there to be a low concentration of AsGa defects in our samples.

4.5 XPS Surface Characterization of InGaAs as a Function of Surface Preparation

Two separate XPS investigations will be presented. The first is more limited than the
second and examines the resultant surfaces after the four surface preparations that yielded the
specific contact resistances indicated in Fig. 4.11(a). The second investigation examines a similar
set of surface preparations (to verify the results of the first examination) and also the preparation
with a 60 s rinse and the preparation conducted without a 10 min UV/O3 exposure [the specific
contact resistances of this set are shown in Fig. 4.11(b)]. The reader is reminded that an
explanation of the two different depictions of the XPS data and why they are both necessary for
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the discussion of the XPS data is provided in Section 2.2.5. The reader is also reminded that the
composition of the smooth p-InGaAs used for the XPS experiments is In0.53Ga0.47As, while the
composition of the n-InGaAs used for the specific contact resistance measurements is
In0.86Ga0.14As.
(a)

(b)

Figure 4.11 The specific contact resistances and corresponding surface preparations used to remove the
oxide before contact deposition. The first XPS investigation will examine the preparations in (a) and the
second XPS investigation will examine the preparations in (b). Three of the preparations in the second
examination are identical to those used in the first examination, in order to confirm the results.

4.5.1 Representative Deconvolutions of Relevant XPS Species

Representative deconvolutions of the Ga, In, C, O, and As species for the 90° and 30°
XPS acquisition angles are shown in Figs. 4.12 and 4.13 for a degreased InGaAs surface prepared
with our baseline surface preparation [10 min of UV/O3, 2 min BOE (10:1), 15 s water rinse, and
an N2 dry]. Similar images for all four preparations examined in the first XPS investigation as
well as for the BOE without UV/O3-treatment and BOE/60 s rinse treatment from the second XPS
investigation are presented in Appendix A. The figures show that there are larger contributions
from In, Ga, and As oxides at the surfaces of each sample (the 30° data are more surface sensitive
than the 90° data) and that the contributions from the elemental As0 components are also located
at the surface. No attempt was made to further deconvolute the O 1s XPS spectrum because there
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are a large number of oxygen-containing species expected (oxides and/or hydroxides for all three
semiconductor elements, as well as hydrocarbons and any water), and the deconvolution of so
many peaks in close proximity to each other was not possible.
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Figure 4.12 (previous page) Deconvolutions of the Ga, In, and C XPS spectra for the 90° and 30° XPS
acquisition angles after a UV/O3-generated oxide was removed from the InGaAs surface with a 2 min BOE
immersion, followed by a 15 s water rinse and N2 dry.

Figure 4.13 Deconvolutions of the O and As XPS spectra for the 90° and 30° XPS acquisition angles after a
UV/O3-generated oxide was removed from the InGaAs surface with a 2 min BOE immersion, followed by
a 15 s water rinse and N2 dry.
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4.5.2 XPS Investigation 1: BOE, NH4OH, HCl, and BOE/Humid Environment Treatments

4.5.2.1 Elemental Analyses

The differences between the 90° and 30° elemental data in Fig. 4.14 show that there are
higher concentrations of As, O, and C at the surface but lower levels of In and Ga there. There is
also noticeably less O at the surface of the HCl sample than on the other samples. The fact that
there are no clear trends in the elemental analyses that correlate with an increase in specific
contact resistance (the ρc values yielded by the surface preparations on the x-axes of Fig. 4.14
increase from left to right) suggests that multiple phenomena are responsible for the differences.
Examination of the bonding of the different elements in the following sections will help clarify
these phenomena. The reader should note that even though XPS is a surface-sensitive analytical
technique, there are still significant contributions from the InGaAs bulk in most of the data,
which moderates the trends observed as a function of surface treatment.
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Figure 4.14 Total In, Ga, As, O, and C species concentrations detected in XPS examination 1 for 90° and
30° XPS acquisition angles from InGaAs surfaces after the removal of UV/O3-grown oxides with four
different oxide removal procedures that are identical to those that yield the specific contact resistances in
Fig. 4.11(a).

4.5.2.2 Gallium 2p3/2 and 3p

The Ga 2p3/2 data in Fig. 4.15 is extremely surface sensitive due to its high binding
energy (~1117 eV, Fig. 4.12) and low kinetic energy (shallow escape depth). While the increase
in concentration of Ga oxides between the 90° and 30° data shows that the oxide concentration is
higher at the surfaces of all samples, it is noticeably higher still for the sample exposed to a
humid environment after the oxide removal and rinse preparation steps. These data strongly
suggest that on the sample exposed to the humid environment after the oxide etch, the higher
concentration of Ga oxides may be the primary cause of its higher ρc value. The decreased Ga
oxide surface concentration on the NH4OH sample is probably due to the preferential etching of
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Ga oxides by NH4OH.[139] The binding energy for Ga 3p (Fig. 4.16) is smaller than for 2p3/2,
and so the kinetic energy of the emitted electrons and the sampling depth are greater, resulting in
less surface sensitivity. This decreased surface sensitivity also explains why the difference in Ga
oxide concentration between 90° and 30° data is not as obvious in Fig. 4.16 for this data as for the
Ga 2p3/2 data in Fig. 4.15.

Ga 2p3/2

Figure 4.15 Normalized intensities and species concentrations of Ga 2p3/2 species in XPS examination 1 for
90° and 30° XPS acquisition angles.
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Ga 3p

Figure 4.16 Normalized intensities and species concentrations of Ga 3p species in XPS examination 1 for
90° and 30° XPS acquisition angles.

4.5.2.3 Indium 3d5/2

The concentration of In oxides increases at the surface (going from 90° to 30°) for all
samples (Fig. 4.17). The higher In oxide concentration on the NH4OH sample is most likely a
result of the preferential etching of Ga oxides by NH4OH, as noted above in the presentation of
the Ga 2p3/2 data. Additionally, In(OH)3 is not dissolved by NH4OH,[139] though the NH4OH
may form In hydroxides on the surface.
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In 3d5/2

Figure 4.17 Normalized intensities and species concentrations of In 3d5/2 species in XPS examination 1 for
90° and 30° XPS acquisition angles.

4.5.2.4 Carbon 1s and Oxygen 1s

The overall C intensity shown in Fig. 4.18 is very low for all examined surface
preparations. This is reflected in the low signal to noise ratio of the C 1s XPS spectra in Fig. 4.12.
An increased carbon concentration on samples prepared in HCl relative to samples prepared in
NH4OH has been observed previously on GaAs,[117] in agreement with our data. The second
XPS investigation, discussed below, will provide evidence that the small increase in carbon
concentration on the HCl sample here is probably not responsible for the accompanying increase
in contact resistance measured when the HCl preparation is used.

117

C 1s

Figure 4.18 Normalized intensities and species concentrations of C 1s species in XPS examination 1 for 90°
and 30° XPS acquisition angles.

With regard to the O species presented in Fig. 4.19, the greater concentration of
hydroxides on the sample treated with NH4OH is expected after the use of a hydroxide-based
etchant and probably has to do with the inability of NH4OH to dissolve In hydroxides[139]. The
species concentrations are fairly similar for all four samples, but the normalized intensity of
detected III-V oxides on the HCl sample is noticeably smaller than on the other samples. Because
there is not a large reduction of In or Ga oxides on the sample treated with HCl relative to the
others (see the Ga and In data above), this reduced oxide intensity is probably due to a reduced
As oxide intensity, which is confirmed below. Since there is a large reduction in oxide species at
the surface of the HCl-prepared sample with no accompanying increase in hydroxide or
hydrocarbon intensity, it is likely that some other species terminates the surface. The reasonable
deduction to make for the case of such a strong acid is that there may be a significant
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concentration of H termination at the surface of the HCl sample. Further evidence for this
deduction is provided below by the As XPS data.

O 1s

Figure 4.19 Normalized intensities and species concentrations of O 1s species in XPS examination 1 for
90° and 30° XPS acquisition angles.

4.5.2.5 Arsenic 3d and 2p3/2

An increased As0 (elemental As) concentration is present at the surface of all samples, as
shown by the As 3d and 2p3/2 data in Figs. 4.20 and 4.21, in agreement with the literature review
in Section 4.4.2. The sample treated with HCl has a notably lower concentration of As oxides at
the surface than the other samples.
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As 3d

Figure 4.20 Normalized intensities and species concentrations of As 3d species in XPS examination 1 for
90° and 30° XPS acquisition angles.

As 2p3/2

Figure 4.21 Normalized intensities and species concentrations of As 2p3/2 species in XPS examination 1 for
90° and 30° XPS acquisition angles.
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4.5.3 XPS Investigation 2: Verification of Investigation 1, and Examination of a Surface not
Treated with UV/O3 and the BOE/60 s Rinse Preparation

4.5.3.1 Subset of XPS Investigation 2 that Confirms the Results from Investigation 1

Three of the XPS samples examined in the 2nd XPS investigation were identical to the
NH4OH-, HCl-, and humidity-treated samples in the first XPS investigation, so that the prominent
results of the first investigation could be verified. This subset of the data from the 2nd XPS
investigation is presented in Appendix B so that readers can easily compare the data for those
samples alone with the data in XPS investigation 1, and also so that this chapter does not become
cluttered. Briefly, the Ga 2p3/2and 3p data verify that an increase in specific contact resistance is
correlated with an increase in Ga oxides, while the In 3d5/2 data shows that the In oxide
concentration is again highest at the surface of the sample that is treated with NH4OH. The C 1s
and O 1s data provide verification that the sample prepared with HCl has a higher adventitious
carbon normalized intensity and a lower In-, Ga-, and As-oxide normalized intensity than the
other two samples. Finally, the As 3d and 2p3/2 data confirm that there is an appreciable As0
concentration at the surfaces of all three samples, that the As-oxide concentrations are lower for
the sample prepared with HCl, and that there is a greater increase in the As0 relative to As-oxides
at the surface of the sample prepared with HCl over the other samples (ΔAs090°30°/ΔAsOx, 90°30°
> 1).

4.5.3.2 The Remaining Preparations in XPS Investigation 2 (Surface not treated with UV/O3
and the BOE/60 s Rinse Preparation)

The elemental analyses and the results for the deconvolutions of the Ga 2p3/2, Ga 3p, In
3d5/2, C 1s, O 1s, As 3d, and As 2p3/2 peaks of the full dataset of XPS investigation 2 are shown in
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Fig. 4.22 and Figs. 4.23–4.29, respectively. The importance of including the UV/O3 treatment in
the surface preparation is immediately apparent in Fig. 4.22: the carbon concentration is very high
on the surface of the sample prepared with the baseline surface preparation in which the UV/O3
treatment was not included. This confirms the effectiveness of the UV/O3 for removing
carbonaceous residues from the semiconductor surface. The normalized intensities of the In, Ga,
and As bulk and oxide species are both noticeably lower than for the other samples. Furthermore,
the increased relative intensity of the In, Ga, and As bulk species compared to the oxidized
species suggests that the C cap may retard oxidation of some of the sample surface, though even
if the oxide concentration is reduced, the ρc data in Fig. 4.11 show that ρc is increased. The C 1s
and O 1s data confirm the presence of elevated concentrations of adventitious C and
hydrocarbons, as well as a reduction of semiconductor oxides (whether real or from a reduction in
counts due to the C layer). The C may act as a barrier layer that prohibits the formation of an
intimate metal-semiconductor interface.
The slight increase in ρc for the sample treated with the baseline surface preparation in
which a 60 s rinse was used instead of a 15 s rinse appears to result simply from incremental
increases in C concentration and oxide species concentration at the surface.
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Figure 4.22 Total In, Ga, As, O, and C species concentrations detected in XPS examination 1 for 90° and
30° XPS acquisition angles from InGaAs surfaces after the removal of UV/O3-grown oxides with four
different oxide removal procedures that are identical to those that yield the specific contact resistances in
Fig. 4.14(b).
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Ga 2p3/2

Figure 4.23 Normalized intensities and species concentrations of Ga 2p3/2 species in XPS examination 2 for
90° and 30° XPS acquisition angles.

Ga 3p

Figure 4.24 Normalized intensities and species concentrations of Ga 3p species in XPS examination 2 for
90° and 30° XPS acquisition angles.
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In 3d5/2

Figure 4.25 Normalized intensities and species concentrations of In 3d5/2 species in XPS examination 2 for
90° and 30° XPS acquisition angles.

C 1s

Figure 4.26 Normalized intensities and species concentrations of C 1s species in XPS examination 2 for 90°
and 30° XPS acquisition angles.
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O 1s

Figure 4.27 Normalized intensities and species concentrations of O 1s species in XPS examination 2 for
90° and 30° XPS acquisition angles.

As 3d

Figure 4.28 Normalized intensities and species concentrations of As 3d species in XPS examination 2 for
90° and 30° XPS acquisition angles.
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As 2p3/2

Figure 4.29 Normalized intensities and species concentrations of As 2p3/2 species in XPS examination 2 for
90° and 30° XPS acquisition angles.

4.6 Discussion

4.6.1 Discussion of Specific Contact Resistances as a Function of Contact Metal

In agreement with the review in Section 4.4.3, some oxidation of any As0 and the
underlying As-rich surfaces on the samples studied in this thesis is expected when they are
exposed to the atmosphere before they are placed under vacuum, and that oxidation is expected to
induce mid-gap states at the surface of the semiconductor. Because a thin As0 layer is expected to
initially separate the metal and semiconductor, the author hypothesizes that the gap states may
initially be effectively located in the depletion region of the semiconductor. Due to the band
lineups, the gap states may not be located primarily above EF at the metal-semiconductor
interface for low work function metal contacts, and so may not feature prominently in the current
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transport. However, it is proposed that for Pd- and Pt-based contacts, many of the initially filled
gap states (and the neutral level in the Bardeen model described in Section 1.2.2) will be present
above the Fermi level at the metal-semiconductor interface and so will behave as positively
charged donors, promoting tunneling by playing a role in defect-level-assisted tunneling through
the barrier region. This phenomenon is the first of three proposed in this section to explain
enhanced current transport at the metal-semiconductor interface (1st proposed phenomenon).
Consumption of the surface region containing these states would lead to a reduction in tunneling
probability and an increase in the specific contact resistance. The shallower expected reaction and
smaller observed increase in ρc during annealing of the 2 nm electron-beam deposited Pd contacts
versus the 5 nm Pd contacts are consistent with the interpretation that fewer of the gap states at
the surface of the semiconductor are consumed during the metal reaction of the 2 nm contact and
so remain to promote current transport via tunneling.
However, even after Pd-based contacts with 5 nm of Pd have been annealed, they still
yield extremely low ρc values (Fig. 4.4). Since the reaction depth after annealing is ~5 nm
(Section 4.3 and Fig. 4.5), any promotion of tunneling current that may occur due to oxidationdisorder-induced gap states at the surface should be gone after being consumed during the
reaction. The fact that the 5 nm electron-beam deposited Pd-based contact still yields ρc values
after annealing that are so much lower than the values yielded by the other contacts suggests that
another phenomenon that promotes current transport is still present, and that the phenomenon
depends on Pd itself and not the surface preparation—because identical surface preparations are
used before deposition of all the different metallizations discussed in this Section. Since the
reaction region has such a high Pd concentration, it is probably metallic in nature and not the
cause of the phenomenon. One reasonable speculation for this phenomenon centers on current
transport by trap-assisted tunneling caused by Pd diffused into the zinc-blende InGaAs
immediately beneath the interface of the bulk semiconductor and the reaction region. The TEM
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micrograph of an annealed Pd/Ti/Pt/Au 5/15/15/100 nm contact in Fig. 4.5 shows that the primary
Pd–In–Ga–As reaction region is amorphous. There is precedence for the metastability of such
non-binary reaction products: ternary reaction products composed of Pd and GaAs that are not
thermodynamically favored in bulk form have been reported to be stable up to 600 °C in thin film
form.[20] Palladium is known to be a fast diffuser in GaAs that can jump between interstitial sites
without disrupting the host crystal structure.[140] The TEM micrographs presented in our study
of Pd/Ru/Au contacts to ABCS HEMTs (Section 3.3.3) show examples of rapid Pd diffusion.
Several electronic levels have been experimentally and computationally identified for Pd
in Si.[141, 142] However, there is a dearth of published reports about Pd levels in III-V materials.
This data is sorely needed: it is possible that Pd diffused beneath the bulk/reaction region
interface is promoting current transport via trap-assisted tunneling in thin-Pd contacts to InGaAs.
This phenomenon is the second of three in this section that promote current transport at the metalsemiconductor interface (2nd proposed phenomenon). It is worth noting that near-midgap Rhand Ir-related levels have been reported for Rh- and Ir-doped In0.53Ga0.47As.[143] Because these
two transition metals are immediately adjacent to Pd and Pt on the periodic table, it is reasonable
to expect that similar levels will be found for Pd- or Pt-doped InGaAs.
The third of three phenomena that may promote current transport at the metalsemiconductor interface is demonstrated in the lower ρc measured for the collimated sputter
deposited versus electron-beam evaporated TiW contact, which may be caused in part by
electrically active sputter-induced defects in the semiconductor that promote trap-assisted
tunneling (3rd phenomenon). The low pressure, high energy (>400 V) sputtering may lodge some
of the metal atoms partly or entirely through the As0 layer. Unlike the other contacts, the
sputtered Pd contacts do not yield noticeably lower ρc than their counterparts deposited with
electron-beam deposition. This may indicate that the contribution to current transport of the Pdinduced trap-assisted tunneling discussed in the previous paragraph (2nd phenomenon) dominates
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any contribution to current transport from sputter-induced defect-assisted tunneling (3rd
phenomenon).

4.6.2 Discussion of Surface Preparation Electrical and XPS Results

Because the details of the two unique samples in XPS investigation 2 (baseline with no
UV/O3 and baseline with 60 s rinse) were adequately discussed in Section 4.5.3.2, they will not
be addressed further here. The discussion in this section will be confined to the specific contact
resistance results as a function of surface preparation [Figs. 4.11(a) and (b)], the four samples in
XPS investigation 1 (Section 4.5.2), and the three samples in the subset of XPS investigation 2
that are identical to those used in XPS investigation 1 (Section 4.5.3.1 and Appendix B).

4.6.2.1 The BOE, NH4OH, HCl, and BOE/Humid Environment Surface Preparations

The three different phenomena that promote current transport via tunneling discussed in
the previous section may be present in the surface preparation study discussed in this Section, but
the causes of any differences in ρc observed in this Section must be surface-specific and distinct
from metal-centric phenomena because the Pd-based contact metals are all identical here. This is
in contrast to the discussion in the previous section where an identical surface preparation was
used before the deposition of different metals and the cause of the different ρc values was metalcentric, not surface specific.
Specific contact resistance measurements of surfaces treated with the baseline preparation
or treated with the baseline preparation followed by an NH4OH treatement yield similar ρc values,
so the elevated In oxide concentration yielded by the latter treatment do not appear to cause a
significant increase in ρc. The large increase in as-deposited ρc produced by the treatment in
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which the oxide-etched InGaAs surface is exposed to a humid environment before it is placed
under vacuum is correlated in both XPS investigations with an increase in Ga surface oxides.
Gallium oxides appear to interfere more with current transport than In oxides.
The explanation for the higher ρc measured on the sample treated with HCl surface
preparation is more complicated. A cursory examination of the XPS data in the absence of
electrical data, especially the lower O 1s normalized intensity of the semiconductor oxides on the
HCl-treated samples, might lead one to propose that the HCl treatment should yield similar or
lower ρc values than the baseline or NH4OH treatments. Yet the ρc of the sample prepared with
HCl is half an order of magnitude larger than for the samples prepared with NH4OH or the
baseline preparation. A resolution of this paradox that is consistent with the data requires an
understanding of the surface phenomena that are present at the surface of the semiconductor and
how they may affect the current transport at the metal-semiconductor interface. Specifically, it
appears that there are greater quantities of H-terminated As at the surface of samples treated with
the HCl treatment than on the other samples.
There are two pieces of evidence that support the existence of As-H on the samples
treated with HCl. The samples prepared with HCl have much lower normalized intensities of O 1s
Ga-, In-, and As oxides than the samples prepared with the baseline or NH4OH preparations.
However, the surface concentrations of Ga (2p3/2 and 3d) and In (3d5/2) oxides on all three
samples are fairly similar and the As 3d and 2p3/2 data show that the reduction in oxides on the
sample prepared with HCl is due primarily to reduced As oxide concentrations. In light of the
literature review in Section 4.4, and the elemental analyses in Figs. 4.14 and 4.22, it is clear that
the InGaAs (100) surface that interacts with the atmosphere after oxide removal is As-rich. The
fact that the normalized intensity of the As oxides—the oxide species that is expected to be
dominant due to the heavy interaction of As with the atmosphere—is significantly reduced on the
HCl-treated samples begs the question: if not O, what is terminating the As-rich surface? Figure
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4.19 shows that hydroxides are probably not the answer. Because the HCl preparation involves a

strong acid and strong acids are known to leave hydrogen-terminated surfaces behind on various
semiconductors, it is reasonable to expect that there may be As-H species at the surface. This
evidence is the first piece supporting the existence of As-H and is a logical argument.
The second piece of evidence comes from noting that the samples prepared with HCl
have larger increases in As0 and smaller increases in As oxides at the surface than the other
samples (for example, ΔAs090°30°/ΔAsOx,90°30° > 1 for the normalized intensities in Fig. 4.21).
Due to the similarity in the (Pauling) electronegativities of H (2.1) and As (2.0), As0 and As-H
species are difficult to distinguish via XPS.[113] Petravic et al.[144] examined in situ
chemisorption of H on GaAs (100) surfaces with synchrotron-based core-level photoemission and
valence-band emission measurements and reported that the binding energy offset of the As-H
peak from the GaAs peak is 0.7 eV. The value may be slightly different on InGaAs, but it will be
similar. Table 2.3 shows that the measured energies of the As0 3d5/2 and As bulk 3d5/2 peaks are
41.6±0.04 and 40.76±0.04 eV, respectively, for a binding energy offset of ~0.84 eV. It is
concluded from these two pieces of evidence that there are likely As-H species present at the
surface of the samples prepared with HCl, and that the As-H species are probably the primary
cause of the increased ρc on HCl-treated samples. The standard deviation of the As 2p3/2 30°
normalized intensities in Fig. 4.21 are 15–20%. The deviations were calculated from 5 different
analysis sites on an additional XPS sample that was prepared with a 10 min UV/O3 treatment, 2
min BOE etch, 15 s rinse in H2O, and final N2 dry.
The several ways that As-H may reduce current transport at the metal-semiconductor or
reaction product/bulk interface all center on H-passivation. These different passivation
mechanisms are presented below. We note that it is possible that these passivation mechanisms
may be active simultaneously and that further research will be needed to verify which, if any,
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passivation mechanism is primarily responsible for reducing current transport in HCl-treated
samples.

Passivation Mechanism 1. Hydrogen Passivation of Dopants

The H at the surface of HCl-treated samples will be located at the metal-semiconductor
interface after metallization and probably remains in the reaction region during any subsequent
reaction. Molecular H2 is known to dissolve in Pd as monatomic H and Pd films are often used as
high-purity hydrogen filters.[145, 146] The diffusion of hydrogen from a hydrogen-rich
atmosphere through Pd thin films and into p- and n-GaAs substrates has been reported.[147-149]
In Si, atomic H can deactivate acceptors and donors,[150] and it is reasonable to expect that H
will behave in a similar manner in InxGa1-xAs. Any deactivation, or passivation, of donors in our
In0.86Ga0.14As would reduce the local doping at the metal-semiconductor interface, which would
increase the depletion width, decrease the tunneling probability and current transport, and cause
an increase in ρc.

Passivation Mechanism 2. Hydrogen Passivation of Gap States at the Surface

The discussion of the specific contact resistance results in Section 4.6.1 presented a
proposed mechanism (1st proposed phenomenon) in which gap states that accompany surface
oxidation and As displacement contribute to current transport at the metal-semiconductor
interface for Pd-based contacts, as long as the contact reaction does not consume the region
containing those states. According to the literature reviewed in Section 4.4.3, hydrogen
passivation of the relevant non-displaced As atoms at the surface prevents the formation of those
mid-gap states. If the proposed transport-enhancement-via-surface-states mechanism is present at
the metal-semiconductor interface, then As-H should lead to a direct reduction in the density of

133
gap states at the surface, which will reduce the tunneling probability and current transport, and
cause an increase the ρc.

Passivation Mechanism 3. Hydrogen Passivation of Pd Acceptor or Donor Levels

If there is a promotion of current transport via trap-assisted tunneling due to acceptor or
donor levels associated with Pd that is diffused into the InGaAs immediately beneath the interface
of the bulk semiconductor and the reaction region (2nd proposed phenomenon in Section 4.6.1),
those electronic levels may be subject to H passivation. It is also possible that Pd-Hx complexes
might form and change the location(s) in the gap of the energy levels. In Pd-doped Si (Si with
diffuse Pd atoms), the locations of electronic levels due to substitutional Pd are altered
dramatically by the formation of PdH1, PdH2, and PdH3 complexes[142, 151]. A further
complication is that the formation of Pd-Hx complexes in Si are temperature-dependent, with the
more H-rich complexes forming at higher temperatures, and then finally annealing out above 430
°C. Similar characteristics are observed with Pt-H complexes in Si.[142, 151, 152] As mentioned
in Section 4.6.1, experimental and computational research is deeply needed to establish the
electronic levels of Pd in III-V materials and to establish their positions in the host lattice. The
diffusion of hydrogen from a hydrogen-rich atmosphere through Pd thin films and into p-[148]
and n-GaAs[147] substrates has been reported to reduce current transport and the ideality factor
of the Schottky barriers at those interfaces. Passivation of defect states by H was concluded to be
responsible for the reported characteristics. Any passivation of electrically active defects that
promote defect-assisted current transport via tunneling at our In0.86Ga0.14As/Pd or bulk/reaction
region interfaces are expected to increase ρc.
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4.7 Ohmic Contacts to p-InGaAs with a Thin n-Type Cap

Table 4.4 lists the measured specific contact resistance values for the different surface
preparations and metallizations examined in our study of Ohmic contacts to p-InGaAs with a thin
n-InGaAs cap. In general ≥5 nm Pd and >1 min oxide etch in BOE 10:1 are needed to achieve
ρc<1x10-8 Ω cm2 for as-deposited Pd-based contacts. However, all Pd-based contacts exhibit
increases in ρc during annealing for 1 h at 270 °C, and no annealed contacts were measured with
ρc<1x10-8 Ω cm2, except for sputtered Pd/Ti multilayer contacts. Due to the high sheet resistance
of the p-InGaAs and the extreme sensitivity of the TLM analysis to the photolithographically
determined metal edge profile, further processing refinements are needed to verify that the
sputtered multilayer can provide annealed ρc values < 1x10-8 Ω cm2. The larger error bars in the
study of the contacts to p-InGaAs compared to n-InGaAs are probably due to the presence of the
n-InGaAs cap through which the contacts to p-InGaAs must react. Removal of the cap might
lower the variation in ρc for both Pd- and Pt-based contacts.
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Table 4.4 Specific contact resistances of Pd-based contacts to p-InGaAs with a thin n-InGaAs
cap..
Metallization (nm)
E-beam evaporation,
except where noted
Pd/Ti/Pt/Au
4/15/15/100
Pd/Ti/Pt/Au
4/15/15/100
Pd/Ti/Pt/Au
4/15/15/100
Pd/Ti/Pt/Au
4/15/15/100
Pd/Ti/Pt/Au
5/15/15/100
Pd/Ti/Pt/Au
5/15/15/100
Pd/Ti/Pt/Au
9/15/15/100
(Pd/Ti x4)/Pd/W/Au
(1/1 x4)/2/50/100
(Pd/Ti)sputtered
(Pd/W/Au)e-beam
Pt/Ti/Pt/Au
3.5/15/15/100
Pt/Ti/Pt/Au
3.5/15/15/100
Pt/Ti/Pt/Au
3.5/15/15/100

As-deposited ρc
(Ω cm2)

Annealed ρc
(Ω cm2)

BOE 10:1
1 min
BOE 10:1
2 min
HCl:H2O 1:10 30 s

1.8±0.4x10-8
1.3±0.3x10-8

1.8±0.4x10-8
(270 °C 1 h)
N/A

6.2±1.4x10-8

N/A

HCl:H2O 1:10 30 s
HCl:H3PO4 1:6 10 s
BOE 10:1
1 min
BOE 10:1
2 min
BOE 10:1
2 min

1.8±3.8x10-7

N/A

1.3±1.1x10-8

1.3±0.8x10-8
(270 °C 1 h)
1.1±0.5x10-8
(270 °C 1 h)
1.0±0.3x10-8
(270 °C 1 h)

UV/O3 10 min
N2:O2 4:1

BOE 10:1
2 min

7.7±6.7x10-9

2.5±2.0x10-9

UV/O3 10 min
N2:O2 4:1
UV/O3 10 min
N2:O2 4:1
UV/O3 10 min
N2:O2 4:1

BOE 10:1
2 min
HCl:H2O 1:10 30 s
HCl:H3PO4 1:6 10 s
HCl:H2O
1:10 30 s

1.0±0.1x10-7

N/A

2.8±2.7x10-7

N/A

2.5±0.4x10-6

N/A

Descum

Oxide etch

UV/O3 10 min
N2:O2 4:1
UV/O3 10 min
N2:O2 4:1
UV/O3 10 min
N2:O2 4:1
UV/O3 10 min
N2:O2 4:1
UV/O3 10 min
N2:O2 4:1
UV/O3 10 min
N2:O2 4:1
UV/O3 10 min
N2:O2 4:1

4.5±2.0x10-9
3.6±1.6x10-9

4.8 Conclusions

By standardizing the oxide removal, rinse, and ambient exposure times before the
semiconductor surfaces are placed under vacuum, and also strictly controlling the relative
humidity of the processing environment, we have been able to reproducibly fabricate extremely
low ρc Ohmic contacts that have very narrow deviations from sample to sample.
The surface preparation, contact metal, and deposition technique all affect the ρc of
Ohmic contacts to n-InGaAs in different ways. The effectiveness of the UV/O3 treatment for
removing residual C contamination is verified by XPS, and the benefit of the reduced C
contamination is shown in the ρc results. Our subsequent examination of several wet etchants for
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oxide removal, used after the UV/O3 treatment, demonstrate that BOE- and NH4OH-based
preparations yield the lowest ρc values, while HCl treatments yield ρc values that are half an order
of magnitude higher than the lowest values. The lower ρc values of sputtered contacts are
probably due to the creation of electrically active defects during the higher-energy sputtering
process that promote additional current transport beyond what is provided by the less-damaged
surface present after electron-beam deposition.
Three phenomena are proposed that may all be responsible for the particularly low ρc
values yielded by Pd-based contacts. These include (1) promotion of additional current transport
via tunneling by gap states in the depletion region caused by oxidation at the As-rich surface of
the semiconductor, (2) promotion of additional current transport via trap-assisted tunneling
caused by diffused Pd beneath the interface between the bulk semiconductor and the reaction
region, and (3) promotion of additional current transport via trap-assisted tunneling caused by
sputter-induced defects in the semiconductor. Furthermore, XPS characterization of the surfaces
that remain after different surface preparations and related specific contact resistance
measurements indicate that the presence of As-H species at the semiconductor surface before
metallization causes an increase in the specific contact resistance of subsequently deposited Pdbased contacts. Several mechanisms are proposed to explain the increase and they are all related
to H-passivation of phenomena that would promote current transport via tunneling in the absence
of that passivation.
Finally, Pd-based Ohmic contacts to p-InGaAs with a thin n-InGaAs cap yield lower ρc
values than Pt-based contacts and surface preparations that involve HCl again yield higher ρc
values than preparations that involve BOE. A sputtered Pd/Ti multilayer contact is promising for
device applications because it yields very low specific contact resistances on both n- and pInGaAs and is expected to have a shallow reaction depth.
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Chapter 5
Summary and Future Work

5.1 Summary

A common theme throughout this thesis is that Pd-based Ohmic contacts provide very
low contact resistance contacts for InGaAs- and InAs-based compound semiconductor transistors.
On heterostructures for HEMTs with InAlSb barriers and InAs channels, Pd facilitates reaction of
the contact through the barrier layers above the electron channel and appears to form a buried side
contact to the channel. The contact resistances of Pd/Pt/Au 20/35/100 nm contacts decrease with
increasing annealing temperature and time to a minimum of 0.03 ± 0.01 Ω mm after they are aged
for 1 week at 200 °C, but then increase after they are aged at 225 °C for 1 week. Complementary
TEM shows that the Pt diffusion barrier begins to react with the semiconductor at 175 °C for
times as short as 3 h. Such regions are correlated with lower contact resistances. After 1 week at
175 °C, the continuing reaction of the Pt results in the formation of Kirkendall voids in the
unreacted portion of the Pt layer. These voids increase in size with increasing temperatures (200
and 225 °C) and could eventually degrade the mechanical stability of the contacts. The increase
in contact resistance after the 225 °C for 1 week aging cycle is probably related to massive void
formation in the Pt layer. Isolated failures of the Pt layer’s diffusion barrier functionality were
observed with light microscopy. To minimize reaction of the diffusion barrier with the
semiconductor species and to facilitate evaluation of the electrical and morphological
characteristics of the Pd in the absence of other reacting metal species, the Pt was replaced with
Ru in Pd/Ru/Au contacts. The use of Ru successfully minimizes reaction between the diffusion
barrier and the semiconductor, and no reaction of Ru was observed in any of the aging conditions.
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Because there is always a smaller total volume of metal reacting with the semiconductor beneath
the Pd/Ru/Au contacts than beneath the Pd/Pt/Au contacts, higher temperatures are needed for
isochronal anneals for the Pd/Ru/Au contacts to achieve contact resistances identical to those of
the Pd/Pt/Au contacts when identical metal thicknesses are used. Alternatively, thicker Pd layers
may be used with the Pd/Ru/Au contact in order to achieve identical contact resistances between
the two contacts when identical annealing temperatures are used. The contact resistances of the
Pd/Ru/Au contacts continued to decrease during all examined aging conditions, even after 1 week
at 225 °C, where a minimum contact resistance of 0.05 ± 0.01 Ω mm was measured.
Before Pd-based contacts to very heavily doped InGaAs for HBTs could be examined, an
analysis was necessary of possible artifacts that may be encountered during measurements of very
low specific contact resistances. Those examinations showed that the placement of the voltage
and current probes could yield either over- or underestimation artifacts when contacts to low
sheet resistance (40 Ω

□-1) semiconductors were measured. The artifacts are negligible when

contacts are measured to higher sheet resistance (500 Ω

□-1)

semiconductors. Further

examinations yielded a set of probe placements that mitigate the measurement artifacts and
enable confident measurement of contacts with very low specific contact resistance contacts to
semiconductors with low sheet resistances.
When deposited with optimized, standardized processing procedures, Pd-based contacts
to n-InGaAs studied in this thesis and characterized with the modified TLM test structure yield a
range of specific contact resistances ranging from 5×10-9 Ω cm2 to >7×10-8 Ω cm2 depending on
the surface preparation that is used before deposition of the contact. A surface preparation
(baseline preparation) that combines a 10 min UV/O3 treatment to remove carbonaceous surface
contamination with a 2 min BOE 10:1 immersion for oxide removal yields the lowest specific
contact resistance values. Conversely, when that treatment is followed by exposure of the
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semiconductor surface to a humid ambient for 30 s before metallization, the measured specific
contact resistance increases by over an order of magnitude: maintaining a low relative humidity in
the processing environment is crucial for achieving extremely low, reproducible specific contact
resistances. From a set of Mo-, Ti-, TiW-, Pd-, and Pt-based contacts, Pd- and Pt-based contacts
yielded the lowest specific contact resistances, with Pd-based contacts deposited via electronbeam deposition yielding <8×10-9 Ω cm2 after a 1 h 270 °C anneal in Ar and Pd based contacts
deposited via sputter deposition yielding <5×10-9 Ω cm2 after a similar anneal. When identical
contacts were deposited with electron-beam deposition or sputter deposition, the sputtered
contacts yielded lower specific contact resistances, possibly as a result of enhanced tunneling
current transport via electrically active defects created during the sputtering process.
Three phenomena are proposed that may all be responsible for the particularly low ρc
values yielded by Pd-based contacts. These include (1) promotion of additional current transport
via tunneling by gap states associated with As in the depletion region of InGaAs caused by
oxidation at the As-rich surface of the semiconductor, (2) promotion of additional current
transport via trap-assisted tunneling caused by diffused Pd beneath the interface between the bulk
semiconductor and the reaction region, and (3) promotion of additional current transport via trapassisted tunneling caused by defects in the semiconductor induced during metal deposition.
Furthermore, XPS characterization of the surfaces that remain after different surface preparations
and related specific contact resistance measurements suggest that the presence of As-H species at
the semiconductor surface before metallization causes an increase in specific contact resistance of
subsequently deposited Pd-based contacts. Several mechanisms related to H-passivation of
phenomena that would promote current transport via tunneling in the absence of that passivation
are proposed to explain the increase.
Finally, Pd-based Ohmic contacts to p-InGaAs with a thin n-InGaAs cap yield lower ρc
values than Pt-based contacts. A sputtered Pd/Ti multilayer contact is promising for device
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applications because in yields very low specific contact resistances on both n- and p-InGaAs and
is expected to have a shallow reaction depth.

5.2 Future Work

5.2.1 Contacts to ABCS HEMTs

The results in this thesis motivate further work in two areas related to Ohmic contact
formation to InAlSb/InAs HEMTs. The first area relates to the lateral Pd diffusion at the edge of
the Ohmic contacts. Figure 3.18 demonstrates that Pd can react laterally under the InAs channel,
which is a concern for device reliability. Furthermore, lateral diffusion of Pd-Au in the InAs

channel extending >300 nm beyond the edge of the Ohmic contact has been reported after
elevated temperature (>150 °C) DC stressing of Pd/Pt/Au Ohmic contacts to AlSb/InAs/AlSb
HEMTs.[153] The presence of Au in the reported lateral reaction region indicates that the Pt
barrier failed and that the further examination should be performed with a more robust diffusion
barrier to isolate the dependence of the lateral reaction on Pd alone.

5.2.2 Contacts to InGaAs

Because Ni shares many of the reaction characteristics of Pd and Pt,[75] it should be
evaluated for contacts to InGaAs, in conjunction with the process refinements that have been
discussed in this thesis (low humidity, optimized surface preparation procedure, and possibly
sputter deposition). If Ni also provides low ρc values when coupled with optimized processing
conditions, it would be a more desirable metal, because of its lower price. Cobalt, Rh, and Ir
might also be evaluated with optimized processing conditions. However, just as the formation of
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semiconducting PtAs2 is probably responsible for increased ρc values during annealing of Ptbased contacts to InGaAs, several arsenides of these other metals are also known to be
semiconducting. Therefore, the contacts could suffer from additional barrier formation during
reactions with InGaAs; these species include RhAs2, RhAs3, IrAs2, IrAs3, and two of the three
crystal structures of NiAs2.[95] For shallow, non-epitaxial, metal-based Ohmic contacts to
InGaAs, Pd may provide low ρc values that cannot be matched by these other metals.
In order to explore the 1st, 2nd, and 3rd proposed phenomena in Section 4.6.1 (the 1st being
promotion of current transport via trap-assisted tunneling due to oxide-disorder-induced surface
states, the 2nd being promotion of current transport via trap-assisted tunneling due to Pd diffused
immediately beneath the interface between the semiconductor bulk and the reaction region, and
the 3rd being promotion of current transport via defect-assisted tunneling due to sputter-induced
damage), I-V-T measurements of as-deposited and annealed electron-beam and sputter deposited
Pd contacts to lightly-doped InGaAs should be acquired and used to evaluate Schottky barrier
heights and the mechanism for current transport. By performing I-V-T measurements on lightlydoped InGaAs, there should be a reduced contribution to current transport from tunneling due to
the degenerately-doped semiconductor. If the I-V-T current transport characteristics still indicate
that tunneling is occurring—or occurring to a much greater extent for Pd-based contacts than
others—then one or more of the phenomena proposed in Section 4.6.1 are probably present.
Because the 2nd proposed phenomenon relies on diffused Pd in the semiconductor
immediately below the reaction region, direct observations of the presence or absence of those
diffused Pd atoms will also provide evidence for or against the 2nd proposed phenomenon. Most
characterization techniques have inadequate depth and concentration resolution for this task.
However, atom probe tomography[154, 155] of the region near the interface between the bulk
semiconductor and the reaction region may provide the necessary detailed information about the
Pd profile in this region to validate or invalidate the 2nd proposed phenomena.
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Further studies of contacts to p-InGaAs should also be conducted with p-InGaAs that
does not have an n-InGaAs cap, in order to verify if the results for Pd-based contacts to p-InGaAs
with a thin n-InGaAs cap presented at the end of Chapter 4 can be reproduced in the absence of
the n-InGaAs cap.
Finally, continuing reductions of device dimensions and increases in component density
will motivate the development of three-dimensional devices. Planar or semi-planar Ohmic contact
deposition techniques, such as electron-beam and sputter deposition, may not be viable deposition
techniques for Ohmic contacts to truly three-dimensional, complex device structures. In such
cases, the development and deployment of other deposition techniques that are amenable to threedimensional device structures, such as atomic layer deposition (ALD), will ensure continuing,
scalable manufacturability of Ohmic contacts. Reports have already been published for ALD of
Pd[156] (and other noble metals[157, 158]), which is encouraging in the context of the Pd-based
contacts examined in this thesis. However, further studies will be necessary to examine the effects
of ALD processes on the ρc of Pd-based Ohmic contacts to InxGa1-xAs. For example, different
ALD precursors are known to affect the surface reconstruction of InGaAs (100) surfaces in
different ways; those effects can also differ depending on the order in which the precursors are
introduced into the ALD chamber.[132] Additionally, three dimensional devices will have
multiple crystalline facets exposed to the processing environment and subsequently deposited
Ohmic contacts. The interactions of these different facets with the processing environment and
the effect of those interactions on ρc should be understood.

Appendix A XPS Deconvolutions for the BOE, BOE/NH4OH, HCl,
BOE/Humid Environment, BOE without UV/O3, and the BOE/60 s Rinse
Preparations

The deconvolutions are shown starting on the next page.
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Figure A.1 (previous page) Deconvolutions of the Ga, In, and C XPS spectra for the 90° and 30° XPS
acquisition angles after a UV/O3-generated oxide was removed from the InGaAs surface with a 2 min BOE
immersion, followed by a 15 s water rinse and N2 dry.

Figure A.2 Deconvolutions of the O and As XPS spectra for the 90° and 30° XPS acquisition angles after a
UV/O3-generated oxide was removed from the InGaAs surface with a 2 min BOE immersion, followed by
a 15 s water rinse and N2 dry.
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Figure A.3 (previous page) Deconvolutions of the Ga, In, and C XPS spectra for the 90° and 30° XPS
acquisition angles after a UV/O3-generated oxide was removed from the InGaAs surface with a 2 min BOE
immersion, 15 s water rinse, and N2 dry, followed by a 10 s immersion in NH4OH:H2O 1:10, 15 s water
rinse and N2 dry.

Figure A.4 Deconvolutions of the O and As XPS spectra for the 90° and 30° XPS acquisition angles after a
UV/O3-generated oxide was removed from the InGaAs surface with a 2 min BOE immersion, 15 s water
rinse, and N2 dry, followed by a 10 s immersion in NH4OH:H2O 1:10, 15 s water rinse and N2 dry.
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Figure A.5 (previous page) Deconvolutions of the Ga, In, and C XPS spectra for the 90° and 30° XPS
acquisition angles after a UV/O3-generated oxide was removed from the InGaAs surface with a 30 s
immersion in HCl:H2O, followed by a 15 s water rinse and N2 dry.

Figure A.6 Deconvolutions of the O and As XPS spectra for the 90° and 30° XPS acquisition angles after a
UV/O3-generated oxide was removed from the InGaAs surface with a 30 s immersion in HCl:H2O,
followed by a 15 s water rinse and N2 dry.
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Figure A.7 (previous page) Deconvolutions of the Ga, In, and C XPS spectra for the 90° and 30° XPS
acquisition angles after a UV/O3-generated oxide was removed from the InGaAs surface with a 2 min BOE
immersion, followed by a 15 s water rinse, N2 dry, and exposure to a humid atmosphere for 30 s.

Figure A.8 Deconvolutions of the O and As XPS spectra for the 90° and 30° XPS acquisition angles after a
UV/O3-generated oxide was removed from the InGaAs surface with a 2 min BOE immersion, followed by
a 15 s water rinse, N2 dry, and exposure to a humid atmosphere for 30 s.
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Figure A.9 (previous page) Deconvolutions of the Ga, In, and C XPS spectra for the 90° and 30° XPS
acquisition angles after a UV/O3-generated oxide was removed from the InGaAs surface with a 2 min BOE
immersion, followed by a 60 s water rinse, and N2 dry.

Figure A.10 Deconvolutions of the O, and As XPS spectra for the 90° and 30° XPS acquisition angles after
a UV/O3-generated oxide was removed from the InGaAs surface with a 2 min BOE immersion, followed
by a 60 s water rinse, and N2 dry.
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Figure A.11 (previous page) Deconvolutions of the Ga, In, and C XPS spectra for the 90° and 30° XPS
acquisition angles after the native oxide (no UV/O3 treatment) was removed from the InGaAs surface with
a 2 min BOE immersion, followed by a 60 s water rinse, and N2 dry.

Figure A.12 Deconvolutions of the O, and As XPS spectra for the 90° and 30° XPS acquisition angles after
the native oxide (no UV/O3 treatment) was removed from the InGaAs surface with a 2 min BOE
immersion, followed by a 60 s water rinse, and N2 dry.

156

Appendix B Subset of XPS Investigation 2 that Confirms the Results from
Investigation 1
These plots are referenced in Section 4.5.3.1.

Ga 2p3/2

Figure B.1 Normalized intensities and species concentrations for Ga 2p3/2 species in a subset of XPS
examination 2 that examines three preparations that are identical to those used in examination 1, for 90°
and 30° XPS acquisition angles.
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Ga 3p

Figure B.2 Normalized intensities and species concentrations for Ga 3p species in a subset of XPS
examination 2 that examines three preparations that are identical to those used in examination 1, for 90°
and 30° XPS acquisition angles.

In 3d5/2

Figure B.3 Normalized intensities and species concentrations for In 3d5/2 species in a subset of XPS
examination 2 that examines three preparations that are identical to those used in examination 1, for 90°
and 30° XPS acquisition angles.
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C 1s

Figure B.4 Normalized intensities and species concentrations for C 1s species in a subset of XPS
examination 2 that examines three preparations that are identical to those used in examination 1, for 90°
and 30° XPS acquisition angles.

O 1s

Figure B.5 Normalized intensities and species concentrations for O 1s species in a subset of XPS
examination 2 that examines three preparations that are identical to those used in examination 1, for 90°
and 30° XPS acquisition angles.
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As 3d

Figure B.6 Normalized intensities and species concentrations for As 3d species in a subset of XPS
examination 2 that examines three preparations that are identical to those used in examination 1, for 90°
and 30° XPS acquisition angles.

As 2p3/2

Figure B.7 Normalized intensities and species concentrations for As 2p3/2 species in a subset of XPS
examination 2 that examines three preparations that are identical to those used in examination 1, for 90°
and 30° XPS acquisition angles.
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