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Abstract—Au–TiBx–AuGe–nGaP ohmic contacts have been investigated before and after rapid thermal
annealing at T = 723, 773, and 873 K for 60 s in a hydrogen atmosphere. It is shown that the contact resistivity
decreases with an increase in temperature in the range 77–232 K due to the thermionic nature of current flow
in inhomogeneous ohmic contacts, while in the range 232–386 K the contact resistivity increases, which can
be related to the conduction through metal shunts.
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1. INTRODUCTION
The technique for forming ohmic contacts plays an
important role in the fabrication of semiconductor
devices and integrated circuits (ICs), because the
properties of ohmic contacts affect significantly such
parameters of devices and ICs as noise, efficiency, and
selfheating. The symmetry and linearity of current–
voltage (I–V) characteristics in the absence of injec
tion and minimum contact resistivity ρc reduce the
heating and noise, which are related mainly to the
contact phenomena, and increase the efficiency of
lightemitting diodes and lasers. Obviously, all these
advantages can be implemented only in a uniform
contact, which implies primarily uniform stable
metal/metal and metal/semiconductor interfaces.
Real contacts, especially to III–V semiconductors,
are generally inhomogeneous; for example, ohmic
contacts to GaP are formed mainly due to the inter
phase interactions at the metal–GaP interface [1–12].
Various processes may occur in this case: solidphase
epitaxy of, for example, silicon on GaP (Al–Si–Pd
and Si–Pd ohmic contacts); formation of Pd2GaP,
Pd2GaxP1 – x [1], and InyGa1 – yP phases in the case of
Pd–In contact [4]; and alloying with the formation of
metal shunts (In–GaP contact) [3]. Depending on the
doping level of nGaP, the conditions for forming
ohmic contacts, and the metallization type, ρc changes
in a wide range (Fig. 1, Table 1).
To retard the processes of interphase interaction
and mass transfer in metallization layers, especially on
widegap semiconductors, diffusion barriers are used:
buffer layers of metals or alloys, including interstitial

alloys (interstitial phases) [11–14]. Recently, thin
films of the best studied interstitial alloys—nitrides,
borides, tungstates, and silicides of refractory met
als—have been applied [11]. We have used for the first
time amorphous TiBx films and titanium oxyborides as
diffusion barriers in ohmic contacts to nGaP [8, 9].
The Au–TiBx–AuGe–nGaP ohmic contacts (carrier
concentration ≈1017 cm–3 in nGaP) were found to
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Fig. 1. Dependence of ρc on the nGaP’s doping level and
metallization type [1–10].
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Table 1. Dependence of ρc on the nGaP doping level and annealing conditions [1–10, 12]
Metalliza
tion

Dopant concentra
tion, cm–3

Si–Pd

5 × 1017

Si–Pd
In

5 × 1017
(2–4) × 1017

Pd–In
(2–3) × 1018
Ni–Sn
1.2 × 1017
Ni–Sn
9 × 1018
Ag
1.6 × 1017
In–Ni
1017
Au–Ge–Ni 8.5 × 1016–3 × 1018
Sn
(2–10) × 1017
In
(2–10) × 1017
In + 3%Ni
(2–10) × 1017
–
Au–TiB x
1017
AuGe
(2–4) × 1017
Ag–Te–Sb
2 × 1017
–
Au–TiB x
1017
AuGe

Annealing
temperature T
(in °C) and time

Contact resistivity
ρc, Ω cm2
2 × 10–4

[1]

2 × 10–4
2.8 × 10–4

[2]
[3]

10–4
5.9–3.3 × 10–3
1.3 × 10–3–2.7 × 10–4
6.1 × 10–2
5 × 10–3
–3
4 × 10 –9 × 10–5
2 × 10–3
10–3
2 × 10–4
–4
4.8 × 10 –4 × 10–4
3.3 × 10–4
4 × 10–4
1.1 × 10–4

[4]

400–600, 30 min

400–650
580, 5 min
600, 1 min
500–600, 2 min
500–600, 2 min
650, 5 min
500, 0.5 min
600, 2 min
600, 10 min
500, 5 min
500, 5 min
510, 0.5 min
510, 1 min
700, 3 min
600, 1 min

have a resistivity of ~(1.1–4) × 10–4 Ω cm2, which did
not change after a 2 year storage at room temperature
in air. This fact indicates a high stability of the TiBx dif
fusion barrier, AuGe–nGaP interface, and the AuGe
layer (forming the ohmic contact). At the same time,
the thermal stability of this metallization and the
properties of Au–TiBx–AuGe–nGaP ohmic con
tacts subjected to rapid thermal annealing (RTA), imi
tating both some modes of ohmic contact formation
and shortterm thermal loads (for example, super
heating during operation), have barely been investi
gated. We consider below the interphase interactions
and mechanism of current flow in these ohmic con
tacts.
2. EXPERIMENTAL
In this paper, we report the results of studying the
electrical parameters of Au–TiBx–AuGe–nGaP
ohmic contacts before and after RTA at T = 723, 773,
and 873K for 60 s in a hydrogen atmosphere. Before
and after RTA, we investigated the depth profiles of
the ohmic contact’s components by Auger electron
spectroscopy, analyzed the phase composition of the
metallization by Xray diffractometry, and measured
the temperature dependences of the contact resistiv
ity ρc (which were used to determine the barrier height
and nature of current flow).
SEMICONDUCTORS

Vol. 43

No. 11

2009

Refe
rence

Notes
Solidphase epitaxy of Si on GaP
and formation of the Pd2GaP and
Pd2(GaxP1 – x) phases
Metal shunts
Formation of the InyGa1 – yP
phase

[5]

[6]
[7]
[8]
[9]
[10]
[12]

The ohmic contacts were formed by magnetron
sputtering of the metallization components in the
same cycle on a cold wafer from a Czochralski
grown nGaP single crystal. The nGaP wafer was
~400 μm thick and had a dopant (tellurium) con
centration of ~1017 cm–3. The dislocation density
did not exceed 105 cm–2. Before deposition of met
allization layers the GaP surface was subjected to pho
ton cleaning. The layer thicknesses were as follows:
Au(500 Å)–TiBx(500 Å)–Au(400 Å)–Ge(100 Å)–n
GaP. The contact resistivity was measured by the radial
transmission line’s modeling method with a constant
ratio (7.4) of the internal and external radii of contact
areas [15] in the temperature range 80–380 K. A mask
with contact areas having internal radii of 20, 40, 60,
80, and 100 μm was used.
3. RESULTS
The layered metallization structure was found to be
retained after RTA (Figs. 2a–2d). However, RTA at
T = 873 K led to a significant expansion of the inter
phase interaction in the region in the AuGe–nGaP
contact with conservation of the buffer properties of
the TiBx layer, which was characterized by a high oxy
gen content both in the initial state and after RTA. The
Xray diffraction data indicate the presence of a quasi
amorphous TiBx layer in all contacts under study. The
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Fig. 2. Component depth profiles in the Au–TiBx–AuGe–nGaP ohmic contact (a) before and (b–d) after RTA at T = (b) 723,
(c) 773, and (d) 873 K.

diffraction patterns of both the initial sample and the
samples subjected to RTA at 723 and 773 K exhibited,
along with Au, small amounts of AuGa2, AuGaO2,
GeP3, and Ge; in addition, the Au0.72Ge0.28 phase was
formed after RTA at 873 K. Concerning the electrical
characteristics of these contacts, the initial sample had
rectifying properties. After RTA at T = 723 K, the
I–V characteristics were found to be symmetric and
linear. In this case, the contact resistivity ρc, measured
at T = 300 K, was ~ (5–6) × 10–3 Ω cm2. RTA at T =
773 and 873 K led to a decrease in ρc to ~ (3–4) × 10–4
and (1–5) × 10–5 Ω cm2, respectively. The spread of ρc
over the wafer area of half an order of magnitude indi
cates the presence of an inhomogeneous conducting
layer forming an ohmic contact with nGaP. Taking
into account this factor, the temperature dependences
of ρc were measured on the test samples annealed at
723 and 773 K. The results obtained are shown in
Fig. 3. They indicate that in the temperature range
77–232 K ρc decreases with an increase in T, and the
temperature dependences of ρc for both samples can
be described by two exponentials (each curve has two

slopes) with different activation energies (barrier
heights ϕB), which is characteristic of a thermionic
current flow with a nonuniform current distribution
over the contact area. For the sample annealed at T =
723 K, the activation energies in the temperature
dependences of ρc are ~0.092 and ~0.04 eV in the tem
perature range 77–90 and 90–232 K, respectively. In
the case of RTA at 500°C, the activation energies
decreased and the temperature range changed for both
portions. Specifically, the activation energies were
~0.083 and ~0.035 eV in the ranges T = 77–116 and
116–232 K, respectively. This fact indicates the
incompleteness of physicochemical processes at the
AuGe–nGaP interface after RTA at T = 723 K and
their enhancement after annealing at 773 K.
Note also that ρc increases with an increase in tem
perature from 232 to 386 K in the sample annealed at
T = 723 K. In the case of RTA at T = 773 K, ρc also
increases in the same temperature range, but much
more slowly than after RTA at T = 723 K. The increase
in ρc with increasing temperature, as was shown for an
alloyed In–GaP ohmic contact [3] and for an alloyed
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Fig. 3. Temperature dependences of the contact resistivity
in the thermionic emission coordinates after RTA at T =
(1) 723 and (2) = 773 K.

In–GaN ohmic contact [16, 17], can be related to the
metal shunts formed at structural defects in the near
contact semiconductor layer; in particular, at growth
dislocations.
The nature of these shunts can be related to the
thermal stress in the contacts caused by the difference
of the thermal expansion coefficients of the semicon
ductor and metal (alloy) forming the contact. For
example, in the case under consideration, the thermal
expansion coefficients α for GaP, Au, and Ge are 5.6 ×
10–6, 14.2 × 10–6, and 4.5 × 10–6 K–1, respectively. The
gold’s mass transfer through the polycrystalline
10nmthick Ge film (Fig. 2) in the thin Au layer at
the interface with GaP upon sample cooling to room
temperature (for example, after RTA at T = 723 K)
E Au

induces a thermal stress σAu = (αAu – αGaP)ΔT 
1 – ν Au
(here, E = 78 GPa is Young’s modulus of Au, νAu = 0.4
is the Poisson ratio of Au, and ΔT = 723 – 300 =
423 K), which is about 4.7 × 108 Pa at a GaP ultimate
strength of 109 Pa [18] and Au ultimate strength of
≈7.8 × 108 Pa (the ultimate strength of materials is two
orders of magnitude smaller than the modulus of elas
ticity [19]). The stress can also be caused by the misfit
Table 2. Gold resistivity ρAu, shunt resistance Rsh, contact
resistivity ρc, and the number of shunts per unit area N at
different temperatures
T, K

ρAu, Ω cm

Rsh, Ω

ρc, Ω cm2

N

289
300
350
386

2.15 × 10–6
2.26 × 10–6
2.68 × 10–6
3 × 10–6

2.3 × 103
2.4 × 103
2.9 × 103
3.2 × 103

5.6 × 10–3
6 × 10–3
6.6 × 10–3
7 × 10–3

4 × 105
4 × 105
4.4 × 105
4.6 × 105
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between the GaP lattice’s parameter (0.545 nm),
gold’s atomic radius (0.144 nm), and the lattice con
stants of the AuGaO2 and AuGa2 (0.67 nm) com
pounds, which can be formed during RTA. The relax
ation of thermal stress and misfit strain may increase
the density of structural defects in the nearcontact
GaP region and enhance shunt formation.
The resistance of one of the shunts in the sample
subjected to RTA at 723 K was calculated according to
the model proposed in [3]. In accordance with [3], we
assume that the shunt radius is of the same order of
magnitude as the GaP lattice’s constant (0.545 nm)
and that the shunt consists of gold. Then, the shunt
resistance Rsh = ρAul/S, where ρAu is the Au resistivity
(2.2 × 10–6 Ω cm at 283 K). The temperature coeffi
cient of the Au resistivity at 293 K is 3.9 × 10–3 K–1
[20]. Let the shunt length l be equal to the space
charge layer’s width W. At zero bias W =
2ε 0 ε ( V d – kT/q )/qN d is ~10–5 cm and changes only
slightly in the temperature range where metallic con
ductivity is observed in the ohmic contact. Here, ε =
11.1 is the GaP permittivity, ε0 = 8.85 × 1014 F/cm is
the permittivity of free space, Vd is the diffusion poten
tial at the Au–GaP interface, and Nd = 1017 cm–3 is the
uncompensated donor concentration in GaP.
The calculation results listed in Table 2 indicate
that in the range T = 289–386 K the number of shunts
changes insignificantly and exceeds the dislocation
density in the initial GaP by about half an order of
magnitude, which is apparently related to the addi
tional formation of shunts at the structural defects
generated in the sample annealed at 723 K upon its
cooling to T = 300 K.
The specific features of the temperature depen
dence of ρc after RTA at 773 K are apparently related
to the decrease in the barrier height in the ohmic con
tact due to the Ge diffusion in GaP and formation of a
thin Gedoped layer of n type with a higher concentra
tion of donors, which decrease the barrier height but
retain the thermionic current flow in the contact, and
the competition between the processes of current flow
through the shunts and thermionic emission.
4. CONCLUSIONS
Thus, based on the study of the temperature
dependence of ρc and interphase interactions in
Au–TiBx–AuGe–nGaP ohmic contacts after RTA
at T = 723 and 773 K, it is shown that ρc decreases with
an increase in temperature in the range 77–232 K,
which is due to the thermionic current flow through
the inhomogeneous ohmic contact, as is evidenced by
the presence of two slopes in the dependence ln(ρcT) =
f(q/kT), whereas in the range 232–386 K, ρc increases
with an increase in temperature; this is inconsistent
with the typical mechanisms of the current flow in
contacts and is related to the conduction through
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metal shunts, which were reviewed previously in
alloyed In–GaP(GaN) contacts by Blank et al. [3, 16,
17]. However, in contrast to [3, 16, 17], the metal
shunts in the case under study are formed not upon
alloying but via the diffusion Au transfer through
structural defects (possibly, microdiscontinuities).

10.
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