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ABSTRACT

There is a growing need for digital and power electronics to deliver higher power for applications in batteries for electric vehicles, energy
sources from wind and solar, data centers, and microwave devices. The higher power also generates more heat, which requires better
thermal management. Diamond thin films and substrates are attractive for thermal management applications in power electronics because
of their high thermal conductivity. However, deposition of diamond by microwave plasma enhanced chemical vapor deposition (MPECVD)
requires high temperatures, which can degrade metallization used in power electronic devices. In this research, titanium (Ti)–aluminum
(Al) thin films were deposited by DC magnetron sputtering on p-type Si (100) substrates using a physical mask for creating dot patterns for
measuring the properties of the contact metallization. The influence of processing conditions and postdeposition annealing in argon (Ar)
and hydrogen (H2) at 380 °C for 1 h on the properties of the contact metallization is studied by measuring the I-V characteristics and Hall
effect. The results indicated a nonlinear response for the as-deposited films and linear ohmic contact resistance after postannealing treat-
ments. In addition, the results on contact resistance, resistivity, carrier concentration, and Hall mobility of wafers extracted from Ti–Al
metal contact to Si (100) are presented and discussed.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0002749

I. INTRODUCTION

The development of thin film technology has been an area of
high scientific activities and industrial interest for enhancing
optical, electrical, magnetic, chemical, and mechanical properties of
bulk materials.1–4 Innovative thin film processing methods are also
developed to meet the constantly increasing demands of industries
and other sectors.1,3 These thin film materials/technologies have
been widely used in different areas such as lithography, microelec-
tromechanical systems (MEMS), semiconductor devices, wireless
communications, integrated circuits, rectifiers, transistors, solar
cells, light emitting diodes, photoconductors, and crystal display
systems.5,6 For example, aluminum (Al) thin film, which shows
superior properties of low resistivity, low cost, high availability, and
high adhesion to different substrates, has gained attention in areas
such as integrated circuits, semiconductor devices, liquid crystal
display systems, and transistors.3,7,8 Also, aluminum films are
extensively used in optical devices, such as front or reflective surfaces
of MEMS mirrors and solar cells because of good reflectivity.3,7–10

For electronic applications, Al thin films are mostly deposited on
silicon (Si) and silicon oxide (SiO2) substrates.

Thin aluminum film deposition is accomplished through physi-
cal and chemical methods by varying deposition conditions, parame-
ters, and substrates.2 The physical methods are better than the
chemical methods because of good adhesion, lower substrate temper-
atures, and environmentally friendly processing. Further, physical
deposition techniques can also be used to deposit thinner, metastable
films, and control stress states. Physical methodologies of vacuum
evaporation, magnetron sputtering,9–11 electron beam evaporation,12

and thermal arc spray13 are used to deposit Al thin films on different
substrates. Magnetron sputtering is regarded as the most advanta-
geous of these physical methods because it can be used to deposit
thin films over a large area with a relatively high deposition rate.
Furthermore, better optical properties have been obtained for solar
selective coatings using sputtering technology.4,14

Si and wide bandgap semiconductors have been extensively
used to fabricate high-power and high-frequency electronics devices,
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such as field-effect transistor, high electron mobility transistors,
heterojunction bipolar transistors, and laser diodes. The trend
toward smaller device size, higher output power, higher frequency,
and high-performance of Si and wide bandgap semiconductor-based
power electronic devices are increasing and remain irreversible.
However, these Si based devices generate large amounts of heat and
often exhibit nonuniform heat dissipation, causing them to reach
excessive temperatures that can degrade their performance, reliability,
and lifetime. To improve heat dissipation and to solve the degrada-
tion of device performance and reliability, it is of utmost importance
to reduce thermal resistance, and materials with high thermal con-
ductivity and low thermal expansion are needed for a better thermal
management.15–21

Thin film diamond is considered an attractive material for
the thermal management of semiconductor electronics owing to
its outstanding optical, electrical, mechanical, and thermal prop-
erties.16,17,19,22,23 Diamond has high thermal conductivity
(2000W/m K), a large band gap (5.47 eV), and a large breakdown
electric field (2 × 10 7 V cm−1). Also, diamond is an electrical
insulator but at the same time, it is an excellent thermal conduc-
tor, which is being explored to remove heat generated in elec-
tronic devices. Among the diamond deposition processes, the hot
filament chemical vapor deposition and the MPECVD methods
have proven to be the most widely used diamond deposition pro-
cesses for producing high-quality diamond films. However, high
temperature diamond synthesis comes with limitations. For elec-
tronic devices, low-temperature diamond synthesis (<400 °C) is
desirable to avoid damage to metallization. However, it is still
unclear from the literature whether the metallization of the
device will be degraded by the deposition of a diamond thin film
on Si. Our team has conducted research on the processing of
diamond thin films for thermal management of GaN-based
power electronics with Ni/Au metallization at temperatures
below 400 °C.16,17,19,22,23

Aluminum can form ohmic contact with p-type Si (100), but
when heated to 400 °C silicon can react with Al and can form pits
and affect contact metallization. In the case of severe Si–Al reaction,
failures at the junction and contact metallization may occur. In order
to solve this problem, a diffusion barrier of Ti is placed between Si
and Al. Titanium thin films have long been used as a successful dif-
fusion barrier as well as adhesion promotor in semiconductor tech-
nology due to their high thermal and chemical stability as well as
low electrical resistivity. Because of these characteristics, Ti provides
stability to the repeated thermal cycles present in the multistep man-
ufacturing processes of integrated circuit devices.

The objectives of this paper are processing and measuring the
electrical properties of Ti–Al metal contact on p-Si (100). The pro-
cessing was done using DC magnetron sputtering technique, and
Hall measurements in a Van Der Pauw configuration24,25 were
used to determine the electrical properties of Si substrate at room
temperature. The results were analyzed for determining the nature
of the metal-Si contact resistance from I-V data, and resistivity,
career concentration, Hall mobility, and Hall coefficient of the Si
substrate. In addition, Ti–Al metal contact on Si was subjected to
postannealing treatments in Ar and H2 atmospheres at 380 °C for
1 h, and the I-V characteristic and electronic properties were deter-
mined after postannealing in Ar and H2 environments.

II. EXPERIMENT

A. Deposition of Ti–Al contacts on Si (100) wafer using
a 2 × 2 in.2 metal mask

Titanium (Ti) and aluminum (Al) films were sequentially
sputtered on p-type silicon (100) wafer substrate using a DC mag-
netron sputtering system (Model # ATC ORION 8 Sputtering
System from AJA INTERNATIONAL, Inc.), which is a Five-gun
system. DCXS-750-4 Multiple Sputter Source DC Power Supply
was used for sputtering. The sputter chamber was evacuated to a
base pressure lower than 10−7 Torr using a turbomolecular pump
and a rotary pump. Ti and Al targets (99.9% pure) with a diameter
of 2 in. and a thickness of 0.25 in., respectively, were employed
as the sputter targets. Argon (Ar) gas (of 99.9% purity) was used
as the sputtering gas with a constant flow rate of 20 sccm.
The chamber pressure was measured by ion-gauge and the argon
gas pressure was controlled by the throttle valve. Before deposi-
tion, Si (100) substrate was ultrasonically cleaned with acetone
for 5 min and rinsed with water. Then, it was ultrasonically
etched with 5% HF for 5min to remove the native oxide layer on the
substrate surface followed by rinsing with water and isopropyl
alcohol. To ensure the purity of the films, presputtering of Ti and Al
targets was done. Pure argon (Ar) was used for presputtering to
clean the surface of Al and Ti targets. The presputtering time for Ti
and Al targets was 5min each, and the presputtering power for Ti
and Al targets was 50 and 350W, respectively. Also, sputtering
power was slowly increased by 10W/10 s when the Ti and Al targets
were presputtered. In addition, there was good circulation of cooling
water to ensure continuous sputtering with high power without
interruption.

Substrates were rotated at 20 rpm during deposition for uni-
formity. Ti and Al films were sequentially deposited at the same
deposition pressure (mTorr), different DC sputtering power (W),
and different deposition times as mentioned in Table I. Working
distance between the target and substrate of 30 cm was used for all
depositions. Also, a 2 × 2 in.2 mask was placed on top of the Si
(100) wafer of 4 in. diameter as shown in Fig. 1 to create dot pat-
terns of different sizes. We used very thin Ti layer (∼0.01 μm) for
ensuring good adhesion to Si substrate followed by the deposition
of a relatively thicker Al film (∼1 μm).

B. Characterization of Ti–Al contact on Si (100)
substrate using the Van der Pauw method

Before I-V and Hall measurements, smaller samples approxi-
mately ∼1 × 1 in.2 were obtained from a larger Ti–Al sample
deposited on the Si (100) (Fig. 2) by cleaving into four parts and

TABLE I. Summary of DC magnetron sputtering conditions used for Ti and Al
depositions sequentially.

Metal target
Pressure
(mTorr)

Power
(W)

Deposition time/thickness
(min)/(μm)

Titanium (Ti) 3 50 5/0.01
Aluminum (Al) 3 350 30/1
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identified as Ti–Al contact type I, type II, type III, and type IV,
depending on the circular dot size of the metal contact. Contact
type I refers to the bigger contact size and contact type IV refers to
the smallest contact type. For this paper, Ti–Al contact type I was
used and explored. To measure I-V characteristics and Hall mea-
surements, Ti–Al contact type I was broken into four square
shaped samples∼1 × 1 cm2, and each square sample was used for
the measurements. Also, to measure Ti–Al contact type I, two dif-
ferent approaches were considered and used. First is the continuous
contact and second is the corner contact as shown in Fig. 3. To
measure I-V characteristics, an initial current of −10 μA was
applied. The final current was set to 10 μA and the step current
used was 1 μA.

The electrical properties of the Ti–Al type I contact were
studied using Hall measurements in the Van der Pauw configura-
tion at room temperature from which resistivity, Hall coefficient,
and Hall mobility were determined. p-Si (100) samples of thickness
500 μm were used to carry out the Hall measurements. For variable
magnetic field measurement, linear sweep field reversal was
selected, and maximum and minimum fields were 250 and 50mT,
respectively. The field step used was 50 mT, and a constant current
of 10 μA was applied to the Ti–Al type I contact on Si (100).

C. Annealing procedures

Annealing of the Ti–Al films deposited on Si (100) substrate
was performed in a tube furnace. The Ti–Al films were annealed at
380 °C under an argon atmosphere. The Ti–Al film on Si substrate
was placed in a quartz boat at the central zone of a horizontal
three-zone tube furnace. The furnace was evacuated to 10−5 Pa
(∼7.5 × 10−8 Torr) and purged by using N2. Then, the system was
evacuated to 10−5 Pa (∼7.5 × 10−8 Torr) and purged with argon to
reach atmospheric condition (760 Torr). The sample was heated to

FIG. 2. Photograph showing Ti–Al dots of different diameters deposited on Si
(100) wafer. Ti–Al contact type I (2 mm), II (1 mm), III (0.5 mm), and IV
(0.05 mm) are defined based on the diameter of the circular dot.

FIG. 1. Picture of the setup used to hold a 2 × 2 in.2 metal mask on Si (100)
wafer on a sample holder.

FIG. 3. (a) Continuous contact dot pattern and (b) corner contact dot pattern of
Ti–Al type I on Si (100).
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380 °C and kept there for 1 h in a flowing argon atmosphere at a
flow rate of 20 sccm. Then, the furnace was cooled down in the
argon cover gas. Another set of the Ti–Al samples was annealed at
380 °C under pure hydrogen atmosphere following similar steps.
The annealed samples were then characterized for electrical
properties.

III. RESULTS AND DISCUSSION

Ti–Al metal contacts on p-Si (100) were processed and the
properties of these contacts were determined using I-V and Hall
measurements as described earlier and the results are presented
and discussed in Secs. III A and III B.

A. Current-voltage (I-V) behaviors of Ti–Al type I
contact on p-Si (100)

After DC magnetron sputtering, the Ti–Al contacts in the
form of dot patterns are obtained on Si (100) wafer as shown in
Fig. 2. As mentioned earlier, first a thin Ti layer (adhesion pro-
moter) is deposited followed by a thicker Al layer. The I-V mea-
surements used type I contact of 2 mm diameter on samples in the
as-deposited state and after annealing in Ar or H2 at 380 °C for 1 h.

The results for samples in the as-deposited state are given in
data of Figs. 4 and 5, respectively, for the continuous and corner
contacts measured between 1–2, 2–3, 3–4, and 4–1 probe locations.
Figures 4(a)–4(d) show a nonlinear I-V response with a correlation

FIG. 4. I-V characteristics of Ti–Al continuous contact of type I on Si (100) in the as-deposited state between contacts (a) 1–2, (b) 2–3, (c) 4–1, and (d) 3–4.
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coefficient less than 1 indicating nonohmic contact measured on
the continuous dot pattern. The results obtained for the corner
contacts are given in Figs. 5(a)–5(d) and show a similar nonlinear
response as the data of Fig. 4.

The deposition of Al film on Si substrates using DC magnetron
sputtering is associated with some challenges such as interaction
between the Al and Si substrate. When Al is sputtered on Si, the
contact behaves in a rectifying fashion (nonohmic) and is associated
with a high contact resistance.26–28 However, the Schottky–Mott rule
predicts a low barrier height since there is a very small difference
between the work function of Al and the electron affinity of Si
(≈0.1–0.2 eV). However, a high density of bandgap states or defects

at the Al/Si interface results in a high Schottky barrier height (ΦB)
of ≈0.65 eV and blocks the flow of charges in/out of the Si wafer
(Fermi-level pinning phenomenon).26–28 We used the Ti layer for
ensuring good adhesion to the Si substrate. However, the I-V charac-
teristics of the Ti–Al corner/continuous type I contact to Si (100)
show a nonlinear response in the as-deposited state.

To enhance interface adhesion and strength between Ti–Al
and Si substrate, postannealing is done. The annealing process
promotes adhesion and reduces any electrical damage caused
during magnetron sputtering.29 Postannealing treatment (380 °C
in Ar for 1 h) helps in limited solid-state diffusion of Al into the
Si in the interface region. Al acts as an acceptor in p-Si and

FIG. 5. I-V characteristics of Ti–Al corner contact of type I on Si (100) in the as-deposited state between contacts (a) 1–2, (b) 2–3, (c) 3–4, and (d) 4–1.
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results in a doped p-type regime. Also, the literature shows that
one way of enhancing Al metal contact on Si substrate is to
increase the doping level of Si.26–28 The literature also confirms
that below the eutectic temperature of Si and Al (570 °C), Al can
form ohmic contacts with p-type Si, because of the small amount
of solid-state diffusion of Al into the Si.30,31

In the as-deposited state, Ti should not diffuse into Si because
of very low temperatures during sputtering. As indicated earlier,
the Ti on Si was used as an adhesion promotor and diffusion
barrier. EDX did not show any diffusion as well after annealing
within the detectability limits. It is important to note that the for-
mation of TiAl3 is more likely to occur in the Al–Ti system after
annealing at 450 °C. Similarly, a significant Ti–Si reaction should
not occur during annealing at a low temperature of 380 °C, while
some intermixing may be possible to promote adhesion and ohmic
contact formation.

The Ti–Al films deposited on Si (100) were then annealed in
Ar atmosphere at 380 °C for 1 h and I-V characteristics were mea-
sured in a manner similar to the as-deposited samples. The results
are given in Figs. 6 and 7, respectively, for the continuous and
corner contacts. All the I-V curves show linear responses and the
correlation coefficient approaching very close to 1. These results
indicated that the ohmic contacts of Ti–Al on Si can be readily
made after a low-temperature annealing in an inert Ar atmosphere.

Similarly, I-V characteristics were measured after annealing
the Ti–Al samples deposited on Si (100) wafers in pure hydrogen
gas at 380 °C for 1 h. Both the continuous and corner contacts were
investigated. The results are shown in Figs. 8 and 9, respectively,
for the continuous and corner contacts. The results show purely
ohmic contact resistance for all H2-annealed samples, which are
similar to postannealing treatment in Argon atmosphere as well.

These I-V behaviors indicated that essentially ohmic contact
resistance can be readily obtained for Ti–Al contacts on p-Si (100)
by annealing preferably in H2 atmosphere at low temperatures.

B. Characterization of properties of p-Si (100) using
Ti–Al contact through Hall measurement

The Hall measurement was done using the Ti–Al contact met-
allization as described in Sec. II B. This approach utilized the Van
der Pauw configuration (dot pattern) to measure the properties of
the p-Si (100) substrate. All measurements were done at room tem-
perature at different applied magnetic fields and on continuous and
corner dot patterns. From these measurements, resistivity, carrier
concentration, and Hall mobility of the p-Si (100) were obtained.
The following equations describe how these properties were

measured automatically using software as a part of the Lake Shore
Hall instrument.

To measure resistivity using the Van der Pauw method, four
contact points are used as shown in Fig. 10 for Ti–Al corner
contact of type I on Si (100). The procedure for measuring resistiv-
ity requires two resistance measurements. For instance, the current
source is connected between contacts 2 and 1, and the voltage is
measured between contacts 3 and 4. The current is reversed to
remove thermoelectric voltages and a current reversed resistance is
measured. This is denoted as R21,34 [Eq. (1)]. The current source
and voltmeter are rotated to source the current between contacts
3 and 2, and the voltage is measured between contacts 4 and 1.
The current is reversed to remove thermoelectric voltages to obtain
a current reversed resistance R32,41 [Eq. (2)],

R21,34 ¼ V34(Iþ21)� V34(I�21)
Iþ21�I�21

, (1)

R32,41 ¼ V41(Iþ32)� V41(I�32)
Iþ32�I�32

: (2)

These two resistance readings are converted to a resistivity by
solving the nonlinear equation for the factor “f” to calculate the
resistivity [Eqs. (3) and (4)]. Thus, the measured resistivity is the
sheet resistivity,

ρAsheet ¼
πf

In(2)
(R21,34 þ R32,41)

2
: (3)

Here, f is the solution to the equation

q� 1
qþ 1

¼
f cosh�1 e

In2
f

2

 !

In(2)
, (4)

where

q ¼ R21,34

R32,41
or q ¼ R32,41

R21,34
, whichever is larger:

Similarly, resistance R43,12, R43,12, and resistivity
[Eqs. (5)–(10)] are obtained by considering other current and

TABLE II. Summary of electrical properties of p-Si (100) obtained from Hall measurement using continuous and corner contacts of Ti–Al metallization and effect of annealing
in Ar and H2 atmospheres at 380 °C for 1 h.

Ti–Al contact processing condition
Resistivity
(Ohm cm)

Carrier concentration
(1/m3)

Hall mobility
(m2/V S)

Contact type Continuous Corner Continuous Corner Continuous Corner
Annealed in Ar 7.65 10.49 0.76 × 1022 0.23 × 1022 0.011 0.0255
Annealed in H2 9.52 13 0.56 × 1022 0.16 × 1022 0.0121 0.029
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voltage contacts as shown in Fig. 11,

R43,12 ¼ V12(Iþ43)� V12(I�43)
Iþ43*I�43

, (5)

R14,23 ¼ V23(Iþ14)� V23(I�14)
Iþ14*I�14

, (6)

ρAsheet ¼
πf

In(2)
(R21,34 þ R32,41)

2
: (7)

Here, f is the solution to the equation

q� 1
qþ 1

¼
f cosh�1 e

In2
f

2

 !

In(2)
, (8)

where

q ¼ R43,12

R14,23
or q ¼ R14,23

R43,12
, whichever is larger:

FIG. 6. I-V characteristics of Ti–Al continuous contact of type I on Si (100) after annealing in Ar at 380 °C for 1 h between contacts (a) 1–2, (b) 2–3, (c) 3–4, and (d) 4–1.
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Thus, the final sheet resistivity is given by

ρ ¼ ρAsheet þ ρBsheet
2

, (9)

ρbulk ¼ ρsheet*t, (10)

Resistivity ¼ ρbulk ¼ ρsheet*t,

where t is the thickness of Si.
Further, to measure Hall voltage using the Van der Pauw

method, the current source is connected across the diagonal of

the sample and the voltage is measured across the other diagonal
(see Fig. 12). The voltage is measured at both positive and negative
fields as well as positive and negative currents to eliminate mis-
alignment voltages, thereby resulting in four separate measure-
ments. These four measurements are then used to calculate the
Hall voltage, VHall using Eqs. (11)–(17).

For the current source applied between contact 3 and 1 as
shown in Fig. 12(a),

VBþ
13,42 ¼

VBþ
42 (Iþ13)� VBþ

42 (I�13)
2

, (11)

FIG. 7. I-V characteristics of Ti–Al corner contact of type I on Si (100) after annealing in Ar at 380 °C for 1 h between contacts (a) 1–2, (b) 2–3, (c) 3–4, and (d) 4–1.
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VB�
13,42 ¼

VB�
42 (Iþ13)� VBþ

42 (I�13)
2

, (12)

VAHall ¼
VBþ
13,42 � VB�

13,42

2
: (13)

Similarly, when the current source is applied between contact
2 and contact 4 as shown in Fig. 12(b),

VBþ
24,31 ¼

VBþ
31 (Iþ24)� VBþ

31 (I�24)
2

, (14)

VB�
24,31 ¼

VB�
31 (Iþ24)� VB�

31 (I�24)
2

, (15)

VBHall ¼
VBþ
24,31 � VB�

24,31

2
, (16)

VHall ¼ VAHall þ VBHall

2
: (17)

VHall is related to the fundamental properties as

VHall ¼ IBz

nqt
, (18)

FIG. 8. I-V characteristics of Ti–Al continuous contact of type I on Si (100) after annealing in H2 at 380 °C for 1 h between contacts (a) 1–2, (b) 2–3, (c) 3–4, and (d) 4–1.
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where n is the carrier density, t is the thickness of the sample, q is
the electronic charge, BZ is the magnetic field, and I is the current.

The Hall coefficient, RH, can be expressed as

RH ¼ VHallt
IBz

: (19)

After we measure the resistivity and Hall coefficient, the
carrier concentration and Hall mobility were obtained from the fol-
lowing equations [Eqs. (20) and (21)]:

Carrier concentration ¼ n ¼ 1
qRH

, (20)

Hall mobility ¼ μ ¼ 1
ρnq

¼ RH

ρ
, (21)

where n, μ, ρ, RH, and q represent carrier concentration, Hall mobil-
ity, resistivity, Hall coefficient, and carrier charge, respectively.

The electrical properties of the Ti-Al type I contact on Si
(100) for the continuous and corner contacts were determined after
postannealing in Ar and H2 at 380 °C for 1 h and the results are
presented in Fig. 13 and Fig. 14, respectively. The resistivity, carrier
concentration, and Hall mobility are found to be independent of
the applied magnetic field for all samples tested. Typical values for
the Ti-Al type I continuous contact on Si after postannealing in Ar

FIG. 9. I-V characteristics of Ti–Al corner contact of type I on Si (100) after annealing in H2 at 380 °C for 1 h between contacts (a) 1–2, (b) 2–3, (c) 3–4, and (d) 4–1.
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and H2 at 380 °C are 0.56 ×1022 m−3 for the carrier concentration,
0.012 m2/VS for the carrier mobility, and 9.52 ohm cm for the
resistivity as presented in Fig. 13.

Similarly, for the Ti-Al type I corner contacts after postanneal-
ing in Ar and H2 at 380 °C for 1 h, the electrical properties were
measured (Fig. 14) as carrier concentration of 0.16 ×1022 m−3,
carrier mobility of 0.029 m2/VS and resistivity of 13 ohm cm.

A summary of all measured properties of Ti–Al contacts on Si
(100) is given in Table II. The I-V data shows that contacts are not
ohmic before annealing, so the Hall measurement is not performed
on as-deposited samples. After annealing in the atmospheres of Ar
or H2, the contact resistance becomes ohmic. Also, the properties
of p-Si (100) wafer extracted after postannealing treatments are
similar to those supplied by the vendor of the wafers [diameter—
100 mm, thickness—500 μm, p-type, doping level of boron in
Si (100) is 0.74 × 1021–1.67 × 1022 m−3. Also, mobility and resistiv-
ity are in the range of 0.0368–0.0418 m2/V S and 1–20 ohm cm].
These results provide a strong justification that the contact metalli-
zation should not degrade after the deposition of diamond films on
Ti–Al contact metallization useful for power electronic devices
based on Si, SiC, and GaN semiconductors. Also, research is

FIG. 10. Sample of Ti–Al with corner contacts of type I on Si (100) showing
current (A)-voltage (V) configurations (a) and (b) for resistivity measurements
using the Van der Pauw approach.

FIG. 11. Current (A)-voltage (V) configurations (a) and (b) for measuring Van
der Pauw resistivity of Ti–Al corner contact of type I on Si (100).

FIG. 12. Current (A)-voltage (V) configurations (a) and (b) for measuring Hall
voltage of Ti–Al corner contact of type I on Si (100) using the Van der Pauw
method.

FIG. 13 Resistivity (ρ), carrier concentration (n), and Hall mobility (μ) of p-Si
(100) in the annealed in Ar and annealed in H2 at 380 °C for 1 h obtained from
the continuous contact dot pattern of Ti–Al metallization through Hall
measurement.

FIG. 14. Resistivity, carrier concentration, and Hall mobility of p-Si (100) in the
annealed in Ar and annealed in H2 at 380 °C for 1 h obtained from the corner
contact dot pattern of Ti–Al metallization through Hall measurement.
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planned on SiC and GaN substrates in support of the suggestion
that no degradation should occur to Ti–Al metallization on these
wide bandgap semiconductors.

IV. CONCLUSIONS

Based on the outcomes of Ti–Al contact metallization on p-Si
(100) samples, the following conclusions are made.

1. Ti–Al films were sequentially deposited on p-Si (100) substrates
using the metal mask with circular vias by DC magnetron sput-
tering using separate pure titanium and aluminum targets. The
thickness of Ti was ∼10 nm and of Al ∼1000 nm.

2. The contact resistance and electrical properties of metallized
Ti–Al film on silicon were measured before (as-deposited state)
and after annealing treatments in argon and hydrogen atmo-
spheres at 380 °C for 1h. The postannealing treatments in argon
and hydrogen atmospheres led to pure ohmic contacts and con-
sistent electrical properties, such as lower resistivity, higher
carrier concentration, and Hall mobility.

3. Typical resistivity values of 7–13 ohm cm, a carrier concentra-
tion of ∼1 × 1022/m3, and a Hall mobility of (1–3) × 10−2 m2/V
S were obtained. These values are close to vendor supplied
values for the p-Si (100) wafers.

Future works will focus on the deposition of diamond on
metal dot patterns and measure contact resistance and electrical
properties of metallized semiconductors after diamond deposition.
Current work in progress will include metallized Si, SiC, and GaN
substrates that are attractive for the present and future high-power
and microelectronic devices.
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