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High performance titanium nitride sub-100nm rectifying contact, deposited by sputtering on
AlGaN/GaN high electron mobility transistors, shows a reverse leakage current as low as 38 pA/mm
at Vgs = —40V and a Schottky barrier height of 0.95eV. Based on structural characterization and
3D simulations, it is found that the polarization gradient induced by the gate metallization forms a
P-type pseudo-doping region under the gate between the tensile surface and the compressively
strained bulk AlGaN barrier layer. The strain induced by the gate metallization can compensate for
the piezoelectric component. As a result, the gate contact can operate at temperatures as high as
700°C and can withstand a large reverse bias of up to —100V, which is interesting for
high-performance transistors dedicated to power applications. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4882415]

The gate control of High Electron Mobility Transistors
(HEMTsSs) based on gallium nitride (GaN) semiconductors
constitutes a crucial aspect of realizing devices presenting
good linearity and high-frequency performances. This goal
calls for a reliable rectifier contact to avoid gate leakage cur-
rent reducing the breakdown voltage and consequently the
microwave power performance. The process used to fabri-
cate a rectifying contact constitutes currently a critical tech-
nological step, especially on GaN-based epitaxies grown at
low temperature and with high aluminium (Al) content. In
the past, extensive studies were carried out to fabricate dif-
ferent rectifying contacts on n-type AlGaN/GaN HEMTs in
order to understand their formation and their conduction
mechanisms.' ™ Generally, the method consists of removing
the native oxide of the AlGaN top surface layer by a chemi-
cal pre-treatment and then depositing refractory metals with
high work functions such as molybdenum (Mo), nickel (Ni),
or platinum (Pt).* A post-annealing is commonly performed
to improve contact reliability.®™®

On the other hand, to form ohmic contacts on N-type
III-Nitrides semiconductors, a titanium (Ti) layer is usually
deposited by evaporation. After annealing at high tempera-
ture, a TiN layer is obtained on top of a complex structure
based on metallic aggregates.

In our study, TiN rectifying contacts deposited by mag-
netron sputtering on Alg3,GagegN/GaN HEMT structures
are presented, showing a significant enhancement of the
effective Schottky barrier height (®g), a better charge

Y Author to whom correspondence should be addressed. Electronic mail:
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control and a very low leakage current. It is found that the
polarization gradient induced by the metallization strain in
an AlGaN barrier forms a P-type pseudo-doping region. The
strain induced by the gate metallization can compensate for
the piezoelectric component under the gate. This component
is usually largely responsible for the degradation of transistor
performance.” A P-type pseudo-doping originating from the
strain induced by TiN metallization constitutes a promising
route towards a high-performance gate contact on GaN
HEMTs.

The AlGaN/GaN epitaxial structures are grown by
Picogiga International on a highly resistive (111)-oriented
silicon substrate (20kQ cm) by Molecular Beam Epitaxy
(MBE). A 0.54 um-thick stress accommodation layer of
AIN/GaN is deposited initially, followed by a 1.7 um-thick
buffer of Aly;GagoN, a 15nm-thick channel of GaN, a
25 nm-thick barrier of Aly3,Gag¢gN, and a 1 nm-thick GaN
cap layer. In a first step, the surface is ultrasonically cleaned
and degreased by 1-min dip in HNO3:H,O (1:1), 1-min wet
etch in HCI:H,O (1:1), and then drying by nitrogen.

Ti/Al/Ni/Au (12/200/40/100nm) evaporation is per-
formed, followed by a rapid thermal annealing at 900 °C for
30 s in order to form ohmic contacts.'® Components are iso-
lated by He™" ion implantation. As a result, an isolation cur-
rent density of 850 nA/mm is measured at +150V with a
8 um space between the two contacts.

A rectifying contact is formed by Au/TiN sputtering and
then lift-off using e-beam lithography for a 100nm gate
length (Lg). In order to maintain the material stoichiometry,
we used a high purity (99.99%) TiN target. The lithography is
performed under the following operating conditions: 100 W

© 2014 AIP Publishing LLC
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radio frequency power at 13.56 MHz, 30 sccm argon (Ar)
flow, and 220 V DC bias for an initial pressure of 3 x 10’
millibars. The deposition rate is around 3.4 nm/min.

Different TiN film thicknesses from 2.5nm to 150 nm
and annealing temperatures from 300 °C to 900 °C have been
tested. While the residual stress of an evaporated metal under
high-vacuum conditions increases with the metal thickness,
metals deposited by sputtering reach a maximum residual
stress after only a few nm-thick deposition, decreasing there-
after with increased thickness.'! In the case of TiN, a stress
of 4.5 GPa is measured after a 7 nm-thick deposition.

Before the gate metallization, samples are deoxidized
by HCI:H,O (1:1) solution followed by in situ Ar" plasma
etching. For Lg=100nm, the optimal Schottky contact
performance (with 7 nm-thick TiN) is obtained after an
annealing at 600°C for 40min in an N, atmosphere.
Optical and scanning electron microscopy (SEM) measure-
ments did not reveal any modifications of the contact sur-
face morphology.

The patterns follow the Gate Transmission Line Method
where the source-to-gate spacing (Lgs) is 1 um. The ohmic
contact resistance is 0.25 Q mm associated with a specific
contact resistance of 2 x 10~ Q-cm”. From Hall measure-
ments, we measured a sheet electron concentration of
8 x 1012cm72, a carrier mobility of 1730 cm? V! ~sfl, and a
sheet resistance of 460 ()/sq. The transistor pinch-off voltage
is —2.7V.

Fig. 1 shows the Igg— Vgs characteristics of the
Au/TiN gate contact before and after annealing at 600 °C.
Before annealing, the Igs—Vgg curve is interpreted through
the thermionic emission theory and the field emission theory
of Schottky barrier current transport. The transport behavior
of a Schottky diode operating in the field emission regime
(Vg >3kT/q) is predicted by the following current-voltage
equation:

I= IS X exp[q(VGs — Rsl(}s)/ﬂkT], (1)

where Ig is the saturation current expressed by
Is = SA*T?exp(—q¢p/kT), q is the electron charge, T is the
temperature in Kelvin, # is the ideality factor, A* is the
effective Richardson constant, k is the Boltzmann constant,

10° 10°
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10° o after annealing at 600°C J10° =
- 1 5
0] Ly 5
o 110° ©
glO 10 o
= 1 <
10 {107 E
& ]
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‘l()'l5 1 ] L 1 1 10715
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Reverse bias (V) Forward bias (V)

FIG. 1.Igs—Vgs characteristics of Au/Tin Schottky contacts measured
before and after annealing (gate width W =100um, Lg=100nm,
Lgs =1 pum, Lgp =4 pum).
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R is the series resistance, ¢p is the barrier height, and S is
the contact area. A plot of log(Igs) versus Vgs is usually
used to extract n where the slope of the linear region gives
q/mkT. In this case, the gate contact presents a low ¢p of
0.4eV associated with 1 of 6.8 and a leakage current of
14.7mA/mm at Vgg=—30V.

As shown in Fig. 1, after annealing at 600 °C, the reverse
leakage current decreases by almost nine orders of magni-
tude. At —40V, we measured a reverse leakage current of
38 pA/mm. Furthermore, under reverse bias at —100V, the
device exhibits a leakage current as low as 38.9 nA/mm. This
rectifying contact shows a very stable behaviour and a good
morphology up to 700 °C. The Igs—Vgs forward characteris-
tic exhibits a rectifier behavior with a significant enhance-
ment of ¢ and is linear between 0.55 and 0.8 V. The series
resistance Rg effect present in the diode model is taken into
account and is evaluated to be 50 Q at 300 K. In the following
analysis, A* is calculated from the electron effective mass
my* = 0.244m, and is evaluated to be 33.36 A cm > K 2. If
the current transport is dictated by thermionic field emission
theory, the relation between current and voltage can be
expressed as

I = Isexp(V/Eg) with Eg= Egocoth(qEy,/kT) = nkT/q,
2)

where Ey is the characteristic energy related to the transmis-
sion probability of carriers through the barrier given by the
following equation:

Foo = h|(No/m.es)""”] /4, 6

where h is the Planck constant, N, is the donor concentra-
tion, &g is the semiconductor dielectric constant, and m.* is
the electron effective mass. At 300 K, the ionized donor con-
centration Np of GaN is determined from the Cgg(Vgs) mea-
surement under reverse bias with &g = 8.9 and is evaluated to
be 2.1 x 10 cm . The values of Eoo and E are around
0.57meV and 37.2meV, respectively. The Schottky barrier
height ¢g and n are evaluated to be 0.95eV and 1.41,
respectively.

The Capacitance-Voltage (Cgs—Vgs) profiles measure-
ment (not shown) is performed using a Precision LCR Meter
with an internal bias supply (Hewlett Packard model 4284A)
and a Semiconductor Parameter Analyzer (Agilent model
4155C). The measurement frequency range varies from
10kHz to 1 MHz with an AC voltage amplitude of 10mV. A
delay time of 100 ms after setting the DC bias is used for all
measurements. In the enhancement regime, this capacitance
is constant whatever the frequency. Furthermore, no hystere-
sis is observed in the Cgs—Vgs curves, showing that the trap-
ping effect is very low at the interface between TiN and
AlGaN. This is in perfect agreement with the theoretical
Cgs—Vgs calculation. This result reveals that there is no dif-
fusion of TiN into the AlGaN barrier even after annealing as
is confirmed by high resolution transmission electron micros-
copy (HRTEM), see in Fig. 2(b).

Fig. 2 shows nano-beam diffraction and HRTEM pic-
tures of the Au/TiN/AlGaN interfaces of the Schottky con-
tact obtained after thermal annealing at 600 °C where the
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FIG. 2. (a) Nano-diffraction picture of the TiN metallization and (b)
HRTEM picture of the same structure after thermal annealing at 600 °C.

different TiN phases can be observed. TiN metallization
shows three phases along the thickness: a cubic structure on
the Au side oriented (220) and (200), a tetragonal phase on
the AIGaN side oriented (220) and (204), and a polycrystal-
line region between these two areas. Studies have shown a
morphological transition of TiN films between 500°C and
700 °C, which evolves according to the gate area, the gate
length, and the TiN thickness. We did not observed AlOy
compounds at the TiN/AlGaN interface. In contrast to other
commonly used Schottky metallization such as Au, Pt, or Ni
which diffuses into the barrier layer during annealing, TiN
metallization appears to be an excellent barrier even after
high-temperature annealing.

As seen in Fig. 3, synchrotron radiation-based high-reso-
lution X-ray diffraction (HRXRD) was carried out to mea-
sure strain relaxation in the AlGaN barrier layer at 10.4keV
energy at the 2-ID-D micro-diffraction beamline at the
Advanced Photon Source at Argonne National Labs (USA).
A zone plate setup allows us to focus the beam (with 180 arc
sec divergence) to a quasi-circular illumination spot size of
r~220nm. The device is mounted on an XYZ stage with
50 nm lateral resolution, and the location of our illumination
spot was monitored via simultaneous measurement of Ga-K
fluorescence intensities. Diffraction data are collected by a
charge-coupled device (CCD) detector. Details of the
description of the measuring station can be found in Ref. 12.
Fig. 3 shows CCD captures of diffracted intensity from GaN
(00.4) with the AlGaN barrier layer signal after annealing at
600 °C. It is clear that the c-plane compressive strain in the
AlGaN barrier layer side source (Fig. 3(a)) and drain (Fig.
3(b)) are similar but under the gate, it decreases from
—0.0138 to —0.0086 (Fig. 3(c)). In this last case, the AlGaN
signal is closer to the GaN signal. We believe that the strain
induced by the lattice mismatch at the AlGaN/GaN interface
is partly compensated for by the surface strain resulting from
the TiN metallization. This compensation is a function of the
TiN thickness and of the annealing temperature.

In order to understand the physical behaviour of the TiN
contact, we performed a modelling of the structure using the
Tibercad® software.'® The resulting strain in the AlIGaN/GaN
HEMT active area is calculated after applying an external
surface force induced mechanically by the gate metallization.
This allows us to simulate the strain induced by the lattice
mismatch between the AlGaN barrier layer and GaN buffer
layer. The calculation of the strain in lattice-mismatched het-
erostructures is based on the linear elasticity theory of solids,
assuming pseudomorphic interfaces between different
materials.'*

Appl. Phys. Lett. 104, 233506 (2014)
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FIG. 3. Synchrotron-based XRD CCD captures showing clearly the (00.4)
reflections of GaN (left-most signal in each CCD capture) and AlGaN. CCD
diffraction intensity is shown in log scale and the scale is adjusted differ-
ently for each capture to better show the positions of the two signals. The
horizontal axis of the captures roughly corresponds to the 20 axis (q, axis in
reciprocal space), and the distance between the two signals along this axis
represents increasing compressive strain in the AlGaN. The graphical repre-
sentation of the HEMT structure indicates the localisation where each CCD
capture was acquired.

For a small deformation u, the strain is

= L (O O
6’k_2(8xk+8xf)' @)

The relationship between stress and strain is given by
Hooke’s law: gz = Ciiméin-
The strain is found by minimizing the elastic energy

1
£ =5 |ousav. )

Vv
As a result, we obtain the strain tensor in any point of

the structure, the shape deformation, and the piezoelectric
polarization, given by P =ejey. Self-consistent



233506-4 Soltani et al.
o~ 1 10 100
£ -0.02 L L
i/ ® P with surface stress
] — P free surface
-2-0.04 1
2
s ® °
= ®ee
£ 006} Sooonn 1

AlGaN : GaN

divP/q (xlOlgcm‘S)

depth (nm)

FIG. 4. Theoretical evolution of the polarization field in the AlGaN layer
when applying a surface strain of 4.5 GPa and a surface potential of 0.4eV.
The inset shows the (divP)/q which show the nature of the pseudo-doping
induced by strain gradient in the active area of the component.

electromechanical simulations can be carried out by includ-
ing the piezoelectric effect. Semi-classical transport of elec-
trons and holes is based on the drift-diffusion model.

Fig. 4 shows the theoretical evolution of the polarization
in the AlGaN layer along the c-axis obtained by applying a
surface strain of 4.5 GPa and a surface potential of 0.4¢eV.
The strain gradient in the AlGaN barrier layer induces a
polarization gradient, which forms a pseudo p-doped AlGaN
barrier layer. Div P is deduced and shows the nature of the
pseudo-doping induced by the strain gradient and the net-
piezoelectric charge at the AlIGaN/GaN interface. The equiv-
alent charge p.q is related to the total polarization of the
crystal P by

Peq = Na — Np — divP. 6)

This equation shows that a spatially changing polarization
field creates a net bound charge in the crystal. This charge is
referred to as a polarization charge and is fixed in space.
This charge is positive at the AlGaN/interface and negative
in the AlGaN barrier layer.

Conduction band

~
> _1 | )
L - - - - Before annealing
> —— After annealing
%D o4 Model (P-doped AlGaN barrier)
=]
K {AIGaN| GaN
-3 1 LemTTs ]
=N Valence band
4 # : . .
0 50 100 150

depth (nm)

FIG. 5. Simulated band diagram of the heterostructure before and after the
application of the external force obtained from Tibercad®. For comparison,
Schrodinger-Poisson simulations are also shown.
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Fig. 5 shows the simulated band diagram of AlGaN/GaN
heterostructure obtained without (before annealing) and with
(after annealing) an applied external force on the gate contact.
The surface potential, which represents the barrier height of
the TIN/HEMT ohmic contact, is fixed at 0.4 eV. The external
force changes the electron barrier height from 0.4eV to
0.87eV, corresponding to a rectifier contact. As a compari-
son, a Schrodinger-Poisson simulation in the effective mass
approximation is added with a P-AlGaN barrier layer at
3.65x10%em ™. A good agreement for the conduction-band
is obtained, which confirms the p-doping of the AlGaN bar-
rier layer.

The AlGaN/GaN HEMT behaviour was also investi-
gated by means of DC pulse Ips(Vpg) characteristics (not
shown). Measurements were performed under different qui-
escent bias points Vggo and Vg, to evaluate the lag effects.
At Vpgp =5V, which corresponds to the worst condition, the
current drops to only 3.8% (Vgso=—3V,Vpso=0V) and
24% (Vgso=—3V, Vpso=10V) due to gate and drain lag
effects, respectively. Lag effects are very low, showing that
good microwave power performance can be achieved.
Furthermore, a good pinch-off behavior is observed, showing
a good Schottky charge control in the device.

In conclusion, good performance TiN rectifying contacts
are fabricated on a AIGaN/GaN HEMT. Our analysis shows
that the strain mechanically induced by the gate metallisation
removes a great part of the piezoelectric component under
the gate and imposes a strain gradient in the AlGaN barrier
layer, which forms a p-doping without doping impurities.
The barrier height ¢y increases from 0.4 to 0.95eV, and the
reverse gate leakage current drastically drops down to
38 pA/mm at —40V after a thermal annealing at 600 °C. The
TiN Schottky contact shows a low reverse leakage current
with low trapping phenomena under operating conditions
which are necessary for high-performance transistors dedi-
cated to power applications. Polarization-induced doping
provides a solution to the problem of gate leakage current of
AlGaN/GaN HEMTs without specific surface pretreatment.

The authors would like to acknowledge the French MOD
(Delegation Generale pour 1’Armement) for their financial
support under Contract No. 06-137606/DGA/D4S/MRIS as
well as Tibercad® developers for their useful support.
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