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Thermal Stability of Strained AlGaN/GaN Heterostructures
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The thermal stability of strained AIGaN/GaN heterostructures is characterized by comparing unannealed and
700° C 30-min annealed Ni Schottky contacts prepared on strained AIGaN/GaN heterostructures. Using pho-
toemission, capacitance—voltage measurements, and the self-consistent solution of Schrodinger’s and Poisson’s
equations, it is found that after 700°C 30-min thermal annealing the Schottky barrier height of Ni Schottky
contacts on strained AlGaN/GaN heterostructures is increased, and the sheet density of polarization charges and
the sheet density of two-dimensional electron gas (2DEG) electrons for the strained AIGaN/GaN heterostructures
are reduced. These results are closely related to the performance of AlGaN/GaN HFETs at high temperature.

PACS: 73.40.Kp, 85.30.—Z, 72.80.Ey

AlGaN/GaN heterostructure field effect transis-
tors (HFET) have been a subject of intense investiga-
tion owing to the potentials for high power, high fre-
quency and high temperature applications.[!:2! It has
been shown that the piezoelectric and spontaneous po-
larization can exert a substantial influence on the con-
centration and distribution of free carriers in strained
AlGaN/GaN HFETs.[>4 With the high temperature
application of AlGaN/GaN HFETs, the thermal sta-
bility of the strained AlGaN/GaN heterostructures,
such as 2DEG sheet density, polarization charge sheet
density and Schottky barrier height, is very impor-
tant. However, so far there have been only a few re-
ports on the thermal stability of strained AlGaN/GaN
heterostructures.® =7 In this work, Ni Schottky con-
tacts are prepared on strained AlGaN/GaN het-
erostructures, and are thermally annealed at 700°C for
30min. Photoemission and capacitance-voltage (C-
V) measurements are performed for the unannealed
and thermal annealed Ni Schottky contacts, respec-
tively. Schrodinger’s equation and Poisson’s equa-
tion are solved self-consistently for the strained Al-
GaN/GaN heterostructures. Combining the measured
results with self-consistently solved results, we inves-
tigate the thermal stability of strained AlGaN/GaN
heterostructures.

The heterostructure layer employed in this study
was epitaxially grown by metalorganic chemical
vapour deposition (MOCVD) on a (0001) sapphire
substrate. It consists of a 40-nm AIN nucleation layer,
followed by a 3-pum undoped GaN and a 21.5-nm-thick
undoped Alg 3Gag 7N barrier layer.
ment indicates a sheet carrier density of around 1.36 x
10 cm™? and an electron mobility of 1200 cm?/Vs at
room temperature. For the device processing, ohmic
contacts of Ti/Al/Mo/Au were deposited by e-beam
evaporation and lift-off. These contacts were an-
nealed at 850°C for 30s in a rapid thermal anneal-
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ing system. Ni/Au (60nm/200nm) circular Schot-
tky contacts with a diameter of 120 um were then
deposited by e-beam evaporation. The separation be-
tween the ohmic contact and circular Schottky contact
was 20 pm. The samples were thermally annealed in
a furnace with Ny ambient at 700°C for 30 minutes.
The C-V measurements were performed by using an
Aglient 4284A LCR meter at a frequency of 10 kHz.
The photoemission measurement was performed with
a halogen lamp as a light source, a monochromator
(ISA, model HR-320) and a lock-in amplifier (EG&G,
model 5209) was used for the photocurrent measure-
ment.

Schrodinger’s equation (1) and Poisson’s equation
(2) are solved self-consistently:

h2d?

UG () = Brvn (), (1)
where z is the coordinate in a direction perpendicu-
lar to the AlGaN/GaN heterostructure with the origin
at the surface of the AlGaN barrier layer; m™* is the
effective electron mass in GaN; Ej and 1 are the
eigenenergy and wave function of electrons, respec-
tively. Here U(z) is the potential energy of electrons
and is the same as the conduction band edge of Al-
GaN/GaN heterostructures;

=W =ante), 2)

where V(2) is the electron electrostatic potential, n(z)
is the electron concentration at the point z, and q is
the electron charge. Since the AlGaN and GaN layers
are undoped, the impact of acceptor, donor and hole
charges is not taken into account. Here € is the dielec-
tric constant of GaN or AlGaN, depending on which
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region is being solved. We have

S [lentertn (1 e S5
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in which Er is the Fermi energy, k is Boltzmann’s
constant, T is the temperature, the summation with
respect to L is over the electron eigenstates and the
ground state, the first excited state and the second
excited state are included in the calculation. Equa-
tion (1) is solved by using trial U(z), with solved
, Er, and assumed Ep, the n(z) is calculated by
Eq.(3). We can put n(z) into Eq.(2) to obtain a
new U(z)(—qV(z) = U(z)). Substituting new U(z)
into Eq. (1), we can operate iteratively the above pro-
cesses until the difference between the present U(z)
value and the former U(z) value is less than a certain
value. In addition, Eq.(4) must also be followed in
the self-consistent calculation,

m*kT
n(z) = W

€o€alGaNE1 + qo = gpegan B, (4)

where o is the sheet density of polarization charge, €q
is the vacuum dielectric constant, eajgan is the rel-
ative dielectric constant of the AlGaN barrier layer,
€aaN is the relative dielectric constant of GaN, Fy is
the electric field value of the AlGaN barrier layer at
the AlGaN/GaN heterostructure interface, and Es is
the electric field value of GaN layer at the heterostruc-
ture interface. The total length of the self-consistent
calculation is 415 A and includes all the uppermost
epilayers and 200 A of the interior GaN layer.

Figure 1 shows photocurrent spectra of Ni Schot-
tky contacts unannealed and annealed at 700°C for
30min. According to Fowler’s theory,8! the relation-
ship between the photocurrent per photon, R, and the
incident photon energy hv is given by3—10l

R~ (hv — q<I>B)2, (5)

where q®p is the Schottky barrier height. This re-
lation is valid when hv — q®p > 3kT.[1°1 There-
fore, the Schottky barrier can be obtained from the
straight line relationship of the square root of the pho-
tocurrent per photon versus the incident photon en-
ergy. With photoemission measurements, the Schot-
tky barrier heights of unannealed and thermally an-
nealed Ni Schottky contacts are 1.47eV and 1.57€V,
respectively. Figure 2 shows the C—V curves of unan-
nealed and thermally annealed Ni Schottky contacts.
There is a capacitance platform in the C-V curves.
The capacitance platform corresponds to the change
of 2DEG charge quantity in the channel under applied
ac signal AV, and the greater change of 2DEG charge
quantity in the channel results in a higher capacitance
value. Moreover, the 2DEG charge quantity can be
obtained by the C-V curve integration,['":12 and the

2DEG sheet density ng can be calculated by

=/ Ca (6)

—16 45

where C is the capacitance value in the C-V curves,
V is the voltage value of the C-V curves, S is the
area of the Ni Schottky contacts. The calculated
2DEG sheet densities for unannealed and thermally
annealed Ni Schottky contacts are 1.18 x 102 cm ™2
and 6.98x10'2 cm ™2, respectively. Based on the above
data, self-consistent solutions of Schrodinger’s and
Poisson’s equations are performed. The parameters
used in the self-consistent solution for unannealed and
thermally annealed Ni Schottky contacts are listed in
Table 1.

o Unannealed
@ 700°C thermal annealed d

Photocurrent!/2 (arb. units)
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Fig.1l. Photoemission measurement curves for unan-
nealed and 700°C 30-min annealed Ni Schottky contacts.

00T 7 T
Unannealed
= 4
5 -
201
5 annealed
g at 700°C
3
o
)
o
0_. ____________________________________________
T T T T T
—16 —12 -8 —4 0
Voltage (V)
Fig.2. C-V measurement curves for unannealed and

700°C 30-min annealed Ni Schottky contacts.

In Table 1, AE. is the
Alp.3Gag.7N/GaN heterostructures.
AE., egan and eajgaN are obtained from Ref. [3].
Figure 3 shows the self-consistently solved conduc-
tion band edge and the electron concentration for

band offset for
The values of
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the AlGaN/GaN heterostructures. It is found that
after 700°C 30-min thermal annealing, the triangu-
lar quantum well of the AlGaN/GaN heterostructures
becomes wider. Moreover, with self-consistent calcu-
lation, the sheet density of polarization charges for
unannealed and thermally annealed Ni Schottky con-
tacts are obtained and they are 1.56 x 10'3cm~2 and
1.075 x 10'3 cm™2, respectively. It is shown that af-
ter 700°C 30-min thermal annealing, both the electron
sheet density of 2DEG and the sheet density of polar-
ization charges for strained AlGaN/GaN heterostruc-
tures are reduced, and the Schottky barrier height of
Ni Schottky contacts is increased. Since the changes
of the above-mentioned parameters are directly re-
lated to the performance of thermal annealing in Al-
GaN/GaN HFETs, the above results are important

Table 1. The parameters of self-consistent calculation for unan-
nealed and thermally annealed Ni Schottky contacts.

q®p (eV) Ns (Cmfz) AE. (eV) €GaN EAIGaN

Unannealed  1.47 1.18 x 1013 0.42 10.4 10.31
Annealed 1.57  6.98 x 102 0.42 10.4 10.31
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Fig. 3. Conduction band edge and the electron concen-
tration for the unannealed and 700°C 30-min annealed

AlGaN/GaN heterostructures.

and valuable for high temperature applications of Al-
GaN/GaN HFET.

Ni Schottky contacts were prepared on strained
AlGaN/GaN heterostructures and the prepared Ni
Schottky contacts were thermally annealed with
700°C 30-min. With photoemission, capacitance-
voltage measurements, and self-consistent solving
Schrodinger’s equation and Poisson’s equation, the
Schottky barrier height, the sheet electron density of
2DEG and the sheet density of polarization charges
for the prepared Ni Schottky contacts on strained
AlGaN/GaN heterostructures are obtained. Tt is
shown that after 700°C 30-min thermal annealing,
the Schottky barrier height of Ni Schottky contacts
on strained A1GaN/GaN heterostructures is increased,
and the sheet density of polarization charges and the
sheet electron density of 2DEG for the strained Al-
GaN/GaN heterostructures are reduced.

The authors thank Dr Timothy Corrigan for useful
discussions and help in the manuscript preparation.
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