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AlGaN/GaN heterostructure field-effect transistors (HFETs) with different floating gate lengths and floating gates
annealed at different temperatures, are fabricated. Using the measured capacitance—voltage curves of the gate Shottky
contacts for the AlIGaN/GaN HFETs, we find that after floating gate experiences 600 °C rapid thermal annealing, the larger
the floating gate length, the larger the two-dimensional electron gas electron density under the gate region is. Based on
the measured capacitance—voltage and current—voltage curves, the strain of the AlGaN barrier layer in the gate region is
calculated, which proves that the increased electron density originates from the increased strain of the AlGaN barrier layer.
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1. Introduction

Because of the high electron mobility and high break-
down electric field, AlGaN/GaN heterostructure field-effect
transistors (HFETs) have been an outstanding candidate for
applications in high-frequency and high-power fields.!':?! Tn
order to take full advantage of the material properties, ad-
vanced device structures and device processing, such as field
plate, passivation, T-gate, recessed-gate, and back barrier, have
been widely used. 37!

A floating gate (FG), located in free-contact areas, can
be used to enhance the breakdown voltage.!®°1 An appropri-
ate gate annealing temperature can change the strain of the
AlGaN barrier layer and improve the electrical properties of
AlGaN/GaN heterostructure field-effect transistors.!!%] How-
ever, the AlGaN/GaN heterostructure field-effect transistors
with post-annealed FG have hardly been reported.

In this paper, a novel AlIGaN/GaN heterostructure field-
effect transistor by employing a post-annealed floating gate
is fabricated. Using the measured current—voltage (I-V)
and capacitance—voltage (C-V) characteristics, the effect of
the post-annealed floating gate on the performance of the
AlGaN/GaN heterostructure field-effect transistor is investi-

gated.

2. Experiments

The AlGaN/GaN heterostructure was grown by molec-
ular beam epitaxy (MBE) on a sapphire substrate. The epi-
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taxial structure consists of an Aly24Gag 76N (14.9 nm) bar-
rier layer, an AIN (1 nm) interlayer, a GaN (1.5 pm) channel
layer, and an AIN (100 nm) buffer layer. Hall measurement
shows a sheet electron density (nyp) of 9.89 x 102 cm~2 and
an electron mobility (i) of 2068 cm?/V-s. Device processing
began with device isolation by utilizing Cl,/BCl3 inductively
coupled plasma (ICP) etching. Ti/Al/Ni/Au was deposited and
annealed at 850 °C for 40 s in a rapid thermal annealing (RTA)
system to form the source and drain ohmic contacts. After that,
Ni/Au FGs were deposited and subsequently annealed in the
same rapid thermal annealing system for 40 s. For the remain-
ing property of the ohmic contact (especially considering that
the melting point of aluminum in the ohmic contact is about
660 °C), the floating gate (FG) annealing temperatures were
chosen as 200 °C, 400 °C, and 600 °C, respectively. Finally,
the Ni/Au gate Schottky contact was located in the middle of
the source and drain contacts.

As shown in Fig. 1, the gate length (Lg) is 10 um, the
gate width (W) is 100 um, the source-drain spacing (Lsp) is
60 pm, and the FG-gate spacing (Lgg—_g) is 5 um. The float-
ing gates are symmetrically located on each side of the gate,
and their lengths (Lgg) are O pm, 5 pm, 10 um, and 15 pm,
which are marked as sample 1, sample 2, sample 3, and sam-
ple 4, respectively. The C-V measurements were performed
using an Agilent B1520A at 1 MHz; the /-V measurements
were performed using an Agilent BIS00A semiconductor pa-

rameter analyzer.

*Project supported by the National Natural Science Foundation of China (Grant Nos. 11174182, 11574182, and 61674130).

fCorresponding author. E-mail: linzj @sdu.edu.cn
© 2017 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

127102-1


http://dx.doi.org/10.1088/1674-1056/26/12/127102
mailto:linzj@sdu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B  Vol. 26, No. 12 (2017) 127102

50

Sample 1

60 50

100

Sample 3

60 50

100

100

Sample 4

Fig. 1. (color online) Top views for the four samples with the sizes being in units of micrometer.

3. Results and discussion

Using the transmission line method (TLM), the values of
specific resistivity pc for the samples after FG RTA processing
(0 °C, 200 °C, 400 °C, and 600 °C) are obtained and shown
in Fig. 2. The increase of the pc is caused by the degradation
of the ohmic contact surface morphology. 'l The increase
of the pc can be attributed to forming more TiN after further
annealing, which can further reduce the barrier height of the

ohmic contact and also the ohmic contact resistance.!'!)

10

o]
T

o
T

pc/1075 Q-cm?
A

N
T

0 2(I)O 4(I)O 6(I)0
FG RAT temperature/°C
Fig. 2. Variation of specific resistivity pc with floating gate annealing
temperature.
The I-V output characteristics for the four samples after
FG RTA processing are shown in Fig. 3. The transfer charac-
teristics for the four samples after FG RTA processing are mea-
sured as shown in Fig. 4. It is apparent after FG RTA process-
ing that the samples retain excellent output and transfer char-
acteristics. Figure 5 shows the C—V curves of the gate Schottky
contacts for the samples after FG RTA at different tempera-
tures. Co = € - €a1GaN * SG/dA1GaN, Where Cp is the measured
capacitance value at zero gate bias for the Schottky contact,

& is the vacuum permittivity, €ajgan 1S the relative permit-

tivity of the AlGaN barrier layer, Sg is the Schottky contact
area, and dajGan is the thickness of the AlGaN barrier layer.[!?]
The relative permittivity, which is closely related to the spon-
taneous polarization and piezoelectric polarization in the Al-
GaN/GaN HFETs, can be changed by the device processing,
such as ohmic contacts and Schottky contacts.!!>!3] The ther-
mal stress can also affect the relative permittivity.!!*-'%! Hence
the capacitance difference among the four samples after FG
RTA processing should originate from the variation of the rel-
ative permittivity. This also means that the FG RTA process-
ing can change the relative permittivity of the AlGaN barrier
layer. By integrating C-V curves, the two-dimensional elec-
tron gas (2DEG) electron density nop in the gate region can
be obtained as shown in Fig. 6.!'7! For the devices without FG
RTA (also called as-deposited) or after FG 200 °C RTA, the
values of nyp for the four samples are almost the same. After
FG 400 °C RTA, the values of n;p for these samples begin to
show a little difference. This difference in value of nyp be-
comes significant after FG 600 °C RTA, and at this annealing
temperature the nyp increases with FG length increasing. This
means that the FG structure has an important influence on n;p
after FG 600 °C RTA. This variation of nyp after FG 600 °C
RTA can be explained as follows.

The 2DEG is induced by the spontaneous and piezoelec-
tric polarization in the AIGaN/GaN heterostructure.!'®191 The
alloy composition, barrier layer thickness, and barrier layer
strain can influence the value of n,p. Because these samples
are fabricated on the same AlGaN/GaN heterostructure mate-
rial, the alloy composition and the barrier layer thickness are
uniform. Therefore, the difference in the value of nyp in the
gate region after FG 600 °C RTA likely originates from the
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variation of the strain of the AlGaN barrier layer.
Using the measured /-V and C-V characteristics of the
Schottky contacts, we can calculate the total polarization sheet

charge density Gjo as follows: [10:20]
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Here nopg is the 2DEG electron density corresponding to 0 V
gate voltage, Vp is the flat-band voltage, n; is the ideality fac-
tor. The V;y and n; can be obtained from the forward /-V char-
acteristics of the gate—source Schottky diode.!?!?*l The for-
ward /-V characteristics of the gate Schottky contacts for the
four samples after FG 600 °C RTA are measured as shown in
Fig. 7.
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Fig. 3. (color online) Variations of measured /-V output characteristics for the four samples after FG RTA processing.
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Fig. 4. (color online) Measured transfer characteristics for the four samples after FG RTA processing.
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Fig. 5. (color online) Measured C-V curves for the four samples after FG RTA.
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Fig. 6. (color online) Obtained values of nyp under different gate biases for the four samples after FG 200 °C.
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Fig. 7. (color online) Forward /-V characteristics of the gate Schottky
contacts for the AIGaN/GaN HFETs after FG 600 °C RTA.

Based on the obtained Gy, and the polarization effect
of the AlGaN/GaN heterostructures, the strain of the AIGaN
barrier layer can be determined from 18]

Ototal = Ps(i’DaN - ( é]}GaN + PIJAéGaN)’ (2)
PL =N = —0.090x — 0.034(1 — x) +0.019x(1 —x), (3)
- c

PAIGN _ 290 (631 - 63313) ; “

PE ap Cs3

a—ap
= ) (5)
ap

Here, Psp and Ppg refer to the spontaneous polarization and
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piezoelectric polarization, respectively; ag and a represent the
a-axis lattice constants of the unstrained AlGaN and of the
strained AlGaN, respectively; e3; and es33 are the piezoelec-
tric coefficients; C3 and Cs3 are the elastic constants; € is the
a-axis in-plane strain of the AlGaN barrier layer.

The measured and calculated parameters of the four sam-
ples after FG 600 °C RTA are shown in Table 1. Table 1 shows

that with the increase of the floating gate length, the strain of
the barrier layer rises, even reaches a value more than twice
the strain of the barrier layer when Lgg = 10 pm. This means
that the floating gate after 600 °C RTA can enhance the strain
of the AlGaN barrier layer in the gate region. The larger the
floating gate length is, the larger the strain under the gate re-
gion is.

Table 1. Measured and calculated parameters of the four samples after FG 600 °C RTA.

After FG 600 °CRTA  mapo/10'm=2  Co/107'2F  Vo/V  nmi Oiowr/1072(C/m™2)  PRIGN/1073 (C/m?)  ¢/%
Sample 1 6.48 4.05 1.004  3.349 1.17 -1.612 0.107
Sample 2 6.77 4.18 0.535 2528 1.18 ~1.746 0.116
Sample 3 7.41 4.52 1.158  3.649 1.32 -3.319 0.220
Sample 4 7.49 4.57 0.989 3.108 1.35 —3.468 0.230

During FG 600 °C RTA, the gate metal atoms (Ni and
Au) are at high temperatures and have large energy. The
high-energy metal atoms can diffuse into the AlGaN barrier
layer and then destroy the lattice structure in the FG region.
This destruction of the lattice structure means that the sponta-
neous and piezoelectric polarization in the AIGaN barrier layer
decrease.!1%23] The decrease of the polarization effect makes
the tensile strain in the FG region weaker. Consequently,
due to the decrease of the tensile strain, the lattice constant
of the AlGaN barrier layer in the FG region decreases. Be-
cause of the lattice continuity, the lattice in the gate region can
be stretched by the contractive lattice in the FG region. The
stretched lattice in the gate region results in the increase of the
strain. As the FG length increases, the number of FG metal
atoms increases with the FG area increasing. During the an-
nealing processing, there are more FG metal atoms which can
diffuse into the AlGaN barrier layer. The increase of the dif-
fused metal atoms can further destroy the lattice structure and
reduce the lattice constant in the FG region, which can enhance
the lattice stretch in the gate region and increase the strain of
the AlGaN barrier layer. Therefore, the strain in the gate re-
gion can increase with the FG length increasing. For sample
2 with Lrg = 5 um, the FG length is not big enough to affect
the strain in the gate region, and the increase of strain is less.
For sample 3 with Lrg = 10 pum, the FG length is big enough
to change the strain in the gate region, and the sample has
the largest strain increase. Because the AlGaN barrier layer is
clamped by the GaN channel layer, the increase of strain can
be limited after reaching a big enough value, leading to the
fact that the increase of strain for sample 4 with Lgg = 15 pm
is smaller than that for sample 3 with Lrg = 10 pm.

The increase of the strain can cause the increase of the
electric field across the AlGaN barrier layer. The electrons in
the surface states are identified as the source of the 2DEG elec-
trons in the channel.['”) The surface electric potential energy
can be lifted by the increased electric field. More electrons in

the surface state are then able to transfer from occupied sur-
face states to empty conduction band states at the interface,
leading to the fact that the electrons in the triangular potential
well are increased.

4. Conclusions

In this work, the AIGaN/GaN HFETs with different FG
lengths and different FG annealing temperatures are fabri-
cated. It is found that for the AlIGaN/GaN HFETs after FG
600 °C RTA, the larger the FG length, the larger the value of
nop in the gate region is. Based on the measured C-V and I-
V curves, the strain of the AlGaN barrier layer is determined,
which proves that the increased nop originates from the in-
creased strain. It offers a possible approach to improving the
performance of AIGaN/GaN HFET with a post-annealed float-
ing gate structure.
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