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In this paper, we adopted thermally stable HfO;N, as gate dielectric for TiN/HfO,N,/AlGaN/GaN heterostructure
field-effect transistors (HFETSs) application. It demonstrated that the surface morphologies, composition, and optical prop-
erties of the HfO,N,, films were dependent on oxygen flow rate in the O»/N,/Ar mixture sputtering ambient. The obtained
metal-oxide—semiconductor heterostructure field-effect transistors by depositing HfO, and HfO,N,, dielectric at different
oxygen flow rates possessed a small hysteresis and a low leakage current. After post deposition annealing at 900 °C, the
device using HfO;N,, dielectric operated normally with good pinch-off characteristics, while obvious degradation are ob-
served for the HfO, gated one at 600 °C. This result shows that the HfO,N, dielectric is a promising candidate for the

self-aligned gate process.

Keywords: AlGaN/GaN HFET, gate dielectric, HfO,N,, thermal stability
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1. Introduction

AlGaN/GaN heterostructure field-effect
(HFETs) have attracted many attentions for power and mi-

transistors

crowave applications due to the high mobility of the two-
dimensional electron gas (2DEG).[!?! To achieve high-gain
millimeter-wave power amplification, a key challenge is to in-
crease the maximum cut-off frequency (ft). Self-aligned gate
(SAG) structure is an effective method to minimize the ac-
cess region (access resistance) of AlGaN/GaN HFETs, which
is beneficial for achieving higher fr.’] In a SAG structure,
the Schottky gate serves as mask for ohmic electrode deposi-
tion and anneals simultaneously with ohmic electrodes. The
widely used Ti/Al-based multilayers on AIGaN/GaN HFETs
need a high annealing temperature (commonly above 700 °C)
to form ohmic contact, which usually causes a high gate leak-
age current of the Schottky contact and degrades the noise
handling capacity.*! One of the solutions is to develop a low
temperature ohmic process (below 600 °C) with the assistance
of inductivity coupled plasma (ICP) treatment, but it is difficult
to control the etching depth and uniformity.!>! On the other
hand, metal-oxide—semiconductor (MOS) HFETs with gate
dielectric are helpful to decrease the gate leakage current. To
meet the SAG process requirement, the dielectric should with-
stand the high annealing temperature. Besides, to scale down
the gate length as well as the dielectric thickness for higher
frequency, we usually adopt high dielectric constant (high-k)

DOI: 10.1088/1674-1056/27/7/078503

gate dielectric to suppress the serve leakage current.!’"]

Among the various gate dielectrics, hafnium oxide
(HfO,) possesses high-k, wide bandgap, and acceptable band
offsets with GaN (AEc =2.0eV and AEy = 0.3 eV), has been
extensively investigated as a promising candidate.!'%-2] How-
ever, the crystallization temperature of the HfO; film is usually
close to 500 °C, which means that the microcrystalline struc-
ture appears after ohmic annealing at high temperature. 3]
Then oxygen or dopants from the environment can easily dif-
fuse into the gate dielectric via grain boundaries, leading to the
increasing leakage current, threshold voltage (Vy,) instability,
and long-term dielectric reliability degradation. 4!

Recently, many studies focused on the hafnium oxynitride
film (HfO,N,) by incorporating nitrogen into HfO,. The exis-
tence of Hf—N bond in the bulk and N at the dielectric/GaN in-
terface could act as a crystallization inhibitor, distort the equi-
librium of the lattice, produce disordered states, and improve
the thermal stability (crystallization temperatures up to 800—
950 °C).!!5-171 Because oxygen exhibits a stronger reactivity
to Hf than nitrogen, we should control the oxygen flow rate
to guarantee the excellent properties of HfO,N, dielectric.[1®]
Therefore, it is worthwhile to further study electrical and ma-
terial characterizations of HfON, film. Herein, we tried to
obtain HfO,N, film by optimizing the oxygen percentage in
the N»/Ar mixture sputtering ambient. Then we also explored
the thermal stability of the TiN/HfO,N, gate stack structure.
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2. Device fabrication

The epitaxial wafers used in this experiment are Al-
GaN/GaN HFETs grown on sapphire substrates by metal or-
ganic chemical vapor deposition. The device fabrication pro-
cess started from ICP isolation with an etching depth of
100 nm. Ti/Al/Ti/Au (50/200/40/40 nm) multi-layers were
used to form ohmic contact by annealing at 850 °C for 3 min
in N». After gate pattern lithography, samples were immersed
in diluted HCI (HCI:H,O = 1 : 1) for over 5 min to remove
the native oxide layer. A HfO,N, layer with a nominal thick-
ness of 50 nm was deposited using reactive sputtering in a
N3, O,, and Ar mixture ambient environment (Hf target with
Ar:N:0=15:15wx,x=0, 1, 3, and 5 sccm). A relatively
smaller oxygen flow rate was selected because of the hafnium
metal is easy to be oxidized. To investigate the thermal stabil-
ity, the HfO,N, layer was annealed in N, ambient at 400, 600,
800, 900, and 1000 °C for 1 min, respectively. The TiN gate
electrode (about 50 nm) with a cap layer of Ti/Au (10/40 nm)
was formed by DC magnetron reactive sputtering, as shown in
Fig. 1. Finally, post-deposition anneal was conducted in a Nj
ambient at 300 °C for 10 min to improve the contact.

Ti/Au
TiN
S HfO,N, D
i-GaN 2—3 nm

i-Alo}zGaO'gN 25 nm

i-GaN 2 ym

Fig. 1. (color online) The schematic structure of AlGaN/GaN MOS
HFETs using HfO,N, gate dielectric.

3. Results and discussion

First, HfO,N, films are deposited on sapphire substrates
to evaluate the effect of oxygen flow rate on the structure and
properties. The surface morphologies and the growth rates
of HfO,N;, films are characterized using atomic force micro-
scope. When introducing a low flow rate of oxygen (0 and
1 sccm), the surface of the samples consist with high den-
sity and small size particle (Figs. 2(a) and 2(b)). The root
mean square roughnesses (RMSs) of those samples are ap-
proximately 0.12 and 0.13 nm, respectively. The particle size
increased obviously for the sample deposited with a medium
oxygen (3 sccm) (Fig. 2(c)), but the surface is still flat with
a RMS of approximately 0.12 nm. Finally, the film obtained
with 5 sccm oxygen showed the most rough morphology with
a RMS of approximately 0.29 nm. Besides, obvious pits ap-
peared on the surface, implying that the growth mode changed

seriously. We calculated the average sputtering rates from di-
viding the total film thickness by the deposition times. The
rates are approximately 0.83, 0.66, 0.56, and 0.42 nm/min with
the oxygen flow rate of 0, 1, 3, and 5 sccm, respectively. When
introducing oxygen into the chamber, the decrease of sput-
tering yield as well as the oxidation of the Hf target surface
causes the decrease of sputtering rate. At a relatively low oxy-
gen flow rate, the oxidation of the Hf target is very weak. The
sputtered Hf atoms on the substrate surface have enough time
to diffuse and react under a lower sputtering rate, resulting in
a better surface roughness. While at a relatively high oxygen
flow rate, the oxidization of metal target surface is much easier
by oxygen because of the high bonding energy between oxy-
gen and hafnium. Therefore, the sputtered HfO, on the sub-
strate is relatively difficult to diffuse, which will deteriorate
the film quality and cause the pit defect.

Fig. 2. (color online) The 5 pumx5 pum scaled surface morphology of
the as-grown films with O, flow rate of (a) O sccm, (b) 1 sccm, (c)
3 scem, and (d) 5 scem.

The bonding status of the HfO,N,, films were evaluated
by x-ray photoelectron spectroscopy (XPS).!°-2!l The Hf4f
core level (CL) spectrum of the sample deposited without oxy-
gen is dominated by two peaks at 14.4 eV and 16.0 eV, which
agrees well with the reported values for HfN (Fig. 3(a)). The
weak peak at around 17.5 eV may result from the surface
oxidation due to the air exposure. Furthermore, the N-Hf
peak at 396.7 eV in N1 s CL spectrum (Fig. 4(a)) and no de-
tectable peak in Ol s CL spectrum (Fig. 5(a)) also confirm
the above result. While for the sample deposited with 1 sccm
oxygen, the Hf4f CL spectrum (Fig. 3(b)) has three obvious
peaksat 16.2eV, 17.1 eV, and 18.6 eV. The corresponding O1 s
spectrum (Fig. 5(b)) shows two peaks at the binding energy of
530.5 and 531.1 eV. The peaks at 16.2 eV and 531.1 eV as well
as the weak peak at 396.0 eV in N1 s CL spectrum (Fig. 4(b))
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are assigned to the HfO,N, phase. Besides, the two peaks at
17.1 eV and 18.6 eV originate from Hf bounded to oxygen.
This also can be confirmed from the Hf4f CL spectrum of the
sample deposited with 5 sccm oxygen, in which two peaks
at 17.2 eV and 18.9 eV dominate the spectrum (Fig. 3(c)).
Furthermore, an enhanced peak at 530.5 eV dominating the
O1 s CL spectrum (Fig. 5(c)) as well as weak peak in N1 s CL
spectrum (Fig. 4(c)) indicates that HfO, becomes the domi-
nate phase with 5 sccm oxygen because of the higher bonding
energy between oxygen and hafnium.

O =0 sccm

Intensity/arb. units

12 14 16 18 20 22
Binding energy/eV

Fig. 3. (color online) The fitted Hf4f spectra for the samples obtained
with different oxygen flow rates.

c) O =5 sccm

Intensity/arb. units

394 395 396 397 398 399
Binding energy/eV

Fig. 4. (color online) The fitted N1s spectra for the samples obtained
with different oxygen flow rates.

Ols O =0 sccm
(a)
o ° o

Intensity/arb. units

528 530 531 532 533 534

Binding energy/eV

Fig. 5. (color online) The fitted Ols spectra for the samples obtained
with different oxygen flow rates.

UV-vis diffuse reflectance spectrophotometer (UV-vis
DRS) was used to study the optical absorption properties of the
HfO,N, films. The optical absorbance decreased significantly
with the increasing oxygen flow rate. Then the absorbance (A)

of samples are calculated as

where R is the measured reflectance. Figure 6 shows that all
films exhibit an absorption tail near 230 nm and no absorption
in the visible region. By applying the following Tauc model
and the Davis and Mott model, we obtained the optical band
gap (E,) of the films from the absorption edge!?”!

ahv = D(hv—E,)", 2)

where « is absorption coefficient, hv is the photon energy, D
is a constant, and Ej is the optical band gap. Here, the value
was calculated using the absorbance instead of the absorption
coefficient without obvious effect on the band gap value. We
obtained the E, value from extrapolating the linear part to the
zero absorption coefficients. As shown in inset of Fig. 6, the
band gap of the films decreases from 5.55 eV to 5.19 eV with
increasing oxygen flow rate from 1 to 5 sccm. One possible
reason is that the oxygen incorporation will lead to the deterio-
ration of crystalline structure. Combining those material prop-
erties, HfO,N, film deposited with 1 sccm oxygen is chose for
device fabrication.

20
(b)
L 0.8} (a)
. —— 02=1 sccm
";f 0.6 —— 03 =3 sccm
15+ %04 —— 02=05 sccm
2
<
~ 0.2
>
< 0
o 10k 200 300 400 500
A Wavelength/nm
<=
<
-
Oxygen flow Bandgap
rate/sccm /eV
5 -
1 5.55
3 5.27
5.19
0
4.5 5.0 5.5 6.0

hv/eV

Fig. 6. (color online) The UV-vis spectra of HfO,N,, films deposited
using different oxygen flow rates.

Figure 7 shows the output and gate leakage characteristics
of the devices with and without HfO,N, dielectric (gate length
is 100 um and gate width is 200 um). The gate voltage swept
from —10 to 1 V with a step of 1 V. All of the devices oper-
ate well with the saturation current exhibiting a negative con-
ductance at large drain voltage due to the self-heating and the
decreased electron mobility (Fig. 7(a)). The maximum drain
current density of MOS HFETs is larger than that of TiN-gated
one because of the negative shift of Vi,. As shown in Fig. 8(a),
Vin for the Schottky contact, HfO,, and HfO,N, MOS HFETs
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are approximately —3.0, —5.0, and —7.0 V, respectively. The
corresponding gate current—voltage (I;—V;) characteristics of
the square-type device also shows that the TiN gated HFETSs
has a reverse leakage current of about 10°°A (Fig. 7(b)). Then
the gate leakage current decreases nearly four orders of mag-
nitude in reverse bias and approximately five to six orders of
magnitude in forward by introducing the HfO, and HfO\N,,
dielectric. Furthermore, the HfO,N, MOS HFETSs has much
lower forward current compared with the HfO, MOS HFETs,
which suggested that the HfO,N, film is more suitable for the
gate dielectric material. However, the transconductance (Gm)
of the MOS HFETs is slightly smaller than the Schottky-gated
device, owing to the increase of distance between the gate
electrode and channel (Fig. 8(b)). The permittivities of the
oxide estimated from the capacitance—voltage curves on FAT-
FETs are approximately 12.1 and 10.5 for HfO,N, and HfO,
respectively. Those values are relatively smaller than the the-
oretical value. The possible reasons are that the crystalline
quality is not so good for the sputtered oxide and the real ox-
ide thickness maybe thicker than the nominal one. The inter-
face state information is obtained from the subthreshold swing
(S8S) value of the device. As calculated from transfer char-
acteristics, the SS values of the HfO,N, MOS HFET and TiN
HFET are around 161.2 and 100 mV/decade, respectively. The
corresponding capacitance of the MOS HFET and HFET are
approximately 46.9 pF and 98.6 pF, respectively. Therefore,
the interface density (Dj) of MOS HFET is approximately
2.87x 102 cm=2. eV~

Qo
o

104

=)
o

10-6

10-8

Gate current/A

[N~}
o

10-10

Drain current/mA-mm~!
N
S

L 1012

-8 —4 0 4
Gate voltage/V

0 5 10 15 20
Drain voltage/V

Fig. 7. (color online) (a) The output and (b) gate leakage characteristics
of TiN-gated HFETs and MOS HFETs.

To evaluate the thermal stability of the HfO,N,, and HfO,
MOS HFETs, we measured the [-V characteristics of the
devices after post deposition annealing at different temper-
atures (Fig. 9). Figure 9(a) shows a typical output charac-
terization of the HfO,N, devices before and after annealed
at different temperatures. The device operates well and the
output current is comparable with that of the non-annealed
one. Figure 9(b) shows the corresponding I;—V, characteris-
tics at different annealing temperatures. The forward leakage

increases gradually with the increasing annealing temperature
from 400 to 900 °C, while the reverse leakage is nearly 10~° A
and increases obviously only at 900 °C, which illustrates that
HfO,N, dielectric has a very good thermal stability. Further
increasing the annealing temperature to 1000 °C, the pinch-off
characteristic of the device deteriorates with a large leakage
current. As a comparison, the output characterization of HfO,
MOS HFETs device after annealing at 600 °C presents obvi-
ous leakage current, as shown in Fig. 10. The leakage current
of HfO, MOS HFETs deteriorates seriously after annealing at
400 °C (Fig. 10(b)), which is a little higher than that of the
HfO,N,-gated MOS HFETSs at an annealing temperature of
800 °C. A possible reason is that the crystallization tempera-
ture of HfO,Nj, film is enhanced from approximately 500 °C
(HfO,) to approximately 900 °C, resulting in a better thermal
stability.!'17]' As shown in the UV spectrum, the relatively
smaller bandgap of HfO,N, should cause the decrease of
AEy. However, the leakage current and the thermal stabil-
ity of the HfO;N, are better than the HfO,. Therefore, the
band structure may not determine the high temperature sta-
bility. Generally, it demonstrates that adding nitrogen results
in the reduction of the mobility of Hf and O atoms and the

Gm/ms-mm~!

Drain current/mA-mm~!

-8 —4 0
Gate voltage/V

Gate voltage/V

Fig. 8. (color online) The transfer characteristics of the TiN-gated
HFETs and MOS HFETs devices.

100

W [} 0]
o o o

Gate current/A

[\~}
[e=]

Drain current/mA-mm~!

0 5 10 15 20 -8 -4 O 4

Drain voltage/V Gate voltage/V

Fig. 9. (color online) (a) The output characteristic of the HfO, N, MOS
HFETs before and after annealing, and (b) the gate leakage annealed at
different temperatures.
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maintaining of amorphous structure. Besides, the Hf—N bond-
ing is effective in blocking the oxygen diffusion. Therefore,
the HfO,N, is believed to increase the nucleation temperature
and consequently the crystalline temperature, resulting in an

improved thermal stability. [>]

ut =)
e o]

W~
o

[\~)
=]

Gate current/A

—_
o

Drain current/mA-mm~!
w
o]

Drain voltage/V

Gate voltage/V

Fig. 10. (color online) (a) The output characteristic of the HfO, MOS
HFETs before and after annealing, and (b) the gate leakage annealed at
different temperatures.

4. Conclusion

We fabricated TiN/HfO.N,/AlGaN/GaN MOS HFETs
with different oxygen flow rates in the reactive sputtering am-
bient. The composition of films changed from HfN to HfO,
domination with the increasing oxygen flow rate and HfO,Nj,
formed at a medium oxygen flow rate. Compared with HfO,
MOS HFETs, the introduction of the HfO,N,, dielectric results
in a negative shifting threshold voltage and a lower leakage
current. After post deposition annealing at different tempera-
tures, the devices using HfO,N,, dielectric show good thermal
stability at 900 °C, while obvious degradation are observed
for the HfFO, MOS HFETs at 600 °C. A possible mechanism

is that the existence of Hf—N bond in bulk dielectric and N at
the dielectric/GaN interface can help to improve the thermal
stability.
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