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The N2O radicals in-situ treatment on gate region has been employed to improve device performance of recessed-
gate AlGaN/GaN high-electron-mobility transistors (HEMTs). The samples after gate recess etching were treated by N2O
radicals without physical bombardment. After in-situ treatment (IST) processing, the gate leakage currents decreased by
more than one order of magnitude compared to the sample without IST. The fabricated HEMTs with the IST process show a
low reverse gate current of 10−9 A/mm, high on/off current ratio of 108, and high fT×Lg of 13.44 GHz ·µm. A transmission
electron microscope (TEM) imaging illustrates an oxide layer with a thickness of 1.8 nm exists at the AlGaN surface. X-ray
photoelectron spectroscopy (XPS) measurement shows that the content of the Al–O and Ga–O bonds elevated after IST,
indicating that the Al–N and Ga–N bonds on the AlGaN surface were broken and meanwhile the Al–O and Ga–O bonds
formed. The oxide formed by a chemical reaction between radicals and the surface of the AlGaN barrier layer is responsible
for improved device characteristics.

Keywords: AlGaN/GaN, high-electron-mobility transistors, low gate leakage, radio frequency, radical treat-
ment

PACS: 73.40.Kp, 81.05.Ea, 85.30.De, 85.30.Tv DOI: 10.1088/1674-1056/ac48fb

1. Introduction
As a typical representative of the third generation semi-

conductors, gallium nitride (GaN) is widely used in high fre-
quency, high voltage, high power, and many other fields due
to its superior material characteristics.[1–5] For many years, re-
cessed gate process has been widely used in the fabrication of
GaN-based devices. However, in the process of plasma etch-
ing gate recess, it often suffers from either serious etching
damage or large device leakage current.[6–8] In order to im-
prove the device characteristics, different interface treatment
methods after recess etching have been widely studied, such as
annealing after recess etching,[9] plasma treatment,[10–12] so-
lution treatment,[13,14] and so on. Mi et al. used N2O plasma to
treat the interface by plasma-enhanced chemical vapor depo-
sition (PECVD).[15] Chiu et al. employed reactive ion etching
(RIE) to produce N2O plasma for oxidizing the interface of the
device.[16] Therefore, N2O has become popular for improving
the interface quality in the fabrication process of GaN-based
devices.[17,18] However, high temperature annealing could not
only increase the complexity of the process, but also activate
deep level defects and exacerbate current collapse.[19] Solution
treatment also has to face the challenge of environmental prob-
lems. Moreover, physical bombardment resulting from nega-
tive self-bias voltage is inevitable in the process of PECVD
and RIE plasma treatments, which will weaken the suppres-

sion of gate leakage current.[11,18] Therefore, an interface pro-
cessing method with no or little physical bombardment is ur-
gently needed to enhance the suppression effect of gate leak-
age current.

The surface damage caused by physical bombardment
can be effectively avoided in the process of interface treatment
by inductively coupled plasma (ICP) plasma. The ICP etching
system consists of two RF power sources with the frequency
of 13.56 MHz. When only the ICP coil power is turned on
and the ICP bias power is set to zero, there is no self-bias volt-
age, since the charged particles are not accelerated in the di-
rection towards the wafer, in these conditions. This plasma is
mainly composed of unionized molecules, various electrically
neutral radicals and charged particles. Among them, the radi-
cals have the most active chemical activities without bombard-
ment effect, and the chemical reactions of plasma are mainly
the contribution of these active radicals.[20] Therefore, radicals
produced by ICP can be utilized as a new interface treatment
method.

In this work, we propose the N2O radicals in-situ treat-
ment (IST) on gate region to reduce the gate leakage current
of gate recessed AlGaN/GaN high-electron-mobility transis-
tors (HEMTs). After gate recess etching by chlorine, the sam-
ple were treated by N2O radicals in etcher. Compared with
the sample without IST, the gate leakage current of the sam-
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ple after IST processing decreased by more than one order
of magnitude. The fabricated HEMTs with gate length of
0.6 µm after the IST process show a low reverse gate current
of 2.4× 10−9 A/mm, high on/off current ratio of 3.6× 108,
and high fT × Lg of 13.44 GHz · µm. An oxide layer with
a thickness of 1.8 nm exists on the AlGaN surface accord-
ing to the transmission electron microscope (TEM) imaging.
X-ray photoelectron spectroscopy (XPS) measurement shows
that the content of the Al–O and Ga–O bonds increased af-
ter IST, indicating that the Al–N and Ga–N bonds on the sur-
face were broken and meanwhile the Al–O and Ga–O bonds
formed. The oxide formed by a chemical reaction between
radicals and the surface of the AlGaN barrier layer is respon-
sible for improved device characteristics.

2. Device fabrication
As illustrated in Fig. 1(a), the HEMT in this work is com-

posed of AlN nucleation layer, GaN buffer layer (1.5 µm),
unintentionally doped GaN channel, AlN insert layer (1 nm),
Al0.24Ga0.76N barrier layer (22 nm) and GaN cap layer (2 nm)
grown by MOCVD on sapphire substrate. Room-temperature
Hall measurements showed an electron sheet concentration of
8.16×1012 cm−2 and a mobility of 1937 cm2/V·s.

GS D
SiN

2-nm GaN/22-nm AlGaN  

GaN

AlN

Sapphire substrate

N2O radical treatment
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Fig. 1. (a) Schematic cross section of the proposed AlGaN/GaN HEMTs
and (b) Scanning transmission electron microscopy image on a cross-section
from the IST sample in the gate interface region.

The process flow started with a Ti/Al/Ni/Au ohmic con-
tact deposited by electron beam evaporation, followed by an-
nealing at 840 ◦C for 30 s in nitrogen ambient. Then the device
isolation was achieved by BCl3/Cl2 based etching with the
etching depth of 140 nm. The measured ohmic contact resis-
tance was 0.42 Ω·mm using transmission line model (TLM).
A 60-nm SiN passivation layer was deposited with PECVD,
and the gate foot was defined by photolithography. After the
SiN layer under the gate electron was removed by CF4-based
plasma, gate recess was performed by BCl3/Cl2-based plasma
with ICP, of which total etching depth is 74.5 nm by atomic
force microscope (AFM). Two control groups were set. The
sample A without IST process served as a control group after
gate recess etching, and the sample B was treated by N2O rad-
ical to react with the AlGaN surface in high vacuum reaction
chamber of ICP for 20 minutes. The ICP source power and the
bias power were applied by 200 W and 0 W, respectively. The

chamber pressure was 15 mTorr (1 Torr = 1.33322× 102 Pa)
with the N2O flow rate of 60 sccm. And the temperature of
chuck was 40 ◦C. There was no DC-bias voltage in the en-
tire IST process. In the gate region of sample B, a 1.8-nm
oxide layer was obtained as shown in Fig. 1(b). An Ni/Au
(45 nm/120 nm) gate metal was deposited by electron beam
evaporation after gate head lithography. In the whole pro-
cesses, the two samples have the same process conditions ex-
cept the IST time. The two types of HEMTs have a gate
width of 50 µm, gate–source spacing of 1.4 µm, gate length
of 0.6 µm, and gate–drain spacing of 2.8 µm. In addition,
a circular shape Schottky barrier diode (SBD) with an anode
radius of 65.0 µm were used for the capacitance–voltage mea-
surements.

3. Results and discussion
The surface morphology of two samples in gate region

scanned by AFM is shown in the Fig. 2(a) (sample A) and
2(b) (sample B). After IST, the surface roughness in terms of
root mean square (RMS) changes from 0.336 nm to 0.286 nm,
which shows IST process does not deteriorate the surface mor-
phology of AlGaN layer.

(a) Sample A 

RMS: 0.336 nm

(b) Sample B 

RMS: 0.326 nm

Fig. 2. The morphology of recess gate with (a) no IST (sample A) and (b)
IST (sample B) by AFM scanning (5 µm×5 µm).

The transfer I–V and output characteristics of the two de-
vices at Vd = 10 V are compared as illustrated in Figs. 3(a)
and 3(b). Table 1 shows the threshold voltages (Vth), peak
transconductance (Gmmax) and ION/IOFF of the two kinds of
HEMTs. The Vth is defined as the gate-bias intercept of the
linear extrapolation of drain current at the peak transconduc-
tance. It is found that the Vth of sample A is −1.6 V and that of
sample B is −1.3 V which is floating forward by 0.3 V. This
is because that the effective thickness of the barrier layer de-
creases due to the oxidation of 1.8-nm AlGaN on the surface
of the barrier layer by IST (as shown in Fig. 1(b)).[21] At Vg

of −6 V, the drain leakage currents for two types of HEMTs
are 5.3× 10−9 and 1.7× 10−7 A/mm with and without IST
respectively. The corresponding ION/IOFF ratio increases by
more than one order of magnitude. Figure 3(b) compares the
output characteristics of two types of HEMTs, at a gate voltage
of −6 V∼ 2 V and step of 1 V. It is found that the on-resistance
of the devices are the same as 2.8 Ω·mm and 2.7 Ω·mm
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for samples A and B respectively. And the saturation out-
put currents of two kind of HEMTs were 905 mA/mm and
875 mA/mm. After IST, the on-resistance decreases slightly.
The on-resistance of HEMT can be expressed by the following
expression:

Ron-total = 2Rcon +Rgs +Rrecess +Rgd, (1)

where Ron-total is the total on-resistance, Rcon is the ohmic con-
tact resistance determined by transfer line method, Rgs is the
channel resistance between gate and source, Rgd is the chan-
nel resistance between gate and drain, and Rrecess refers to the
channel resistance under the gate. Judging from the TLM anal-
ysis, the contact resistance (Rcon) and block resistance (R�)
for the HEMTs without IST are the same as the ones for the
HEMTs with IST. Thus, Rcon, Rgs, and Rgd remain unchanged
during IST because of the constant Rcon and R�. And the vari-
ation of Ron-total depends on Rrecess. This means that the gate
resistance of the HEMTs does not degenerate after IST. Fig-
ure 3(c) shows the gate Schottky characteristics of the two de-
vices. When Vg = −10 V, the gate leakage current decreases
from 1.8×10−7 A/mm before IST to 2.4×10−9 A/mm, which
reduces by more than one order of magnitude. The Schottky
barrier height can be extracted by the CV ring on the same

sheet.[22] And the barrier height are 1.02 eV and 0.86 eV, re-
spectively, for the HEMTs with IST and without IST. The in-
crease of Schottky barrier height not only suppresses the gate
reverse leakage current,[23,24] but also promotes the positive
drift of device threshold voltage.[21] Figure 3(d) shows the
curve of channel electron field effect mobility (µFE) with gate
bias in the linear region. The µFE of the all HEMTs channel
was extracted by fat field-effect transistors (FATFETs) with
Lsg, Lg, Lgd, and WG of 3 µm, 50 µm, 3 µm, and 100 µm to
reduce the influence of source and drain resistances. The peak
µFE of HEMT with IST is 1409 cm2/V·s, however, ones of
HEMT without IST is 1349 cm2/V·s. It was probably due to
the fact that N2O radicals repaired the etching damage of gate
region to a certain extent and reduced the surface trap density
of states.[25]

Table 1. Comparison of Vth, Gmmax, Ion/Ioff, and Idmax of HEMTs with-
out and with IST.

Sample A Sample B

Vth (V) −1.6 −1.3
Gmmax (mS/mm) 332 337

ION/IOFF 1.0×107 3.6×108

Idmax (mA/mm) 905 875
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Fig. 3. (a) Transfer characteristics, (b) output characteristics, (c) gate Schottky characteristics, and (d) µFE as a function of Vg for HEMTs with and
without IST.
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Figure 4 illustrates the capacitance–voltage characteris-
tics of the two types of Schottky diodes with different treat-
ment processes at 100 kHz. Compared with sample A, the
turn-on voltage of sample B is floating by 0.3 V, which is con-
sistent with the transfer characteristics shown in Fig. 3(a). The
depth profile calculated by the C–V measurement shows that
the peak concentrations of electrons for two samples are in the
position of 9.5 nm, as shown in the inset of Fig. 4. This shows
that the chemical reaction between N2O radicals and AlGaN
layer does not change the distance between gate electrode and
two-dimensional electron gas (2DEG) channel. However, the
2DEG concentration (ns) of the channel after IST is reduced to
55% of that of the channel without IST, which may be because
the IST process oxidizes the AlGaN surface layer and reduces
the thickness of the remaining barrier layer.[26] The decrease
of ns leads to a slight decrease in the saturated output current
of the device with IST, as shown in Fig. 3(b). What is more,
the smaller the ns, the more positive bias voltage is required
to clamp off the channel, that is, the more positive the corre-
sponding threshold voltage. Therefore, in this study, sample B
(with IST) has a more positive threshold voltage.
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Fig. 4. The C–V characteristics of sample A and sample B.

The XPS method is also adopted to investigate the sur-
face chemical composition of two samples. The Al 2p and the
O 1s core level spectra are illustrated in Figs. 5(a) and 5(b),
respectively. As shown in Fig. 5(a), the Al 2p core–level spec-
trum is a coupling of two components corresponding to Al–O
and Al–N bonds. After IST, the intensity of Al–O bond was
elevated, indicating that some Al–N bonds on the surface are
broken and meanwhile some Al–O bonds are formed. Fig-
ure 5(b) demonstrates that the O 1s core–level spectrum is a
coupling of two components corresponding to the Al–O and
the Ga–O bonds. After IST, both intensity of Al–O and Ga–O
bonds were elevated as well, illustrating that Al–N and Ga–N
bonds on the surface are broken while some Al–O and Ga–O

bonds are formed. Compared sample A, the significant en-
hancement of Al–O peak makes the core–level spectra of O
1s drift towards the Al–O peak with lower bond energy for
sample B. These results are consistent with the corresponding
spectral peaks of Al2O3 prepared by physical vapor deposition
method.[27] The IST process generates corresponding oxides,
so as to improve the Schottky barrier height.[28,29] Therefore,
the barrier height of the device with IST is higher than that of
the device without IST. Moreover, it is found that the decrease
of gate leakage current is related to the oxidation of the barrier
layer, as figure 3(c) shows.
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Fig. 5. XPS spectra from (a) Al 2p and (b) O 1s core levels of AlGaN surface
with and without IST.

Figure 6 shows the pulse transfer characteristics of two
types of HEMTs at a gate voltage of −6 V ∼ 2 V and the
current collapse ratio can be expressed by the following ex-
pression:

∆I = ∆Ids/Ids0, (2)

where ∆Ids is the variation of pulse drain current at Vg = 2 V
before and after electrical stress, and Ids0 is the pulse drain
current at Vg = 2 V before applying electric stress.

057301-4



Chin. Phys. B 31, 057301 (2022)

Table 2. Comparison of pulse current collapse ratio of HEMTs with and
without IST at (VGSQ, VDSQ =−4 V, 0 V) and (VGSQ, VDSQ =−8 V, 0 V).

Sample A Sample B

(VGSQ, VDSQ =−4 V, 0 V) 1.9% 0.4%
(VGSQ, VDSQ =−8 V, 0 V) 4.9% 1.8%

As the Table 2 shows, sample A shows current collapse
ratios of 1.9% and 4.9% at gate quiescent voltages of −4 V and
−8 V, respectively. Sample B shows current collapse ratios of
0.4% and 1.8%. This indicates that IST has a certain inhibition
effect on current collapse. What is more, the HEMTs without
IST exhibited a forward floating of Vth by 0.18 V, while that for
the ones with IST is only 0.06 V. The drift of Vth may be due
to the damage induced trap introduced in the process of recess
gate etching, which has the ability to capture electrons.[30]

As demonstrated in Fig. 7, the current–gain cutoff fre-
quency fT and maximum oscillation frequency fmax of the two
types of HEMTs were measured using network analyzer in a
frequency ranging from 100 MHz to 40 GHz. The HEMTs
with IST process deliver an fT of 22.4 GHz and an fmax of
47.5 GHz (as shown in Fig. 7(b)), resulting in a high fT ×Lg

of 13.4 GHz·µm. While the HEMTs without IST show an fT

of 18.0 GHz and an fmax of 38.8 GHz (as shown in Fig. 7(a)).
As shown in Fig. 6, the IST process reduces the drift of thresh-
old voltage, which shows its advantage in reducing the inter-
face charge induced by trap. Because IST process could effec-
tively reduce the interface charge, reduced the parasitic effect
of the device, and then reduced the effective gate length of the
device.[31] Therefore, the small signal characteristics of the
device are improved.
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0 V), and (VGSQ, VDSQ =−8 V, 0 V).
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Fig. 7. Small-signal characteristics of the fabricated HEMTs at VDS = 10 V for the HEMTs (a) without and (b) with IST.

4. Conclusion

In conclusion, we proposed a method to reduce gate leak-

age of devices and investigated the effect of different process-

ing time of IST on the surface of barrier layer under gate metal.
The fabricated HEMTs with the IST process show a low re-
verse gate current of 10−9 A/mm, high on/off current ratio
of 3.6× 108, and high fT × Lg of 13.44 GHz · µm. Energy
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spectrum analysis of XPS shows the surface of AlGaN bar-
rier layer is transformed into gallium oxide and alumina oxide,
which proved by the cross-sectional TEM. These excellent re-
sults depict the great potential of the IST process applied for
high frequency and high power operation. Especially, for RF
devices with small gate length used in millimeter wave band,
IST process can reduce the gate length extension of the device
and significantly improve the high-frequency characteristics of
the device and promote the development of RF devices.
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