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An atomic-level controlled etching (ACE) technology is invstigated for the fabrication of recessed gate AlGaN/GaN
high-electron-mobility transistors (HEMTs) with high power added efficiency. We compare the recessed gate HEMTs with
conventional etching (CE) based chlorine, Cl2-only ACE and BCl3/Cl2 ACE, respectively. The mixed radicals of BCl3/Cl2
were used as the active reactants in the step of chemical modification. For ensuring precise and controllable etching depth
and low etching damage, the kinetic energy of argon ions was accurately controlled. These argon ions were used precisely
to remove the chemical modified surface atomic layer. Compared to the HEMTs with CE, the characteristics of devices
fabricated by ACE are significantly improved, which benefits from significant reduction of etching damage. For BCl3/Cl2
ACE recessed HEMTs, the load pull test at 17 GHz shows a high power added efficiency (PAE) of 59.8% with an output
power density of 1.6 W/mm at Vd = 10 V, and a peak PAE of 44.8% with an output power density of 3.2 W/mm at Vd = 20 V
in a continuous-wave mode.

Keywords: AlGaN/GaN HEMTs, recess etching, low damage, high power added efficiency

PACS: 73.40.Kp, 81.05.Ea, 85.30.De, 85.30.Tv DOI: 10.1088/1674-1056/ac1414

1. Introduction

As an excellent representative of third-generation semi-
conductors, GaN HEMT heterojunction is widely used in high
frequency, high efficiency and high power fields, attributing
to its high electron mobility (∼ 2000 cm2/V·s), high density
(1013 cm−2) and high critical breakdown electric field.[1–5]

The fabrication of a large number of GaN power electronic
devices and RF power devices strongly depends on the etch-
ing process.[6–9] However, conventional etching (CE) based
on plasma, such as reactive ion etching (RIE) and induc-
tively coupled plasma (ICP), often suffers from some prickly
problems including large significant etching damage and un-
controllable etching depth.[10,11] To solve the above problem,
atomic layer etching (ALE) of GaN based on XeF2/BCl3 and
Cl2/Ar has been proposed.[12,13] Nevertheless, Ohba et al.
found that an ultrasmooth surface could be realized by ALE
based on BCl3/Cl2, while ALE based on chlorine-only could
result in a rough surface morphology.[14] Kim et al. found
that when BCl3 is added to Cl2, the density of Cl+ and Cl+2
could be significantly reduced during the gas was glow. The
decrease of Cl+ and Cl+2 density can significantly reduce the
plasma damage.[15] This shows that ALE based on BCl3/Cl2
is more potential than ALE of chlorine-only. However, Ohba
et al. only studied the etching process of AlGaN.[14] Reports
on GaN radio frequency devices fabricated by BCl3/Cl2 based

ALE are still lacking.
In this work, we developed a BCl3/Cl2 and Cl2-only based

atomic level controlled etching (ACE) technology for AlGaN.
By BCl3/Cl2 and Cl2-only based ACE technology, we fabri-
cated recessed gate HEMTs devices and compared them with
HEMTs fabricated by CE process. For the recessed HEMTs
with Cl2-only ACE and BCl3/Cl2 ACE technology, the Ion/Ioff

ratios of the device are increased by one order of magnitude
and more than two orders of magnitude, respectively. At the
same time, the DC peak transconductance is increased from
375 mS/mm to 453 mS/mm and 540 mS/mm. At 17 GHz, the
HEMTs with Cl2-only ACE and BCl3/Cl2 ACE, respectively,
exhibit attractive peak power added efficiency (PAE) of 57.1%
and 59.8% at drain bias of 10 V in a continuous-wave mode.
The results presented here are believed to boost the low dam-
age etching process for radio frequency applications.

2. Process mechanism of ACE technology

As shown in Fig. 1, the basic BCl3/Cl2 ACE con-
cept consists of chemical modification and physical removal.
BCl3/Cl2-based chemistry is used in ACE for GaN. BCl3/Cl2-
based free radicals remove residual oxygen and chemically
modify the surface atoms of AlGaN, which improve chlori-
nation coverage.[16–18] In the physical reaction step, the ki-
netic energy of argon ion is precisely controlled by a pulse-
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time-regulated RF power, sequentially the chlorine atom layer
is just removed.[19–21] A chlorinated layer is formed by the
self-limiting chemical reaction between an atomic layer on
the GaN surface and the mixed radicals of BCl3/Cl2 in Fig. 1
(step 1), ionized by an ICP coil power with the radio fre-
quency of 13.56 MHz. After purging the surplus radicals, the
chlorinated layer is removed by argon ions in Fig. 2 (step 2),
followed by purging of by-products with BCl3/Cl2. The de-
tailed process parameters are shown in the arrow flow charts.
It should be noted that the pulse duty in Fig. 2 (step 2) is 30%.

As shown in Fig. 2(a), the AFM (atomic force micro-
scope) scanning morphologies of the etched area surface of
the AlGaN samples with 20, 50, 100, 150 and 200 etching
cycles are shown with the surface roughness of 0.221 0.241
0.257 0.259 and 0.313 nm by BCl3/Cl2 ACE, and the corre-
sponding etching depths are 11, 26, 52, 78 and 105 nm, re-
spectively. The root-mean-square (RMS) roughness of initial
un-etching sample is 0.253 nm. With the increase of the num-
ber of ACE cycles, the etching depth increases linearly, and
the surface roughness of the etched area remains constant at
a very low level. The etch per cycle (EPC) is 0.52 nm/cycle,
which is in agreement with the lattice constant of GaN along

c axis.[22] Although the numbers of ACE cycles for all the
samples are different, their EPCs are the same, which indi-
cates that the ACE technology has excellent repeatability and
stability. What’s more, BCl3/Cl2 ACE is capable of real-
izing atomic-scale control of AlGaN. The EPC of Cl2-only
ACE is 0.54 nm/cycle which is slightly larger than the ones of
BCl3/Cl2 ACE. This may be due to the plasma damage caused
by more Cl+ and Cl+2 in the chlorine plasma. By adding
BCl3 into Cl2, the concentration of Cl+ and Cl+2 is reduced
and the plasma damage is suppressed in the step of chem-
ical modification.[15] Figure 2(b) compares between chemi-
cal modification only, physical removal only, and the EPC of
BCl3/Cl2 ACE (full cycle). The two key steps (in Fig. 1 step 1
and step 2) are executed separately for 200 cycles. The EPC of
chemical modification is zero, while ones of physical removal
is 0.07 nm/cycle. This indicates that the chemical modifica-
tion and physical removal of BCl3/Cl2 ACE are completely
separated in time. However, the EPC of chemical modifica-
tion only and the ones of physical removal only for Cl2-only
ACE are 0.02 and 0.07 nm/cycle. This result shows that there
is a slight etching effect in the chlorine glow process.

(a) Step 1: modification
(chemical reaction)

(b) Purge (d) Purge(c) Step 2: ion bombardment
(physical reaction)

BCl3/Cl2 5/35 sccm
10 mTorr

ICP/RIE 150/0 W
5 s

BCl3/Cl2 5/35 sccm
10 mTorr

ICP/RIE 0/0 W
10 s

Ar 20 sccm
5 mTorr

ICP/RIE 0/0 W
10 s

Ar 20 sccm
5 mTorr

ICP/RIE 150/7 W
12 s

Fig. 1. ACE cyclic process: (a) chlorination of GaN surface atomic layer by BCl3/Cl2 radicals; (b) pump out the excessive free radicals and
purge chamber with Ar; (c) argon ion bombards the chlorinated atomic layer to form; (d) pump out the by-products and purge chamber with
BCl3/Cl2.
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Fig. 2. (a) Etching depth and RMS roughness versus the number of BCl3/Cl2 ACE cycles (inset: surface topography (area: 5 µm × 5 µm) of
the initial unetched sample and the sample with 200 cycles ACE). (b) Result of EPC test based on BCl3/Cl2.
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3. Device structure and fabrication
As shown in Fig. 3(a), the AlGaN/GaN HEMT fabri-

cated in this work was grown on a 3-inch SiC substrate, which
comprises a 3-nm GaN cap layer, a 21-nm Al0.25Ga0.75N
barrier layer, a 400-nm i-GaN channel, and a GaN buffer
layer from top to bottom. An electron sheet concentration of
8.29×1012 cm−2, a sheet resistance of 303 Ω/�, and a mobil-
ity of 1946 cm2/V·s were measured by room-temperature Hall
measurements. The ohmic contact formation of source and
drain included a deposition of Ti/Al/Ni/Au metal stack and
annealed at 840 ◦C for 30 s in N2. Nitrogen ion implantation
was then used for device isolation. Transfer length method
(TLM) showed an ohmic contact resistance of 0.39 Ω·mm. A
60-nm plasma enhanced chemical vapor deposition (PECVD)
SiNx was utilized as a passivation layer. Electron beam lithog-
raphy defined the recessed-gate foot of 0.17 µm. After CF4

based plasma removing the passivation layer, the AlGaN bar-
rier layer was recessed by BCl3/Cl2 ACE and Cl2-only ACE
technology. The recessed depth was measured to be 18 nm

by AFM with 35 and 33 cycles, resulting in an EPC of 0.52
and 0.54 nm/cycle, respectively. For comparison, 18 nm re-
cess was etched by CE process (the rate of CE is 3 nm/min
with an ICP coil power of 150 W, a bias power of 5 W, operat-
ing pressure of 5 mTorr, BCl3/Cl2 (20 sccm/20 sccm), process
time of 6 min), the depth of which was controlled by the pro-
cess time. Figures 3(b), 3(c) and 3(d) illustrate the AFM sur-
face morphology of the sample with CE, Cl2-only ACE and
BCl3/Cl2 based ACE recessed etching process, respectively. It
is shown that the surface morphology maintains a clear and
continuous atomic step and a very low surface roughness with
RMS roughness of 0.220 nm after BCl3/Cl2 based ACE. The
Cl2-only ACE-HEMT shows a rough surface morphology with
RMS roughness of 0.257 nm, while the recessed gate with CE
shows a roughness of 0.353 nm. After the gate lithography, the
Ni/Au/Ni gate metal was deposited. The gate root width (Lg),
gate head width, source-drain spacing (Lsd), and source-gate
space (Lsg) are 0.17 µm, 0.9 µm, 2.5 µm, and 1 µm, respec-
tively.

S D
SiN

2 nm GaN cap 

G

2DEG
GaN buffer

SiC substrate

AlN

AlGaN

(a)
(b) RMS: 0.353 nm

CE recess Cl2 only ACE
recess

(c) RMS: 0.257 nm
BCl3/Cl2ACE
recess

(d) RMS: 0.220 nm

Fig. 3. (a) Schematic diagram of recessed AlGaN/GaN HEMTs, and surface topography (area: 5 µm×5 µm) of (b) CE recess, (c) Cl2-only
ACE recess, and (d) BCl3/Cl2 ACE recess.

4. Results and discussion

The DC transfer Id–Vg, output Id–Vd, gate reverse Schot-
tky characteristics and the field-effect mobility (µFE) with gate
voltage of the recessed gate HEMTs by the CE, Cl2-only
ACE and BCl3/Cl2 ACE process are performed. As shown
in Fig. 4(a), owing to precise controlling bombardment and
effectively suppressed etching damage of the ACE technol-
ogy, the drain leakage current of the device decreases from
2.7×10−5 to 3.7×10−6 and 2.6×10−7 A/mm, the Ion/Ioff ratio
increases from 4.9×104 to 4.8×105 and 6.8×106, and the peak
transconductance of the device increased from 375 to 453 and
540 mS/mm. Figure 4(b) shows that the drain saturation cur-
rent was raised from 785 to 995 and 1031 mA/mm for three
types of HEMTs. As can be seen from Fig. 4(c), compared
with the HEMTs by the CE, the gate leakage of HEMTs by
Cl2-only ACE and HEMTs by BCl3/Cl2 ACE decreases by
one order of magnitude and more than two orders of magni-
tude respectively. Figure 4(d) shows the transfer I–V sweep in
linear region and extracted µFE as a function of Vg. The µFE

of the recessed-HEMTs channel was studied with Lsg, Lg, Lgd

and Lsd of 3, 50, 3 and 56 µm devices, in which the influence

of series resistance on Gm was negligible. The peak mobil-
ity of recessed HEMT with the Cl2-only ACE and BCl3/Cl2
ACE process is 1204 and 1487 cm2/V·s. However, ones of
the HEMT with CE is 953 cm2/V·s. It was probably due to
the fact that ACE did not cause the loss of nitrogen in the pro-
cess of recessing the AlGaN barrier and ultimately reduced the
surface trap concentration.[23] The peak mobility of recessed
HEMT with the Cl2-only ACE is lower than that of recessed
HEMT with BCl3/Cl2ACE, which may be caused by plasma
damage during chlorination (Fig. 1, step 1).

Figure 5 shows the pulse transfer characteristics of three
types of HEMTs at a gate voltage of −6 V to 2 V and the
current collapse ratio can be expressed as

∆I = ∆Ids/Ids0, (1)

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

The HEMTs with Cl2-only ACE and BCl3/Cl2 ACE
show current collapse (collapse ratio: 4.1%, Fig. 5(b); 2.7%,
Fig. 5(c)), under a quiescent bias of (VGSQ, VDSQ) = (−8 V,
0 V). They are all smaller than a value of 6.3% for CE
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HEMTs. At (VGSQ, VDSQ)= (−8 V, 20 V), the current collapse
ratio decreases from 25.2% (CE HEMT) to 13.1% (Cl2-only
ACE) and 8.5% (BCl3/Cl2 ACE). The BCl3/Cl2 ACE HEMT
and Cl2-only ACE HEMT show tiny threshold voltage shift

(∆Vth = 0.04 V and 0.14 V) under a quiescent bias of (VGSQ,
VDSQ) = (−8 V, 20 V), while that of CE ones is 0.28 V. Such
shift may be caused by the trapped electrons introduced under
the gate during the recessing process.[23]
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Fig. 8. Large-signal characteristics of BCl3/Cl2 ACE HEMTs at 17 GHz with WG = 2×50 µm in CW mode: (a) at Vd = 20 V, (b) RF output
power density and peak PAE versus Vd.

Small-signal measurements was used to compare the
current-gain cutoff frequency ( fT) and maximum oscillation
frequency ( fmax) of the three kinds of recessed gate HEMTs
in the frequency range from 0.1 GHz to 40 GHz. As shown in
Figs. 6(b) and 6(c), under the same bias condition of Vd = 10 V
and Vg = 0.2 V, the BCl3/Cl2 ACE-HEMT and Cl2-only ACE-
HEMT show a fT/ fmax of 82/193 GHz and 63/165 GHz, re-
spectively. However, the ones of CE-HEMT were 54 and
138 GHz, respectively, as shown in Fig. 6(a). This is con-
sistent with the law of channel field effect mobility.

The large-signal microwave power measurements of re-
cessed HEMTs with ACE and CE were carried out at 17 GHz
in continuous-wave (CW) mode, as shown in Fig. 7. All de-
vices were biased at Vd = 10 V and class-AB condition. Ben-
efiting from the suppressed gate leakage current as well as
the current collapse,[24] the large-signal performance of the
recessed HEMTs with ACE has been significantly improved
compared with the CE-HEMT, high PAEs of 59.8% and 57.1%
are achieved in the BCl3/Cl2 ACE-HEMT and Cl2-only ACE-
HEMT, which is about 10.2% and 7.5% higher than those with
CE. In addition, the corresponding output power density has
also been increased to 1.6 W/mm and 1.4 W/mm, respectively,
while that for the CE HEMTs is 1.0 W/mm.

In order to evaluate the higher voltage operation of the
BCl3/Cl2 ACE-HEMTs, we performed the large-signal test at
Vd = 20 V biased in a CW mode, as shown in Fig. 8(a). The
peak PAE of BCl3/Cl2 ACE-HEMTs is 44.8% with the output
power density of 3.2 W/mm at 17 GHz. Output power den-
sity and peak PAE as a function of drain voltage (Vd = 10, 15
and 20 V) for BCl3/Cl2 ACE-HEMTs are shown in Fig. 8(b).
When Vd = 15 V, the output power density is 2.5 W/mm and
the peak PAE is 52.8%. With the increase of drain bias voltage,
the peak PAE decreases, which may be related to the increase
of gate leakage current as shown in Fig. 4(c).[25] The further
study will focus on the PAE improvement at higher operation
voltage such as using N2O plasma treatment.[26]

5. Conclusion and perspectives
An atomic level controlled etching technology is pro-

posed for fabrication of recessed gate AlGaN/GaN HEMTs.
Adding BCl3 to the chlorination process significantly reduces
the roughness of the AlGaN etched surface. The etching
depth of the AlGaN can be controlled accurately due to pre-
cise power control. The BCl3/Cl2 ACE-recessed AlGaN/GaN
HEMTs exhibits an attractive PAE of 59.8% at 17 GHz in a
CW mode. The ACE technology can solve the current prob-
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lem of conventional plasma etching in the fabrication of re-
cessed AlGaN/GaN devices, and AlGaN/GaN Fin-FET de-
vices, which is full of potential in the future development of
GaN technology.
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