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Abstract—We
investigated
60-nm
In0.52 Al0.48 As/
In0.53 Ga0.47 As pseudomorphic high-electron mobility transistors
(p-HEMTs) fabricated by using a Ne-based atomic-layer-etching
(ALET) technology. The ALET process produced a reproducible
etch rate of 1.47 Å/cycle for an InP etch stop layer, an excellent
InP etch selectivity of 70 against an In0.52 Al0.48 As barrier layer,
and an rms surface-roughness value of 1.37 Å for the exposed
In0.52 Al0.48 As barrier after removing the InP etch stop layer.
The application of the ALET technology for the gate recess
of 60-nm In0.52 Al0.48 As/In0.53 Ga0.47 As p-HEMTs produced
improved device parameters, including transconductance (GM ),
cutoff frequencies (fT ), and electron saturation velocity (υsat )
in the channel layer, which is mainly due to the high etch
selectivity and low plasma-induced damage to the gate area. The
60-nm In0.52 Al0.48 As/In0.53 Ga0.47 As p-HEMTs fabricated by
using the ALET technology exhibited GM ,Max = 1.17 S/mm,
fT = 398 GHz, and υsat = 2.5 × 107 cm/s.
Index Terms—Atomic-layer etching (ALET), channel electron
saturation velocity (υsat ), gate-recess process, pseudomorphic
high-electron mobility transistor (p-HEMT).

I. INTRODUCTION

T

HE InP-BASED high-electron mobility transistors
(HEMTs) have shown outstanding high-frequency
performances. A short-circuited common-source current-gain
cutoff frequency (fT ) of 562 GHz for p-HEMTs, having a gate
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length of 25 nm through a deep vertical insulator thickness
scaling and a reduction of the source/drain resistance by
using a multilayer cap structure [1], [2], has been reported.
Using the remarkable high-frequency performance of HEMTs,
ultrahigh speed integrated circuits (ICs), including 100-Gb/s
optoelectronic ICs [3] and monolithic microwave ICs operating at frequencies over 200 GHz [4], have already been successfully demonstrated. More challengingly, InP-based HEMTs
are considered as potential candidates for the future n-channel
device for “beyond Si-CMOS” applications and have been
extensively investigated to study the suitability for logic device
applications [4]–[9].
For the fabrication of the ultrahigh speed InP-based HEMTs,
the formation of the submicrometer gate is considered as one
of the most important processing steps, and thus, various submicrometer gate formation techniques have been investigated.
Previously, Suemitsu et al. [10] proposed a two-step-recess
(TSR) technology that has been widely utilized in the fabrication of InP-based HEMTs for various applications [11]–
[13]. Basically, this technology consists of a selective wet
etching of a heavily n-doped InGaAs/InAlAs cap layer and a
subsequent anisotropic etching of a thin InP etch stop layer by
an Ar-based reactive ion etching (RIE). However, the second
process step has a drawback of a finite InP etch selectivity
against an underlying In0.52 Al0.48 As barrier layer, because
this process mostly utilizes the high energy of ionized atoms
for etching materials. More seriously, there also exists a high
probability that the highly energetic ionized atoms could yield
a severe plasma-induced damage within the active region of the
device (In0.52 Al0.48 As/In0.53 Ga0.47 As quantum well), possibly
leading to the degradation of device performance. Recently,
we have successfully demonstrated a Ne-based atomic-layeretching (ALET) technology to selectively remove the InP etch
stop layer against the In0.52 Al0.48 As barrier layer [14]–[16].
Because the Ne-based ALET technology uses the irradiation
of a neutral Ne beam having a very low energy (< 27 eV), the
thin InP etch stop layer can be etched with a negligible plasmainduced damage to the underlying active layer. The Ne-based
ALET process exhibited an InP etch rate of 1.47 Å/cycle and an
extremely high selectivity of 70 compared with that (approximately ten) of the conventional Ar-based RIE [14]–[16].
In this paper, we report the application of ALET
technology to the fabrication of high-performance 60-nm
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Fig. 1. Conceptual diagram showing a cycle of the ALET process.

In0.52 Al0.48 As/In0.53 Ga0.47 As p-HEMTs. Using characterization techniques, including an atomic force microscope (AFM)
measurement for the analysis of the etched surface roughness, an angular-resolved X-ray photoelectron spectroscopy
(ARXPS) for the analysis of the atomic percentage of the exposed In0.52 Al0.48 As barrier layer, and a scanning transmission
electron microscopy (STEM) for the analysis of the remaining In0.52 Al0.48 As barrier-layer thickness, various aspects of
the etching results produced by the Ne-based ALET and the
conventional Ar-based RIE were investigated and compared.
The characteristics of the 60-nm In0.52 Al0.48 As/In0.53 Ga0.47 As
p-HEMTs implemented by using the Ne-based ALET and the
conventional Ar-based RIE will also be compared.
II. ALET TECHNOLOGY
Fig. 1 shows a schematic diagram depicting the detailed
operational principle of the ALET process [17]. Basically,
the process consists of the following four separate sequential
steps:
1) Supply of Cl2 gas for 20 s to the etching chamber so that
chlorine can be adsorbed on the surface of the InP layer
(adsorption step);
2) Evacuation of excess chlorine gas;
3) Ne neutral beam irradiation to the Cl2 adsorbed surface
for the desorption of InP chlorides (desorption step);
4) Evacuation of the desorbed InP chlorides.
The pressure of the Cl2 gas was 0.4 mtorr during the adsorption step, and the Ne neutral beam irradiation dose was
7.2 × 1015 atom/cm2 during the desorption step. A cycle of the
ALET takes approximately 80 s and yields an InP etch rate of
1.47 Å/cycle (approximately one monolayer of InP/cycle).
To investigate the effect of the ALET technology on the
surface morphology of the exposed In0.52 Al0.48 As barrier layer
after the removal of the InP etch stop layer, AFM measurements
were carried out. For comparison, a selective wet etching using
a HCl-based solution (HCl : H3 PO4 : CH3 COOH : H2 O = 1 :
1 : 5 : 1) and the conventional Ar-based RIE were also used to
selectively etch the InP etch stop layer. The RIE was performed

in an Oxford Plasma Lab-80 RIE chamber with a process
pressure of 10 mtorr, an Ar flow rate of 50 sccm, and an RF
power of 7 W. The RIE process produced an InP etch rate
of 4 Å/ min and an InP etch selectivity of ten against the
In0.52 Al0.48 As barrier layer.
Fig. 2 shows the AFM results of the exposed In0.52 Al0.48 As
surface after removing the 60-Å thin InP etch stop layer by
three different etching techniques. The measured rms surfaceroughness values were 7.7, 2.9, and 1.37 Å for the wet etching,
the Ar-based RIE, and the ALET, respectively. The smallest
rms surface-roughness value of the ALET sample is attributed
to the etching mechanism of the ALET, where the chlorinebased chemical reaction with the InP layer and the subsequent
desorption of the InP chloride by the low-energy Ne beam
sputtering are combined. By localizing the chemical reaction
only at the surface of the InP layer and by minimizing the
energy of the Ne beam below 27 eV, the ALET process yielded
the smallest rms surface-roughness value [14].
An ARXPS was utilized to analyze the stoichiometric modification of the exposed In0.52 Al0.48 As barrier-layer surface. As
shown in Fig. 3, insignificant change of the surface composition
of the exposed In0.52 Al0.48 As barrier layer was observed in the
sample prepared by the ALET process. On the contrary, there
was a significant decrease in the ratios of As/InAl and Al/In in
the sample prepared by the conventional Ar-based RIE.
In order to physically inspect the exact thickness of the
remaining In0.52 Al0.48 As barrier layer, STEM inspections were
carried out for the samples prepared by the ALET and RIE.
Fig. 4 shows the STEM images of both samples. In both
cases, the InP layer was overetched by approximately 22%
of the exact etching time. In the sample prepared by the
conventional Ar-based RIE, it was found that approximately
1.5 nm of the In0.52 Al0.48 As barrier layer was etched, which
is mainly due to the finite InP etch selectivity of the RIE
process against the In0.52 Al0.48 As layer. On the contrary,
in the sample prepared by the Ne-based ALET, no noticeable etching of the In0.52 Al0.48 As barrier layer was observed. According to the AFM, ARXPS, and STEM results,
it is concluded that the ALET process can possibly produce
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Fig. 3. Ratios of As/InAl and Al/In at the surface of the In0.52 Al0.48 As
barrier layer measured by using an ARXPS after the Ar-based RIE and
Ne-based ALET processes.

Fig. 2. AFM images of the In0.52 Al0.48 As surface obtained after removing
the 60-Å InP etch stop layer by the selective wet etching, Ar-based RIE, and
Ne-based ALET. (a) Wet etching rms roughness = 7.77 Å. (b) Ar-based plasma
rms roughness = 2.97 Å. (c) ALET rms roughness = 1.37 Å.

more reproducible and improved device performance of the
In0.52 Al0.48 As/In0.53 Ga0.47 As p-HEMTs.
III. APPLICATION OF THE ALET TO
60-nm InP-BASED HEMTs
Fig. 5 shows the epitaxial layer structure of the
In0.52 Al0.48 As/In0.53 Ga0.47 As p-HEMT. It has a Si δdoping layer with a planar doping density of 5 × 1012 cm−2 .
A gated van der Pauw–Hall structure, with an active area
of 100 × 100 µm2 , was fabricated to measure Hall mobility
(µn,hall ) and sheet carrier density (ns ). After etching
the multilayer cap, the measured Hall mobility (µn,hall )
and sheet carrier density (ns ) were 14 000 cm2 /V · s and
3.2 × 1012 cm−2 , respectively, at room temperature.

Device fabrication process began with a mesa isolation
down to the InAlAs buffer layer by a wet chemical etching. After source and drain ohmic metallization (Ni/Ge/Au =
100/450/1500 Å), a subsequent rapid thermal annealing at
275 ◦ C for 45 s was performed in a N2 ambient. The measured
ohmic contact resistivity (Rc ) was as low as 0.02 Ω · mm. Then,
the pad patterns for ground–signal–ground RF probes were
defined with Ti/Au (200/3000 Å) metallization. After coating
the trilayer e-beam resist stacks (ZEP520A/PMGI/ZEP520A),
double e-beam exposure method was used to define 60-nm
T-gates. After isotropically removing the n-InGaAs/InAlAs
multilayer cap by a citric acid-based wet-chemical-etching
solution, the Ne-based ALET process was used to remove
the InP etch stop layer. For comparison, the conventional
Ar-based RIE was also used to etch the InP etch stop
layer for other samples. Finally, Ti/Pt/Au (200/200/3000 Å)
Schottky gate metallization was performed by an electron beam
evaporation.
Fig. 6 shows the STEM image of the gate region of the
60-nm In0.52 Al0.48 As/In0.53 Ga0.47 As p-HEMTs fabricated by
the ALET process. Note that there exists insignificant etching
of the exposed In0.52 Al0.48 As barrier due to the excellent
etch selectivity. Fig. 7 shows the output current–voltage characteristics of the 60-nm p-HEMTs fabricated by ALET and
RIE. The p-HEMT fabricated by the ALET showed a better
current driving capability. At the same time, it also showed a
little bit larger output conductance (GO ). Because the output
conductance of a submicrometer p-HEMT is closely related
to the impact ionization-induced gate-hole-current component
(Ig,hole ), the gate leakage current characteristics were measured
to extract the gate-hole-current component. The extracted peak
gate-hole current of the p-HEMT fabricated by the ALET
was larger than that of the p-HEMT fabricated by the Arbased RIE. The smaller gate-hole current of the p-HEMT
fabricated by the Ar-based RIE is presumably attributed to
the reduced peak electric field between the gate and drain
due to the decreased channel mobility (i.e., the increased
channel resistance) caused by the plasma-induced etching
damage.
Fig. 8 shows the normalized drain saturation current
and transconductance characteristics of the 60-nm p-HEMTs
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Fig. 4. STEM images of the region under the gate of the p-HEMTs implemented by using the Ar-based RIE and Ne-based ALET.

Fig. 5. Epitaxial layer structure of the In0.52 Al0.48 As/In0.53 Ga0.47 As
p-HEMTs.

Fig. 6. STEM image of the fabricated TSR 60-nm In0.52 Al0.48 As/
In0.53 Ga0.47 As p-HEMT implemented by using the ALET.

IV. DISCUSSIONS
measured at VDS = 0.5 V. The GM,Max of the p-HEMTs
fabricated by the ALET process was larger than that of the
p-HEMT fabricated by the Ar-based RIE by 21%, which is
mainly due to the much lower plasma-induced damage characteristics of the ALET process.
On-wafer S-parameter measurements were carried out from
500 MHz to 50 GHz. Fig. 9 shows the short-circuited commonsource current gain (|H21 |) of the 60-nm p-HEMTs as a function of the frequency measured at Vgs = 0.05 V and Vds =
0.5 V. The extrapolated current-gain cutoff frequency (fT ) was
398 and 355 GHz for the p-HEMT fabricated by the ALET and
the Ar-based RIE, respectively.

In order to analyze the cause of the fT improvement of the
p-HEMT fabricated by the ALET, the analysis of the intrinsic
delay time was carried out. According to Moll’s model [18],
the total intrinsic delay of the device consists of three different
components
τIntrinsic = τtransit + τRC + τdrain .

(1)

Here, τintrinsic is the total delay time, τtransit is the electron
transit time beneath the physical gate region, τRC is the channel
charging time, and τdrain is the drain delay time due to the extension of the gate depletion region toward the drain side [19].
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Fig. 7. Typical IDS –VDS characteristics of the fabricated TSR 60-nm
In0.52 Al0.48 As/In0.53 Ga0.47 As p-HEMTs implemented by using the RIE
and ALET.

Fig. 10. Intrinsic delay time as a function of the inverse drain–source current of the fabricated TSR 60-nm In0.52 Al0.48 As/In0.53 Ga0.47 As p-HEMTs
implemented by using the RIE and ALET.

Fig. 8. Typical drain saturation and dc transconductance characteristics of
the fabricated TSR 60-nm In0.52 Al0.48 As/In0.53 Ga0.47 As p-HEMTs implemented by using the RIE and ALET.

Fig. 11. Sum of the τtransit and τdrain as a function of the gate length (Lg )
for the calculation of the channel electron saturation velocity (υsat ).

Fig. 9. Short-circuited common-source current gain as a function of the
frequency of the fabricated TSR 60-nm In0.52 Al0.48 As/In0.53 Ga0.47 As
p-HEMTs implemented by using the RIE and ALET.

Fig. 10 shows the plots of the total delay time (τintrinsic )
as a function of the Wg /IDS , in which τtransit + τdrain and
τRC can be extracted independently [18]. Fig. 11 shows the

sum of τtransit and τdrain as a function of the gate length
(Lg ). The τdrain can be extracted from the y-intercept, and the
electron saturation velocity (υsat ) can also be estimated from
the inverse slope of the plot [20]. The p-HEMTs fabricated by
the ALET exhibited the τtransit + τdrain value that is smaller
by 5% and the τRC value that is smaller by 29% compared
with those of the p-HEMT fabricated by the RIE. The smaller
τRC of the p-HEMTs fabricated by the ALET suggests that
the channel resistance of these devices is smaller than that of
the devices fabricated by the RIE. The extracted τdrain and
υsat of the p-HEMTs fabricated by the ALET are 0.04 ps and
2.5 × 107 cm/s and those for the p-HEMT fabricated by the RIE
are 0.04 ps and 1.9 × 107 cm/s, respectively. The 30% higher
υsat of the p-HEMT fabricated by the ALET is the consequence
of the improved carrier transport property of the p-HEMT
channel achieved by the ALET process. Table I summarizes the
detailed results of the delay time analysis for p-HEMT devices
fabricated by the ALET and RIE.
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TABLE I
ESTIMATED VALUES OF DELAY TIME CONSTITUENTS AND CHANNEL ELECTRON SATURATION VELOCITY OF THE
60-nm In0.52 Al0.48 As/In0.53 Ga0.47 As p-HEMTs FABRICATED BY USING THE ALET AND RIE TECHNOLOGIES

V. CONCLUSION
In this paper, a TSR process utilizing the ALET technology was successfully employed for the fabrication of highperformance 60-nm In0.52 Al0.48 As/In0.53 Ga0.47 As p-HEMTs.
The ALET technology used for the two-step gate-recess process
yielded better electrical characteristics of the p-HEMTs, which
is due to the higher InP etch selectivity against the underlying
In0.52 Al0.48 As barrier layer and much less plasma-induced
damage characteristics of the ALET technology compared with
the conventional Ar-based RIE process. The 60-nm p-HEMTs
fabricated by the ALET process exhibited improved GM,Max
and fT of 1.17 S/mm and 398 GHz, respectively, compared
with those (0.91 S/mm and 355 GHz, respectively) of the
p-HEMTs fabricated by the ALET process. The results indicate
the potential of the ALET technology for the fabrication of
high-performance InP-based p-HEMTs.
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