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A double-recessed offset gate process technology for InP-based high electron mobility transistors (HEMTs) has been
developed in this paper. Single-recessed and double-recessed HEMTs with different gate offsets have been fabricated and
characterized. Compared with single-recessed devices, the maximum drain–source current (ID,max) and maximum extrinsic
transconductance (gm,max) of double-recessed devices decreased due to the increase in series resistances. However, in terms
of RF performance, double-recessed HEMTs achieved higher maximum oscillation frequency ( fMAX) by reducing drain
output conductance (gds) and drain to gate capacitance (Cgd). In addition, further improvement of fMAX was observed by
adjusting the gate offset of double-recessed devices. This can be explained by suppressing the ratio of Cgd to source to gate
capacitance (Cgs) by extending drain-side recess length (Lrd). Compared with the single-recessed HEMTs, the fMAX of
double-recessed offset gate HEMTs was increased by about 20%.

Keywords: InP, HEMT, maximum oscillation frequency ( fMAX), double-recess, offset gate

PACS: 85.30.Tv, 73.40.Qv, 85.30.–z DOI: 10.1088/1674-1056/ac6013

1. Introduction

InP-based high electron mobility transistors (HEMTs) are
regarded as the most promising candidates for millimeter-
wave integrated circuits (MMIC) and even terahertz mono-
lithic integrated circuits (TMIC) because of their ex-
tremely excellent high-frequency, high-gain and low-noise
characteristics.[1–4] They play key roles in radio-astronomy
and deep-space communication. In recent years, the require-
ments for higher operation frequency and larger output power
of TMIC result in a strong push of THz transistor technolo-
gies with high cut-off frequency ( fT) and maximum oscillation
frequency ( fMAX).[4–9] The fMAX of InP-based HEMTs were
mainly improved by scaling down the gate length.[10] Lai et
al. reported the first InP-based HEMT with a fMAX exceed-
ing 1 THz by reducing the gate length to 50 nm.[4] Mei et
al. demonstrated 25 nm gate length InP-based HEMTs with
fMAX of 1.5 THz and realized the first TMIC with 1 THz
amplification.[8] However, the gate length is seriously lim-
ited by the available lithography technology. At present, it
is difficult to increase fMAX by continuously reducing the gate
length. Another way to improve the fMAX is to optimize par-
asitic effects. Various efforts have been made in this regard,
such as reducing the source-to-drain spacing (LSD),[11] gate-
to-channel distance (tins),[12] as well as optimizing the gate
recess,[9,13,14] and the gate stem height.[15,16]

In this paper, we will report on a novel double-recessed

offset gate process for improving the fMAX of InP-based
HEMT instead of a gate scaling that would often be used to
obtain high RF performance. A double-recess gate structure
has been used previously in GaAs-based HEMTs to improve
breakdown voltage, which in turn increases output power.[17]

We form the double-recess gate structure by selectively etch-
ing the cap layers. Compared with the traditional double-
recess gate structure, the incompletely removed cap layer can
effectively reduce the exposed area of the active region and
inhibit the surface effects. By controlling the gate offset,
the parasitic effects can be further optimized for improved
performances. Single-recessed HEMTs, and double-recessed
HEMTs with different gate offsets have been fabricated and
characterized. In addition, the parasitic parameters of devices
are extracted and analyzed by using the small-signal model,
which explains the influence of the double-recessed offset gate
process.

2. Experiment

The schematic cross-section of double-recessed InP-
based HEMTs is shown in Fig. 1. The epitaxial lay-
ers of the devices were grown by gas source molecu-
lar beam epitaxy (GSMBE) on 3 inch semi-insulating InP
(100) substrates. From bottom to top, the layers con-
sist of a 500 nm In0.52Al0.48As buffer layer, a 15 nm
In0.53Ga0.47As channel layer, a 3 nm unstrained ln0.52Al0.48As
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spacer layer, a Si delta doping layer with 5×1012 cm−2

doping concentration, an 8 nm unstrained ln0.52Al0.48As
Schottky barrier layer, a 4 nm InP etch-stop layer for
preventing over etching and a 15 nm/15 nm/10 nm Si-
doped ln0.52Al0.48As/In0.53Ga0.47As/In0.65Ga0.35As com-
posite contact layer with a concentration of 1 ×
1019 cm−3/1×1019 cm−3/3×1019 cm−3. The 10 nm strained
and heavily doped In0.65Ga0.35As layer to reduce the ac-
tual metal-semiconductor contact resistance, a 15 nm heav-
ily doped In0.53Ga0.47As layer, and a 15 nm heavily doped
ln0.52Al0.48As layer to lower the potential barrier across
the Schottky barrier layer in the source and drain access
regions.[18,19] Hall measurements were made at the room tem-
perature, showing a carrier mobility of over 10000 cm2/(V·s).

T gate

InP substrate

InAlAs buffer

In0.53Ga0.47As channel/15 nm

n InGaAs Cap/25 nm

InP etch stopper/4 nm

Source

InAlAs Schottky barrier/8 nmSi δ doping

PADPAD

Drain

n InAlAs cap/15 nm

Lrs Lrd
Lg

LDGLSG

LSD/LSG⇁Lg⇁LDG

Lrecess/Lrs⇁Lg⇁Lrd

InAlAs spacer/3 nm

Fig. 1. Schematic cross-section of double-recessed InP-based HEMTs.

The fabrication process of double-recessed InP HEMTs
mainly contains five steps, including mesa isolation, ohmic
contact formation, gate recesses, T-gates and connection pads.
Firstly, isolating mesa was formed by utilizing phosphorus
acid-based wet chemical etching. Next, the source and drain
were spaced 2.4 µm through a lithography process, followed
by Ti/Pt/Au (15 nm/15 nm/50 nm) evaporated to satisfy the
requirement of Ohmic contact by electron beam evaporation
without annealing.

Afterward, the 0.8 µm first gate recess was defined by
electronic beam lithography (EBL) with a ZEP520A e-beam
resist layer, and the In0.65Ga0.35As/In0.53Ga0.47As cap lay-
ers were etched by a citric acid based solution with an etch
selectivity of 20:1 to In0.52Al0.48As. The distance between

the source and drain from the center of the first gate recess
is 0.9 µm and 1.5 µm, respectively. The source-side recess
length (Lrs) and the drain-side recess length (Lrd) are con-
trolled by adjusting the position of the T-shaped gate to form
symmetrical or asymmetric gate recess. T-gates were defined
by EBL with a PMMA/Al/UVIII (200 nm/10 nm/800 nm) e-
beam resist stack. The top UVIII was exposed by a small
dose and wide line, then developed by TMAH and rinsed
in DI water to determine the gate cap. And then the bot-
tom PMMA was exposed by a big dose and narrow line,
then developed by 1, 2-dimethylbenzene to define the gate
foot. After that, the second gate recess was etched in the
In0.52Al0.48As cap layer by a phosphate based solution, and
a Ti/Pt/Au (25 nm/25 nm/300 nm) metal stack was evaporated
and lifted off. Three different gate positions were used to ob-
serve the dependence of RF performance on gate offset. The
gate was located at the first gate recess center, with an off-
set to the source or drain side. The gate length of all devices is
100 nm, as shown in Fig. 2. Finally, the Ti/Au (15 nm/300 nm)
connection pads were evaporated for on-wafer DC and RF
characteristics measurements.

Single- and double-recessed HEMTs were identically
processed, except for additional recess etching. The detailed
parameters of fabricated HEMTs are shown in Table 1. All
devices were deposited by plasma-enhanced chemical vapor
deposition (PECVD) with 20 nm Si3N4 as a passivation layer.

(a) Device A (b) Device B

(c) Device C (d) Device D

Lrs=100 nm Lrd=100 nm

Fig. 2. SEM photograph of the T-Gate and gate recesses of the HEMTs.

Table 1. The detailed parameters of fabricated HEMTs.

Device Recess Lg (µm) LSD (µm) Lrecess (µm) Lrs (µm) Lrd (µm) LSG (µm) LDG (µm)

A single 0.1 2.4 – 0.35 0.35 0.85 1.45

B double 0.1 2.4 0.8 0.35 0.35 0.85 1.45

C double 0.1 2.4 0.8 0.1 0.6 0.6 1.7

D double 0.1 2.4 0.8 0.6 0.1 1.1 1.2
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3. Results and discussion
3.1. Double-recessed structure

DC properties were characterized by using a HP4142
semiconductor parameter analyzer at the room temperature.
Figure 3 shows the ID–VD output characteristics and transfer
characteristics of the single-recessed HEMTs (device A) and
double-recessed HEMTs (device B). Due to the higher series
resistances, such as the source and drain resistance (Rs and Rd)
caused by the removal of more cap layer during the formation
of the first gate recess, the double-recessed HEMTs exhibit
lower maximum drain–source current (ID,max) and maximum
extrinsic transconductance (gm,max) than the single-recessed
HEMTs. Extrinsic transconductance gm is expressed by

gm,ext =
gm,int

1+Rs ·gm,int
, (1)

where gm,int is the intrinsic transconductance of the HEMTs.
It can be seen from Eq. (1) that the increase of Rs will lead to
a significant decrease of gm,max.

The RF performance is characterized via an Agilent
E8363B PNA vector network analyzer from 0.1 GHz to
40 GHz. Before measurement, the devices were de-embedded
by using on-wafer open and short pad structures to exclude
the parasitic effect. Figure 4 shows the H21 and MAG/MSG
versus frequency of the single-recessed HEMTs (device A)
and double-recessed HEMTs (device B) at their respective
gm,max points. Since the test frequency range was limited from
0.1 GHz to 40 GHz, the fT and fMAX were obtained by ex-
trapolating the curve of H21 and MAG/MSG followed by a
slope of −20 dB/dec, respectively. The fT and the fMAX of
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Fig. 3. DC output (a) and transfer (b) characteristics of the single- and
double-recessed HEMTs.

single-recessed HEMTs are 296 GHz and 355 GHz, respec-
tively, while the fT and the fMAX of double-recessed HEMTs
are 261 GHz and 396 GHz, respectively. However, the device
was still unstable (k < 1) at the maximum test frequency of
40 GHz, and the actual fMAX will be larger than that obtained
by extrapolation. The fT and fMAX are expressed by

fT =
gmi

2π

1(
Cgs +Cgd

)
[1+gds (Rs +Rd)]+Cgd ·gmi (Rs +Rd)

, (2)

fMAX =
fT,int√

4gds
(
Rg +Ri +Rs

)
+

2Cgd
Cgs

(
Cgd
Cgs

+gmi (Ri +Rs)
) , (3)

where gmi is the intrinsic transconductance, Cgs and Cgd are the
parasitic capacitances from gate to source and gate to drain re-
spectively, gds is conductance between drain and source, Rg is
the parasitic resistances of gate, Ri is the intrinsic resistance in
the channel region, and fT,int represents the cut-off frequency
of the intrinsic part of HEMTs without parasitic resistance and
capacitance.

To analyze the effect of the gate recess structures on RF
performance, we use a small-signal model to extract the par-
asitic parameters of the devices. The small-signal model pa-
rameters were tuned repeatedly until very good fitting of S-
parameters was obtained within the test frequency, as shown in
Fig. 5. According to the method in Ref. [20], the relative error

between the S-parameters of the small-signal model and the
measured S-parameters is extracted. In the range of 5 GHz–
40 GHz, the average relative error is only 2.75%.
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Fig. 4. The H21 and MAG/MSG versus frequency of the single and
double recessed HEMTs.
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Fig. 5. Measured (symbols) and small-signal modeled (lines) RF gains (H21, U , MAG/MSG) and stability factor (k) of the single and double
recessed HEMTs.

Table 2. The parameters of the small-signal equivalent circuit of devices.

Device Cgs (fF) Cgd (fF) Cds (fF) gds (mS) Rs (Ω) Rd (Ω) Rg (Ω) Ri (Ω) gmi (mS) fT,model (GHz) fT,meas (GHz)

A 85 4.9 31.9 11 1.66 4 4.5 3.7 190 294 296

B 74.7 3.65 31.4 6.4 1.68 5.5 4.5 3.45 141 262 261

Table 2 summarizes the small-signal modeling parame-
ters of the single and double recessed HEMTs, and also in-
cludes fT,meas for comparison. The measured ( fT,meas) and the
modeled fT ( fT,model) are very similar, increasing the credibil-
ity of our analysis. Equations (2) and (3) suggest that Cgs, Cgd,
Rs, and Rd are the key parasitic parameters that affect fT and
fMAX.[21] The heavily doped In0.53Ga0.47As/In0.65Ga0.35As
cap layers are partially removed in the etching process of the
first gate recess, which significantly increases the series re-
sistances (Rs and Rd), resulting in the fT of double-recessed
HEMTs being lower than that of the single-recessed HEMTs.
On the other hand, double-recessed HEMTs achieve greater
fMAX due to the decrease in Cgd and gds. The decrease of gds

is attributed to the effective suppression of impact ionization
by the double recess structure.[22]

3.2. Gate offset in the first gate recess

The performances of double-recessed HEMTs with dif-
ferent gate offsets are compared. The gates of devices B, C,
and D are located in the middle of the first gate recess, toward
the source or toward the drain, respectively. The drain-side re-
cess length (Lrd) of devices B, C, and D are 0.35 µm, 0.6 µm,
0.1 µm, respectively, while the width of the first gate recess
remained 2.4 µm.

Figure 6 shows the ID–VD output characteristics and trans-
fer characteristics of the devices B, C, and D. When Lrd in-
creased, namely, gate position shifted from drain side to source
side in the first gate recess, both ID,max and gm,max increased.
Device C shows the highest ID,max of 1038 mA/mm and gm,max

of 1151.6 mS/mm.
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Fig. 6. DC output (a) and transfer (b) characteristics of devices B, C,
and D.

Figure 7 shows the H21 and MAG/MSG versus frequency

of devices B, C, and D at VG =−0.4 V and VD = 1.4 V. As the

gate position shifts from drain side to source side in the first

gate recess, fT decreases from 287 GHz to 258 GHz and fMAX

increases from 342 GHz to 425 GHz. To explain the variation

of RF performance, the parameters are extracted based on the

small-signal model, as shown in Table 3.
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Table 3. The parameters of the small-signal equivalent circuit of devices.

Lrd (µm) Cgs (fF) Cgd (fF) Cds (fF) Rs (Ω) Rd (Ω) Rg (Ω) Ri (Ω) gm (mS) fT,model (GHz) fT,meas (GHz)

0.1 62.7 4.6 28.6 1.73 5 4.5 3.45 135 286 287

0.35 74.7 3.65 31.4 1.68 5.5 4.5 3.45 141 262 261

0.6 82.1 3.45 34.2 1.58 6.5 4.5 3.45 155 260 258
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Lrd for double-recessed HEMTs.

Figure 8 shows some key parasitic parameters as the func-
tions of Lrd. The parameters Cgs and Cgd were extracted by
Eqs. (4) and (5). The Cgs increased and Cgd decreased by ex-
tending Lrd from 0.1 µm to 0.6 µm, as shown in Fig. 8. Al-

though the changes of Cgs and Cgd with the extension of Lrd

are not the same, the increase of Cgs +Cgd well explains the
observed decrease of fT. On the other hand, since the oppo-
site changes of Cgs and Cgd lead to the further reduction of
Cgd/Cgs, the device C with the gate offset to the source side
exhibits a maximum fMAX of 425 GHz. Compared with the
single-recessed HEMTs (device A) with fMAX of 355 GHz,
the increase of fMAX is about 20%.

Cgs =

(
1+d2

)
ω

(Im(Y11)+ Im(Y12)) , (4)

Cgd =− i (Y12)

ω
, (5)

Table 4 summarizes the reported performance of InP
HEMT devices with a gate length of about 100 nm. Our device
exhibits outstanding fMAX in devices with gate length over
100 nm by using double-recessed offset gate process technol-
ogy. The device performances can be further improved by re-
ducing the gate length or using InAs-rich channel materials in
the future.

Table 4. Compared with the published InP HEMT with a gate length of about 100 nm.

Ref. Lg (nm) Channel Gm,max (mS/mm) fT (GHz) fMAX (GHz)

[23] 100 In0.68Ga0.32As 700 183 230
[24] 100 In0.53Ga0.47As 724 249 415
[25] 120 In0.53Ga0.47As 1100 166 340
[12] 87 In0.8Ga0.2As 3000 559 671
[26] 75 InAs 1331 260 800

This work 100 In0.53Ga0.47As 1152 258 425

4. Conclusion

In summary we demonstrated a novel double-recessed
offset gate process for InP HEMTs. The double-recessed
HEMTs can effectively improve fMAX by reducing gds and

Cgs. With the gate offset from the drain side to the source side,

fMAX can be further improved by suppressing Cgd/Cgs. Fi-

nally, the fMAX of double double-recessed offset gate HEMTs

is 20% higher than that of single-recessed HEMTs.

058506-5



Chin. Phys. B 31, 058506 (2022)

Acknowledgements
This work is supported by the National Natural Science

Foundation of China (Grant Nos. 61874036, 62174041, and
61434006), the Open Project of State Key Laboratory of ASIC
and System (Grant No. KVH1233021), the Opening Foun-
dation of the State Key Laboratory of Advanced Materials
and Electronic Components (Grant No. FHR-JS-201909007),
the Guangxi Innovation Research Team Project (Grant
Nos. 2018GXNSFGA281004 and 2018GXNSFBA281152),
the Guangxi Innovation Driven Development Special Fund
Project (Grant No. AA19254015), and the Guangxi Key Lab-
oratory of Precision Navigation Technology and Application
Project (Grant Nos. DH201906, DH202020, and DH202001).

References
[1] Liu Y, Zhang B, Feng Y, Zhao X, Wang J, Ji D, Yang Y and Fan Y

20202 IEEE MTT-S International Wireless Symposium (IWS), 20–23
Sept. 2020, pp. 1–3

[2] Hamada H, Tsutsumi T, Matsuzaki H, Sugiyama H and Nosaka H 2020
IEEE/MTT-S International Microwave Symposium (IMS), 4–6 Aug.
2020, pp. 1121–1124

[3] Hamada H, Tsutsumi T, Itami G, Sugiyama H, Matsuzaki H, Okada
K and Nosaka H 2019 IEEE BiCMOS and Compound semiconductor
Integrated Circuits and Technology Symposium (BCICTS), 3–6 Nov.
2019, pp. 1–4

[4] Lai R, Mei X B, Deal W R, Yoshida W, Kim Y M, Liu P H, Lee
J, Uyeda J, Radisic V, Lange M, Gaier T, Samoska L and Fung A
2007 IEEE International Electron Devices Meeting, 10–12 Dec. 2007,
pp. 609–611

[5] Kim D, Alamo J A d, Chen P, Wonill H, Urteaga M and Brar B 2020
International Electron Devices Meeting, 6–8 Dec. 2010, pp. 30.6.1–
30.6.4

[6] Tessmann A, Leuther A, Massler H and Seelmann-Eggebert M
2012 IEEE Compound Semiconductor Integrated Circuit Symposium
(CSICS), 14–17 Oct. 2012, pp. 1–4

[7] Leuther A, Tessmann A, Doria P, Ohlrogge M, Seelmann-Eggebert M,
Maßler H, Schlechtweg M and Ambacher O 2014 9th European Mi-
crowave Integrated Circuit Conference, 6–7 Oct. 2014, pp. 84–87

[8] Mei X, Yoshida W, Lange M, Lee J, Zhou J, Liu P H, Leong K, Zamora
A, Padilla J, Sarkozy S, Lai R and Deal W R 2015 IEEE Electron De-
vice Lett. 36 327

[9] Takahashi T, Kawano Y, Makiyama K, Shiba S, Sato M, Nakasha Y
and Hara N 2017 IEEE Transactions on Electron Devices 64 89

[10] Yeon S, Park M, Choi J and Seo K 2007 IEEE International Electron
Devices Meeting, 10–12 Dec. 2007, pp. 613–616

[11] Yun D Y, Jo H B, Son S W, Baek J M, Lee J H, Kim T W, Kim D H,
Tsutsumi T, Sugiyama H and Matsuzaki H 2018 IEEE Electron Device
Lett. 39 1844

[12] Jo H B, Baek J M, Yun D Y, Son S W, Lee J H, Kim T W, Kim D H,
Tsutsumi T, Sugiyama H and Matsuzaki H 2018 IEEE Electron Device
Lett. 39 1640

[13] Zhong Y H, Sun S X, Wong W B, Wang H L, Liu X M, Duan Z Y, Ding
P and Jin Z 2017 Front.Inform. Techn. Electron. Eng. 18 1180

[14] Feng R, Wang B, Cao S, Liu T, Su Y, Ding W, Ding P and Jin Z 2022
Chin. Phys. B 31 018505

[15] Tong Z H, Ding P, Su Y B, Wang D H and Jin Z 2021 Chin. Phys. B 30
018501

[16] Yoshida T, Kobayashi K, Otsuji T and Suemitsu T 2013 Proceedings
of the European Solid-State Device Research Conference (ESSDERC),
16–20 Sept. 2013, pp. 115–118

[17] Huang J C, Jackson G, Shanfield S, Hoke W, Lyman P, Atwood D,
Saledas P, Schindler M, Tajima Y, Platzker A, Masse D and Statz H
1991 IEEE MTT-S International Microwave Symposium Digest, 10–14
July 1991, pp. 713–716 vol. 2

[18] Kim D H and Alamo J A d 2008 IEEE Transactions on Electron De-
vices 55 2546

[19] Chen K J, Enoki T, Maezawa K, Arai K and Yamamoto M 1996 IEEE
Transactions on Electron Devices 43 252

[20] Liu G M, Chang H D, Sun B and Liu H G 2013 Chin. Phys. Lett. 30
087304

[21] del Alamo J A 2011 Nature 479 317
[22] Hur K Y, McTaggart R A, LeBlanc B W, Hoke W E, Lemonias P J,

Miller A B, Kazior T E and Aucoin L M GaAs IC Symposium IEEE
Gallium Arsenide Integrated Circuit Symposium 17th Annual Techni-
cal Digest 1995, 29 Oct.–1 Nov. 1995, pp. 101–104

[23] Liu L, Alt A R, Benedickter H and Bolognesi C R 2012 IEEE Electron
Device Lett. 33 209

[24] Wang L D, Ding P, Su Y B, Chen J, Zhang B C and Jin Z 2014 Chin.
Phys. B 23 038501

[25] Ding P, Chen C, Asif M, Wang X, Niu J, Yang F, Ding W, Su Y, Wang
D and Jin Z 2018 IEEE Journal of the Electron Devices Society 6 49

[26] Samnouni M, Wichmann N, Wallart X, Coinon C, Lepilliet S and Bol-
laert S 2021 IEEE Transactions on Electron Devices 68 4289

058506-6

http://dx.doi.org/10.1109/IWS49314.2020.9360136
http://dx.doi.org/10.1109/IWS49314.2020.9360136
http://dx.doi.org/10.1109/IMS30576.2020.9223851
http://dx.doi.org/10.1109/IMS30576.2020.9223851
http://dx.doi.org/10.1109/IMS30576.2020.9223851
http://dx.doi.org/10.1109/BCICTS45179.2019.8972756
http://dx.doi.org/10.1109/BCICTS45179.2019.8972756
http://dx.doi.org/10.1109/BCICTS45179.2019.8972756
http://dx.doi.org/10.1109/IEDM.2007.4419013
http://dx.doi.org/10.1109/IEDM.2007.4419013
http://dx.doi.org/10.1109/IEDM.2010.5703453
http://dx.doi.org/10.1109/IEDM.2010.5703453
http://dx.doi.org/10.1109/IEDM.2010.5703453
http://dx.doi.org/10.1109/CSICS.2012.6340102
http://dx.doi.org/10.1109/CSICS.2012.6340102
http://dx.doi.org/10.1109/CSICS.2012.6340102
http://dx.doi.org/10.1109/CSICS.2012.6340102
http://dx.doi.org/10.1109/LED.2015.2407193
http://dx.doi.org/10.1109/LED.2015.2407193
http://dx.doi.org/10.1109/TED.2016.2624899
http://dx.doi.org/10.1109/IEDM.2007.4419014
http://dx.doi.org/10.1109/IEDM.2007.4419014
http://dx.doi.org/10.1109/LED.2018.2876709
http://dx.doi.org/10.1109/LED.2018.2876709
http://dx.doi.org/10.1109/LED.2018.2871221
http://dx.doi.org/10.1109/LED.2018.2871221
http://dx.doi.org/10.1631/FITEE.1601121
http://dx.doi.org/10.1088/1674-1056/ac364d
http://dx.doi.org/10.1088/1674-1056/ac364d
http://dx.doi.org/10.1088/1674-1056/abb30d
http://dx.doi.org/10.1088/1674-1056/abb30d
http://dx.doi.org/10.1016/j.sse.2014.06.005
http://dx.doi.org/10.1016/j.sse.2014.06.005
http://dx.doi.org/10.1016/j.sse.2014.06.005
http://dx.doi.org/10.1109/MWSYM.1991.147103
http://dx.doi.org/10.1109/MWSYM.1991.147103
http://dx.doi.org/10.1109/TED.2008.2002994
http://dx.doi.org/10.1109/TED.2008.2002994
http://dx.doi.org/10.1109/16.481725
http://dx.doi.org/10.1109/16.481725
http://dx.doi.org/10.1088/0256-307X/30/8/087304
http://dx.doi.org/10.1088/0256-307X/30/8/087304
http://dx.doi.org/10.1038/nature10677
http://dx.doi.org/10.1109/GAAS.1995.528971
http://dx.doi.org/10.1109/GAAS.1995.528971
http://dx.doi.org/10.1109/GAAS.1995.528971
http://dx.doi.org/10.1109/LED.2011.2176713
http://dx.doi.org/10.1109/LED.2011.2176713
http://dx.doi.org/10.1088/1674-1056/23/3/038501
http://dx.doi.org/10.1088/1674-1056/23/3/038501
http://dx.doi.org/10.1109/JEDS.6245494
http://dx.doi.org/10.1109/TED.2021.3098255

	1. Introduction
	2. Experiment
	3. Results and discussion
	3.1. Double-recessed structure
	3.2. Gate offset in the first gate recess

	4. Conclusion
	References

