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Abstract

In this work, AlGaN double channel heterostructure is proposed and grown by metal organic chemical vapor
deposition (MOCVD), and high-performance AlGaN double channel high electron mobility transistors (HEMTs) are
fabricated and investigated. The implementation of double channel feature effectively improves the transport
properties of AlGaN channel heterostructures. On one hand, the total two dimensional electron gas (2DEG) density
is promoted due to the double potential wells along the vertical direction and the enhanced carrier confinement.
On the other hand, the average 2DEG density in each channel is reduced, and the mobility is elevated resulted
from the suppression of carrier-carrier scattering effect. As a result, the maximum drain current density (Imax) of
AlGaN double channel HEMTs reaches 473 mA/mm with gate voltage of 0 V. Moreover, the superior breakdown
performance of the AlGaN double channel HEMTs is also demonstrated. These results not only show the great
application potential of AlGaN double channel HEMTs in microwave power electronics but also develop a new
thinking for the studies of group III nitride-based electronic devices.
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Introduction
Group III nitride-based high electron mobility transis-
tors (HEMTs) have been identified as the most promis-
ing candidate for next-generation microwave power
electronics owing to their fast-switching speed and low-
switching loss [1–5]. Lately, the most advanced nitride
HEMTs have achieved initial commercialization up to
650 V. However, with the maturity of device fabrication
technology, it has become increasingly difficult to fur-
ther scaling up the breakdown voltages (Vb) and improv-
ing the device reliability at high temperatures. Therefore,
in view of the larger bandgap and superior thermal sta-
bility of AlGaN over GaN, AlGaN channel devices have
been proposed as promising candidate to further

improve the performance limits of nitride HEMTs in
high-voltage and high-temperature applications [6–15].
Nanjo et al. demonstrated the remarkable breakdown

voltage enhancement of AlGaN channel HEMTs, and
the obtained maximum breakdown voltages were 1650 V
in the Al0.53Ga0.47N/Al0.38Ga0.62N HEMTs with the gate-
drain distances of 10 μm [6]. Afterwards, Nanjo et al.
further promoted the breakdown voltage of the
Al0.40Ga0.60N/Al0.15Ga0.85N HEMTs to 1700 V [8].
Zhang et al. fabricated the AlGaN channel HEMTs with
a novel ohmic/Schottky-hybrid drain contact, and a rec-
ord high breakdown voltage of more than 2200 V was
obtained for the AlGaN channel HEMTs [11]. Xiao et al.
proposed the AlGaN channel heterostructures with high
2DEG mobility of 807 cm2/V·s, and the records of max-
imum drain current and Ion/Ioff ratio were reported for
the fabricated AlGaN channel HEMTs [14]. Whereafter,
Xiao et al. proposed the normally off HEMTs with
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superlattice AlGaN channel layer for the first time, and
the fabricated devices showed a breakdown voltage over
2000 V, a high on current density of 768 mA/mm, and a
threshold voltage (VT) of 1.0 V [15]. Recently, Baca et al.
evaluated the radio frequency (RF) performance of
AlGaN channel HEMTs with 80-nm long gate. The fT of
28.4 GHz and fMAX of 18.5 GHz were determined from
small signal S-parameter measurements [12]. These re-
sults illustrate the promise of AlGaN channel HEMTs
for RF power applications.
However, the limitations of the previously reported

AlGaN channel devices are equally obvious. On one
hand, on account of the ternary alloy disordered scatter-
ing effect, the two dimensional electron gas (2DEG) mo-
bility in AlGaN channel is much lower than that in GaN
channel. As a result, the current drive capacity of AlGaN
channel devices is much lower than that of the trad-
itional GaN channel devices. On the other hand, in
order to induce the same amount of 2DEG in AlGaN
channel, the AlN component in AlGaN barrier layer
should be higher than that of conventional GaN channel
heterostructures, which will increase the difficulties in
material growth process. These contradictions seriously
inhibit the widespread application of AlGaN channel de-
vices, and the optimizations of heterostructure layout
are urgently needed.
Double channel technique is an intriguing approach to

promote the channel carrier density of nitride-based het-
erostructures without any adverse impact on the elec-
tron mobility, and the current conduction capability of
the devices will be improved [16–18]. However, there
have been few reports on the AlGaN double channel
heterostructures or electron devices up to now. In this
work, for the first time, AlGaN double channel

heterostructure is proposed and grown to resolve the
contradictions between the current drive capability and
the breakdown performance of nitride-based electron
device. Further, high performance AlGaN double chan-
nel HEMTs based on the novel heterostructure are fabri-
cated and investigated in detail.

Methods
The cross-section schematic of the AlGaN double chan-
nel heterostructure is shown in Fig. 1a, and the growth
processes can be summarized as follow. Firstly, 1600 nm
GaN buffer layer was grown on the sapphire substrate.
Then, 500 nm graded AlGaN buffer layer with AlN com-
position increasing from 0 to 10% was grown, which was
beneficial to suppress the formation of parasitic channel.
Whereafter, 100 nm lower AlGaN channel, 1 nm AlN
interlayer, and 23 nm lower AlGaN barrier were grown
successively, and the AlN compositions in the channel
and barrier layers are 10% and 31%, respectively. Finally,
30 nm upper AlGaN channel, 1 nm AlN interlayer, and
23 nm upper AlGaN barrier layers were grown, for
which the compositions were the same with the lower
layers. The conduction band diagram of the AlGaN
double channel heterostructure can be calculated by
self-consistently solving the one dimensional Poisson-
Schrödinger equation, which employs the finite-
difference method with a nonuniform mesh size [19].
The conduction band diagram and the extracted elec-
tron density distribution of the AlGaN double channel
heterostructure are illustrated in Fig. 2a, and the results
of AlGaN single channel heterostructure are also pro-
vided in Fig. 2b for composition. Two deep potential
wells are formed at the interface of AlN interlayers and
Al0.10Ga0.90N channel layers for the AlGaN double

Fig. 1 Cross-sectional view (not to scale) of a AlGaN double channel, b AlGaN single channel, and c GaN double channel
heterostructures (HEMTs)
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channel heterostructure, corresponding to the double
2DEG channels. In addition, it can be observed that the
2DEG density in upper channel is higher than that in
lower channel, which can be explained from two aspects.
On one hand, the lower AlGaN barrier acts as back bar-
rier of the upper channel, which is beneficial to promote
the 2DEG confinement of upper channel. On the other
hand, the main supplying source of the channel 2DEG in
nitride heterostructures is the donor-like surface states
[20], which are more close to the upper channel.

Results and Discussion
Figure 3 displays the high resolution x-ray diffraction
(HRXRD) ω-2θ scan result of the AlGaN double channel
heterostructure from symmetric (0004) reflection. The
diffraction intensity from AlN nucleation layer, GaN
buffer, AlGaN graded buffer, AlGaN channel, and
AlGaN barrier layers can be observed. Moreover, the
spectrum scan from 71.0 to 73.2° is presented in Fig. 2b
with a magnification for clarity, and Lorentz function is
applied to fit the multi-peaks. The diffraction peaks of
GaN buffer, AlGaN channel, and AlGaN barrier locate
at 71.6°, 72.2°, and 72.8°, and the AlGaN graded buffer

results in a platform between the peaks of GaN buffer
and AlGaN channel. These results indicate the distinct
multi-layer structure and the sophisticated control of the
growth process, and the AlN compositions of 10% and
31% in the AlGaN channel and barrier can be extracted.
Capacitance-voltage (C-V) measurement with mercury-

probe configuration was performed to investigate the
double channel characteristics of the heterostructure. As
shown in the inset of Fig. 4, two distinct capacitance steps
can be observed at around − 2.5 V and − 10 V with the ap-
plied voltage swept from 0 to − 15V, corresponding to the
depletion of 2DEG at AlN/Al0.10Ga0.90 interfaces. In
addition, the carrier distribution properties can be extracted
from C-V curve and the result is illustrated in Fig. 4. Two
carrier concentration peaks locate at 24 and 78 nm with the
values of 6.1 × 1019 and 2.5 × 1019 cm−3, which is in accord-
ance with the calculated result as shown in Fig. 2. Specially,
no parasitic conduction channel can be observed until the
test depth reaches 1 μm, suggesting the successful achieve-
ment of double channel properties of the heterostructure.
In addition, the 2DEG sheet density and mobility were de-
termined to be 1.3 × 1013 cm−2 and 1130 cm2/V∙s by the
Hall effect measurement.

Fig. 2 Conduction band diagrams and electron density distributions of AlGaN double channel and single channel heterostructures

Fig. 3 HRXRD (0004) plane ω-2θ scan of AlGaN double channel heterostructure
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The standard HEMTs fabrication process was carried
on the AlGaN double channel heterostructure. The de-
vice fabrication process started with ohmic contact
formed with Ti/Al/Ni/Au multilayer metal stack depos-
ited by electron beam evaporation, followed by a rapid
thermal anneal at 850 °C for 30 s in N2 atmosphere.
Then, the mesa isolation was performed by Cl2/BCl3 in-
ductively coupled plasma etching to a depth of 200 nm,
and 100-nm-thick SiN passivation layer was formed by
plasma-enhanced chemical vapor deposition. Afterwards,
a gate area with a length (LG) of 0.8 μm was defined by
photolithography after etching the top SiN with CF4
plasma, and then a Ni/Au schottky gate electrode was
deposited. The gate-source (LGS) and gate-drain (LGD)
distances are 0.8 and 1 μm, respectively. For comparison
purposes, two additional HEMTs samples based on the
conventional AlGaN single channel and GaN double
channel heterostructures were also fabricated, and the
cross-section schematics are shown in Fig. 1 b and c.
The device process and characteristic parameters of the
additional HEMTs samples are exactly the same with

the AlGaN double channel HEMTs. The output and
transfer properties of the devices were carried out with
Keithley 4200 semiconductor parameter analyzer, and
the breakdown characteristics were performed using
Agilent B1505A high-voltage semiconductor analyzer
system.
The typical output characteristics of the HEMTs are il-

lustrated in Fig. 5, for which the VGS and VDS were
swept from 0~− 10 V and 0~10 V. The maximum drain
current density (Imax) and differential on-resistance (Ron)
of the AlGaN single channel sample are 265.3 mA/mm
and 27.1Ω∙mm, respectively. These results are in ac-
cordance with the previous reports, suggesting the defi-
ciency of AlGaN channel HEMTs in current drive
capacity. For the AlGaN double channel HEMTs, the
Imax dramatically increases to 473 mA/mm, which is 1.8
times higher than that of AlGaN single channel HEMTs.
We attribute the improvement in Imax to the superior
transport properties of the AlGaN double channel het-
erostructure. On one hand, double channel structure
possesses two potential wells along the vertical direction,
and the carrier storage capability of the AlGaN conduc-
tion channel is promoted. On the other hand, although
the total channel carrier density is increased, the average
electron density in each channel is reduced. As a result,
the carrier-carrier scattering effect is suppressed and the
channel electron mobility is elevated. However, it can be
observed that the Ron of AlGaN double channel HEMTs
is 12.5Ω∙mm, still larger than that of GaN double chan-
nel HEMTs. This phenomenon is related to the large
contact barrier height of the AlGaN barrier layers, for
which the AlN composition is as high as 31%. Due to
the self-heating effect resulted from the high power dis-
sipation, the negative differential resistance effect can be
observed for the GaN double channel HEMTs when VGS

>− 4 V and VDS> 6 V. Nevertheless, for the AlGaN chan-
nel HEMTs (both single channel and double channel),
this negative differential resistance effect is significantly

Fig. 4 C-V characteristics and electron distribution curve of AlGaN
double channel heterostructure

Fig. 5 Output characteristics of AlGaN double channel, AlGaN single channel, and GaN double channel HEMTs
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suppressed, manifesting the superior performance of
AlGaN channel HEMTs in elevated temperature
conditions.
Figure 6 illustrates the typical transfer properties of

the HEMTs with VDS of 10 V. The AlGaN single channel
HEMTs exhibit a threshold voltage (VT) of − 3.8 V, to-
gether with an inferior peak extrinsic transconductance
(Gm,max) of 80.5 mS/mm in the vicinity of VGS = − 1.5 V.
For the AlGaN double channel and GaN double channel
HEMTs, the VT remarkably decreases to − 9.2 and −
11.2 V, which is resulted from the high channel carrier
density and the relatively long distance from the gate
electrode to the lower 2DEG channel. The high VT may
result in high power loss of the devices at off state, and
this issue can be improved by further optimizing the
growth parameters of double channel structures, such as
properly reducing the thickness of barrier and upper
channel layers. Specially, double-hump characteristics
can be observed of the transconductance curves of
AlGaN double channel and GaN double channel
HEMTs. For the AlGaN double channel HEMTs, two
peak values of 97.9 and 42.5 mS/mm can be extracted at
VG = − 1.0 and − 6.0 V. The sub-peak value reaches 43%
of the Gm,max, indicating the decent gate-control ability
and linearity of the AlGaN double channel HEMTs.
Moreover, based on our previous research achievement
[21], the results can be further improved by modulating
the structure parameters, such as the thickness and
composition of the AlGaN double channels, and the
coupling effect between the double channels and the de-
vice linearity can be enhanced.
The off-state breakdown characteristics of the HEMTs

based on different heterostructures are measured and
shown in Fig. 7. The Vb is defined by the criteria of leak-
age current reaching 5 μA/mm. It can be observed that
all the three samples present hard breakdown character-
istics, and the breakdown performance of AlGaN chan-
nel HEMTs is obviously better than that of the GaN
channel HEMTs. The Vb of the AlGaN double channel

HEMTs is 143.5 V, more than two times higher than
that of the GaN double channel HEMTs. Taking the
LGD = 1 μm into consideration, the Vb,standard (defined by
Vb/LGD) is as high as 143.5 V/μm for the AlGaN double
channel HEMTs. The Imax and Vb,standard results of the
AlGaN double channel HEMTs in this work are bench-
marked against the GaN channel and AlGaN channel
HEMTs reported by other groups in Fig. 8, and the re-
sults of depletion-mode (DM) and enhancement-mode
(EM) devices are distinguished. In addition, the core in-
dexes of the AlGaN channel HEMTs (heterostructures)
in previous reports and this work are summarized in
Table 1. As Fig. 8 shown, it is obvious that the break-
down performance of AlGaN channel HEMTs is gener-
ally better than that of GaN channel HEMTs,
accompanying with the deterioration in Imax. Noticeably,
the Imax of the AlGaN double channel in this work is
comparable to most results of the GaN channel HEMTs.
Moreover, it is necessary to note that the Imax value in
this work is obtained at VGS = 0 V, which is conservative
and can be further improved by applied positive gate

Fig. 6 Transfer characteristics of AlGaN double channel, AlGaN single channel, and GaN double channel HEMTs

Fig. 7 Breakdown characteristics of AlGaN double channel, AlGaN
single channel, and GaN double channel HEMTs
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voltage. Therefore, these results convincingly demon-
strate the enormous potential of AlGaN double channel
HEMTs in microwave power device applications.

Conclusions
In summary, AlGaN double channel heterostructure is
proposed to fabricate high performance HEMTs. The
superior transport properties of AlGaN double chan-
nel heterostructure is revealed, leading to the im-
proved current drive capability of the HEMTs. In
addition, the excellent breakdown performance of the
AlGaN double channel HEMTs is demonstrated. The
results in this work show the great potential of
AlGaN double channel devices in microwave power
applications in the future.

Abbreviations
MOCVD: Metal organic chemical vapor deposition; HEMTs: High electron
mobility transistors; 2DEG: Two dimensional electron gas; Imax: Maximum
drain current density; Vb: Breakdown voltage; VT: Threshold voltage; RF: Radio
frequency; HRXRD: High resolution x-ray diffraction; C-V: Capacitance-voltage;
LG: Gate length; LGS: Gate-source distance; LGD: Gate-drain distance; Ron: On-
resistance; Gm: Transconductance; DM: Depletion-mode; EM: Enhancement-
mode

Acknowledgements
The authors are grateful to Na Wang for the material and device property
analysis.

Authors’ Contributions
Yachao Zhang generated the research idea, analyzed the data, and wrote
the paper. Yachao Zhang and Yifan Li carried out the experiments and the
measurements. Jia Wang, Yiming Shen, Lin Du, Yao Li, and Zhizhe Wang
participated in the discussions. Shengrui Xu and Jincheng Zhang provided
suggestions for revision. Yue Hao has given final approval of the version to
be published. All authors read and approved the final manuscript.

Funding
This work is supported by the Fundamental Research Funds for the Central
Universities (grant no. JB181108), the National Natural Science Foundation of
China (grant no. 61904139), and the Science and Technology Program of
Guangzhou (grant no. 201904010457).

Availability of Data and Materials
All data generated or analyzed during this study are included in this
published article and its supplementary information files.

Competing Interests
The authors declare that they have no competing interests.

Author details
1State Key Discipline Laboratory of Wide Band Gap Semiconductor
Technology, School of Microelectronics, Xidian University, No.2 South TaiBai
Road, Xi’an 710071, China. 2Shanghai Academy of Spaceflight Technology,
Shanghai 201109, China. 3Shanghai Precision Metrology and Testing
Research Institute, Shanghai 201109, China. 4Department of Electronic
Engineering, Xi’an University of Technology, Xi’an 710048, China. 5China
Electronic Product Reliability and Environmental Testing Research Institute,
No. 110 Dongguanzhuang Road, Guangzhou 510610, China.

Received: 18 February 2020 Accepted: 10 May 2020

References
1. Liu X-Y, Zhao S-X, Zhang L-Q, Huang H-F, Shi J-S, Zhang C-M, Lu H-L, Wang

P-F, Zhang DW, AlGaN/GaN MISHEMTs with AlN gate dielectric grown by
thermal ALD technique, (2015) Nanoscale Res Lett 10:109

2. Shih H-Y, Chu F-C, Das A, Lee C-Y, Chen M-J, Lin R-M, Atomic layer
deposition of gallium oxide films as gate dielectrics in AlGaN/GaN metal–
oxide–semiconductor high-electron-mobility transistors, (2016) Nanoscale
Res Lett 11:235

3. Ge M, Ruzzarin M, Chen D, Lu H, Yu X, Zhou J, Santi CD, Zhang R, Zheng Y,
Meneghini M, Meneghesso G, Zanoni E, Gate reliability of p-GaN gate
AlGaN/GaN high electron mobility transistors, (2019) IEEE Electron Device
Lett 40:379

4. Zhang Y, Guo R, Xu S, Zhang J, Zhao S, Wang H, Hu Q, Zhang C, Hao Y, High-
performance high electron mobility transistors with GaN/InGaN composite
channel and superlattice back barrier, (2019) Appl Phys Lett 115:072105

5. Yang C, Luo X, Sun T, Zhang A, Ouyang D, Deng S, Wei J, Zhang B, High
Breakdown Voltage and Low Dynamic ON-Resistance AlGaN/GaN HEMT
with Fluorine Ion Implantation in SiNx Passivation Layer, (2019) Nanoscale
Res Lett 14:191

6. Nanjo T, Takeuchi M, Suita M, Oishi T, Abe Y, Tokuda Y, Aoyagi
Y, Remarkable breakdown voltage enhancement in AlGaN channel high
electron mobility transistors, (2008) Appl Phys Lett 92:263502

Fig. 8 Benchmark of Imax and Vb,standard for AlGaN channel and GaN
channel HEMTs

Table 1 Core indexes of AlGaN channel HEMTs
(heterostructures) in previous reports and this work
Institution μ (cm2/Vs) ns (10

13 cm− 2) IMAX (mA/mm) VT (V) Vb,standard
(V/μm)

Mitsubishi [6] 0.53 114 153

Mitsubishi [7] 645 0.22 145 − 1.0 180

Mitsubishi [8] 460 0.79 340 − 4.0 170

Sandia National
Laboratories [9]

250 0.60 2 − 4.9 82

USC [10] 284 1.15 250 − 10 99

XDU [11] 801 0.39 200 − 4.0 104

Sandia National
Laboratories [12]

390 0.72 160 − 6.0 186

XDU [13] 801 0.39 275 − 2.8 110

XDU [14] 807 0.61 849 − 4.3 82

XDU [15] 1179 0.61 768 1.0 103

This work 1130 1.30 460 − 9.2 142.5

Zhang et al. Nanoscale Research Letters          (2020) 15:114 Page 6 of 7



7. Nanjo T, Takeuchi M, Imai A, Suita M, Oishi T, Abe Y, Yagyu E, Kurata T,
Tokuda Y, Aoyagi Y, AlGaN channel HEMTs on AlN buffer layer with
sufficiently low off-state drain leakage current, (2009) Electron Lett 45:1346

8. Nanjo T, Imai A, Suzuki Y, Abe Y, Oishi T, Suita M, Yagyu E, Tokuda Y, AlGaN
channel HEMT with extremely high breakdown voltage, (2013) IEEE Trans
Electron Devices 60:1046

9. Baca AG, Armstrong AM, Allerman AA, Douglas EA, Sanchez CA, King MP,
Coltrin ME, Fortune TR, Kaplar RJ, An AlN/Al0.85Ga0.15N high electron
mobility transistor, (2016) Appl Phys Lett 109:033509

10. S. Muhtadi, S. M. Hwang, A. Coleman, F. Asif, G. Simin, MVS Chandrashekhar,
and A. Khan, High Electron Mobility Transistors With Al0.65Ga0.35N Channel
Layers on Thick AlN/Sapphire Templates, IEEE Electron Device Lett 38:914
(2017)

11. Zhang W, Cheng J, Xiao M, Zhang L, Hao Y, High Breakdown-Voltage
(>2200 V) AlGaN-Channel HEMTs With Ohmic/Schottky Hybrid Drains, (2018)
IEEE Journal of Electron Devices Society 6:931

12. Baca AG, Klein BA, Wendt JR, Lepkowski SM, Nordquist CD, Armstrong AM,
Allerman AA, Douglas EA, Kaplar RJ, RF Performance of Al0.85Ga0.15N/Al0.
70Ga0.30N High Electron Mobility Transistors With 80-nm Gates, (2019) IEEE
Electron Device Lett 40:17

13. Wu Y, Zhang J, Zhao S, Zhang W, Zhang Y, Duan X, Chen J, Hao Y, More
Than 3000 V Reverse Blocking Schottky-Drain AlGaN-Channel HEMTs With
>230 MW/cm2 Power Figure-of-Merit, (2019) IEEE Electron Device Lett 40:
1724

14. Xiao M, Zhang J, Duan X, Zhang W, Shan H, Ning J, Hao Y, High
performance Al0.10Ga0.90N channel HEMTs, (2018) IEEE Electron Device Lett
39:1149

15. Xiao M, Zhang W, Zhang Y, Zhou H, Dang K, Zhang J, Hao Y, Novel 2000 V
Normally-off MOS-HEMTs using AlN/GaN Superlattice Channel, (2019) 31st
International Symposium on Power Semiconductor Devices and ICs (ISPSD)

16. Chu R, Zhou Y, Liu J, Wang D, Chen KJ, Lau KM, AlGaN-GaN double-channel
HEMTs, (2005) IEEE Trans Electron Devices 52:438

17. X. Wang, W. Hu, X. Chen, and Wei Lu, The Study of Self-Heating and Hot-
Electron Effects for AlGaN/GaN Double-Channel HEMTs, (2012) IEEE Trans.
Electron Devices 59:1393

18. Zhang Y, Wang Z, Xu S, Chen D, Bao W, Zhang J, Zhang J, Hao Y, Studies
on the InAlN/InGaN/InAlN/InGaN double channel heterostructures with low
sheet resistance, (2017) Appl Phys Lett 111:222107

19. I. H. Tan, G. L. Snider, L. D. Chang, and E. L. Hu, A selfconsistent solution of
Schrödinger–Poisson equations using a nonuniform mesh, (1990) J Appl
Phys 68:4071

20. Smorchkova IP, Elsass CR, Ibbetson JP, Vetury R, Heying B, Fini P, Haus E,
DenBaars SP, Speck JS, Mishra UK, Polarization-induced charge and electron
mobility in AlGaN/GaN heterostructures grown by plasma-assisted
molecular-beam epitaxy, (1999) J Appl Phys 86:4521

21. Zhang Y, Wang Z, Guo R, Liu G, Xu S, Bao W, Zhang J, Hao Y, High
performance InGaN double channel high electron mobility transistors with
strong coupling effect between the channels, (2018) Appl Phys Lett 113:
233503

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Zhang et al. Nanoscale Research Letters          (2020) 15:114 Page 7 of 7


	Abstract
	Introduction
	Methods
	Results and Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Authors’ Contributions
	Funding
	Availability of Data and Materials
	Competing Interests
	Author details
	References
	Publisher’s Note

