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Normally-off AIGaN/GaN heterojunction field-effect transistors
with in-situ AIN gate insulator
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AlGaN/GaN heterojunction field-effect transistors (HFETs) with p-GaN cap layer are developed for normally-off
operation, in which an in-sifu grown AIN layer is utilized as the gate insulator. Compared with the SiN, gate insulator, the
AlN/p-GaN interface presents a more obvious energy band bending and a wider depletion region, which helps to positively
shift the threshold voltage. In addition, the relatively large conduction band offset of AIN/p-GaN is beneficial to suppress
the gate leakage current and enhance the gate breakdown voltage. Owing to the introduction of AIN layer, normally-off
p-GaN capped AlGaN/GaN HFET with a threshold voltage of 4 V and a gate swing of 13 V is realized. Furthermore, the
field-effect mobility is approximately 1500 cm?-V—!.s~1 in the 2DEG channel, implying a good device performance.
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1. Introduction

Normally-off AlGaN/GaN heterostructure field-effect
transistors (HFETSs) have attracted much attention for power
switching applications because of their inherent fail-safe prop-
erty, simple circuit configuration and high electron mobil-
ity of two-dimensional electron gas (2DEG).!!-3! Generally,
a threshold voltage (V4,) higher than 3.0 V as well as a gate
voltage swing of 10 V are desirable to avoid the malfunc-
tion caused by noise./*! For some special power switching
applications, a Vi of 6.0 V is desired to prevent the power
switches from faulty turn-on induced by the electromagnetic
interference. In terms of realizing normally-off operation,
the p-GaN cap layer structure demonstrates tremendous ad-
vantages such as high channel mobility, good V;;, uniformity
and suitable for integration.!®~'!l Based on those advantages,
the AlGaN/GaN HFETs with p-GaN cap layer become the
unique commercial solution to achieve the normally-off oper-
ation with respect to gate recess, fluorine ion treatment, ultra-

12131 Op the basis of simulation and

thin barrier, and so on.!
experiment results, the Vi, of p-GaN HFET presents a rela-
tionship with the contact type between the gate electrode and
p-GaN. Usually, the ohmic type gate can be formed by de-
positing and/or oxidizing Ni, NiO,, or Pt on p-GaN layer.!”-8]
However, due to the low hole concentration in p-GaN, the Vi

is usually limited to around 1 V. Furthermore, the p-GaN/n-
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GaN junction turns on at a relatively small forward bias, lead-
ing to the huge gate leakage current.['*!3] Then, the Schottky
type gate formed by a low work function metal on p-GaN is
proposed to raise the V4, to approximately 2 V and suppress the
gate leakage current. The mechanism is attributed to that the
reverse biased Schottky junction undertakes partial of the gate
bias.!'%!7] However, the Schottky junction also hindrances the
transport of the hole, resulting in the V4, instability when the
gate voltage sweeps to a high positive values. In addition, even
with the Schottky type gate, the V4, still does not meet the re-
quirement of 3 V or even higher for practical applications.

To obtain a higher positive Vi, we previously proposed a
metal—-insulator—semiconductor (MIS) gate structure, in which
a thin dielectric layer (especially high-k dielectric) was intro-
duced below the gate metal electrode.®! For the conventional
device fabrication process, the gate electrode is deposited af-
ter the growth of dielectric layer and not covers all the gate
area due to the alignment limitation.['® This non-self-aligned
gate structure can eliminate the leakage path along the sidewall
of p-GaN, showing an off-state blocking capability after for-
ward gate breakdown.['°] However, the gate electrode needs to
cover the gate region totally to reduce the channel resistance.
We have developed a gate-first process with the low tempera-
ture ohmic annealing and realized the self-aligned gate stacks
to optimize the device performance. It is well known that the
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device performance of MIS structure directly relates with the
insulator properties, such as band offset, the dielectric con-
stant, and polarization. However, the effect of dielectric mate-
rial on the device characteristics is rarely reported.

In this article, we fabricated normally-off p-
GaN/AlGaN/GaN HFETs with in-situ AIN gate dielectric
layer by using the simple conventional gate-last process. Com-
pared to the V4, of 1.2 V and gate swing of 6 V for the p-GaN
HFETs with 5 nm SiN,, dielectric layer, the device with 5 nm
AIN layer presents a high Vi, of 4 V, a high gate swing of
13V, as well as a high gate breakdown voltage. Furthermore,
a similar maximum channel electron field-effect mobility of
around 1500 cm?-V~!.s~! is extracted for both devices.

2. Device structure and fabrication

The schematic view of device structures with AIN layer
(labeled as AIN gate) and SiN, layer (labeled as SiN, gate)
are shown in Figs. 1(a) and 1(b), respectively. The Al-
GaN/GaN heteroepitaxial structure was grown on a Si sub-
strate by metal organic chemical vapor deposition (MOCVD).
The structure of the wafer along the vertical direction con-
sists of a buffer layer, a carbon-doped high-resistance GaN
and an Aly4Gag76IN/GaN (10/300 nm) heterostructure from
bottom to top. Then, 3 nm i-GaN and 100 nm p-GaN cap
layer were grown to realize the normally-off operation. Hole
concentration in the p-GaN layer was confirmed to be about
2 % 10" cm™3 after high temperature activation in N, ambi-
ent, and the activation ratio was around 1%—2%. To realize
the AIN gate structure, 5 nm AIN layer was in-situ grown in
MOCVD on the top of the p-GaN layer.

Gate electrodei /
S P-GaN .

i-GaN
HR GaN
Buffer & Si substrate

(a) With AIN

Gate electrode’

< %‘ %

4

i-GaN
HR GaN
Buffer & Si substrate
(b) With SiN,

Fig. 1. Schematic structures of the devices with AIN (a) and SiN, (b)
gate insulator.

For the AIN gated device, the standard photolithography
and lift-off technology was adopted. After cleaning by sul-
furic peroxide mixture (SPM) and organic solution, the de-
vice isolation was conducted by inductively coupled plasma
(ICP) dry etching with an etching depth of 120 nm. Then, p-
GaN at non-gate region was removed by a low damage recipe
with ICP/bias of 100/20 W and SiCly etching gas.[8! Before
the deposition of ohmic metal, a ICP plasma treatment was
carried out on the ohmic region to realize the low tempera-
ture annealing process. The recipe was ICP/bias 100/100 W at
0.5 Pa for 12 s. Ti/Al/Ti/Au (20/200/40/40 nm) ohmic metal
stacks were then deposited by magnetron sputtering and an-
nealed at 500 °C for 20 min in N, ambient. Finally, Ni/TiN
(150/150 nm) gate stacks were deposited by magnetron sput-
tering. For the SiN, gated device, 5 nm SiN, layer was grown
by plasma enhanced chemical vapor deposition (PECVD) at
350 °C. Then, the sample was annealed at 900 °C for 10 min
in N, ambient to improve the SiN,/GaN interface quality. The
following fabrication processes are the same as the AIN gated
one.

3. Device performances

The output and transfer characteristics are recorded as
shown in Fig. 2. A ring-type device (inset of Fig. 2(b))
is adopted to avoid the leakage from isolation region. The
gate length (Ly) and effective gate width (W) are 94 pm and
819 pm, respectively. The output /-V characteristics of AIN
and SiN, gated devices are measured with the gate voltage (V)
sweeping from —2 V to 10 V and 6 V, respectively (Fig. 2(a)).
Good pinch-off characteristics are observed for both devices.
The maximum current densities of the AIN and SiN, gated de-
vices are around 13 mA/mm at a V, of 10 V. In addition, the
scaled AIN gated device (Ly = 3 pum) can achieve a current
density of approximately 50 mA/mm at a V;; of 10 V. The semi-
log transfer characteristics are shown in Fig. 2(b), in which
the AIN gated device presents a sight higher on/off ratio (over
10%) than that of the SiN, gated one. The sub-threshold swing
(8S) for SiN, gated device extracted from Fig. 2(b) is approx-
imately 94.5 mV/dec (@Vy = 10 V). Meanwhile, a larger SS
for AIN gate can be speculated from the semi-log plot of trans-
fer characteristic, which is dominated by sub-threshold region
as shown in Fig. 2(b). This relatively larger SS is possible to
be caused by forward gate leakage current which originates
from the thin barrier and gate dielectric layer. In sub-threshold
region (labeled as I) of AIN gate in Fig. 2(b), the transfer char-
acteristic curve shows a gradually raising from 1 V to 3 V,
demonstrating an obvious inflection point with respect to the
following curve. Observed from Fig. 3(b), the gate leakage
current is comparable with the drain current in region I, in-
dicating that the drain current in sub-threshold region origi-
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nates from the gate leakage current. A possible reason is as-
cribed to the difficulty in growth of AIN with high crystalline
quality. When V; beyond 3 V, the 2DEG channel is gradu-
ally conducting, and drain current is slowly increasing. There-
fore, the transfer characteristic curve has an inflection point
at 3 V for the AIN gated device. In addition, the Vi, (defined
as Iy = 0.01 mA/mm) are approximately 4 V and 1.2 V for
the AIN and SiN, gated devices, respectively. The variation
of Vi, can also be confirmed from the transfer characteristic of
the linear I4—V, plot in Fig. 3(a). In addition, the maximum
values of transconductance for SiN and AIN gated devices are
approximately 7 mS/mm and 11 mS/mm, respectively. The
relatively low transconductance is mainly ascribed to the large
gate dimension and large distance between 2DEG channel and
gate electrode.

—9— AIN gate V; from —2 to 10 V Vi, =1V

16 - —=a— SiN, gate V, from —2t0 6 V Vyep =1V
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Fig. 2. (a) The output characteristics of the ring-type devices with AIN
gate and SiN, gate. (b) The semi-log plot of the corresponding transfer
characteristics.

The gate leakage current of both devices is closed to
1072 A level in reverse direction due to existing of gate di-
electric and p—n junction. In forward direction, the gate leak-
age current of SiN, gated device reaches 1 mA at gate voltage
of 6 V. However, the AIN gated demonstrates much lower for-
ward gate leakage current even gate voltage over 10 V. In our
experiment, the SiN is grown by PECVD with a low thick-
ness of 5 nm. There may be many pinholes existed in the
SiN,, resulting in the high leakage current. The band offset
between AIN and AlGaN is enhanced obviously than that of

SiN,/AlGaN interface. Meanwhile, the Fig. 3(b) also demon-
strates the hole injection phenomenon for AIN gated device.
There are two fitting lines, intersecting at V;; of 8.2 V, which
indicates that the hole injection phenomenon occurs only un-
til a relatively high V,.?%! Therefore, the AIN dielectric layer
is similar with the barrier layer, which can suppress the hole
injection efficiently.
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Fig. 3. (a) The linear transfer and transconductance characteristic, and
(b) gate current—voltage characteristics for both kinds of gates.

The mechanisms of Vj, difference between two kinds of
devices are discussed as following. We simulated the energy
band diagrams (through Silvaco) of the AIN and SiN, gated
devices without gate bias (Vg of 0 V) in Fig. 4(a). The nor-
mally off operation is confirmed because the condition band at
the 2DEG channel is above the Fermi level for both devices.
It was worthy noting that the conduction band offset and the
energy band bending at the interface of AIN/p-GaN is more
obvious than that of SiN,/p-GaN induced by the large bandgap
and strong polarization effect of AIN layer, which may cause
a much wider depletion region.!?!! Thus, the depletion layer
would extend and sustains more voltage under the positive gate
bias. In addition, the Vi, is proportional to the thickness of
gate dielectric in MIS gate structure, which is consistent with

[22] However, there

the experimental data in previous reports.
is discrepancy in the Vi, and current density between the sim-
ulation and experimental values, which may be ascribed to the
fix charge, interface defect, leakage current and so on. Firstly,
according to our previous work, the Vi, of SiN,. gate would be

influenced by the deposition process of SiN, layer. The hole
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at surface of the p-GaN (approximately 20 nm) is depleted by
hydrogen due to the PECVD process. ! This influence of hy-
drogen on hole concentration may be suppressed by the in-situ
grown AIN layer. Secondly, it was reported that a high density
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of positive charge presents at the PECVD-SiN,/GaN interface,
which may cause a negative V, shifting. Therefore, the gate
metal/AIN/p-GaN stack can undertake more forward bias than
that of SiN, gated one, resulting in a higher Vy,.
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Fig. 4. The simulated energy band diagrams at V; of 0 V (a) and transfer characteristics (b) for SiN, and AIN gated devices with different

dielectric thickness.
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Fig. 5. The field-effect mobility (a) and the gate breakdown voltage (b)
for AIN and SiN, gated devices, respectively.

Additionally, the field-effect channel electron mobility
(upg) of the AIN and SiN, gated devices are calculated based
on the capacitance—transconductance method and plotted in
Fig. 5(a).I”! The maximum field-effect mobility for the AIN
and SiN, gated devices are comparable to each other (around
1500 cm?-V—1.s~1). Those values are close to that of the
2DEG channel in the AlIGaN/GaN HFETs, indicating that both
the SiN, layer (grown by PECVD) and the in-situ AIN layer

(grown by MOCVD) have no obvious effect on the channel
mobility. Moreover, the gate breakdown voltage (Vy Bp) is
provided in Fig. 5(b). The AIN gated device demonstrates a
lower gate leakage current than that of SiN, gated one. Then,
the gate swing of the AIN gated device can be enhanced to ap-
proximately 13 V (defined by reaching I; of 1 mA/mm). As
plotted in Fig. 6, besides the increase of Vi, another advan-
tage of the introduction of dielectric is the suppression of gate
leakage and the enhanced gate breakdown voltage. Compared
with several reported p-GaN gate HEMTs, 227! the AIN gate
shows the largest V gp.
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Fig. 6. Comparison of gate breakdown voltage and I, with the previous
reported results.

4. Conclusion

AlGaN/GaN heterojunction field-effect transistors
(HFETs) with p-GaN cap layer are developed for normally-off
operation, in which an in-situ 5 nm AIN layer is utilized as
gate insulator to further improve the device performance. Ow-
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ing to the large conduction band offset and band bending of
AIN layer, the Vi, of AlGaN HFETs with p-GaN layer is en-
hanced to approximately 4 V, and the gate swing is increasing
to 13 V. Meanwhile, compared with the normally-off devices
by using SiN; as insulator layer, both the forward and reverse
gate leakage current are suppressed significantly because of
the relatively large conduction band offset. Good device per-
formances are confirmed with a maximum channel electron
field-effect mobility closed to 1500 cm?-V~1.s~ 1,

Acknowledgements

The author Tao-Fei Pu thanks Shenzhen University-
Hanshan Normal University Postdoctoral Workstation, for
providing the Post-doctoral position and the corporation op-
portunity with Tokushima University.

Supported by the National Natural Science Foundation
of China (Grant No. 61904207), scientific research sup-
port foundation for introduced high-level talents of Shenyang
Ligong University (Grant No. 1010147000914), and the Nat-
ural Science Foundation of Sichuan Province, China (Grant
No. 2022NSFSC0886).

References
[1] Okita H, Hikita M and Nishio A 2017 IEEE Trans. Electron Devices
64 1026
[2] Kukhtyaeva O B and Egorkin V I 2019 J. Phys.: Conf. Series 1410
012192

[3] Hao R H, FuK and Yu G H 2016 Appl. Phys. Lett. 109 152106

[4]
[5]
[6]
[7]
[8]
[9]

[10]
[11]

[12]
[13]
[14]
[15]
[16]
[17]

[18]
[19]

[20]
[21]

[22]
(23]

[24]
[25]
[26]

(27]

127701-5

Niu D, Wang Q, Li Wei, et al. 2020 Jpn. J. Appl. Phys. 59 111001
Zhou Q, Liu L and Zhang A B 2016 IEEE Electron Device Lett. 37 165
Pu T F, Wang X and Huang Q 2019 IEEE Electron Device Lett. 40 185
Pu T F, Huang Q and Zhang T 2018 Superlatt. Microstruct. 120 448
PuTF, Chen Y and Li X B 2020 J. Phys. D 53 415104

Wang C C, HuaM Y and Chen J T 2020 IEEE Electron Device Lett. 41
545

Jiang H X and Lyu Q F 2021 IEEE Trans. Electron Devices 68 653

Li X D, Hove M V and Zhao M 2017 IEEE Electron Device Lett. 38
918

Tang Z K, Jiang Q M and Lu Y Y 2013 [EEE Electron Device Lett. 34
1373

Han P C, Yan Z Z, Wu C H, et al. 2019 IEEE 31th International Sym-
posium on Power Semiconductor Devices and ICs (ISPSD)

Yu CJ, Hsu CW, Wu M C, et al. 2020 IEEE Electron Device Lett. 41
673

He Y L, Zhang F, Liu K, et al. 2021 Chin. Phys. B 31 068501

Lee F, Su L Y and Wang C H 2015 IEEE Electron Device Lett. 36 232
Hwang I J, Kim J and Choi H S 2013 /EEE Electron Device Lett. 34
202

Sugiyama T, Lida D and Iwaya M 2010 Phys. Status Solidi C 7 1980
Jiang H X, Zhu R Q and Lyu Q F 2019 IEEE Electron Device Lett. 40
530

Tang X, Li B K and Moghadam H A 2018 /EEE Electron Device Lett.
398

Huang S, Jiang Q, Yang S, et al. 2013 IEEE Electron Device Lett. 34
193

Sugiyama T, lida D, Iwaya M, et al. 2010 Phys. Stat. Solidi C'7 1980
Wu T L, Marcon D, You S, et al. 2015 IEEE Electron Device Lett. 36
1001

Stoffels S, Posthuma N, Decoutere S, et al. 2019 IEEE International
Reliability Physics Symposium (IRPS)

Tapajna M, Hilt O, Bahat-Treidel E, et al. 2016 IEEE Electron Device
Lett. 37 385

Stockman A, Masin F, Meneghini M, et al. 2018 IEEE Trans. Electron
Devices 65 5365

He J, Wei J, Yang S, et al. 2019 IEEE Trans. Electron Devices 66 3453


http://dx.doi.org/10.1109/TED.2017.2653847
http://dx.doi.org/10.1109/TED.2017.2653847
http://dx.doi.org/10.1088/1742-6596/1410/1/012192
http://dx.doi.org/10.1088/1742-6596/1410/1/012192
http://dx.doi.org/10.1063/1.4964518
http://dx.doi.org/10.35848/1347-4065/abbe67
http://dx.doi.org/10.1109/LED.2015.2511026
http://dx.doi.org/10.1109/LED.2018.2889291
http://dx.doi.org/10.1016/j.spmi.2018.05.063
http://dx.doi.org/10.1088/1361-6463/ab91ee
http://dx.doi.org/10.1109/LED.55
http://dx.doi.org/10.1109/LED.55
http://dx.doi.org/10.1109/TED.16
http://dx.doi.org/10.1109/LED.2017.2703304
http://dx.doi.org/10.1109/LED.2017.2703304
http://dx.doi.org/10.1109/LED.2013.2279846
http://dx.doi.org/10.1109/LED.2013.2279846
http://dx.doi.org/10.1109/ISPSD.2019.8757675
http://dx.doi.org/10.1109/ISPSD.2019.8757675
http://dx.doi.org/10.1109/LED.55
http://dx.doi.org/10.1109/LED.55
https://doi.org/10.1088/1674-1056/ac3739
http://dx.doi.org/10.1109/LED.2015.2395454
http://dx.doi.org/10.1109/LED.2012.2230312
http://dx.doi.org/10.1109/LED.2012.2230312
http://dx.doi.org/10.1002/pssc.v7:7/8
http://dx.doi.org/10.1109/LED.55
http://dx.doi.org/10.1109/LED.55
http://dx.doi.org/10.1109/LED.2017.2779451
http://dx.doi.org/10.1109/LED.2017.2779451
http://dx.doi.org/10.1109/LED.2012.2229106
http://dx.doi.org/10.1109/LED.2012.2229106
https://doi.org/10.1002/pssc.200983595
http://dx.doi.org/10.1109/LED.2015.2465137
http://dx.doi.org/10.1109/LED.2015.2465137
http://dx.doi.org/10.1109/IRPS.2019.8720411
http://dx.doi.org/10.1109/IRPS.2019.8720411
http://dx.doi.org/10.1109/LED.2016.2535133
http://dx.doi.org/10.1109/LED.2016.2535133
http://dx.doi.org/10.1109/TED.2018.2877262
http://dx.doi.org/10.1109/TED.2018.2877262
http://dx.doi.org/10.1109/TED.16

	1. Introduction
	2. Device structure and fabrication
	3. Device performances 
	4. Conclusion
	References

