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l/n-AlGaN contact by recessed
AlGaN heterostructure with a polarization effect

Yuxuan Chen,ab Ke Jiang,*ab Xiaojuan Sun, ab Zi-Hui Zhang,ac Shanli Zhang,ab

Jianwei Ben,ab Bingxiang Wang,ab Long Guoab and Dabing Li *ab

With increasing Al mole fraction, n-contact has become an important issue limiting the development of Al-

rich AlGaN-based devices. In this work, we have proposed an alternative strategy to optimize the metal/n-

AlGaN contact by introducing a heterostructure with a polarization effect and by etching a recess structure

through the heterostructure beneath the n-contact metal. Experimentally, we inserted an n-Al0.6Ga0.4N

layer into an Al0.5Ga0.5N p–n diode on the n-Al0.5Ga0.5N layer to form a heterostructure, where a high

interface electron concentration of 6 × 1018 cm−3 was achieved with the aid of a polarization effect. As

a result, a quasi-vertical Al0.5Ga0.5N p–n diode with a ∼1 V reduced forward voltage was demonstrated.

Numerical calculations verified that the increased electron concentration beneath the n-metal induced

by the polarization effect and recess structure was the main reason for the reduced forward voltage. This

strategy could simultaneously decrease the Schottky barrier height as well as provide a better carrier

transport channel, enhancing both the thermionic emission and tunneling processes. This investigation

provides an alternative approach to obtain a good n-contact, especially for Al-rich AlGaN-based devices,

such as diodes and LEDs.
Introduction

In recent years, great progress has been made in the epi-growth
and doping of AlGaN materials, thus boosting the development
of AlGaN-based devices.1–3 Owing to their superior intrinsic
advantages, including a tunable direct wide band-gap from 3.4
to 6.2 eV, high critical electric eld, high electron saturation
velocity, and outstanding thermal and chemical stability,4

AlGaN materials are essential in many photoelectronic and
electronic applications, such as ultraviolet lighting,5 steriliza-
tion,6 environmental monitoring,7 solar-blind communication,8

power switching,9 power conversion,10 and RF ampliers.11

Although previous reports on AlGaN-based devices have illus-
trated their irreplaceable characteristics, one among the critical
issues preventing further progress is their high-resistance
contact. For instance, although the internal quantum effi-
ciency of deep-ultraviolet light-emitting diodes (LEDs) has been
propelled up to 80%, the wall-plug efficiency is still lower than
5% because the forward voltage is too high.12,13 Another example
is AlGaN-based HEMT.14 It is also important to reduce the
contact resistance for the source and drain regions so that the
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specic on-resistance can be reduced.15 Predictably, the large
contact resistance for both optoelectronic and electronic
devices also raises the forward voltage and increases the
switching losses, especially when the devices are operated at
high frequencies. Moreover, the Joule heat will further reduce
the device reliability and lifetime.

Therefore, great efforts have been made to reduce the
contact resistance and increase the current injection for Al-rich
AlGaN-based devices, especially for p-type contacts. For
example, a heavily doped p-GaN layer is usually capped as the
top p-contact layer in such devices.16 However, in such vertical
devices, introducing an n-GaN layer as the n-contact layer can
be a complex process, thus making a good n-contact on the Al-
rich AlGaN layer is very difficult. First, the electron affinity
difference between the cathode metal and Al-rich n-AlGaN layer
is usually ∼2 eV, which will induce a high Schottky barrier and
deplete electrons at the metal/n-AlGaN interface.17 When the
device is under forward bias, the electron depletion effect at the
n-AlGaN surface will become even more signicant as the
Schottky barrier is reversely biased in this case. Second, the
donor activation efficiency in Al-rich AlGaN is very low because
of the increased ionization energy.18 Lastly, the plasma-caused
damages during the fabrication process usually act as deep-
level compensation centers in Al-rich AlGaN layers, thus
moving the Fermi level away from the conduction band edge
and increasing the Schottky barrier height.19,20 Therefore, it is
necessary to develop a strategy to improve the n-contact char-
acteristics on Al-rich n-AlGaN layers.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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For a long time, the conventional approach of using Ti or its
alloys has been applied to the n-contact, in which a rapid
thermal annealing is generally required to generate the donor-
like VN on the surface to increase the near surface electron
concentration.21,22 Recently, several additional efforts have been
taken to optimize the contact on the Al-rich n-AlGaN layer,
including utilizing alternative metal stacks, optimizing the
contact surface, and designing layered structures. For instance,
Au-free Ti/Al/Ti/W stacks with low-thermal annealing can
reduce the oxidation-induced deep surface states,23 while V/Al-
based stacks can assist the generation of a heavily n-doped
thin layer at the metal–semiconductor (MS) interface,24

beneting the n-contact. Otherwise, a two-step etching process
or a NH3, SiH4, N2 mixed-gas pre-treatment of the etched n-
AlGaN surface may be used to smooth the n-contact surface or
to provide Si and N atoms to occupy the vacancies, respec-
tively.25,26 Besides, a thin insulator layer may be grown beneath
the metal to form a metal–insulator–semiconductor structure,
for sharing the bias, and thus suppressing the surface electron
depletion, which can favor the electron intraband tunneling
efficiency.27 Another way to achieve better metal/n-AlGaN
contact is to use a sharply graded n++-AlGaN contact layer to
obtain a high electron concentration near the interface.28

Although those methods optimize the contact a lot, there is still
some room for improvement with the increasing Al
components.

In this work, we have proposed a more convenient and stable
strategy to effectively improve the contact characteristics of the
metal/n-AlGaN contact layer by introducing a heterostructure
with a certain polarization effect and by etching a recess
structure through the heterostructure beneath the n-contact
metal. We also experimentally demonstrated the concept in
an Al0.5Ga0.5N-based p–n diode. First, a thin n-Al0.6Ga0.4N layer
was inserted into a p-Al0.5Ga0.5N/n-Al0.5Ga0.5N diode on the n-
Al0.5Ga0.5N layer to form an n-Al0.6Ga0.4N/Al0.5Ga0.5N hetero-
structure, whereby an increased electron concentration of 6 ×

1018 cm−3 was achieved by the polarization effect. Then, at the
cathode region, the inserted n-Al0.6Ga0.4N layer was fully etched
to form a recess structure. This served as a window for the
cathode metal deposited on the n-Al0.5Ga0.5N layer. As a result,
a quasi-vertical Al0.5Ga0.5N p–n diode with a ∼1 V reduced
forward voltage was achieved. Numerical calculations
conrmed that the heterostructure polarization effect induced
a high concentration of electrons near the interface and this was
the main reason for the good results. This strategy could not
only provide a good conductive channel to inject electrons, but
also could promote the electron concentration near the recess
region and lower the Schottky barrier. This investigation
provides an alternative approach to obtain a good n-contact,
especially for Al-rich AlGaN-based devices, such as diodes and
LEDs.

Experimental section
Material growth

Here, p–n diode wafers were grown on c-oriented high-
temperature-annealed AlN/sapphire substrates by metal–
© 2023 The Author(s). Published by the Royal Society of Chemistry
organic chemical vapor deposition (MOCVD). First, a periodic
AlN/AlGaN superlattices was grown on the substrate for stress
relaxation and dislocation blocking. Trimethyl gallium (TMGa),
trimethyl aluminum (TMAl), and ammonia (NH3) were used as
the Ga, Al, and N precursors, and hydrogen (H2) was used as the
carrier gas, respectively. The proposed Al content of each AlGaN
layer could be obtained by tuning the Al/Ga source ratio. Then,
two types of wafers were grown. For the wafers of Devices A and
B (Wafer I), an n-Al0.5Ga0.5N layer of 1 mm, an n-Al0.6Ga0.4N layer
of 60 nm, and a p-Al0.5Ga0.5N layer of 150 nm were successively
grown. For the wafer of Device C (Wafer II), all the parts were the
same as for Wafer I except that there was no n-Al0.6Ga0.4N layer.
In particular, SiH4 and Cp2Mg were used as the Si source and
Mg source for the n-type and p-type doping, respectively. Next,
a 20 nm heavily doped p-GaN cap layer was deposited on the top
of p-AlGaN to form the contact layer. Aer the epitaxial growth,
the wafers were annealed at 900 °C in N2 to activate the Mg
acceptors.

Device fabrication

To fabricate the p–n diodes, standard semiconductor device
fabrication technology was applied. At rst, a SiO2 mask of
500 nm was grown by plasma-enhanced chemical vapor depo-
sition (PECVD). Then, photolithography and inductive coupling
plasma (ICP, Oxford PlasmaPro 100) etching were employed to
pattern and form the mesa structures. In particular, Device A
was etched by ∼175 nm to expose the n-Al0.6Ga0.4N layer; while
Devices B and C were etched by ∼230 nm and ∼170 nm,
respectively, to expose the n-Al0.5Ga0.5N layers. Further, as an
additional step for Device A, we performed a second pattern
transfer and ICP etch to realize a ∼60 nm deep annulus recess
around the mesa structure and to expose part of the n-
Al0.5Ga0.5N layer. Aer removing the residual SiO2 mask by
buffered oxide etching solution, the devices were immersed in
10% NaOH solution at 90 °C for 10 min to remove the etching
defects in the sidewall. Lastly, metal stacks of Ti/Al/Ni/Au (70/
130/30/70 nm) were successively deposited as n-electrodes on
the n-AlGaN surfaces by photolithography, electron beam
evaporation, thermal evaporation, and li-off processes, and
then annealed in a N2 atmosphere at 600 °C for 30 s in a rapid
thermal annealing system. Similarly, p-electrodes of Ni/Au (30/
70 nm) stacks were subsequently deposited on the p-GaN
mesas by the same processes and annealed at 550 °C for 5 min.

Characterizations

Cross-sectional images of the epitaxial wafers and the top-view
image of the single microstructure devices were obtained by
scanning electron microscopy equipment (SEM, Hitachi S-
4800). The surface morphology of the devices and the prole
of the recess were measured by atomic force microscopy (AFM,
Bruker Multimode 8). The structural parameters and crystalline
qualities were estimated through point-focused high resolution
X-ray diffraction (HRXRD) measurements performed on
a Bruker D8 DISCOVER system equipped with the Cu Ka1
radiation line at 0.15406 nm wavelength. To analyze the strain
state of the layers and evaluate their in-plane and out-of-plane
Nanoscale Adv., 2023, 5, 2530–2536 | 2531
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lattice parameters, reciprocal space mappings (RSMs) for the
asymmetrical (−105) diffraction planes were measured.
Capacitance–voltage (C–V) measurements of the n-type
Al0.6Ga0.4N/Al0.5Ga0.5N heterostructure on the substrate were
performed on an SSM495 system at 10 kHz with a small voltage
signal of 30 mV. The typical current–voltage (I–V) curves of each
p–n diode were measured using a PDA FS-Pro 380 semi-
conductor analyzer. All the tests were performed at room
temperature (RT) and the experimental data showed good
consistency in multiple measurements.
Fig. 1 Illustrations of the AlGaN p–n diode. The insets are the cross-
sectional structure diagrams of Device A with both heterostructure
and recess structure, Device B with just heterostructure, and Device C
without heterostructure and recess structure.
Simulations

To conrm the physical mechanisms, numerical calculations
for the p–n diodes in this work were carried out via the
commercial soware APSYS. In the simulation, the thickness of
the n-Al0.6Ga0.4N layer was set as 50 nm, and the width and
depth of the recess were 40 mm and 50 nm, respectively. The
distance between the mesa and the recess was 40 mm. The
polarization level was set to 40%. The energy band offset for the
Al0.6Ga0.4N/Al0.5Ga0.5N heterojunction was set to 50/50.29 The
carrier characteristics and transportation properties in the p–n
diodes were simulated by self-consistently solving Schrö-
dinger's equation, Poisson's equation, the current continuity
equation, and the dri-diffusion equation with proper
boundary conditions using the nite element method.
Results and discussion

Generally, to improve the MS contact characteristics, it is
necessary to increase the carrier concentration near the inter-
face to lower the Schottky barrier height and narrow the
depletion region. To increase the electron concentration, a c-
oriented AlxGa1−xN/AlyGa1−yN (x > y) heterostructure with
polarization-induced local high electron concentration at the
interface is proposed. The polarization refers to a specic
characteristic of III-nitride materials, consisting of a sponta-
neous and piezoelectric polarization effect. It comes from the
lack of inversion symmetry between the anion and cation
positions in the wurtzite unit cell and the lattice mismatch-
induced in-plane biaxial stress. Particularly, with increasing
the Al content, the concentration will be even more evident, due
to the enhanced polarization-induced electron connement at
the heterointerface and the signicant screening effect of
phonon scattering.30 In addition, to keep the high concentra-
tion electrons at the interface, as well as to ensure the metal
electrode contact with the high concentration electrons at the
interface, a recess structure also needs to be fabricated. A quasi-
vertical Al0.5Ga0.5N p–n diode was fabricated to demonstrate our
concept. Fig. 1 presents the schematic illustration of the
Al0.5Ga0.5N p–n diode with the recessed Al0.6Ga0.4N/Al0.5Ga0.5N
heterostructure (Device A). To investigate the inuences of the
heterostructure and the recess structure on the diode perfor-
mances, p–n diodes with just the heterostructure (Device B) and
without the heterostructure or recess structure (Device C) were
also fabricated.
2532 | Nanoscale Adv., 2023, 5, 2530–2536
Fig. 2a and b show the cross-sectional SEM images of Wafers
I and II, respectively. As can be seen, there was an extra ∼60 nm
insertion layer in Wafer I compared to Wafer II. To conrm the
component of the insertion layer, HRXRD RSM measurements
of the (−105) planes for Wafers I and II were performed, as
shown in Fig. 2c and d, respectively. For Wafer I, a clear extra
peak related to the AlGaN reciprocal lattice point (RLP) intensity
distribution could be found, with Qz and Qx values of −61.9
nm−1 and −23.2 nm−1, which were not observed in Wafer II.
Based on the asymmetric XRD RSM scan, the lattice parameters
could be calculated by eqn (1):31

a ¼ 2p

jQxj

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4
�
h2 þ k2 þ hk

�
3

s
; c ¼ 2pl

QZ

(1)

The calculated c and a values were 0.5075 and 0.3127 nm,
conrming the insertion layer Al content was about 60% by
Vegard's law. Furthermore, to conrm the interface electron
concentration of the Al0.6Ga0.4N/Al0.5Ga0.5N heterostructure in
Wafer I, a wafer the same as Wafer I was obtained except that
there was no upper p-AlGaN and p-GaN, and C–Vmeasurements
were performed on it at RT. The result is shown in Fig. 2e.
Accordingly, the electron concentration N(x) related to deple-
tion width (x) could be obtained by eqn (2):32

NðxÞ ¼ �2

A2q3r30

d
1

C2

dV

; x ¼ A3r30

C
(2)

where A is the effective contact area (A = pR2, R = 385 mm), q is
the elementary charge (1.602 × 10−19 C), 3r is the relative
dielectric constant (9.39 for AlGaN), and 30 is the vacuum
dielectric constant (8.859 × 10−14 F cm−1), respectively. Fig. 2f
shows the calculated relationship between the electron
concentration and the depletion width. A peak electron
concentration of 6 × 1018 cm−3 occurred at ∼60 nm below the
surface, exactly at the n-Al0.6Ga0.4N/n-Al0.5Ga0.5N hetero-
structure interface. The sheet carrier concentration of the
Al0.6Ga0.4N/Al0.5Ga0.5N heterostructure could be calculated as
2.65 × 1012 cm−2. The polarization-relative parameters in the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) and (b) are the cross-sectional SEM images of Wafer I and II. (c) and (d) are the XRD RSMs of (−105) plane of Wafer I and II. (e) and (f) are
the C–V measurement result and the depth-dependent electron concentration profile of the Al0.5Ga0.5N/Al0.6Ga0.4N wafer. (g) Top-view SEM
image of the fabricated Device A. (h) AFM image of the selected region in (g). The inset is the depth profile of recess edge.

Fig. 3 I–V curves of the Devices A, B and C. The inset indicates the
electrical injection direction of the applied bias in the measurements
and the I–V curves at reverse voltage.
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simulation below were set according to this experimental result.
As for the device, the top-view SEM image for the fabricated
Device A is shown in Fig. 2g, showing the recess structure with
a width of ∼50 mm. To conrm the depth of the recess, AFM
measurements were carried for Device A at the edge of the
recess structure as marked by the red rectangle in Fig. 2g. The
result is shown in Fig. 2h, from which the recess depth was
estimated to be ∼56 nm.

To verify the inuences of the n-Al0.6Ga0.4N/n-Al0.5Ga0.5N
heterostructure and the recess structure on the electrical
properties, the I–V characteristics for Devices A, B, and C were
measured, as shown in Fig. 3. Obviously, the threshold voltage
of Device A with the recessed n-Al0.6Ga0.4N/n-Al0.5Ga0.5N het-
erostructure n-contact was ∼5.6 V, which was 1.0 V lower than
that of Device C (∼6.6 V), which indicated that the hetero-
structure and recess structure had a positive effect on the
contact. Besides, it is worth noting that Device B possessed
a larger threshold voltage of 0.3 V than Device C, since the n-
Al0.6Ga0.4N insertion layer between the p-Al0.5Ga0.5N and n-
Al0.5Ga0.5N layers induced an additional energy barrier height
and increased the series resistance of the p–n junction.
However, the compromised effect for the n-Al0.6Ga0.4N inser-
tion layer and the recessed n-contact structure enabled
a notable improvement of the threshold voltage for Device A,
demonstrating that the recess structure played an importance
role in decreasing the n-contact resistance for the Al-rich
AlGaN-based p–n diodes. In addition, the inset of Fig. 3
shows the reverse leakage I–V in log scale. Thanks to the insert
layer, the reverse leakages of Devices A and B stayed at a low
© 2023 The Author(s). Published by the Royal Society of Chemistry
level in 10 V reverse voltage. This was because the Al-rich n-
Al0.6Ga0.4N layer led to a conduction band barrier at the n-
Al0.6Ga0.4N/p-Al0.5Ga0.5N interface and a valence band barrier
at the n-Al0.5Ga0.5N/n-Al0.6Ga0.4N interface. Even when the p–
n junction was reversely biased at 10 V, it could still effectively
block the transport of electrons and holes. On the contrary,
Nanoscale Adv., 2023, 5, 2530–2536 | 2533
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Fig. 5 (a) Electron transport path diagram in Device A. (b) Electron
transport processes at the MS contact. EC and EV represent the
conduction and the valence bands, respectively. (c) And (d) are the
calculated conduction band diagrams ofmetal/n-AlGaN contact along
paths 1 and 2 in Devices A, B and C at 5 V, respectively.
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View Article Online
the reverse leakage of the conventional Device C rose at about
−6 V bias.

To illuminate the effects of the heterostructure recess n-
contact on the electron injection, numerical calculations for
these p–n diodes were carried via APSYS soware. Fig. 4a–c
show the local electron concentration distribution around the
n-electrode edge or recess edge for the fabricated p–n diodes
Devices A, B, and C at equilibrium. The electron concentrations
at the n-Al0.6Ga0.4N/n-Al0.5Ga0.5N heterostructure interfaces in
both Devices A and B were signicantly higher than that of
Device C, due to the existence of polarization charges, which
could increase the surface electron concentration for the n-
Al0.5Ga0.5N. In particular, the electron concentration in Device A
around the recess edge was also higher than that of Device B
around the n-electron edge, indicating the positive effect of the
recess structure. In addition, at the region 30 nm below the
center of the n-electrode, the electron concentrations were 6.44
× 1017, 5.66 × 1017, and 5.35 × 1017 cm−3 for Devices A, B, and
C, respectively, implying the necessity of the recess structure. To
analyze the electron-transport process, potential distributions
for the diodes at 5 V were calculated, as shown in Fig. 4d–f.
Apparently, the MS n-contact depletion region potential differ-
ences for Devices A, B, and C successively increased, indicating
the better n-contact of Device A. Besides, there existed a high
potential electron-transport channel that was directly attached
to the n-electrode, also beneting the electron injection. These
might be the reasons why Device A had a lower threshold
voltage than Devices B and C.
Fig. 4 (a)–(c) Local electron concentration distribution at equilibrium and
C.

2534 | Nanoscale Adv., 2023, 5, 2530–2536
According to the potential distribution, there may be two
paths, denoted as path 1 and path 2, through which the elec-
trons can inject into the diodes, as shown in Fig. 5a. In path 1,
electrons from the cathode vertically pass through the depletion
(d)–(f) potential distributions at 5 V near n-contact in Devices A, B and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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region of the MS contact and laterally transport to the p–n
junction. In path 2, electrons from the cathode directly tunnel
to the semiconductor through the corner of the metal close to
the mesa structure and laterally transport near the semi-
conductor surface to the p–n junction. Owing to the direct
contact of the metal electrode and the polarization-induced
conductive channel, path 2 in Device A is the recess corner
close to the mesa structure and the n-Al0.6Ga0.4N/n-Al0.5Ga0.5N
interface.

There are generally three carrier transport processes in a MS
contact: thermionic emission, intraband tunneling, and
thermionic-assisted intraband tunneling, denoted as processes
①, ②, and ③, respectively, as shown in Fig. 5b. The energy
band diagrams near the MS contact of Devices A, B, and C along
paths 1 and 2 were calculated, as shown in Fig. 5c and d,
respectively, at the voltage of 5 V, to analyze the three processes
of each device. For path 1, a Schottky barrier height (F) of
0.86 eV was formed at the MS contact for Device C. By
comparison, the Schottky barrier height was reduced by 0.04 eV
in Device B, where an n-Al0.6Ga0.4N layer was inserted, and was
further decreased by 0.12 eV in Device A, where an n-Al0.6Ga0.4N
layer and a recess contact structure were both introduced. These
results could be mainly attributed to the polarization-induced
higher carrier concentration at the MS interface in Device A.
Hence, process ① was sequentially enhanced from Device C to
A. Then, the depletion widths (cD) of the n-contact in Devices A,
B, and C were 25, 27, and 16 nm, respectively, which were not
short enough for process ②. Next, for process ③, within
a tunneling distance of several nanometers, the tunneling
distance (cd) sequentially increased in Devices A, C, and B at the
same barrier height. Therefore, Device A had both the highest
thermionic emission and thermionic-assisted intraband
tunneling efficiencies. For path 2, at the MS interface, the
conduction band was even lower than the metal work function,
which could favor the electron tunneling transport processes②
and ③. Particularly, the band diagram illustrated that Device A
exhibited a larger difference between the conduction band and
metal work function than Device B and that a Schottky barrier
and a depletion region still existed in Device C. Consequently,
the electron tunneling transport processes ② and ③ in path 2
in Devices C, B, and A were sequentially enhanced. Here, it is
worth noting that it was difficult to distinguish which was the
main current path because path 1 shared a larger contact area
while path 2 possessed a higher tunneling probability. However,
no matter which path, Device A had the strongest carrier
transport processes, including both thermionic emission and
tunneling, among the three p–n diode devices.

Conclusions

In summary, we have proposed a more convenient and stable
strategy to effectively optimize the metal/n-AlGaN contact by
introducing a heterostructure with a polarization effect and by
etching a recess structure through the heterostructure beneath
the n-contact metal. As a result, a quasi-vertical Al0.5Ga0.5N p–n
diode with a ∼1 V reduced forward voltage was achieved.
Numerical calculations revealed that the increased surface
© 2023 The Author(s). Published by the Royal Society of Chemistry
electron concentration beneath the metal induced by the
polarization effect and the recess structure were the main
reasons for the reduced forward voltage. This could also
decrease the Schottky barrier height as well as provide a better
carrier transport channel, enhancing both the thermionic
emission and tunneling processes. This investigation provides
an alternative approach to obtain a good n-contact, especially
for Al-rich AlGaN-based devices, such as diodes and LEDs.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

This work was supported by the National Natural Science
Foundation of China [62004196, 62121005, and 61827813]; the
Natural Science Foundation of Jilin Province (20230101360JC);
the Youth Innovation Promotion Association of CAS (2023223);
and the Young Elite Scientist Sponsorship Program By CAST
(YESS20200182).

References

1 K. Jiang, X. Sun, J. Ben, Z. Shi, Y. Jia, Y. Wu, C. Kai, Y. Wang
and D. Li, CrystEngComm, 2019, 21, 4864–4873.

2 J. Wang, F. Xu, J. Lang, X. Fang, L. Wang, X. Guo, C. Ji,
X. Kang, Z. Qin, X. Yang, X. Wang, W. Ge and B. Shen,
CrystEngComm, 2022, 24, 4251–4255.

3 K. Jiang, X. Sun, Z. Shi, H. Zang, J. Ben, H.-X. Deng and D. Li,
Light Sci. Appl., 2021, 10, 69.

4 D. Li, K. Jiang, X. Sun and C. Guo, Adv. Opt. Photonics, 2018,
10, 43–110.

5 Y. Sun, F. Xu, N. Zhang, J. Lang, J. Wang, B. Liu, L. Wang,
N. Xie, X. Fang, X. Kang, Z. Qin, X. Yang, X. Wang, W. Ge
and B. Shen, CrystEngComm, 2021, 23, 1201–1206.

6 S. Liu, W. Luo, D. Li, Y. Yuan, W. Tong, J. Kang, Y. Wang,
D. Li, X. Rong, T. Wang, Z. Chen, Y. Li, H. Wang,
W. Wang, J. Hoo, L. Yan, S. Guo, B. Shen, Z. Cong and
X. Wang, Adv. Funct. Mater., 2021, 31, 2008452.

7 Q. Cai, H. You, H. Guo, J. Wang, B. Liu, Z. Xie, D. Chen,
H. Lu, Y. Zheng and R. Zhang, Light Sci. Appl., 2021, 10, 94.

8 S. Zhu, P. Qiu, Z. Qian, X. Shan, Z. Wang, K. Jiang, X. Sun,
X. Cui, G. Zhang, D. Li and P. Tian, Opt. Lett., 2021, 46,
2147–2150.

9 M. Kuzuhara and H. Tokuda, IEEE Trans. Electron Devices,
2015, 62, 405–413.

10 L. Nela, J. Ma, C. Erine, P. Xiang, T. H. Shen, V. Tileli,
T. Wang, K. Cheng and E. Matioli, Nat. Electron., 2021, 4,
284–290.

11 W. Choi, R. Chen, C. Levy, A. Tanaka, R. Liu,
V. Balasubramanian, P. M. Asbeck and S. A. Dayeh, Nano
Lett., 2020, 20, 2812–2820.

12 J. Li, N. Gao, D. Cai, W. Lin, K. Huang, S. Li and J. Kang, Light
Sci. Appl., 2021, 10, 129.

13 M. Kneissl, T.-Y. Seong, J. Han and H. Amano, Nat. Photonics,
2019, 13, 233–244.
Nanoscale Adv., 2023, 5, 2530–2536 | 2535

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2na00813k


Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
M

ar
ch

 2
02

3.
 D

ow
nl

oa
de

d 
on

 8
/1

7/
20

25
 3

:4
3:

19
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
14 H. Tokuda, M. Hatano, N. Yafune, S. Hashimoto, K. Akita,
Y. Yamamoto and M. Kuzuhara, Appl. Phys. Express, 2010,
3, 121003.

15 A. G. Baca, A. M. Armstrong, A. A. Allerman, E. A. Douglas,
C. A. Sanchez, M. P. King, M. E. Coltrin, T. R. Fortune and
R. J. Kaplar, Appl. Phys. Lett., 2016, 109, 033509.

16 N. Susilo, J. Enslin, L. Sulmoni, M. Guttmann, U. Zeimer,
T. Wernicke, M. Weyers and M. Kneissl, Phys. Status Solidi
A, 2018, 215, 1700643.

17 B. B. Haidet, B. Sarkar, P. Reddy, I. Bryan, Z. Bryan, R. Kirste,
R. Collazo and Z. Sitar, Jpn. J. Appl. Phys., 2017, 56, 100302.

18 Y. Taniyasu, M. Kasu and N. Kobayashi, Appl. Phys. Lett.,
2002, 81, 1255–1257.

19 X. A. Cao, H. Piao, S. F. Leboeuf, J. Li, J. Y. Lin and
H. X. Jiang, Appl. Phys. Lett., 2006, 89, 082109.

20 Y. Choi, E. Jung, Y. Kim, S. Oh, M.-C. Yoo and H. Kim, ACS
Appl. Mater. Interfaces, 2014, 6, 18673–18682.

21 F. Roccaforte, F. Iucolano, F. Giannazzo, A. Alberti and
V. Raineri, Appl. Phys. Lett., 2006, 89, 022103.

22 B. Zhang, W. Lin, S. Li, Y. Zheng, X. Yang, D. Cai and J. Kang,
J. Appl. Phys., 2012, 111, 113710.

23 J. Zhang, S. Huang, Q. Bao, X. Wang, K. Wei, Y. Zheng, Y. Li,
C. Zhao, X. Liu, Q. Zhou, W. Chen and B. Zhang, Appl. Phys.
Lett., 2015, 107, 262109.
2536 | Nanoscale Adv., 2023, 5, 2530–2536
24 L. Sulmoni, F. Mehnke, A. Mogilatenko, M. Guttmann,
T. Wernicke and M. Kneissl, Photonics Res., 2020, 8, 1381–
1387.

25 H. K. Cho, J. H. Kang, L. Sulmoni, K. Kunkel, J. Rass,
N. Susilo, T. Wernicke, S. Einfeldt and M. Kneissl,
Semicond. Sci. Technol., 2020, 35, 095019.

26 N. Zhang, F. J. Xu, J. Lang, L. B. Wang, J. M. Wang, B. Y. Liu,
X. Z. Fang, X. L. Yang, X. N. Kang, X. Q. Wang, Z. X. Qin,
W. K. Ge and B. Shen, Appl. Phys. Lett., 2021, 118, 222101.

27 H. Shao, J. Che, J. Kou, C. Chu, K. Tian, Y. Zhang, W. Bi and
Z.-H. Zhang, IEEE Trans. Electron Devices, 2020, 67, 3548–
3552.

28 S. Bajaj, F. Akyol, S. Krishnamoorthy, Y. Zhang and S. Rajan,
Appl. Phys. Lett., 2016, 109, 133508.

29 Z.-H. Zhang, L. Li, Y. Zhang, F. Xu, Q. Shi, B. Shen and W. Bi,
Opt. Express, 2017, 25, 16550.

30 P. M. Lytvyn, A. V. Kuchuk, Y. I. Mazur, C. Li, M. E. Ware,
Z. M. Wang, V. P. Kladko, A. E. Belyaev and G. J. Salamo,
ACS Appl. Mater. Interfaces, 2018, 10, 6755–6763.

31 Y. Feng, V. Saravade, T.-F. Chung, Y. Dong, H. Zhou,
B. Kucukgok, I. T. Ferguson and N. Lu, Sci. Rep., 2019, 9,
10172.

32 K. Jiang, X. Sun, Z.-H. Zhang, J. Ben, J. Che, Z. Shi, Y. Jia,
Y. Chen, S. Zhang, W. Lv and D. Li, Photonics Res., 2020, 8,
1243–1252.
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2na00813k

	Optimizing metal/n-AlGaN contact by recessed AlGaN heterostructure with a polarization effect
	Optimizing metal/n-AlGaN contact by recessed AlGaN heterostructure with a polarization effect
	Optimizing metal/n-AlGaN contact by recessed AlGaN heterostructure with a polarization effect
	Optimizing metal/n-AlGaN contact by recessed AlGaN heterostructure with a polarization effect
	Optimizing metal/n-AlGaN contact by recessed AlGaN heterostructure with a polarization effect
	Optimizing metal/n-AlGaN contact by recessed AlGaN heterostructure with a polarization effect
	Optimizing metal/n-AlGaN contact by recessed AlGaN heterostructure with a polarization effect

	Optimizing metal/n-AlGaN contact by recessed AlGaN heterostructure with a polarization effect
	Optimizing metal/n-AlGaN contact by recessed AlGaN heterostructure with a polarization effect
	Optimizing metal/n-AlGaN contact by recessed AlGaN heterostructure with a polarization effect
	Optimizing metal/n-AlGaN contact by recessed AlGaN heterostructure with a polarization effect


