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Alj_,In;N, a lI-nitride semiconductor material, is currently of great research interest due to its remarkable physical
properties and chemical stability. When the Al and In compositions are tuned, its band-gap energy varies from 0.7 eV to
6.2 eV, which shows great potential for application in photodetectors. Here, we report the fabrication and performance
evaluation of integrated Al;_,In,N on a free-standing GaN substrate through direct radio-frequency magnetron sputtering.
The optical properties of Al;_,In,N will be enhanced by the polarization effect of a heterostructure composed of Al; _,In,N
and other III-nitride materials. An Al;_,In,N/GaN visible-light photodetector was prepared by semiconductor fabrication
technologies such as lithography and metal deposition. The highest photoresponsivity achieved was 1.52 A-W~! under
365 nm wavelength illumination and the photodetector was determined to have the composition Al 75Ing 25N/GaN. A rise
time of 0.55 s was observed after transient analysis of the device. The prepared Al;_,In,N visible-light photodetector had
a low dark current, high photoresponsivity and fast response speed. By promoting a low-cost, simple fabrication method,

this study expands the application of ternary alloy Al;_,In,N visible-light photodetectors in optical communication.

Keywords: Al;_,In,N, photodetector, GaN, radio-frequency magnetron sputtering, ternary alloy

PACS: 77.84.Bw, 07.57. Kp, 71.55.Eq, 81.15.Cd

1. Introduction

[I-nitride semiconductor material has been intensively
applied in optoelectronic and electronic devices because
of its exceptional physical and chemical properties, espe-
cially its excellent photoelectric properties.!'=3 In particular,
Alj_,InyN is considered to be a powerful candidate material
for optical and electronic devices. The band gap of Al;_,In,N
can be tuned from 0.7 eV (InN) to 6.2 eV (AIN) by adjust-
ing the Al/In ratio, thereby covering an unprecedented spec-
tral range in the ultraviolet and infrared bands, making it fea-
sible to select a cut-off wavelength for a single-wave segment
or multi-wave segment photodetector./*°! Extensive research
on Al;_,In,N has been carried out since 2000, but it is dif-
ficult to grow, making it the least attractive material among
the ternary nitride alloys. The growth process of Alj_,In,N
ternary alloys involves multi-alloy phases of different com-
positions and structures, and the unintentional doping of ni-
trogen vacancies can seriously affect the photoresponsivity of
any photodetector.!”! Therefore, it is crucial to research the
fabrication of high-performance ternary alloy Al;_,In,N ma-
terial. To develop a high-performance Al;_,In,N visible-light

fCorresponding author. E-mail: mark_huang @szu.edu.cn
© 2023 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/acbf25

photodetector, substrate selection is also essential. A low de-
gree of lattice mismatch between Al-rich Al;_,In,N and GaN
makes it easier to obtain single-phase Al;_,In,N. Theoreti-
cally, a two-dimensional electron gas will be generated at the
GaN interface in the Al;_,In,N/GaN heterostructure, provid-
ing both a high carrier density and high mobility.[®-!5] One of
the main disadvantages of ternary nitride synthesis is the chal-
lenge of solid solution between the binary compounds, i.e.,
GaN, AIN and InN. The synthesis of Al;_,In,N alloys us-
ing molecular beam epitaxy or metal-organic vapor phase epi-
taxy requires very high temperatures and there are often phase
separation effects. In comparison, radio-frequency magnetron
sputtering (RF-MS) permits the preparation of Al;_,In,N at
low temperatures and allows for a non-toxic reaction, mass
production and the deposition of single-phase Al;_,In,N over
large areas.!'®18] Currently, an exciting route for fabricating
photodetectors is to deposit Al;_,In,N film on a GaN substrate
by RF-MS.5:1]

In this work, we successfully fabricated an
Alj_,In,N/GaN visible-light photodetector by direct RF-MS.
The Al;_,In,N/GaN sample was characterized by scanning
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electron microscopy (SEM), x-ray photoelectron spectroscopy
(XPS), x-ray diffraction (XRD) and UV-visible spectroscopy
to evaluate its chemical composition, crystallinity and optical
properties. These represent the quality of the Al;_,In,N used
in the photodetector described in the remainder of this paper.
Next, the Al;_,In,N/GaN photodetector was characterized by
the I-V curve, spectral responsivity and response time in order
to evaluate the device quality.

2. Experimental details

Alj_,InyN films were grown directly on a free-standing
GaN substrate by RF-MS, and the sputtering target was com-
posed of a sheet of In metal (99.999% purity) attached to the
surface of the Al target (99.999% purity). A schematic of the
deposition chamber is shown in Fig. 1(a). Firstly, the substrate
and Al target were ultrasonically cleaned in anhydrous ethanol
for 20 min and blown dry with nitrogen. Then, the substrate
and the In/Al target were placed in the deposition system. The
reaction chamber has two parallel electrodes: the upper one
was assigned as the cathode and substrate support while the
lower one was the anode and mounting gear of the In/Al tar-
get. The anode is connected to the water-cooling system. Pre-
conditioning of the substrate surface was performed with Ar
plasma (DC bias 300 V) at a chamber pressure of 30 Pa for
15 min to activate the surface bonds. Next, the reaction cham-
ber was vacuumed to 5 x 10~* Pa under 1 Pa chamber pres-
sure and 300 W RF power, and the target was splashed in the
argon plasma for 10 min with the aim of removing contami-
nants. Meanwhile, the chamber pressure was 1 Pa, the Ar:N;
flow ratio was 60:40, the deposition time was 1 h, the sub-
strate temperature was 350 °C and the distance between the
substrate and target was 7 cm. Finally, fork finger electrodes
of Ni (20 nm)/Au (50 nm) were prepared on Al;_,In,N/GaN
using UV lithography and electron-beam evaporation.

The thickness of the Supra 55 sapphire was measured by
SEM. The XRD curve was measured by a D8 Advance to
calculate the structures, elements, chemical states and mor-
phologies of the films.
VG ESCALABI-XL system with a constant energy source
of 20 eV, C 1s (284.6 eV) was used for calibration and
monochromatic Al Ka (1486.6 eV) was the x-ray source.
A UV-visible spectrometer (Shimadza-2450, Tokyo, Japan)

was used to characterize the absorbance of the films in the

XPS spectra were taken by a 220

range of 300-800 nm. The electrical characteristics of the
Al;_In,N/GaN photodetector were studied with a Keith-
ley 4200-SCS semiconductor parameter analyzer (Keithley,
Beaverton, OR, USA). All measurements were carried out at

room temperature.

3. Results and discussion

Figure 1(a) shows a schematic diagram of the principle of
the Al;_,In,N film deposition process. The combined prob-
ability of targeting Al and In with nitrogen is almost consis-
tent with the sputtering path; the sputtering yield of the target
material was changed by designing the ratio of the Al/In tar-
get material. Herein we have fabricated Al-rich Alj_,In,N
film. The SEM image in Fig. 1(b) shows a highly compact
Alj_,In,N layer on a thick GaN base layer with a thickness
of about 1.04 pm. It can be seen that the grown layer has no
cracks and exhibits good adhesion.

The elemental composition and chemical composition of
Alj_In,N were further understood by XPS analysis. Fig-
ures 1(c) and 1(d) show the Al 2p and In 3ds /2 core-level
spectra, respectively. As a binding energy reference, the
C 1s peak from contaminating carbon is set at 284.6 eV.
The corresponding Al 2p core-level photoelectron spectrum
is deconvoluted into two main components at 73.924+0.1 eV
and 73.21£0.1 eV, which are assigned to Al-N and Al-
Al bonds, respectively. The In3ds/, core-level spectrum
of the Al;_,In,N sample is deconvoluted into three main
sub-peaks centered at 444.15+0.1 eV, 444.21£0.1 eV and
445.15+0.1 eV, which are attributed to In—In, In-N and In—
O bonds, respectively, with the In-N sub-peak being the most
dominant. These results are consistent with previous studies
which confirmed the formation of an Al;_,In,N layer. [20.21]
However, the appearance of In-O bonds is possibly due to
the formation of a thin oxide layer on the surface of the
Alj_4InyN. The Al-Al and In-In bond components are at-
tributed to a higher concentration of active In and Al atoms
reaching the growth sites compared with active N atoms at this
temperature. [22-24]

Figure 1(e) depicts the XRD pattern of the as-prepared
Alj_,In,N, and the observed diffraction peaks correspond to
(100), (002) and (102) planes of wurtzite Al;_,In,N. In par-
ticular, the phases of Al, In and AIN and InN are not observed,
indicating any phase separation in the sample. Based on the
position of the (100) and (002) peaks of Al;_,In,N, we can
calculate the lattice parameters of the samples. The lattice
constants a and ¢ for Al;_,In,N are determined as 2.83 A and
5.16 A, respectively. The crystallite size of Al;_,InN is cal-
culated from the (002) peak according to Scherrer’s equation,
D = 0.891/B cos 6,!%! and the crystallite size D is 12.52 nm.
The alloy composition Al;_,In,N along the (002) plane is cal-
culated using Vegard’s law and Vegard’s rule that all growing
films are supposed to be pressure-free, as shown below: !

CainN = (1 —x) CiaN +XCAIN- (1

In Eq. (1), the lattice constants of Al;_,In,N, AIN (4.982 A)
and InN (5.703 A) are represented by Cainn, Cain and CrN,
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respectively. The result concerning the In content x for
Al _xInyN is 0.25. Due to the low symmetry of the hexag-
onal wurtzite crystal structure, the positive and negative ions
that deviate from the inside of the crystal produce dipole mo-
ments, causing ion polarization. Polarization has an important
influence on the photoelectric properties of materials.!?6-7]
To further investigate the optical properties of Alj_,In,N,
the absorbance of Al;_,In,N/GaN heterostructures was mea-
sured, as shown in Fig. 1(f). It can be observed that the ab-
sorbance of the Al;_,In,N/GaN heterostructures has signif-
icantly improved compared with that of Al;_,In,N, which
can be attributed to the polarized charges at the interface
further strengthening the electron—phonon coupling between
Alj_,In,N and GaN. In addition, the exciton energy generated
in Al;_,In,N is mainly dissipated by the lattice vibration in
the adjacent GaN substrate, which leads to a shortened exciton
life.[?8) Through the polarization effect between Al;_,In,N
and GaN, the energy structure of Al;_,In,N is adjusted to im-
prove the light absorption capacity. Noticed that the most sub-
stantial absorbance peak of Al;_,In,N emerges at ~ 340 nm in
Fig. 1(f). The incident wavelength interval of 300—400 nm has

() < Rotating
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A

T
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higher absorbance, and two excitation absorption peaks ap-
pear. There are no significant absorption peaks above 400 nm
for Al;_,In,N/GaN. Therefore, a 365 nm wavelength light
source was used in the following device tests. Thus, the ab-
sorption rate of Al;_,In,N can be defined as u =1—1/ 10°.
Note that 6 = log,(lo/I;), where Iy and I, are the intensities of

(291 The appar-

the incident and transmitted light, respectively.
ent optical band-gap energy (E,) is obtained by linear fitting
the squared absorption coefficient as a function of the light
quantum in the Tauc plot (in Fig. 1(g)). Light scattering as well

as reflection loss are ignored here.!>!°! The equation is/>"!

ahv =C(hv —Eg)", 2)

where C is an energy-independent constant and another con-
stant m is called the power factor of the transition mode
Alg75IngosN. For a direct band-gap semiconductor like
Alj_4InyN alloy m = 1/2. Figure 1(g) shows the relation-
ship between the absorption coefficient @ and the incident light
quantum hv of the Al;_,In,N on GaN. The energy of the op-
tical band gap is calculated according to the absorption spec-

trum by Tauc’s law, and the result is 3.19 eV.3!]

Intensity
Intensity

Intensity
Absorbance

sSSewmmm  | '
448 446 444 442 80 76 T2 68
Binding energy(eV) Binding energy (eV)
1.4 -
(e) Aly_,In,N (f) —-Al_,In,N/GaN (8) .
1.2+ -=—Al;_,In, N 1
I

(ahv)?

Ey=23.1940.002 eV
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20 ()
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Photo energy (eV)

Fig. 1. (a) Schematic diagram of the Al;_,In,N film deposition process. (b) A cross-sectional SEM image of Al;_,In,N/GaN. XPS spectra
of Alj_,In,N consist of the (c) Al 2p core level and (d) In 3d; /2 core level. (e) XRD patterns of Alj_,In,N. (f) Optical absorbance spectra of

Alj_,InyN/GaN and Al;_,In,N. (g) Tauc plots of Al;_,In,N.

Further energy level alignment characterization of
Alp.75Ing 25N and GaN was done by XPS combined with en-
ergy band theory. XPS has been proven to be an efficient way
to determine the band offset at a heterojunction interface.333
In order to determine the valence band offset (VBO) of the
Alp.75Ing 25N/GaN interface, the Al 2p and Ga 2d core-level

spectra were employed for the Alg 75Inp2sN and GaN mate-
rials, respectively. As shown in Figs. 2(a) and 2(b), the fol-
lowing formulae can be used to calculate the VBO AE, and
conduction band offset AE, of Alp75IngsN and GaN: 34!

_ (AN _ -AlInN
AEy = (Exyy, —E™)
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— (EGNy — EP™) — AEcy, 3)
AEc = EpSN—EGN,, )

AlInN/GaN

AE, = (Eé\lInN _EgGaN) +AE, 5)

The vacuum level is taken as the forward reference. Obvi-
ously, the Aly75Ing5N/GaN system has a type II alignment
in Fig. 2(c). Under UV irradiation, interlayer transitions may

occur at the lowest part of the conduction band and the highest
part of the valence band and the charge separation of photoin-
duced carriers can reduce charge recombination, which also
indicates that the device may show excellent performance in
optoelectronic devices. Therefore, a Aly75Ing»5N/GaN pho-
todetector was prepared to demonstrate the ability to detect
light.

o | @)% :AI;“NJ‘ IO 5, GaN (¢)  AllnN GaN
h= 0 | = $ © )
g = | N & 82 2: E¢ aimN AE. E. cu
o = N g < BT 17.60 eV F ] "
& 71.78 eV 1~ E| ® @ 1rb0e 319 oV 340V
=z N = & Ey AN ©
g | < 2 [ 2| © v Alln AE, Ey Gax
S L2
= | = .
E W g 17.6 eV
B E’ 71.78 eV EGa 34
VB Z
Z L o J Ny AEcy, = 53.57 eV
gy My | Cocereree - 2 En 2
80 72 —10 0 10 24 20 16 =5 0 5 10

Binding energy (eV) Binding energy (eV)

Fig. 2. The core-level and valence band spectra for (a) Al;_,In,N and (b) bulk GaN samples. (c) Schematic of energy band line-up at the Al;_,In,N/GaN

interface.
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Fig. 3. (a) Three-dimensional schematic structure of the Al;_,In,N /GaN photodetector. (b) Optical microscopy maps of the individual
array devices. (c) The relationship between different incident powers at bright current and dark current and voltage. (d) Photocurrent of the
Alj_,In,N/GaN photodetector under different incident powers of a 365 nm laser.

Figure 3(a) shows a three-dimensional schematic view of
an Alg 75Ing »5N photodetector fabricated on a GaN substrate.
Figure 3(b) shows one of the electrodes of the transparent ar-
ray. The two fork-shaped interdigital contacts consist of Au
(50 nm)/Ni (20 nm), the separation of the finger gaps is 18 pm
and the effective area is 4.82 um?. The current—voltage (I—

V) curves of the device at different laser incident powers for

a single wavelength of 365 nm are used to further analyze the
critical parameters of the photodetector.

The I-V curves of devices with different incident powers
and voltages were increased from —20 V to 20 V. The mea-
sured I-V curves are shown in Fig. 3(c); it can be observed
that fjgp increases as the power increases. This phenomenon

is attributed to the role of photoinduced carriers generated by
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the device under laser irradiation. To quantify the photosensi-
tive performance of the photodetector, the photocurrent I,y is
defined as!®3!

Iph = |Ilight‘ - |Idark|- (6)

In Eq. (6), Igak is the current in dark conditions and Jjjgy
is the current under light irradiation. Significantly, the de-
vice still shows high photocurrent at a low incident power of

2.0 T T T
(a) @365 nm 20 V|
— 10
= 1.8}
~
) - n_
1.6} {a
% G}
> =
gz 1.41 ©
g U
% 12
e 1.27
1.0+ . . . 0
2 3 4 5 6
Incident power P (uW)
20
18l © A=365 nm
6l V=20V
P=5.647 uW
::\ 14
2 12¢
-
g 10f
s
s 8r
)
6 -
4 -
2 s
0

50 100 150 200 250
Time (s)

NEP (10-13 W/Hz!/2)

2.0163 pW, indicating strong low-light detection capability.
Figure 3(d) shows the extracted Iy, plotted as a function of the
effective power (P) irradiated under a wavelength of 365 nm
at a bias voltage of 20 V. The upward trend of /;, slowed down
when P > 4.5 uW. As reported in previous literature, 3! this
phenomenon can be attributed to the light saturation of ab-
sorption and the trapping of electrons and holes due to the ex-
istence of defects and charge impurities.

1.8 T T T 6.0
(b) @365 nm 20V |, .
2.0} {55 —
2.2+ e {50 2
- .—.’.\._.\ é,
2.4} m {45 =
LN |
~ x
] Q
2671 140
2871 I: =
30 135 2
3.0 o}
A
320, - - s 3.0
2 3 4 5 6
Incident power (uA)
(d)
10
<
3 ton tott
-
g 0.55 s 3.99 s
= 5F
-
=
]
0 —. . .
150 160 170
Time (s)

Fig. 4. (a) and (b) Incident power evolution of G, R, NEP and D* for the Al;_,In,N/GaN photodetector. (c) The switching characteristics of the
Al;_,In,N/GaN photodetector under 365 nm illuminations at a voltage of 20 V. (d) The rise time and fall time for the Al;_,In, N /GaN photodetector.

Figure 4(a) shows the photoresponsivity R and photocon-
ductive gain G of the fabricated device as a function of the
effective power at 365 nm wavelength under a bias voltage of
20 V. R is a significant parameter in the performance of pho-
todetectors, and can quantify the spectral and frequency char-
acteristics of photoconversion. R is calculated by 3!
R |Bight | — [Taark |

7
SE )

where Iy, is extracted from Eq. (6), S and P, are the area of
active regions of the device and power density of the incident
laser irradiation, respectively. The photoconductivity gain G is
defined as the number of photogenerated carriers that are gen-
erated from unit photons, and is another important parameter
for the evaluation of a photodetector. It is calculated by[*”}

Ion hv

G= ,
Pabs q

®)

where P,y is the absorbed power, which is defined as Py,g =
WP;, with u the absorption percentage calculated above and
P, the incident power, & is Plank’s constant, v is the frequency
of the incident laser and ¢ is the elementary charge.*?) With
increasing incident power, both R and G show a trend of first
rising and then decreasing. The Alj 75Ing25N/GaN photode-
tector has the highest responsivity of 1.52 A-W~! at an inci-
dent laser power is 3.425 uW, and G also reaches its maximum
value at the same power. This phenomenon can be explained
by the saturation of the defect state at the interface and the
low carrier recombination frequency under a low-power laser
as well as the long carrier lifetime.*”! To further discuss the
performance of the Alj75Ing25N photodetector we calculated
the noise equivalent power (NEP) and the normalized detec-
tion rate (D*) at different incident powers at a wavelength of
365 nm in Fig. 4(b). The NEP can quantify the detection ca-
pability of the photodetector, with a smaller NEP indicating a
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higher sensitivity. The NEP can be calculated as follows: 38!

2qlaanAf)?
(Cld;f) ’ ©)

where R is obtained from Eq. (7) and Af is the bandwidth.
Usually, the dark current makes the major contribution, and

NEP =

causes scattering noise, Johnson—-Nyquist noise and flicker
noise. The parameter D* contributes to quantifying the sig-
nal detected by the photodetector. D* can be calculated as

follows: 38!

*

Al/2
= NEP’
where A is the effective area of the Al;_,In,N under the
laser irradiation conditions. The NEP can be extracted
from Eq. (10). As shown in Fig. 4(b), the lowest NEP
value is 2.26x10713 W-Hz~!/2 and the highest D* value is
9.61x 108 Jones calculated for the Al;_,In,N photodetector at
365 nm laser wavelength and 20 V bias.

(10)

Figure 4(c) shows the periodic flow over time of the
Al _,In,N/GaN photodetector under a continuous light pulse.
The pulsed light is set to be on or off every 10 s under the
365 nm laser (5.647 uW) and 20 V bias. We can see that

the device has a relatively stable switching characteristic. The
rise time (fjs) from the dark signal to 90% of the maxi-
mum signal upon illumination and the fall time () to 10%
are commonly used to characterize the temporal response of
a photodetector. As shown in Fig. 4(d), the calculated #g
and g, for the Alj_,In,N/GaN photodetector are 0.55 s and
3.99 s, respectively. The Al;_,In,N photodetector based on
a GaN substrate achieves a fast photoresponse, and benefits
from the formation of a two-dimensional electron gas at the
Al _,In,N/GaN heterojunction interface and the polarization
effect. However, the device shows a long decay time after
the optical stimulus has been removed; one of the reasons for
this is that Al;_,In,N is associated with punctate impurities
and defects in the substrate.[*?) To emphasize the advances
achieved with the Al;_,In,N/GaN photodetector a comparison
of the results of several studies on the photoresponsivity prop-
erties of Alj_,In,N photodetectors is summarized in Table 1.
Compared with other devices, our Alj_,In,N /GaN device has
a higher photoresponsivity and specific detectivity, and the de-
vice achieves a fast photoresponse due to the introduction of
the GaN substrate.

Table 1. Comparisons of the Alj_,In,N /GaN photodetector with similar devices.

Photodetector R (A/W) Dark current (A) D* (Jone) Response time (s)  Year Ref.
AlInN/GaN 1.5296 4.09%x 1077 9.61 x 108 0.55 2022  this work
AlInN/Si 0.47 - - - 2018 [41]
AIN/sapphire 0.6 x 1073 2.41x 10712 - 0.9 2020 [42]
Alp33Ingg7N/glass  1.26 x 1074 - 1.2x10° 1.39 2022 [7]
A10_531n0<42N/GaAs 0.06 - - 0.7 2016 [43]
GaN/sapphire 0.633 - - - 2018 [44]

4. Conclusion

In summary, this study has successfully demonstrated
an Al;_,In,N/GaN photodetector with low dark current, high
photoresponsivity and fast response speed fabricated using the
RF-MS deposition method and simple semiconductor fabri-
cation methods. The Al;_,In,N alloy film was successfully
prepared with good crystallinity and homogeneity measured
by SEM and XPS core-level spectra. The alloy composition
of Al;_,In,N was then analyzed by XRD, and x = 0.25 was
calculated. Calculation of the absorbance of the film gave the
band gap of Aly.75Ing »5N as about 3.19 eV. In addition, the po-
larization effect of the III-nitride heterostructure has a positive
impact on improving the absorption capacity of Alj_,In,N.
The electron transport behavior of the Al;_,In,N/GaN het-
erojunction was further proved by XPS valence band spec-
troscopy. Subsequently, a Aly75Ing 5N photodetector was
prepared, showing excellent performance with a maximum
photoresponsivity of 1.52 A-W~! and time to reach maximum
photocurrent of 0.55 s under 365 nm laser illumination. Ta-
ble 1 compared various photodetectors with the one reported

in this work. In recent years there have been few reports on
Alj_,In,N alloy, and we have achieved unprecedented perfor-
mance by controllable fabrication of Al;_,In,N via physical
vapor deposition technology to fabricate a photodetector on
GaN substrate.
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