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In this letter, based on the method of introducing one mesothermal AIN (MT-AIN) interlayer, a high-
quality AIN template is firstly obtained by adjusting the growth rate of the high-temperature AIN (HT-
AIN) epilayers on both sides of the MT-AIN interlayer. Then, the epitaxial growth of polarization-
graded AlGaN-based solar-blind ultraviolet photodetector (SUV-PD) structural material is implemented
on the pre-grown AIN template by introducing an n-AlyGa; N gradient layer. It leads to the elimination
of band discontinuity and forms a polarization-graded induced field resulting in a high-performance
back-illuminated AlGaN-based SUV-PD. This research provides an important reference for the develop-
ment of high-performance back-illuminated AlGaN-based SUV-PDs.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Because of the potential applications in both military and civil
fields, such as early missile approach warning for important mili-
tary targets, corona leakage detection for ultra-high voltage
(UHV) and high voltage (HV) power grids, free-space optical com-
munication for confidential information, chemical/biological agent
sensing for public health & biosecurity, and so on [1-3], there is
drawing considerable attention and interest in SUV-PDs. Due to
its direct wide and tunable bandgap, all-solid-state, filter-free
and anti-radiation nature, the ternary AlGaN alloy is considered
to be one of the most ideal materials for developing SUV-PDs,
and the development of high-performance SUV-PDs based on
AlGaN is expected to provide a promising alternative to conven-
tional photomultiplier tubes (PMTs) or Si-based photodiodes relied
on additional complex deep ultraviolet band-pass filters [4]. How-
ever, the performance of the AlGaN-based SUV-PDs is impeded by
the crystalline quality of high Al-content AlGaN under existing
mainstream heteroepitaxial growth method, e.g. a large density
of dislocations and a large number of cracks. The preparation of
high-quality AIN templates as ideal substrates for growing high
Al-content AlIGaN materials and the optimal design of device struc-
ture can be effective ways to obtain high-performance AlGaN-
based SUV-PDs.
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Herein, the epitaxial growth of back-illuminated AlGaN-based
SUV-PD material is implemented by two independent processes.
One is the growth of AIN template. Based on the method of intro-
ducing one MT-AIN interlayer demonstrated in our previous
research [5], the growth rate of the HT-AIN epilayers on both sides
of the MT-AIN interlayer is modulated by adjusting the ¥/III ratio
to further improve the quality. The other is the growth of PIN struc-
ture AlGaN-based SUV-PD material on the pre-grown AIN tem-
plate. An n-AlyGa;_4N gradient layer with Al-content gradually
changing is introduced to construct built-in polarization in PIN
structure to enhance its photoelectric conversion so that a high-
performance back-illuminated AlGaN-based SUV-PD is achieved.

2. Experimental procedure

The epitaxial growth was implemented on a 2 in. double-side
polished (DP) c-plane sapphire substrate by low-pressure metal-
organic chemical vapor deposition (LP-MOCVD, Aixtron 200/4-
HT). The cross-sectional image of the AIN template was obtained
by a scanning electron microscope (SEM, Hitachi S4800). The rock-
ing curves and the asymmetrical reciprocal space mapping (RSM)

image around (1 0 1 5) reflection of the epitaxial materials were
measured by high-resolution X-ray diffractometer (HRXRD, Bruker
D8). The surface morphology of the AIN template was character-
ized by an atomic force microscope (AFM, Veeco multi-mode) in
the tapping mode. An in-situ optical monitoring system (LayTec
AG) was used to record the reflectance and temperature during
the growth. The current-voltage (I-V) characteristics of the SUV-
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PD were measured by a semiconductor parameter analyzer (Agi-
lent B1500A). The spectral response properties of the SUV-PD were
evaluated by a calibrated UV spectral response test system with a
300 W xenon lamp and a monochromator.

3. Results and discussion

Fig. 1(a) presents the schematic of the AIN template and its
cross-sectional SEM image. The AIN epilayer is composed of four
sub-layers, low-temperature AIN (LT-AIN) nucleation layer, high-
temperature/high growth rate AIN layer (HT/HR-AIN), MT-AIN,
and high-temperature/low growth rate AIN layer (HT/LR-AIN) with
a total thickness of 1.9 pum. The corresponding 405-nm-wavelength
in-situ growth reflectance curve is shown in Fig. 1(b). Prior to the
growth, the sapphire substrate is thermally desorbed at 1200 °C
under the mixture of H, and NH; to form an N-rich polar surface.
Through adjusting the ¥V/III ratio, a 270-nm-thick HT/HR-AIN epi-
layer is grown at a rate of 0.3 nm/s while a 1.52-um-thick HT/
LR-AIN epilayer is grown at a rate of 0.12 nm/s. The AIN template
is finally cooling down to room temperature. For detailed growth
information, it can be referred to in Supporting Information. In
Fig. 1(c), it shows the AFM surface morphology of the AIN with a
scan area of 20 x 20 um? which presents clear atomic steps with-
out any V-type defects or hillocks. The root mean square (RMS)
roughness is evaluated as 0.556 nm. The full width at half maxi-

mum (FWHM) values of rocking curves for (0 0 0 2) and (1 0 1 2)
planes (Fig. 1(d)) are 73 and 707 arcsec, respectively. The FWHM

values of (00 0 2) and (1 0 1 2) planes are widely used to estimate
the screw and edge dislocations in the heteroepitaxial material,
originating on the broadening of the FWHM related to misorienta-
tions of crystallites [6]. The screw and edge dislocation densities
can be evaluated as 1.16 x 107 cm™2 and 5.15 x 10° cm2 by the
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method reported in Ref. [7], which indicates high crystalline qual-
ity of the AIN template.

Based on the pre-grown AIN template, a PIN structure AlGaN-
based SUV-PD material is designed and epitaxially grown. Fig. 2
(a) and (b) show its 405-nm-wavelength in-situ growth monitoring
curve and schematic configuration, respectively. A ten-period of
Alg58Gag42N/AIN (6 nm/6 nm) superlattices (SLs) layer is firstly
deposited to suppress the dislocations extension from AIN to the
subsequent epilayers and to release the strain accumulated by
the heterogeneous mismatches [8]. Then, a 200-nm-thick intrinsic
Alg 58Gag.42N (i-Alg 58Gag 42N) epilayer is grown on top of the SLs. It
is followed by the growth of PIN structure AlGaN-based materials
(seen in Supporting Information for details). The n-Aly54Gag 46N as
a window layer has a higher Al-content than the absorption layer
(i-Alp44GagsgN) to enable back-illumination. Between n-
Algs54Gag4eN and i-Alp44GagssN, an n-AlyGa; 4N gradient layer
with the Al-content gradually changing from 0.54 to 0.44 is depos-
ited to form graded polarization so as to eliminate the band discon-
tinuity. The p-type AlGaN layer is composed of a p-Alg37GagesN
layer and a p-AlyGa,_xN gradient layer with the Al-content gradu-
ally changing from 0.37 to 0.2 which is beneficial to improve its
electrical contact. The carrier concentrations for the n-
Alg54Gag 46N and p-Alg37GagesN layers are respectively evaluated
to be 1.0 x 10'"® cm3 and 1.2 x 10'” cm~3 by an electrochemical
capacitance-voltage (ECV) method based on the epitaxial wafer
instead of Hall measurement [9-11].

The asymmetrical RSM around (1 0 1 5) reflection of the epitax-
ial material is presented in Fig. 2(c). The reciprocal lattice points
(RLPs) shown in RSM are well consistent with the material struc-
ture of Fig. 2(b). The introduction of a thin n-AlyGa; xN gradient
layer marked by a white circle not only plays a role of regulating
the strain in the heterogeneous materials, but also creates a polar-
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Fig. 1. (a) Schematic of the AIN template (inset) and its cross-sectional SEM image. (b) The 405-nm-wavelength in-situ growth monitoring curve. (c) AFM surface morphology
of AIN with a scan area of 20 x 20 um? and (d) The rocking curves of (0 0 0 2) and (1 0 1 2) planes for the AIN template.
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Fig. 2. (a) The in-situ growth monitoring curve for the PIN structure AlGaN-based SUV-PD. (b) Schematic configuration and (c) Asymmetrical RSM around (1 0 1 5) reflection
of the epitaxial material. (d) The positive polarization charge field created by grading n-AlyGa;_xN on N-face n-AlGaN.

ization charge field. Differing from the metal-face polar growth in
the [0 0 0 1] direction [12], the special surface nitriding treatment
is used to realize N-face polar growth in this paper. As shown in
Fig. 2(d), for N-face polar growth along the [0 O O 1] direction,
when the Al-content linearly changes from 0.54 to 0.44, a linear
change in the polarization occurs in the n-Al,Ga,_xN gradient
layer, resulting in a fixed positive space charge. The positive charge
field will attract the bound sheet negative charges formed at the
heterogeneous interface [13] and the photon-generated electrons
generated by illumination. As a result, it reduces the photon-
generated carriers’ loss due to reflection or trapping at the abrupt
heterojunction and improves their separation, transmission and
collection so as to achieve high-performance back-illuminated
AlGaN-based SUV-PDs.

In order to reveal the performance of the AlGaN-based SUV-PD
material, a back-illuminated photodetector with a 300-pm-
diameter photosensitive mesa is prepared for evaluation. The
detailed fabrication process can be found in our previous related
research [8]. The schematic and physical images of the device are
shown in Fig. 3(a). The dark I-V curve in Fig. 3(b) shows good rec-
tifying behavior with a current density of 3.9 x 1078 A/mm? at
—5 V. The measured spectral responsivities and corresponding
EQEs under different bias are demonstrated in Fig. 3(c) and (d),
respectively. The response spectra present bandpass feature in
the solar-blind UV region ranging from 260 nm to 290 nm, with
a peak located at 274 nm. The response spectrum of UV-
enhanced standard Si-PD (black line in Fig. 3(c)) is used for com-
parison. Obviously, the spectral responsivity of the AlGaN-based
SUV-PD is significantly greater than that of standard Si-PD in the
solar-blind UV band, whether bias is applied or not. The peak
responsivity and corresponding EQE at zero-bias are measured as
172.7 mA/W and 78.1% while 204.5 mA/W and 92.6% for 5 V
reverse bias, and the ultraviolet/visible rejection ratio is more than

three orders of magnitude. As the reverse bias increases, the
responsivity starts to increase a lot and then flattens out. The inset
of Fig. 3(d) shows the variation trend of EQE with applied bias volt-
age, indicating the limit EQE is going to be 95%.

4. Conclusions

The epitaxial growth of AlGaN-based SUV-PD material is carried
out by two separate processes using LP-MOCVD. The growth rate
modulation method is adopted to further improve the quality of
the AIN template based on the method of introducing one MT-
AIN interlayer while an n-Al,Ga; 4N gradient layer is introduced
in the PIN structure AlGaN-based SUV-PD material to construct a
polarization-graded induced field. As a result, the related device
exhibits a low dark current density and a high spectral response
characteristic with an upper limit EQE estimated to be 95%. The
polarization-graded n-AlyGa; N epilayer plays a role of reducing
the loss of the photon-generated carriers due to reflection or trap-
ping at the abrupt heterojunction and improving carrier separation
and transmission, which is beneficial to develop high-performance
back-illuminated AlGaN-based SUV-PDs.
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Fig. 3. (a) Schematic and physical images of the back-illuminated PIN structure AlGaN-based SUV-PD. (b) The dark I-V curve and the corresponding current density (inset) of
the device. (c) Measured spectral responsivities under different bias in contrast with that of UV-enhanced standard Si-PD. The inset shows the responsivity plot in semi-log
scale. (d) The corresponding EQE in semi-log scale. The inset shows the variation trend of EQE with applied bias.
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