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High-Performance AlGaN-Based Solar-Blind UV
Photodetectors for Sensing Applications

Yiping Chen, Chaohong Zheng, and Yiren Chen*

The full solid-state, intrinsic cutoff solar-blind UV photodetectors are widely used
in the military and civilian fields. Herein, to achieve real-time solar-blind UV
signal detection for application in portable equipment, the material epitaxy,
device fabrication, and performance characterization of high-performance back-
illuminated AlGaN-based solar-blind UV photodetectors are conducted at first.
Based on the photodetector, a discrete signal amplifier circuit is subsequently
designed and prepared to fulfill the weak solar-blind signal detection. Through
assembling the amplifier circuit with the AlGaN-based solar-blind UV photo-
detector, it can output real-time voltage signal with different amplitude according

preparation of high-quality AIN templates
as ideal substrates®'®'" and the optimal
design of the detector structurel®!? are
expected to overcome the problem.

In this work, a high-performance
AlGaN-based solar-blind UV photodetector
is first fabricated to realize real-time
environmental solar-blind UV radiation
sensing application for portable devices,
and then a discrete signal amplifier circuit
is designed to fulfill weak signal detection.

to the intensity of the incident UV light signal. This study is of great significance

for developing a portable solar-blind UV detection system.

1. Introduction

In addition to the fields of deep UV light-emitting diodes
(LEDs)!"™ and laser diodes (LDs),*”) AlGaN-based material
has drawn much attention for developing full solid-state, intrin-
sic cutoff wavelength solar-blind UV photodetectors because of
their direct, wide, and tunable energy bandgap. The AlGaN-based
solar-blind UV photodetectors have an extremely extensive appli-
cation prospect in missile approach warning systems (MAWS)
for both important military and civilian targets, corona leakage
detection for ultrahigh voltage (UHV) power transmission
networks, real-time UV radiation monitoring for wearable or
portable devices, environment monitoring for human society,
and so on.®”) However, due to the lattice and thermal mismatch
between the AlGaN and the underlying substrate under existing
mainstream heteroepitaxial growth methods, the large density of
defects, e.g., point defects, screw dislocations, and edge disloca-
tions, have hindered the performances of AlGaN-based solar-
blind UV photodetectors. The recent achievements about the
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2. Results and Discussion

The typical (0002)-plane symmetrical RSM

of the epilayer is shown in Figure 1Ic,
mainly including diffraction peaks of AIN, SLs, AlGaN, and
Al,Ga;_,N gradient layers. The detailed reciprocal lattice points
(RLPs) are shown in the asymmetrical RSM around (1015) reflec-
tion (Figure 2). Each one of the RLPs is well consistent with the
schematic structure of Figure 1a, wherein, g, and g, are the direc-
tions parallel and perpendicular to the layer interface, respec-
tively. The RLP denoted as (qy, ¢.) for AIN is (—3.709, 10.037),
which is almost consistent with the unstrained bulk AIN of
(—3.71,10.037).*1* This means that the AN layer in this article
is almost relaxed. As shown in Figure 1c, the black arrowed line
extended from (—3.71, 10.037) of the fully relaxed AIN to (—3.62,
9.642) of the fully relaxed GaN represents the fully relaxed
Al,Ga;_,N. It should be noted that the RLP of fully relaxed
GaN is beyond the coordinates. The right side of the black arrow
line represents Al,Ga; N suffering tensile strain, while its
left side is under compressive strain.*® Thus, the RLPs of
A10A64Ga036 N/AlN SLs layer and the i-A10A64Ga0A36N layer (I)
located at the left side of the strain boundary indicate their
subjection to compressive strain. However, the RLP of
n-Alg 6,Gag 3g N layer (II) located at the right side close to the
black arrow line indicates the slight tensile strain in it, which
is quite in agreement with the strain modulation effect of Si
doping in AlGaN revealed by Cantu et al.’® The RLP of the
i-Alg 46Gag 54N layer (IV) located at the black arrow line indicates
its full relaxation, which can be ascribed to the strain regulation
effect of a thin n-Al,Ga; N gradient layer (III) (marked by
yellow ellipse) introduced as a transition layer between
H-Alo‘ézcao‘ggN and i-A10.46G3.0.54N. The final p—Aleal_xN
gradient layer (V) presents compressive strain that is beneficial
to avoid surface cracking. Moreover, it also plays a role in creating
a polarization charge field. It is well accepted that the III-group
nitride materials epitaxially grown by MOCVD are more likely to
present metal face without special process.'”*® Also, it is
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Figure 1. a) Schematic configuration of the PIN structure AlGaN-based epitaxial material. b) The temperature and 405 nm-wavelength reflectance moni-
toring curves during growth process. c) The (0002)-plane symmetrical RSM for the epilayer.
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Figure 2. The (1015)-plane asymmetrical RSM for the epilayer.

demonstrated that a positive polarization charge field will be cre-
ated when the Al-content is gradually changing from GaN to
AlGaN on Ga-face substrate.l'>*” Oppositely, a negative polari-
zation field can be created when the Al-content is degrading from
AlGaN to GaN. Therefore, when the Al-content of p-Al,Ga;_,N
layer linearly changes from 0.4 to 0.3, it results in forming a fixed
negative polarization charge field to attract photogenerated hole
carriers. As a result, it reduces the loss of photogenerated carriers
due to reflection or trapping at abrupt heterojunctions and
enhances the performance of the PIN structure AlGaN-based
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to relaxed GaN

solar-blind photodetector by improving the separation, transmis-
sion, and collection of carriers.””)

Based on the epitaxial material, a back-illuminated AlGaN-
based solar-blind UV photodetector is fabricated by standard
optoelectronic processing technology. The process can be
referred to in Experimental Section for details. Figure 3a shows
the schematic and physical images of the device. Its I-V charac-
teristic curve in dark condition is shown in Figure 3b, which
presents a good rectifying feature of PN junction. The inset
shows the relationship between current density and applied
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Figure 3. a) Schematic illustration and optical micrograph of the back-illuminated AlGaN-based solar-blind UV photodetector. b) The |-V characteristic
curve in dark ambient and its relevant current density (inset) of the physical device. c¢) The measured spectral responsivities under different bias voltages.
The inset shows the corresponding EQEs. d) The normalized transient spectral response under reverse bias voltage of 5 V. The inset shows its first-order

exponential decay fitting.

voltage. As can be seen, it shows a low current density (J) of
6.49 x 10°* Amm 2 at —10V, although its reverse saturation
current density increases with the increase in reverse voltage.
The reason for the increase in reverse saturation current density
is closely related to the dislocation defects in heteroepitaxial
material. It has been reported that the dislocation defects act
as current leakage channels in AlGaN-based optoelectronic
devices.”! It is easy to generate additional leakage current under
the applied reverse voltage. Moreover, the leakage current
increases with the reverse bias. The spectral performances of
the photodetector are also shown in Figure 3c and its inset.
The measured response spectra and corresponding external
quantum efficiencies (EQEs) under different bias voltages pres-
ent a bandpass feature ranging from 253 to 280 nm, with peak
responsivity and EQE at 267 nm increasing from 121.5 mA W'
and 56.4% for zero-bias to 190.3mA W ' and ~90% for 5V
reverse bias. The small tail in the response spectrum can be orig-
inated from the contribution of the p-Al,Ga; ,N gradient layer.
The UV/visible rejection ratio is evaluated to be more than three
orders of magnitude. Figure 3d shows the transient response
characteristic of the detector under reverse bias voltage of 5V.
The decay section is well fitted by a first-order exponential decay
function, as shown in the inset. The response speed is about
16 ns which can be regarded as a good indicator.

To meet the weak signal detection requirement and realize
real-time sensing application for portable equipment, an
amplifier circuit with high gain and low noise is needed for
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the AlGaN-based UV photodetector. Herein, based on the
obtained back-illuminated photodetector, the corresponding
amplifier circuit is designed and fabricated, as shown in Figure 4.
The circuit block diagram is shown in Figure 4a, which is com-
posed of three sections, including preamplifier, emitter follower,
and two-stage main amplifier. The schematic circuit diagram can
be seen in Figure S1, Supporting Information. To improve the
gain stability and reduce the circuit noise, the preamplifier
section worked in inverse amplification mode is introduced to
provide a strong anti-interference ability. Meanwhile, a T-type
resistance feedback network is introduced to realize weak photo-
current extraction, which is different from the conventional
high-resistance feedback. The weak voltage signal output from
the preamplifier will input the emitter follower section.
Because the emitter follower has the characteristics of large input
impedance and small output impedance, it can reduce the influ-
ence on the output signal of preamplifier circuit and play the role
of impedance matching to make the postamplifier circuit work
better in the intermediate stage. Then, the output signal of the
emitter follower will pass through the two-stage main amplifier
circuit to further enlarge the voltage signal. In this step, it works
in the in-phase amplification mode to ensure the magnification
factor of each stage greater than 1 and can be adjusted propor-
tionally by the feedback resistor. Finally, the enlarged output volt-
age signal is recorded by a commercial data acquisition system.
The whole amplifier circuit assembled with an AlGaN-based
solar-blind UV photodetector is shown in Figure 4b,c.
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T-type Feedback

Figure 4. a) The block diagram of signal amplifier circuit for the AlGaN-based solar-blind UV photodetector; b,c) its whole amplifier circuit in front-side

and back-side.

In Figure 5, the real-time signal of the AlGaN-based solar-
blind UV photodetector is enlarged by the amplifier circuit
and recorded by a commercial data acquisition system. As shown
in Figure 5a,b, under natural condition without any illumination
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Figure 5. The real-time signal acquisition from the AlGaN-based
solar-blind UV photodetector amplifier circuit. a) Without illumination.
b) Illuminated by low-pressure mercury lamp (254 nm). c) A partial
enlarged detail of (b) in 1s.
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of a low-pressure mercury lamp (the main spectral line of
254 nm), the amplifier circuit outputs a millivolt-level voltage
signal. In comparison, it outputs a voltage signal with maximum
amplitude exceeding 5 V under a 2.44 mW cm™? illumination. It
should be noted that the 254 nm spectral line of the low-pressure
mercury lamp is close to the shortwave cutoff edge of the
photodetector. Figure 5c¢ shows the partial enlarged detail of
Figure 5b in 1s. It contains 50 periods, which is quite in agree-
ment with the operating period of low-pressure mercury lamp
using the power frequency of China. In fact, it can output voltage
signals of different amplitude depending on the intensity of the
incident UV light, as can be seen from the real-time data acqui-
sition video file of the Supporting Information. This means that
it can be used as a real-time solar-blind UV radiation sensor for
portable equipment if it is highly integrated.

3. Conclusion

In summary, the epitaxy, fabrication, and characterization of a
back-illuminated AlGaN-based solar-blind UV photodetector
have been reported in this article. The relatively good electrical
and optical performances of the photodetector can be related to
crystalline quality improvement and device structure optimiza-
tion. Based on the photodetector, a discrete signal amplifier
circuit is designed to realize real-time solar-blind UV radiation
sensing application. The amplifier circuit assembled with the
AlGaN-based solar-blind UV photodetector can output real-time
voltage signals of different amplitude depending on the intensity
of the incident UV light. This work has a certain guiding signifi-
cance for the development of a real-time solar-blind UV radiation
sensing system.
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4. Experimental Section

Epitaxial Growth: The epitaxial growth was implemented on 2in.
double-side polished c-plane sapphire substrates by low-pressure
metal-organic chemical vapor deposition (LP-MOCVD). The whole growth
process started from the preparation of an AIN template, followed by the
epitaxial growth of a polarization-graded AlGaN-based solar-blind UV pho-
todetector material. To obtain a high-quality AIN template, a thin MT-AIN
layer was introduced to adjust the stress caused by the lattice
mismatch after the conventional two-step growth. During the growth, tri-
methylaluminum (TMAI), trimethylgallium (TMGa), and ammonia (NH3)
were used as Al, Ga, and N precursors, while dicyclopentadienyl magne-
sium (Cp,Mg) and silane (SiH4) were used as p- and n-type dopants.
The hydrogen (H,) was used as the carrier gas in the whole process.

The AIN template consisted of four sublayers, a low-temperature AIN
nucleation layer (LT-AIN), a high-temperature/high growth rate AIN layer
(HT/HR-AIN), a mesothermal AIN interlayer (MT-AIN), and a high-
temperature/low growth rate AIN layer (HT/LR-AIN).B! Among them,
the LT-AIN layer was grown at 950 °C with a thickness of about 36 nm.
The HT/HR-AIN layer with a thickness of 500nm was grown at
1325 °C with a V/Ill ratio of 200, a reactor pressure of 4 kPa, and a growth
rate of 0.28 nms~'. A 50 nm-thick MT-AIN layer was grown at 1000°C
with a V/IlI ratio of 700. For the HT/LR-AIN layer with a thickness of
about 200 nm, it was grown at a rate of 0.11 nm s~ ' by reducing the source
flows under the same conditions of the HT/HR-AIN layer. Followed by ten
periods of Alye4Gag3sN/AIN (5nm/5nm) superlattices (SLs) and a
180 nm-thick intrinsic  Alg4GaossN layer  (i-Alge4GagssN), the
polarization-graded AlGaN-based solar-blind UV photodetector consisted
of a 550 nm-thick Si-doped Algg;Gag3sN layer (n-Alpg,GagssN), a
60 nm-thick n-Al,Ga;_,N gradient layer with x gradually changing from
0.62 to 0.46, a 300 nm-thick i-Aly46GagssN layer, and a 100 nm-thick
Mg-doped p-Al,Ga;_,N gradient layer with its Al-content gradually chang-
ing from 0.4 to 0.3 in sequence.

Device Fabrication: Prior to device fabrication, the epitaxial material was
rapidly annealed in N, atmosphere at 950 °C for 5 min to activate the Mg
dopants in the p-Al,Ga;_,N layer. Subsequently, the material was patterned
by standard photolithography and inductively coupled plasma (ICP)
etching, leaving a 500 pm-diameter mesa. The sample was then treated
by a photoelectrochemical method to recover the damage made by ICP
etching and reduce its leakage current.”?! Finally, around and on top of
the mesa, a ring-like Ti/Al/Ni/Au (30/100/20/200 nm) multilayer electrode
and a Ni/Au (30/300 nm) circular electrode were deposited by e-beam
evaporation in sequence. The whole device was rapidly annealed under
N, atmosphere at 700°C for 60s to reduce the p- and n-type contact
resistances.

Characterization: An in situ optical monitor (LayTec AG) was used to
record the in situ growth monitoring curves during growth. The (0002)-
plane symmetrical and (1075)-plane asymmetrical reciprocal space
mapping (RSM) images were measured by an X-ray diffractometer (XRD,
Bruker D8). The electrical and optical properties of the photodetector were
evaluated by a semiconductor parameter testing system (Agilent B1500A)
and a calibrated UV spectral response tester equipped with a 300 W xenon
lamp, respectively. The characteristic of transient response was recorded
by an oscilloscope (Tektronix DPO 5104 digital oscilloscope) using a
10 mW 266 nm-wavelength Nd:YAG laser as the exciting source. The
carrier concentrations in the n-Alp¢,Gag3s N layer and the p-Al,Ga;_N
gradient layer were evaluated by an electrochemical analyzer. The carrier
concentration for n-Alg,Gagsg N was about 2.1 x 10" em ™3, while
that for p-Al,Ga;,N gradient layer was slightly changed from inner
2.2 x 10" cm ™ to surface 2.5 x 10" cm 2. The real-time signal acquisi-
tion was recorded by a commercial A/D acquisition system.
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the author.
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