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Abstract

A back-illuminated metal—insulator—semiconductor (MIS) structure AlGaN-based solar-blind ultraviolet photodiode is dem-
onstrated for the purpose of overcoming the technical bottleneck caused by high Al content p-AlGaN in p—i—n structure.
The device presents a peak responsivity of 0.115 A/W at 270 nm, corresponding to an external quantum efficiency (EQE) of
53% and an ultraviolet/visible rejection ratio of more than three orders of magnitude under zero-bias. Moreover, a response
speed around 24 ps and a peak responsivity of 0.154 A/W, corresponding to an EQE of 70.6% will be achieved at a reverse
bias of 3 V. The excellent performances of the back-illuminated MIS photodetector can be attributed to the adoption of a
thin n-AlGaN layer of Al content gradient which plays a role of completely relaxing the strain of light absorption layer and
the introduction of a homogeneous n-AlGaN interlayer into light absorption region which redistributes its electric field in
favor of the separation and transport of the photo-generated carriers.

1 Introduction

The ozone layer in the atmosphere can absorb nearly 100
percent of the wavelengths of solar radiation shorter than
280 nm, which creates a natural low terrestrial background
called solar-blind region [1]. Within this region, the develop-
ment of related high-efficiency solar-blind ultraviolet photo-
detectors (UV-PDs) has drawn more and more attention for
their potential applications in early missile threat warning,
missile guidance, covert space-to-space communication,
secure non line-of-sight communication, flame monitoring,
ultrahigh voltage leakage corona monitoring, bioagent detec-
tion, UV environmental monitoring, UV astronomy, and so
on [2-4]. Among a series of wide bandgap semiconductors,
the ternary AlGaN alloy is considered to be one of the most
ideal materials for developing solar-blind UV-PDs, because
it has a tunable bandgap which ranges from 3.4 to 6.2 eV
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(the corresponding absorption wavelength covers from 365
to 200 nm), sharp cut-off wavelength, full solid-state and
high signal to background ratio, in addition to its excel-
lent chemical and thermal stability [5, 6]. The AlGaN alloy
with Al content higher than 40% will work in solar-blind
region. In traditional studies, researchers are focusing on
the back-illuminated p—i—n structure AlGaN-based UV-PD,
because of its intrinsic advantages: low dark current, high
response speed, and apt to integrate with the Si-based read-
out integrated circuit (ROIC) using flip-chip technique to
make focal plane arrays [7, 8]. However, it also has lots of
shortcomings: (i) high performance p-type doping AlGaN
with high Al content is difficult to obtain, as a result of the
high activation energy for the passive acceptors of the mag-
nesium atoms. (ii) This material suffers from lattice mis-
match and thermal expansion mismatch, because of the dif-
ference for lattice constant and thermal expansion coefficient
between the sapphire substrate and the epitaxial layer, which
will lead to cracks in epilayer. (iii) It is difficult to form
good ohmic contact on p-AlGaN that affects the transport
of photon-generated carriers [9]. Although p-GaN can be
adopted to overcome the influence of the poor performance
p-AlGaN and solve the transport problem of photo-gener-
ated carriers, the introduction of p-GaN layer will enable
the device to have a spectral response at the near-ultravio-
let band, which does not fully meet the requirement of the
solar-blind UV-PD [10]. Fortunately, the back-illuminated
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metal-insulator-semiconductor (MIS) structure AlGaN-
based photodiode not only has the same advantages as the
p—i—n structure photodiode, but also avoids its disadvan-
tages, because it replaces high Al content p-type AlGaN
material with a high work function metal electrode, which
is thus promising to solve the technical bottleneck caused
by p-AlGaN.

In recent, for the purpose of overcoming the limitation
arose from the pivotal problem of achieving a high hole
concentration and subsequently a low-resistivity p-type
AlGaN film with high Al content, Liang et al. successfully
circumvented the p-type AlGaN layer of a deep ultraviolet
light-emitting diode (LED) by implementing with a MIS
structure. The LED operated as a Schottky diode and pre-
sented a lower threshold voltage [11]. This further confirms
that the back-illuminated MIS structure AlGaN-based UV-
PDs, as one kind of Schottky photodiodes, will be an attrac-
tive choice for solar-blind photodetectors. However, so far,
the studies on back-illuminated solar-blind AlGaN-based
Schottky photodiodes mainly concentrate on the planar
metal-semiconductor—metal (MSM) structure. Yang et al.
have fabricated a back-illuminated solar-blind AlGaN-based
photodetector based on planar MSM structure and obtained
an EQE as high as 48% and a responsivity of 100 mA/W
under — 100 V [12]. Huang et al. also have developed a
back-illuminated solar-blind Schottky photodiode based
on planar MSM structure using intrinsic Al ,Ga, (N mate-
rial as a light absorption layer, which presented a bandpass
spectral response ranging from 244 to 275 nm with a peak
responsivity of 98 mA/W at 262 nm and zero bias, corre-
sponding to an EQE of 46% [13]. Sang et al. have reported
a back-illuminated AlGaN solar-blind Schottky photodiode
which presented a peak responsivity only 26 mA/W and an
ultraviolet/visible rejection ratio of 1000 at 289 nm and zero
bias [14]. The development lag of back-illuminated solar-
blind AlGaN-based Schottky photodiodes can be ascribed to
the reason that their spectral response and EQE are always
poorer than that of back-illuminated p—i—n junctions due to
the smaller built-in electric field of Schottky diodes and the
narrower depletion region. Therefore, the effective method
to solve the problems mentioned above is to introduce an
insulating layer into the metal-semiconductor interface
of Schottky diode and form an MIS structure. However,
there are few reports on the back-illuminated MIS structure
AlGaN-based solar-blind UV-PDs.

In this letter, an improved back-illuminated MIS struc-
ture AlGaN-based UV-PD is demonstrated for the purpose
of overcoming the technical bottleneck caused by high Al
content p-AlGaN of p—i—n structure. The insulating layer
is in-situ grown by metal-organic chemical vapor depo-
sition (MOCVD). Distinguished from the conventional
MIS structure, a thin n-AlGaN with Al content gradually
decreasing from 0.54 to 0.45 is used as an interlayer of the
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heterojunction. In addition, a homogeneous n-AlGaN inter-
layer is introduced into the i-AlGaN insulating layer.

2 Experimental
2.1 Preparation of the epitaxial material

A schematic cross-section of the device is shown in Fig. la.
The epitaxial material of back-illuminated MIS structure
solar-blind UV-PD was grown by low-pressure MOCVD
on a 2-inch c-plane sapphire substrate. Trimethylalu-
minium (TMALI), trimethylgallium (TMGa) and ammonia
(NH;) were used as the precursors for Al, Ga and N sources
respectively, and hydrogen (H,) was the carrier gas. Silane
(SiH,) was used as the n-type dopant. Deposition was initi-
ated with the AIN buffer layer grown by optimized growth
conditions [15], followed by a ten periods of Al 53Gag 4,N/
AIN superlattices (SLs) layer releasing the stress formed by
lattice mismatch and thermal expansion mismatch between

(a)

n;-Alg45Gag ssN 30 nm
i3-Aly |50 nm
| N 10 nm w

>N 150 nm

AIN/Sapphire

M1

back-illuminated

Ti/AUNi/Au _"_s0

Fig. 1 a Schematic configuration of the back-illuminated MIS struc-
ture AlGaN-based solar-blind UV-PD. b The metallographic micro-
graph of a physical cell
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AIN and following AlGaN and suppressing the dislocations
extension from the AIN template to the AlIGaN [16]. Then,
a 150 nm-thick undoped Al 53Ga, 4,N layer was grown
on top of the SLs layer. Both of the SLs and the undoped
Al s3Gay 4N layers were grown at 1180 °C with a reac-
tor pressure of 50 mbar and a V/III ratio of about 50. In
the group-III, the molar ratio between TMAI and TMGa
was 5. Next, it was followed by the insulator-semiconduc-
tor structure consisting of a 300 nm-thick silicon doped
n-Aly 5,Gag 4N (n~1x 10" cm™) layer, a 10 nm-thick grad-
ing n-Al Ga,_,N layer with Al content decreasing from 54
to 45%, a 150 nm-thick undoped i,-Al, 45sGa, 55N layer, a
30 nm-thick n,-Aly 4sGa, ssN layer (n~1x 10'® cm™) and
a 100 nm-thick undoped i,-Al ,sGa, 55N layer. All of these
layers were grown at 1160 °C with a reactor pressure of
50 mbar. Among them, the V/III ratio of the n-Al, 5,Ga 46N
layer was about 50 while that of the n-Al,Ga,_,N layer with
Al content decreasing from 54 to 45% was gradually chang-
ing from 50 to 40 by increasing the TMGa source and adjust-
ing the molar ratio between TMAI and TMGa from 5 to 4.
In addition, the V/III ratios of the other layers, such as the
11-Aly 45Gag 55N, ny-Al 45Ga, 55N and i,-Al, 45Ga 55N layers
were kept at 40.

2.2 Device fabrication

The metallographic micrograph of a physical back-illumi-
nated MIS structure AlGaN-based UV-PD cell is shown
in Fig. 1b. In the device fabrication process, firstly, the
inductively coupled plasma (ICP) dry etching was used to
etch the material to the n-Al 5,Ga, 46N layer and formed a
500 um-diameter mesa. In the etching process of the ICP,
the Cl, (8 sccm)/BCl; (24 sccm) with Ar (6 sccm) and He (4
sccm) as additive gases were adopted as the plasma mixtures
while the ICP power and the reactive pressure were 700 W
and 0.55 Pa, respectively. Secondly, the sample was treated
by a photo-electrochemical method to remedy the damage
made by ICP etching, reducing the dark current [17]. Then, a
Ti/Al/Ni/Au (30/100/150/200 nm) ring electrode was depos-
ited onto the n-Al 5,Ga, 44N using electron-beam evapora-
tion and standard lift-off technique based on photolithogra-
phy and annealed at 500 °C for 60 s in N, ambient by rapid
thermal annealing system to realize ohmic contact. At last,
a 200 nm-thick circle Au electrode was similarly deposited
onto the i,-Alj 4sGa, 55N layer by electron-beam evaporation
and standard lift-off technique.

2.3 Characterizations

The asymmetrical reciprocal space mapping (RSM) around the
(1015) reflection was characterized by high-resolution X-ray
diffractometer (HRXRD, Bruker D8). The current—voltage
(I-V) property of the MIS device at room temperature was

measured by using a semiconductor parameter analyzer (Agi-
lent BISO0A). A calibrated UV spectral response test system
with a 200 W UV-enhanced Xe lamp and a monochromator
was used to obtain the spectral response properties of the MIS
photodetector. The transient spectral response of the photo-
detector was stimulated by a 10 mW Nd:YAG laser (266 nm)
and recorded by an oscilloscope (Tektronix DPO 5104 digital
oscilloscope). The electric field profiles were calculated using
a commercial simulator (APSYS).

3 Results and discussion

To evaluate the crystalline quality of the epitaxial material,
the asymmetrical RSM is measured around (1015) reflection,
as shown in Fig. 2. Each reciprocal lattice point (RLP) shown
in the RSM represents each epilayer. The RLPs mainly corre-
spond to the AIN buffer layer, the Al 53Gay, 4,N/AIN superlat-
tices (SLs) layer, the i-Al| 53Gay 4,N layer, the n-Al, 5,Gag 46N
layer and the Alj 45Ga, 55N layer, which are consistent with
the material structure of Fig. 1a. The RLP corresponding to
the thin n-AlGaN gradient layer is shown in Fig. 2 marked
by the white circle. It should be noted that the homogene-
ous n-Al, 4sGa, 55N interlayer has the same Al content as the
i-Al; 45Ga, 55N layer, which cannot be distinguished from
the RLP of Alj4sGa, 5sN. In Fig. 2, g, and g, are stood for
the directions parallel and vertical to the interface between
epilayer and substrate, which are mainly used to calculate the
in-of-plane and out-of-plane lattice constants through [18].
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Fig.2 The asymmetrical reciprocal space mapping around (1015)
reflection for epitaxial material by HRXRD
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where h, k, and [ are the Miller indices. The lattice con-
stants for relaxed AIN are (a=0.31127 nm, ¢c=0.49817 nm).
Therefore, the RLP denoted as (g,, g,) for the relaxed AIN
can be calculated as (—3.7096, 10.0367) for (1015) reflec-
tion. In this paper, the RLP of the optimized AIN buffer
layer is (— 3.7062, 10.0365) which means that the AIN buffer
layer is almost relaxed. As seen in Fig. 2, the connection
line (blue one) extended from the RLP of the fully relaxed
AIN to the fully relaxed GaN will represent fully relaxed
Al,Ga,_,N while the connection line (black one) represents
Al Ga,_,N fully strained to AIN. It should be noted that the
RLP of the relaxed GaN is beyond the coordinates in Fig. 2.
It has been concluded that the region (indicated by the red
arrow) to the left side of the fully relaxed Al,Ga,_.N line
represents Al,Ga,_,N under compressive strain while the
region (indicated by the blue arrow) to the right side rep-
resents Al,Ga,_,N under tensile strain [18]. Therefore, as
can be seen, the RLPs of the i-Al| s53Ga, 4,N layer and the
n-Al, 5,Gag 4N layer (white points) locate at the left side of
the fully relaxed Al,Ga,;_,N line which means that both of
them present compressive strain. Obviously, the RLP of the
n-Alj 5,Gag 46N layer is closer to the fully relaxed Al,Ga,_ N
line than that of the i-Alj 53Ga, 4,N layer, indicating the
smaller compressive strain in n-Al, 5,Gag 4N layer, which
quite agrees with the Si doping effect on strain reduction
in compressive strained AlGaN thin films demonstrated
by Cantu et al. [19]. Learned from the asymmetrical RSM
around (1015) reflection, the introduction of a thin n-AlGaN
gradient layer as the transition layer between n-Al 5,Gay 46N
and 1;-Al 45Ga, 55N will further regulate the strain of the
following epitaxial layers, and thus obtain fully relaxed
1;-Aly 45Gag 55N/ -Aly 45Gag 55N/i,-Aly 45Gag 55N homoge-
neous multilayer, whose RLP locates at the fully relaxed
Al Ga;_,N line. In short, we first grow epitaxial materials
that meet the structural design on the optimized AIN tem-
plate, and prepare the fully relaxed homogeneous multilayer
as the light absorption layer by introducing the n-AlGaN
gradient layer. The fully relaxed light absorption layer con-
tains an n-Al ,sGa, ssN interlayer.

The back-illuminated MIS structure solar-blind UV-PD
is fabricated based on the structural epitaxial material, as
shown in Fig. 1b. The detailed fabrication process of the
device has been described in the Sect. 2. The dark cur-
rent—voltage (I-V) characteristic is shown in Fig. 3a using a
semi-log coordinate. It can be seen that the /-V characteristic
has the same good rectifying behavior as that of the p—i—n
structure. The dark current density is about 2.4 x 1077 A/
mm? under 3 V reverse bias. The spectral responsivity and
the corresponding external quantum efficiency (EQE) under
different bias are measured by a calibrated UV-enhanced
spectral response test system, as shown in Fig. 3b and inset.
It presents a bandpass response characteristic with a range
from 255 to 280 nm, which is completely in conformity with
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Fig.3 a The dark current characteristic curve of the MIS structure
solar-blind UV-PD in a semi-log coordinate. b Spectral responsivity
curves under different bias. The inset shows the corresponding EQE
values versus wavelengths

solar-blind UV detection. The peak responsivity at zero bias
locates at 270 nm with a value of 0.115 A/W, correspond-
ing to a high EQE of 53%, and the ultraviolet/visible rejec-
tion ratio is more than three orders of magnitude. Moreover,
the responsivity increases to 0.154 A/W, corresponding to
an EQE of 70.6% under —3 V, which is relatively higher
than those of the reported AlGaN solar-blind Schottky
photodiodes.

Figure 4 shows the transient spectral response of the
device at reverse bias of 3 V which is stimulated by a pulsed
Nd:YAG laser with a 266 nm wavelength (the laser pulse
width is 10 ns) and measured by a Tektronix DPO 5104 digi-
tal oscilloscope. The 10-90% rise time (defined as the time
for the photocurrent increasing from 10 to 90% of the peak
value) of the device is around 1.4 ns while the 90-10% decay
time (defined as the time for the photocurrent dropping from
90 to 10% of the peak value) is around 55 ps. We fit the
decay section of Fig. 4 with an exponential decay curve,
and a good fitting is accomplished by using a first-order
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Fig.4 Decay edge of the transient spectral response at reverse bias
of 3V

exponential decay function. The fitting decay time is around
24 ps. Due to the introduction of the intrinsic absorption
layer into the Schottky photodiode to form the MIS struc-
ture, its response speed will greatly limit by the increasing
RC constant. As far as we known, the response speed of our
device is by far the quickest one among the reported back-
illuminated MIS structure AlGaN-based solar-blind UV-PD.

The high performance of the back-illuminated MIS struc-
ture AlGaN-based solar-blind UV-PD can be attributed to
the strong electric field (E) in the light absorption layer due
to the introduction of the n;-Al 4,5Ga, 55N interlayer, in addi-
tion to the quality improvement of the epitaxial material
by the n-AlGaN gradient layer. A strong E within the light
absorption layer can improve the separation and transport of
the photo-generated carriers. The result is to reduce carrier
recombination, increase the extraction of the photoelectric
current and improve the response speed as well. In order to
confirm this viewpoint, the electric field profiles of the MIS
structure AlGaN-based solar-blind UV-PD with and without
an n,;-Al, 45Ga, 55N interlayer are analyzed by a commercial
simulator, APSYS.

In Fig. 5a and c represent the electric field profiles of the
MIS device without an n;-Al, ,5sGa, ssN interlayer under 0 V
and —3 V, respectively. Similarly, b and d represent the elec-
tric field profiles of the MIS device with an n;-Al ,5Ga; 5sN
interlayer under O V and —3 V, respectively. It should be
noted that the bandpass spectral response characteristic of
the back-illuminated photodetector has cutoff wavelengths
in both short wavelength and long wavelength sides, which
are determined by the window layer and the light absorp-
tion layer, respectively [1, 10]. In this paper, the window
layer is mainly determined by the bottom i-Al s3Gag 4N,
n-Al, 5,Gaj 4N and Al content gradient n-AlGaN lay-
ers while the light absorption layer mainly consists of
11-Alg 45Gag 55N, 1y-Alg 45Gag 55N and 1y-Aly 45Gay 55N layers.
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Fig. 5 Distribution of the electric field in the MIS structure AlGaN-
based solar-blind UV-PD with and without an n;-Al, 45Ga, 55N inter-
layer

Obviously, the structure with the n;-Al ,5Ga,, 55N layer pre-
sents higher electric field in the light absorption section than
that without the n;-Al 4sGa, 55N layer no matter the device
is under reverse bias or not. In fact, the back-illuminated
MIS device with an n-AlGaN interlayer in the light absorp-
tion region is to some extent similar to the back-illuminated
separate absorption and multiplication (SAM) structure
p—i—n photodiode which has been proved to be an effective
way to improve the performance of the photodetectors [13,
20]. In other words, the introduction of the n,;-Al, 4sGa, 55N
interlayer indeed realizes the electric field of the light
absorption region to redistribute and make for the separation
and transport of the photo-generated carriers. Therefore, the
device presents excellent responsivity and EQE.

4 Conclusions

In summary, a back-illuminated MIS structure AlGaN-based
solar-blind UV-PD has been intensively demonstrated. The
peak responsivity of 0.115 A/W was obtained at 270 nm
under zero-bias, corresponding to an EQE of 53% while that
increases to 0.154 A/W, corresponding to an EQE of 70.6%
under — 3 V. Moreover, the rise time and the decay time of
the device are only 1.4 ns and 24 ps, respectively. The rela-
tively excellent performances of the MIS photodetector can
be ascribed to the optimized structural design. The thin Al
content gradient n-AlGaN located at the interface of the het-
erojunction plays the role of further regulating the strain of
the following epitaxial layers, and thus the fully relaxed light
absorption layer is obtained. The presence of the homog-
enous n-AlGaN interlayer redistributes the electric field of
the light absorption region in favor of the separation and
transport of the photo-generated carriers. The development
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of high performance back-illuminated MIS structure solar-
blind UV-PD will benefit to overcome the technical bot-
tleneck caused by high Al content p-AlGaN in the p—i—n
structure AlGaN solar-blind ultraviolet photodetector.
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