
sensors

Article

Selectively Enhanced UV-A Photoresponsivity of a
GaN MSM UV Photodetector with a Step-Graded
AlxGa1−xN Buffer Layer

Chang-Ju Lee, Chul-Ho Won, Jung-Hee Lee, Sung-Ho Hahm and Hongsik Park *

School of Electronics Engineering, College of IT Engineering, Kyungpook National University,
Daegu 41566, Korea; chjlee@knu.ac.kr (C.-J.L.); chwon@ee.knu.ac.kr (C.-H.W.);
jlee@ee.knu.ac.kr (J.-H.L.); shhahm@knu.ac.kr (S.-H.H.)
* Correspondence: hpark@ee.knu.ac.kr; Tel.: +82-53-950-5519

Received: 7 June 2017; Accepted: 19 July 2017; Published: 21 July 2017

Abstract: The UV-to-visible rejection ratio is one of the important figure of merits of GaN-based UV
photodetectors. For cost-effectiveness and large-scale fabrication of GaN devices, we tried to grow
a GaN epitaxial layer on silicon substrate with complicated buffer layers for a stress-release. It is
known that the structure of the buffer layers affects the performance of devices fabricated on the GaN
epitaxial layers. In this study, we show that the design of a buffer layer structure can make effect on
the UV-to-visible rejection ratio of GaN UV photodetectors. The GaN photodetector fabricated
on GaN-on-silicon substrate with a step-graded AlxGa−xN buffer layer has a highly-selective
photoresponse at 365-nm wavelength. The UV-to-visible rejection ratio of the GaN UV photodetector
with the step-graded AlxGa1−xN buffer layer was an order-of-magnitude higher than that of a
photodetector with a conventional GaN/AlN multi buffer layer. The maximum photoresponsivity
was as high as 5 × 10−2 A/W. This result implies that the design of buffer layer is important for
photoresponse characteristics of GaN UV photodetectors as well as the crystal quality of the GaN
epitaxial layers.

Keywords: gallium nitride (GaN); ultraviolet (UV); photodetector; UV-to-visible rejection ratio;
step-graded AlxGa1−xN buffer layer

1. Introduction

GaN-based UV photodetectors have been actively studied for various commercial applications
such as ozone layer monitoring systems, flame sensors, and medical inspection systems [1–3]. For the
last two decades, many studies have examined the GaN-based UV photodetectors with different device
structures such as p-i-n, Schottky, and metal-semiconductor-metal (MSM) types [4–16]. Among them,
the MSM-type UV photodetectors have the advantages of a low dark current level back-to-back diode
structure and a high process compatibility with other electronic devices in the circuit level design due
to their simple fabrication process [9–16].

Recently, silicon wafers have been used as substrates for growing GaN epitaxial layers to reduce
process cost and to enable large-scale fabrication of GaN-based devices [17,18]. However, GaN epitaxial
layers grown on silicon substrates typically have a strong tensile stress and a high density of defects
which limit the performance of GaN photodetector such as the UV-to-visible rejection ratio and
responsivity [19]. Recent studies on the growth of GaN on silicon report that an AlGaN buffer layer
with a gradually-changing Al mole fraction can effectively suppress the tensile stress and improve
the quality of epitaxial GaN layers [20,21]. AlGaN-based buffer structures have been widely used for
GaN or AlGaN layer growth on various substrates such as silicon, sapphire, and bulk GaN, and these
epitaxial layer structures were applied for fabrication of various types of GaN photodetectors like
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AlGaN-based p-i-n UV photodetector [22], AlxGa1−xN high-gain avalanche UV photodetectors [23,24],
AlGaN/GaN UV photodetectors [25,26], and quadruple-band AlxGa1−xN UV photodetector [27].
The improvement of the quality of epitaxial layers by using the step-graded AlGaN buffer structures
resulted in the improved device performances.

In this study, we investigated the effects of buffer layers on the photoresponse characteristics of
GaN MSM UV photodetectors. We fabricated and evaluated MSM photodetectors on GaN grown
on silicon substrate with a step-graded AlxGa1−xN. To study the effect of the buffer layer, we also
fabricated a GaN MSM UV photodetector using the same fabrication process and GaN epitaxial
layer with a conventional buffer layer [high-temperature (HT)-GaN/low temperature (LT) AlN
multi-layer] and compared the photoresponse characteristics of the photodetectors. The GaN MSM
UV photodetector with the step-graded AlxGa1−xN buffer layer had a higher photoresponsivity at the
wavelength range near 365 nm (UV-A region).

2. Materials and Methods

Two types of GaN epitaxial layers with different buffer layers were grown on n-type silicon(111)
substrates by metal organic chemical vapor deposition (MOCVD). The trimethylgallium (TMGa),
trimethylaluminum (TMAl), and ammonia (NH3) were used as precursors for Ga, Al, N, respectively.
Silicon substrates were cleaned by diluted hydrogen fluoride (HF, 1%) to remove the native oxide on
the silicon surface. For the growth of the first-type GaN epitaxial layer, a 100-nm-thick HT-AlN buffer
layer was grown on silicon at 1100 ◦C to prevent a melt-back etching effect and to release the strong
tensile stress between the GaN epitaxial layer and silicon substrate.
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Figure 1. Schematic cross-sectional views of GaN metal-semiconductor-metal (MSM) UV 
photodetectors showing epitaxial layer structures with different buffer layers and top view image of 
the fabricated UV photodetector. (a) Epitaxial layer structure with a step-graded AlxGa1−xN buffer 
layer and (b) epitaxial layer structure with a conventionally-used high-temperature(HT)-GaN/low-
temperature(LT)-AlN buffer layer; (c) Optical image of the GaN MSM UV photodetector. The design 
of Schottky electrode structure was identical for both types of devices. The thickness of the GaN active 
layer, material for the Schottky contact, and device fabrication process for both devices were also the 
same. 

Figure 1. Schematic cross-sectional views of GaN metal-semiconductor-metal (MSM) UV photodetectors
showing epitaxial layer structures with different buffer layers and top view image of the fabricated UV
photodetector. (a) Epitaxial layer structure with a step-graded AlxGa1−xN buffer layer and (b) epitaxial
layer structure with a conventionally-used high-temperature(HT)-GaN/low-temperature(LT)-AlN
buffer layer; (c) Optical image of the GaN MSM UV photodetector. The design of Schottky electrode
structure was identical for both types of devices. The thickness of the GaN active layer, material for the
Schottky contact, and device fabrication process for both devices were also the same.
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After the HT-AlN growth, a step-graded AlxGa1−xN buffer layer that is consisted of five stacks
of AlxGa1−xN layers with gradual Al compositions were grown on the HT-AlN buffer layer (whole
epitaxial layer structure is shown in Figure 1a). For the growth of the second-type GaN epitaxial layer,
a 150-nm-thick HT-AlN buffer layer was grown on silicon at 1100 ◦C, followed by five stacks of a
HT-GaN (170-nm-thick)/LT-AlN (30-nm-thick) multi-layer were grown on the HT-AlN buffer layer
(whole epitaxial layer structure is shown in Figure 1b). After the growth of the buffer layer, a GaN
active layer with the thickness of 1 µm was grown on each type of buffer layer. The growth temperature
(1070 ◦C) and growth pressure (100 Torr) for the GaN active layer growth were identical for the two
types of epitaxial structures. Since MSM-type UV photodetectors require a very low dark current and a
good Schottky contact, we grew highly resistive GaN active layers without any doping. The polarity of
the GaN active layer is typically n-type. The resistivity of the undoped GaN active layer is extremely
high so that a good ohmic contact formation for conductivity characterization is very difficult. After
the epitaxial growth of GaN, an SiO2 (thickness of 110 nm) for surface passivation was deposited by
plasma-enhanced chemical vapor deposition (PECVD) at 300 ◦C. After the deposition of the passivation
layer, Schottky electrodes were patterned patterns through photolithography, etching of the passivation
layer on the electrode regions, the deposition of 100-nm-thick indium-tin-oxide (ITO), and lift-off
process. The ITO layer for the Schottky electrodes was deposited by a radio-frequency magnetron
sputtering system; the working pressure was 10 mTorr in an Ar/O2 atmosphere (Ar:O2 = 1000:1),
and the deposition temperature was 300 ◦C.

Figure 1c shows the top view image of the GaN MSM UV photodetector. The area of the
device region of the fabricated UV photodetectors was 400 µm × 500 µm with finger-type electrodes
(figure length: 200 µm, finger width: 10 µm, and the gap between figure electrodes: 10 µm).
The electrical properties of the fabricated GaN MSM UV photodetectors were characterized by using
a semiconductor parameter analyzer (Agilent 4156C). The photoresponsive I-V characteristics and
spectral photoresponsivity were characterized by using a 150 W Xenon arc lamp, a monochromator
system (Oriel 74000), a low power detector (Newport 918), and a power meter (Newport 1930C).

3. Results and Discussion

Figure 2a shows a transmission electron microscope (TEM) image of the cross-section of the
GaN epitaxial layer grown on silicon(111) substrate with the step-graded AlxGa1−xN buffer layer.
The thicknesses of each AlxGa1−xN layer measured from the TEM image were 70 (the bottom layer
of the buffer structure), 100, 120, 200, and 380 nm (the top layer of the buffer structure), respectively.
It is observed that each layer in the buffer structure is thicker than the underneath layer. The reason
for this increased thickness is that we fixed the growth time for all AlxGa1−xN layers and the growth
rate for AlxGa1−xN with a smaller Al composition is typically higher than that for AlxGa1−xN with
a larger Al composition. Figure 2b shows a TEM image of the cross-section of the GaN epitaxial
layer grown on silicon(111) substrate with the conventionally-used HT-GaN/LT-AlN buffer layer.
The thicknesses of each HT-GaN and LT-AlN layer measured from the TEM image were 170 and
30 nm, respectively. Figure 2c shows the 2θ−ω scan spectrum of a high-resolution X-ray diffraction
(HR-XRD) measurement on the GaN epitaxial layer with the step-graded AlxGa1−xN buffer layer.
Each peak indicates the GaN, AlxGa1−xN, and AlN layers. The intensity of the peaks in XRD 2θ−ω
scan measurement typically depends on the crystal quality and thickness of a measured crystal.
Figure 2c indicates that the crystal quality of the AlxGa1−xN layers of the buffer was improved and the
layer thickness was increased as the Al mole fraction of the AlxGa1−xN was reduced. From the XRD
scan, we can estimate the Al composition of AlxGa1−xN layers by Vegard’s law [28],

x =

(
aGaN

aAlN − aGaN

)
·εrel (1)
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where aGaN and aAlN are the lattice constant of GaN and AlN and εrel is the fully relaxed strain of GaN
on AlN. Assuming the AlGaN layer is fully strained, εrel is calculated from the perpendicular strain
rate and a correction factor as given by

εrel = C · ε⊥ (2)

where, C is a correction factor and ε⊥ is a perpendicular strain rate that is calculated from the peak
positions in the XRD measurement. The Al composition of each AlxGa1−xN layer calculated from
the Equation (1) were 73 (the bottom layer of the buffer structure), 47, 34, 21, and 12% (the top
layer of the buffer structure), respectively. As reported in literature, the step-graded AlxGa1−xN
structure is an effective buffer layer for the growth of GaN-on-silicon with reduced dislocation density.
The incremental increase of Al mole fraction in the AlxGa1−xN multi-layer significantly reduce the
effect of lattice mismatch between GaN and silicon, which results in a reduced density of defects in the
GaN layers due to effectively terminated propagation of dislocations [29,30].
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of light with wavelengths of 350 nm, 365 nm, and 450 nm. The photocurrent under UV irradiation is 
about 103~104 times higher than that under the irradiation of visible light. The dark current density 
was as low as 1.6 × 10−8 A/cm2 at 1 V bias, which means that the Schottky barrier can effectively block 
carriers at a low-field condition. The plot shows that the detector is also weakly response to visible 
light. The current density with under 450-nm UV illumination is one order of magnitude higher than 
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GaN band gap can be explained by light absorption through defects in the GaN epitaxial layer and 
interface traps in the ITO/GaN Schottky junctions. However, the photocurrent under the visible light 

Figure 2. Transmission electron microscope (TEM) images of GaN epitaxial layer structures with
different buffer layers. (a) Epitaxial layer structure with a step-graded AlxGa1−xN buffer layer and
(b) epitaxial layer structure with a conventionally-used HT-GaN/LT-AlN buffer layer (scale bar:
100 nm); (c) high-resolution X-ray diffraction (HR-XRD) 2θ−ω scan of the GaN epitaxial layer grown
on silicon substrate with the step-graded AlxGa1−xN buffer layer, showing the Al mole fractions of the
buffer structure.

Figure 3a shows dark and photoresponsive current-voltage (I-V) characteristics of the GaN MSM
UV photodetector with the step-graded AlxGa1−xN buffer layer under dark condition and irradiation
of light with wavelengths of 350 nm, 365 nm, and 450 nm. The photocurrent under UV irradiation is
about 103~104 times higher than that under the irradiation of visible light. The dark current density
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was as low as 1.6 × 10−8 A/cm2 at 1 V bias, which means that the Schottky barrier can effectively
block carriers at a low-field condition. The plot shows that the detector is also weakly response to
visible light. The current density with under 450-nm UV illumination is one order of magnitude
higher than the dark current density. The response of the GaN detector to light with an energy lower
than the GaN band gap can be explained by light absorption through defects in the GaN epitaxial
layer and interface traps in the ITO/GaN Schottky junctions. However, the photocurrent under the
visible light is much lower than that under UV light. This indicates that the crystal quality of the
GaN epitaxial layer and the interface of ITO/GaN junctions are sufficiently good and suitable for
the fabrication of UV photodetectors. It is also notable that the current density under 365-nm UV
irradiation was 3.0 × 10−3 A/cm2 at 1 V bias which is an order-of-magnitude higher than the current
density under 350-nm UV irradiation. Considering the irradiation power density of 350-nm and
365-nm UV for the measurement was almost the same, the responsivity of the detector under the
365-nm UV irradiation is about 10 times higher than that under the 350-nm UV irradiation. This
wavelength dependent UV response will be discussed with the result of the spectral responsivity
measurement below. The photo-to-dark extinction ratio of the GaN UV photodetector under 365-nm
UV irradiation exceeded 105 until 1 V bias as shown in Figure 3b. It is observed that the photo-to-dark
extinction ratio is gradually decreased at the bias larger than 1 V bias due to the increase of the dark
current density. The maximum photo-to-dark extinction ratio is observed at the low bias range. The
reason for this bias-dependent photo-to-dark extinction ratio can be explained by the fact that the
dark current is significantly dependent on the bias voltage while the photocurrent is not directly
dependent on the bias voltage. The photocurrent level is dominantly dependent on the number of
photo-generated carriers not on the electric field in the GaN channel but the dark current that is
contributed from the surface or the Schottky junction leakage current can be significantly affected by
the bias voltage.
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Figure 3. Electrical characteristics of GaN MSM UV photodetector with the step-graded AlxGa1−xN
buffer layer. (a) Current-voltage (I-V) characteristics and (b) photo-to-dark extinction ratios of the GaN
photodetector at dark condition and under UV illumination with different wavelengths.

To investigate the effects of the buffer layers on the performance of GaN MSM UV photodetectors,
we compared the photoresponsive characteristics of the two types of GaN MSM UV photodetectors
that were fabricated with the GaN epitaxial layers grown on the different buffer structures. Figure 4a
shows the spectral photoresponsivity characteristics of the GaN MSM UV photodetector with the
step-graded AlxGa1−xN buffer layer (the first-type) and Figure 4b shows that of the GaN MSM UV
photodetector with the HT-GaN/LT-AlN buffer layer (the second-type). The maximum responsivity of
the first-type photodetector was 5 × 10−2 A/W, whereas that of the second-type photodetector was
2 × 10−3 A/W. The clear difference between the characteristics of the two types of UV photodetector is
the significantly enhanced responsivity of the first-type photodetector in the wavelength near 365 nm
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(UV-A region) which is the wavelength of UV light corresponding to the bandgap energy of GaN.
The responsivity in the wavelength shorter than 350 nm was one order of magnitude lower than the
maximum value. This wavelength-selective responsivity of the GaN MSM UV photodetector with
the step-graded AlxGa1−xN buffer layer is an unusual photoresponsive characteristic that has not
reported in the literature yet. As shown in Figure 4b, the GaN MSM UV photodetector fabricated
with the conventional buffer layer (HT-GaN/LT-AlN multi-layer) did not show a wavelength-selective
photoresponse in the UV range. The possibility that the GaN UV photodetector with the step-graded
AlxGa1−xN buffer layer is also more sensitive to the visible light than the second-type device because
of absorption of reflected photons with wavelengths larger than 365 nm. The slightly higher sensitivity
of the first-type device in the visible wavelength range may be explained by increased number of
absorbed photons.

Sensors 2017, 17, 1684 6 of 9 

 

365 nm. The slightly higher sensitivity of the first-type device in the visible wavelength range may 
be explained by increased number of absorbed photons. 

(a) (b)

Figure 4. Spectral photoresponsivity characteristics of GaN MSM UV photodetectors with (a) the step-
graded AlxGa1−xN buffer layer and (b) HT-GaN/LT-AlN buffer layer, indicating significantly 
increased photoresponsivity of the GaN MSM UV photodetector with the step-graded AlxGa1−xN 
buffer layer near 365-nm wavelength region (UV-A region). 

Figure 5a,b show the UV-to-visible rejection ratio of the two types of GaN MSM UV which is 
one of important figure of merits of UV photodetectors. The UV-to-visible rejection ratios were 
calculated by using the responsivity values at UV (300, 320, 350, 365 nm) and visible (470 nm) 
wavelengths obtained from the Figure 4a,b. 

(a) (b)

Figure 5. UV-to-visible rejection ratio of GaN MSM UV photodetectors with (a) the step-graded 
AlxGa1−xN buffer layer and (b) HT-GaN/LT-AlN buffer layer, showing significantly enhanced UV-to-
visible rejection ratio of the GaN MSM UV photodetector with the step-graded AlxGa1−xN buffer layer 
at 365-nm wavelength. 

It is clearly shown that the UV-to-visible rejection ratio of the first-type detector (step-graded 
AlxGa1−xN buffer) is significantly enhanced at the specific wavelength range near 365 nm. The UV-to-
visible rejection ratio at 365 nm (R365-nm/R470-nm) is almost one order of magnitude higher than that of 
UV wavelength range shorter than 365 nm. On the other hand, the second-type detector (HT-
GaN/LT-AlN buffer) has relatively constant UV-to-visible rejection ratio in the UV range measured 
in this experiment as also shown in Figure 4b. This photoresponse characteristic of the two types of 
detectors implies that the selectively enhanced responsivity of the first-type detector comes from the 
difference in the buffer structures. Figure 5a and 5b show that the UV-to-visible rejection ratio is less 
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the case of 365-nm wavelength, the maximum value of the UV-to-visible rejection ratio was observed 

Figure 4. Spectral photoresponsivity characteristics of GaN MSM UV photodetectors with (a) the
step-graded AlxGa1−xN buffer layer and (b) HT-GaN/LT-AlN buffer layer, indicating significantly
increased photoresponsivity of the GaN MSM UV photodetector with the step-graded AlxGa1−xN
buffer layer near 365-nm wavelength region (UV-A region).

Figure 5a,b show the UV-to-visible rejection ratio of the two types of GaN MSM UV which is one
of important figure of merits of UV photodetectors. The UV-to-visible rejection ratios were calculated
by using the responsivity values at UV (300, 320, 350, 365 nm) and visible (470 nm) wavelengths
obtained from the Figure 4a,b.
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It is clearly shown that the UV-to-visible rejection ratio of the first-type detector (step-graded
AlxGa1−xN buffer) is significantly enhanced at the specific wavelength range near 365 nm.
The UV-to-visible rejection ratio at 365 nm (R365-nm/R470-nm) is almost one order of magnitude higher
than that of UV wavelength range shorter than 365 nm. On the other hand, the second-type detector
(HT-GaN/LT-AlN buffer) has relatively constant UV-to-visible rejection ratio in the UV range measured
in this experiment as also shown in Figure 4b. This photoresponse characteristic of the two types
of detectors implies that the selectively enhanced responsivity of the first-type detector comes from
the difference in the buffer structures. Figure 5a,b show that the UV-to-visible rejection ratio is less
dependent on the bias voltage compared to the photo-to-dark extinction ratio shown in Figure 3b.
In the case of 365-nm wavelength, the maximum value of the UV-to-visible rejection ratio was observed
in the low bias range, which is suitable for UV photodetector application typically requiring a low
operating voltage.

The highly wavelength-selective photoresponse of the MSM UV photodetector with the graded
AlxGa1−xN buffer layer in the UV-A region can be explained by the enhancement of quantum efficiency
caused from a multiple reflection of incident UV light at the interfaces of AlxGa1−xN layers and
absorption of the reflected light [31]. Figure 6a shows the energy band structure of the GaN and
step-graded AlxGa1−xN buffer layer with different Al compositions in which the polarization effect
is considered. The energy bandgap of the AlxGa1−xN layers gradually increases from the GaN layer
to silicon substrate. Incident UV light with wavelength larger than 365 nm that corresponds to the
bandgap of GaN is absorbed in the GaN layer first. The light that passed through the GaN layer is
reflected at the interface between the bottom AlGaN layer (Al0.73Ga0.27N) and silicon substrate. The
reflected light with wavelength smaller than 365 nm is dominantly absorbed through the AlxGa1−xN
layers and the light with wavelength larger than 365 nm, energy is smaller than the bandgap of GaN
or AlGaN, does not significantly contribute to the photoresponsive current. In the case of the GaN
MSM UV photodetector with HT-GaN/LT-AlN buffer, the incident UV light passing through the GaN
layer does not contribute to the photocurrent again because the UV light is absorbed in the HT-GaN
layers and defective LT-AlN layers in the buffer structure.
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AlxGa1−xN buffer layer; (b) GaN MSM UV photodetector under 365-nm UV irradiation with reflection
and reabsorption effect of incident light.

These results mean that the design of the buffer structures for the GaN on Si can affect the
photoresponse characteristics as well as the quality of GaN epitaxial layers. The maximum responsivity
of the first-type device is 2~3 times less than the best reported results [9–16] and the maximum
UV-to-visible rejection ratio of the first-type device is comparable with the best results. To improve the
responsivity of this type of device, it will be necessary to optimize device design and structure as well
as the crystal quality of active epitaxial layers. The wavelength-selective enhancement of the GaN UV
detector responsivity can be useful for UV sensors applied for flame detection or missile detection.
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4. Conclusions

In summary, we compared the photoresponse characteristics of two types of GaN MSM
photodetectors with a step-graded AlxGa1−xN buffer and conventional HT-GaN/LT-AlN buffer layer.
We investigated the effects of a buffer layers on the photoresponse characteristics of GaN MSM UV
photodetectors. The GaN photodetector with the step-graded AlxGa1−xN buffer showed a significantly
enhanced photoresponsivity near the 365-nm wavelength range (UV-A region).

Acknowledgments: This work was supported in part by the Basic Science Research Program through the National
Research Foundation of Korea (NRF) funded by the Ministry of Education (2015R1D1A1A01060861), and the
Ministry of Science, ICT, and Future Planning (MSIP), Korea, under the “ICT Consilience Creative Program”
(IITP-R0346-16-1007) supervised by the Institute for Information & Communication Technology Promotion (IITP).

Author Contributions: Chang-Ju Lee, Sung-Ho Hahm and Hongsik Park conceived and designed the experiments;
Chang-Ju Lee and Chul-ho Won performed the experiments; Jung-Hee Lee, Sung-Ho Hahm and Hongsik Park
analyzed the data; Chang-Ju Lee, and Hongsik Park wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Razeghi, M.; Rogalski, A. Semiconductor Ultraviolet Detectors. J. Appl. Phys. 1996, 79, 7433–7473. [CrossRef]
2. Walker, D.; Razeghi, M. The Development of Nitride-based UV Photodetectors. Opto-Elec. Rev. 2000, 8,

25–42.
3. Sandvik, P.; Mi, K.; Shahedipour, F.; McClintock, R.; Yasan, A.; Kung, P.; Razeghi, M. AlxGa1−xN for

Solar-blind UV Detectors. J. Cryst. Growth 2001, 231, 366–370. [CrossRef]
4. Tut, T.; Yelboga, T.; Ulker, E.; Ozbay, E. Solar-blind AlGaN-based p-i-n Photodetectors with High Breakdown

Voltage and Detectivity. Appl. Phys. Lett. 2008, 92, 103502. [CrossRef]
5. Butun, B.; Tut, T.; Ulker, E.; Yelboga, T.; Ozbay, E. High-performance Visible-blind GaN-based p-i-n

Photodetectors. Appl. Phys. Lett. 2008, 92, 033507. [CrossRef]
6. Wang, X.D.; Hu, W.D.; Chen, X.S.; Xu, J.T.; Li, X.Y.; Lu, W. Photoresponse Study of Visible Blind GaN/AlGaN

p-i-n Ultraviolet Photodetector. Opt. Quant. Electron. 2011, 42, 755–764. [CrossRef]
7. Miyake, H.; Yasukawa, H.; Kida, Y.; Ohta, K.; Shibata, Y.; Motogaito, A.; Hiramatsu, K.; Ohuchi, Y.;

Tadatomo, K.; Hamamura, Y.; et al. High Performance Schottky UV Detectors (265–100 nm) Using
n-Al0.5Ga0.5N on AlN Epitaxial Layer. Phys. Stat. Sol. (a) 2003, 200, 151–154. [CrossRef]

8. Lee, K.H.; Chang, P.C.; Chang, S.J.; Wu, S.L. GaN-based Schottky Barrier Ultraviolet Photodetector with a
5-pair AlGaN-GaN Intermediate Layer. Phys. Stat. Sol. (a) 2012, 209, 579–584. [CrossRef]

9. Chen, C.H.; Chang, S.J.; Su, Y.K.; Chi, G.C.; Chi, J.Y.; Chang, C.A.; Sheu, J.K.; Chen, J.F.
GaN Metal-Semiconductor-Metal Ultraviolet Photodetectors with Transparent Indium-tin-oxide Schottky
Contacts. IEEE Photonics Tech. Lett. 2001, 13, 848–850. [CrossRef]

10. Su, Y.K.; Chang, S.J.; Chen, C.H.; Chen, J.F.; Chi, G.C.; Sheu, J.K.; Lai, W.C.; Tsai, J.M. GaN
Metal-Semiconductor-Metal Ultraviolet Sensors with Various Contact Electrodes. IEEE Sens. J. 2002, 2,
366–371. [CrossRef]

11. Chuah, L.S.; Hassan, Z.; Hassan, H.A. Performance Improvement of Large Area GaN MSM Photodiode with
Thin AlGaN Surface Layer. Microelectron. Int. 2010, 27, 140–142. [CrossRef]

12. Li, D.; Sun, X.; Song, H.; Li, Z.; Jiang, H.; Chen, Y.; Miao, G.; Shen, B. Effect of Asymmetric Schottky Barrier
on GaN-based Metal-semiconductor-metal Ultraviolet Detector. Appl. Phys. Lett. 2011, 99, 261102. [CrossRef]

13. Xie, F.; Lu, H.; Chen, D.; Zhang, R.; Zheng, Y. GaN MSM Photodetectors Fabricated on Bulk GaN with Low
Dark-current and High UV/visible Rejection Ratio. Phys. Stat. Sol. (c) 2011, 8, 2473–2475. [CrossRef]

14. Chang, P.C.; Chen, C.H.; Chang, S.J.; Su, Y.K.; Yu, C.L.; Chen, P.C.; Wang, C.H. AlGaN/GaN MSM
Photodetectors with Photo-CVD Annealed Ni/Au Semi-transparent Contacts. Semicond. Sci. Technol.
2004, 19, 1354–1357. [CrossRef]

15. Chang, S.J.; Ko, T.K.; Sheu, J.K.; Shei, S.C.; Lai, W.C.; Chiou, Y.Z.; Lin, Y.C.; Chang, C.S.; Chen, W.S.; Shen, C.F.
AlGaN Ultraviolet Metal-Semiconductor-Metal Photodetectors Grown on Si Substrates. Sens. Actuator A
2007, 135, 502–506. [CrossRef]

http://dx.doi.org/10.1063/1.362677
http://dx.doi.org/10.1016/S0022-0248(01)01467-1
http://dx.doi.org/10.1063/1.2895643
http://dx.doi.org/10.1063/1.2837645
http://dx.doi.org/10.1007/s11082-011-9473-8
http://dx.doi.org/10.1002/pssa.200303487
http://dx.doi.org/10.1002/pssa.201127545
http://dx.doi.org/10.1109/68.935824
http://dx.doi.org/10.1109/JSEN.2002.802240
http://dx.doi.org/10.1108/13565361011061939
http://dx.doi.org/10.1063/1.3672030
http://dx.doi.org/10.1002/pssc.201000884
http://dx.doi.org/10.1088/0268-1242/19/12/004
http://dx.doi.org/10.1016/j.sna.2006.09.017


Sensors 2017, 17, 1684 9 of 9

16. Chuang, R.W.; Chang, S.P.; Chang, S.J.; Chiou, Y.Z.; Lu, C.Y.; Lin, T.K.; Lin, Y.C.; Kuo, C.F.; Chang, H.M.
Gallium Nitride Metal-Semiconductor-Metal Photodetectors Prepared on Silicon Substrates. J. Appl. Phys.
2007, 102, 073110. [CrossRef]

17. Betta, G.-F.D. Advances in Photodiodes, 1st ed; Intech: Janeza Trdine 9, 51000 Rijeka, Croatia, 2011; pp. 331–348.
18. Wang, X.; Wang, X.; Wang, B.; Xiao, H.; Liu, H.; Wang, J.; Zeng, Y.; Li, J. High Responsivity Ultraviolet

Photodetector Based on Crack-Free GaN on Si(111). Phys. Stat. Sol. (c) 2007, 4, 1613–1616. [CrossRef]
19. Feltin, E.; Beaumont, B.; Laügt, M.; Mierry, P.; Vennéguès, P.; Lahrèche, H.; Leroux, M.; Gibart, P. Stress

Control in GaN Grown on Silicon(111) by Metalorganic Vapor Phase Epitaxy. Appl. Phys. Lett. 2001, 79,
3230–3232. [CrossRef]

20. Kim, D.-S.; Kim, T.-H.; Won, C.-H.; Kang, H.-S.; Kim, K.-W.; Im, K.-S.; Lee, Y.S.; Hahm, S.-H.; Lee, J.-H.;
Lee, J.-H.; et al. Performance Enhancement of GaN SB-MOSFET on Si Substrate Using Two-step Growth
Method. Microelectron Eng. 2011, 88, 1221–1224. [CrossRef]

21. Kwak, E.H.; Kim, D.S.; Won, C.H.; Kim, K.W.; Kim, S.N.; Jung, S.D.; Kim, R.H.; Lee, S.G.; Im, K.S.;
Yang, C.M.; et al. Growth of AlGaN/GaN Heterostructure on Si(111) Substrates with High-temperature
Step-graded AlGaN Buffer-layers. In Proceedings of the 18th Korean Semiconductor Conference, Jeju, Korea,
17 February 2011.

22. Wang, G.-S.; Lu, H.; Xie, F.; Chen, D.-J.; Ren, F.-F.; Zhang, R.; Zheng, Y.-D. High Quantum Efficiency
Back-Illuminated AlGaN-Based Solar-Blind Ultraviolet p-i-n Photodetectors. Chin. Phys. Lett. 2012,
29, 097302. [CrossRef]

23. Kim, J.; Ji, M.-H.; Detchprohm, T.; Ryou, J.-H.; Dupuis, R.D.; Sood, A.K.; Dhar, N.K. AlxGa1−xN Ultraviolet
Avalanche Photodiodes With Avalanche Gain Greater Than 105. IEEE Photonics Tech. Lett. 2015, 27, 642–645.
[CrossRef]

24. Kim, J.; Ji, M.-H.; Detchprohm, T.; Dupuis, R.D.; Ryou, J.-H.; Sood, A.K.; Dhar, N.D.; Lewis, J. Comparison
of AlGaN p-i-n Ultraviolet Avalanche Photodiodes Grown on Free-standing GaN and Sapphire Substrates.
Appl. Phys. Exp. 2015, 8, 122202. [CrossRef]

25. So, H.; Lim, J.; Suria, A.J.; Senesky, D.G. Highly Antireflective AlGaN/GaN Ultraviolet Photodetectors Using
ZnO Nanorod Arrays on Inverted Pyramidal Surfaces. Appl. Surf. Sci. 2017, 409, 91–96. [CrossRef]

26. So, H.; Senesky, D.G. Rapid Fabrication and Packaging of AlGaN/GaN High-temperature Ultraviolet
Photodetectors Using Direct Wire Bonding. J. Phys. D: Appl. Phys. 2016, 49, 285109. [CrossRef]

27. Gokkavas, M.; Butun, S.; Caban, B.; Strupinski, W.; Ozbay, E. Integrated AlGaN Quadruple-band ultraviolet
photodetectors. Semicond. Sci. Technol. 2012, 27, 065004. [CrossRef]

28. Vegard, L. Die Konstitution der Mischkristalle und die Raumfüllung der Atome. Z. Phys. 1921, 5, 17–26.
[CrossRef]

29. Arslan, E.; Ozturk, M.K.; Teke, A.; Ozcelik, S.; Ekmel Ozbay, E. Buffer Optimization for Crack-free GaN
Epitaxial Layers Grown on Si(111) Substrate by MOCVD. J. Phys. D: Appl. Phys. 2008, 41, 155317. [CrossRef]

30. Xu, P.-Q.; Jiang, Y.; Ma, Z.-G.; Deng, Z.; Lu, T.-P.; Du, C.-H.; Fang, Y.-T.; Zuo, P.; Chen, H. The Influence of
Graded AlGaN Buffer Thickness for Crack-Free GaN on Si(111) Substrates by using MOCVD. Chin. Phys.
Lett. 2013, 30, 028101. [CrossRef]

31. Malachowski, M.J. Impact of Energy Band-gap Grading on Responsivity of an AlxGa1−xN Ultraviolet p-n
Detector. Solid-State Electron. 1998, 42, 963–967. [CrossRef]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1063/1.2786111
http://dx.doi.org/10.1002/pssc.200674255
http://dx.doi.org/10.1063/1.1415043
http://dx.doi.org/10.1016/j.mee.2011.03.119
http://dx.doi.org/10.1088/0256-307X/29/9/097302
http://dx.doi.org/10.1109/LPT.2015.2388552
http://dx.doi.org/10.7567/APEX.8.122202
http://dx.doi.org/10.1016/j.apsusc.2017.02.139
http://dx.doi.org/10.1088/0022-3727/49/28/285109
http://dx.doi.org/10.1088/0268-1242/27/6/065004
http://dx.doi.org/10.1007/BF01349680
http://dx.doi.org/10.1088/0022-3727/41/15/155317
http://dx.doi.org/10.1088/0256-307X/30/2/028101
http://dx.doi.org/10.1016/S0038-1101(98)00107-5
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 

