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We have fabricated the AlGaN solar-blind ultraviolet metal–semiconductor–metal (MSM) photodetectors (PDs) with an Al
composition of 0.55. The surface roughness and dislocations of the high-Al-content Al0.55Ga0.45N epitaxial layer are analyzed
by atomic force microscopy and transmission electron microscopy, respectively. The device exhibits high spectral respon-
sivity and external quantum efficiency due to the photoconductive gain effect. The current reveals a strong dependence on
high temperatures in the range of 4–10 V. Moreover, the Poole–Frenkel emission model and changing space charge regions
are employed to explain the carrier transport and photoconductive gain mechanisms for the AlGaN PD, respectively.
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1. Introduction

Ultraviolet (UV) photodetectors (PDs) have obtained wide appli-
cations in many fields due to their huge advantages, such as supe-
rior thermal stability, high sensitivity, and reliability[1–3]. AlGaN
ternary materials are the optimal candidate for fabricating UV
detectors compared to ZnO or Ga2O3 materials, because the issue
of stable p-type doping for the ZnO materials needs to be over-
come, and the performances of Ga2O3-based UV PDs are over-
dependent on the crystal quality[4,5]. On the contrary, AlGaN
ternary materials can tune the bandgap from 3.4 eV (360 nm) to
6.2 eV (200 nm) by adjusting the Al composition, and achieve true
solar-blind (200–280 nm) detection[6,7]. Therefore, AlGaN ternary
materials have been devoted to various types of solid-state UV
detectors, including metal–semiconductor–metal (MSM) devices,
p-n junction photodiodes, and Schottky diode detectors[8]. More
importantly, MSM AlGaN-based UV PDs have attracted more
attention due to fabrication simplicity, low capacitance, low dark
current, and intentional doping requirements[9–11].
As is well known, MSM PD structures consist of two metal

electrodes with back-to-back Schottky contact, one in positive
contact and the other in reverse bias contact. The ideal MSM
PDswith Schottky contact are not expected to exhibit an internal
gain, and the responsivity should not change with the applied
bias[12,13]. However, most of the present AlGaN-based MSM

PDs exhibit high internal gain and responsivity[11,12,14]. It is
believed that the reverse leakage is related to the trapping of
dislocations and defects within the active layer and near the
metal–semiconductor (M-S) interface, which induces persistent
photoconductive effects and high photoconductive gain[12,15].
Besides, for AlGaN-based solar-blind PDs with high Al compo-
sition, structural defects like high-density threading screw dislo-
cations occur during the actual heteroepitaxial growth process.
When high-density threading screw dislocations exist in the
conductive path, a high reverse leakage current will be generated
in the Schottky contact[16–18]. In order to improve the perfor-
mance of AlGaN-based solar-blind UVMSM PDs, it is essential
to explore the carrier transport and photoconductive gainmech-
anisms in detail.
Here, we have fabricated an Al0.55Ga0.45N solar-blind MSM

PD. The MSM PD possesses high spectral responsivity and
external quantum efficiency due to the photoconductive gain
mechanism. Furthermore, the dark current and photocurrent
of the PD at room and high temperatures are investigated, indi-
cating its excellent working characteristic at high temperature.
The Poole–Frenkel emission (PFE) model and changing space
charge regions are explored to explain the carrier transport
and photoconductive gain mechanisms for high-Al-content
Al0.55Ga0.45N solar-blind MSM PDs, respectively.
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2. Experimental Details

Figure 1(a) illustrates the epitaxial structure of the Al0.55Ga0.45N
solar-blind MSM PD. The PD epitaxial layers were grown by
metal organic chemical vapor deposition (MOCVD), which
consisted of a sapphire substrate, a 1 μm AlN buffer layer,
and a 1 μm unintentionally doped (UID) Al0.55Ga0.45N active
layer. Figure 1(b) shows an optical microscopy image of the fab-
ricated AlGaN PD. To form two back-to-back Schottky contact
electrodes, 50 nm Ni and 100 nm Au metal stacks were fabri-
cated on the surface of the Al0.55Ga0.45N active layer by electron
beam (EB) evaporation, and eight sets of interdigital electrodes
with a length of 200 μm were formed. The widths and the spac-
ings of the interdigital electrodes were both 12 μm. The contact
electrodes were annealed at 250°C for 120 s through rapid ther-
mal annealing in a N2 environment.
The crystal phase and morphology of the Al0.55Ga0.45N epi-

taxial layer were characterized by atomic force microscopy
(AFM) and high-resolution X-ray diffraction (XRD). A trans-
mission electron microscope (TEM) was employed to analyze
the dislocations of the Al0.55Ga0.45N layer. Temperature-depen-
dent current–voltage (I-V) curves were characterized by utiliz-
ing a Keithley 4200 semiconductor parameter analyzer in dark
or under the illumination of 230 nm monochromatic light. The
temperature was controlled from 300 K to 425 K on a probe
station with a heater. In addition, the spectral responsivity of
the PD was measured using a monochromator fitted with a
500 W xenon lamp as the excitation source. The optical power
density at different wavelengths was calibrated by a standardized
Si-based PD.

3. Results and Discussion

Figure 2(a) displays the omega-2theta XRD pattern of the
Al0.55Ga0.45N�002� plane, where the diffraction peaks of the
Al0.55Ga0.45N active layer and the AlN buffer layer can be clearly
observed. A 5 μm × 5 μm AFM image of the Al0.55Ga0.45N sur-
face shown in Fig. 2(b) indicates that typical step-flow structures
dominate the surface morphology, and the surface root-mean-
square (RMS) roughness is 1.02 nm. Figures 2(c) and 2(d)
show the dark-field TEM images of the Al0.55Ga0.45N=AlN in-
terface, where the AlGaN active layer and the AlN buffer layer

are separated by the green dashed line. It is estimated from
the TEM images that the screw dislocation density is
7.88 × 108 cm−2, and the edge dislocation density is 1.31 ×
109 cm−2 for the Al0.55Ga0.45N active layer.
Figure 3(a) shows the transmission spectrum of the

Al0.55Ga0.45N active layer. A sharp cutoff appears in the trans-
mission spectrum curve around 265 nm with the transmittance
reaching 65%, which verifies the Al content of 0.55 in the AlGaN
active layer. Figure 3(b) exhibits the spectral response at dif-
ferent bias voltages for the Al0.55Ga0.45N solar-blind MSM PD
on a logarithmic scale. It can be seen that the responsivities
under different voltages exhibit maximum peaks at about
265 nm with optical power of 6.5 μW=mm2, which further cor-
responds to the bandgap of AlGaN with an Al content of 0.55.
In addition, assuming that the gain is one, and the external
quantum efficiency is 100%, the ideal responsivity expected
for Al0.55Ga0.45N MSM PD is 0.21 A/W from[19]

R =
qλ
hc

, �1�

where q is the charge of an electron, λ is the cutoff wavelength of
Al0.55Ga0.45N, and h is Planck’s constant. It is found that the

Fig. 1. (a) Epitaxial structure of the Al0.55Ga0.45N solar-blind MSM PD.
(b) Optical microscopy image of the Al0.55Ga0.45N MSM PD with an area of
200 μm × 200 μm.

Fig. 2. (a) Omega-2theta XRD pattern of the Al0.55Ga0.45N (002) plane.
(b) Typical 5 μm × 5 μm AFM image of the AlGaN epitaxial layer. (c), (d) TEM
images of the AlGaN/AlN interface.

Fig. 3. (a) Transmission spectrum of Al0.55Ga0.45N active layer. (b) Photo-
response spectra of the Al0.55Ga0.45N PD from 2 to 10 V at room temperature
on the logarithmic scale.
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external quantum efficiency corresponding to the maximum
spectral responsivity value under a bias of 2 V is higher than
100% from Fig. 3(b). Furthermore, the external quantum effi-
ciency corresponding to the maximum spectral responsivity at
4 V is far greater than 1000%. The UV/visible rejection ratios
under different bias voltages are less than 10, which implies
the presence of internal photoconductive gain characteristics
in the Al0.55Ga0.45N MSM PD[20]. This gain mechanism in the
Al0.55Ga0.45NMSM PDmight be proposed by the photoconduc-
tive gain and will be explored in detail in the following part.
Figure 4 shows the I-V curves of the Al0.55Ga0.45N PD in dark

and under 230 nm UV illumination at 25°C and 150°C. It is
observed that the Al0.55Ga0.45N MSM PD has a low dark current
of approximately 2.56 nA under a bias voltage of 2 V. In addi-
tion, the specific detectivity ratio (D*) under weak signals is an
important indicator for evaluating the comprehensive perfor-
mance of PDs and can be determined by[21,22]

D* =
R���������
2qJd

p =
R���������������

2qId=A
p , �2�

whereR is the responsivity at 265 nm [shown in Fig. 3(b)], and Jd
and Id are the dark current density and dark current, respec-
tively. A is the PD’s effective illuminated area (4 × 10−8 m2).
Therefore, the calculated detectivity of the Al0.55Ga0.45N MSM
PD is 2.34 × 1010 Jones and 6.62 × 109 Jones at 25°C and 150°C
under a bias voltage of 4 V, respectively, which indicates that
the Al0.55Ga0.45N solar-blind PD possesses a high ability to
detect low-level incident light under high-temperature condi-
tions. While under a bias voltage of 20 V, the Al0.55Ga0.45N
MSM PD generates a relatively high dark current of about
1 × 10−5 A. Additionally, the inset of Fig. 4 displays the break-
down characteristic of the MSM PD. The dark current rises and
tends to be saturated, while the bias voltage exceeds 48.5 V, lead-
ing to the avalanche breakdown of the Al0.55Ga0.45N MSM PD.
In order to study the carrier transport mechanism of the high-

Al-content Al0.55Ga0.45N MSM PD, the I-V characteristics

measured under different temperatures are depicted in Fig. 5.
It is found that when the bias voltage is less than 4 V, the curves
of the reverse leakage current at different temperatures basically
overlap, indicating that the leakage current exhibits weak
dependence on the temperature at low bias voltage, which dem-
onstrates that the tunneling effect is the dominant origin of leak-
age current flow[23]. While the bias voltage exceeds 4 V, the
measuredmacroscopic currents are observed to be obviously de-
pendent on temperature and applied voltages. Therefore, the
physical model based on the PFE is reasonable for exploring
the carrier transport mechanism of the device under different
temperatures and bias voltages.
It is well known that the current related to PFE is expressed

as[24,25]

IPF = CE exp

"
−
q
�
ϕt −

�������������������
qE=πεsε0

p �
kT

#
, (3)

or

ln�IPF=E� = ln�C� − q
kT

ϕt �
q
kT

�����������
qE

πεsε0

s
,

≡m�T�
���
E

p
� n�T�, (4)

m�T� = q
kT

�����������
q

πεsε0

r
, (5)

and

n�T� = −
q
kT

ϕt � ln�C�, (6)

where E represents the electric field in the semiconductor
depletion region,ϕt refers to the barrier height for electron emis-
sion from the trap state, and εs and ε0 are the relative dielectric

Fig. 4. I-V curves of the Al0.55Ga0.45N MSM PD in the dark and under 230 nm
illumination at 25°C and 150°C. The inset is the breakdown voltage of the PD.

Fig. 5. Temperature-dependent I-V characteristics of the Al0.55Ga0.45N MSM
PD in dark conditions.
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permittivity and permittivity of free space, respectively. k
denotes the Boltzmann’s constant, and T is the tem-
perature[26]. Accordingly, if PFE is the dominant transport
mechanism that causes the high dark current in the measured
MSM PD device, then the measured current would increase
with the increase of temperature. At a given temperature, the cal-
culated ln�IPF=E� should change linearly with

���
E

p
. Figure 6(a)

exhibits ln�IPF=E� as a function of
���
E

p
for the I-V curves at dif-

ferent temperatures. All of them follow the expected linear
change, which confirms that PFE is the dominant mechanism
for the leakage current of the device. In addition, Figs. 6(b)
and 6(c) display the m�T� and n�T� versus q=kT , as defined
in Eqs. (5) and (6), respectively. The values of the high-
frequency relative dielectric permittivity εs and the emission
barrier heightϕt can be extracted from the slopes ofm�T� versus
q=kT and the slopes of n�T� versus q=kT , respectively, It is
obtained that εs�Al0.55 Ga0.45N� = 5.15 and ϕt = 0.08 eV. The
value of εs is in good agreement with the previously reported
value of 4.77 for AlN and 5.35 for GaN[23,27], which further indi-
cates the rationality of the PFE model for the leakage current
transport. Moreover, the emission barrier height of 0.08 eV
and Schottky barrier height of 1.55 eV are calculated at the
Ni=Al0.55Ga0.45N interface[28]. Figure 6(d) shows that the energy
level of the trap state is very close to the metal Fermi level, which
indicates that the leakage current is likely to be an emission of
electrons from this trapped state within Al0.55Ga0.45N into con-
ductive dislocation under high-temperature conditions.
As discussed above, the high internal gain existing in the

Al0.55Ga0.45N MSM PD is proposed to be caused by photocon-
ductive gain. Here, we adopted the model of space charge region
change inside the semiconductor to explain the photoconductiv-
ity gain. The current responsivity R of this model can be
expressed by[20]

R =
ΔI
Popt

=
qVμe
L

�
ηgτS
hc=λ

� n
Popt

ΔS
�
, (7)

where Popt is the incident optical power, V is the applied bias
voltage, μe is the electron mobility, L is the distance between
the electrodes, η is the quantum efficiency, τ is the excess of free
carrier lifetime, S is space charge region, andΔS is the amount of
change in the space charge region.ΔS is the dominant reason for
the high photoconductivity responsivity as found by Monroy
et al.[20]. Due to the high-density defects in the high-Al-content
AlGaN active layer, such as screw dislocations and edge disloca-
tions, they would trap electrons and become negatively charged,
forming the depletion area around the defects, which will reduce
the space charge regions (Sdark) of the MSM PD device. Under
UV illumination, electron–hole pairs are generated in the
depletion region, where a large number of holes are accumulated
in the defects due to different speeds of electrons and holes. The
trapped holes attract a small number of electrons, and most of
the electrons move directionally under a high electric field. This
would reduce the net charge near the defect and the depletion
region area, which increases the space charge region (ΔS) of
the corresponding AlGaN active area, as shown in Fig. 7.
Thus, the photoconductive gain is believed to be dominated
by the increase of the space charge region.

4. Conclusion

In conclusion, high-Al-content Al0.55Ga0.45N solar-blind MSM
PDs were fabricated, and they possess high spectral responsivity,
external quantum efficiency, and lowUV/visible rejection ratios.
It also reveals a solar-blind photo-response with a sharp cutoff
wavelength at about 265 nm, and high detectivities of 2.34 ×
1010 Jones and 6.62 × 109 Jones at 25°C and 150°C under a bias
voltage of 4 V are obtained. The extremely high external quan-
tum efficiency indicates the photoconductive gain mechanism
for the Al0.55Ga0.45N MSM PDs, which is illustrated by the
reduction of the depletion region and the increase in the space
charge region under UV illumination. Additionally, the
I-V characteristics under different voltages and temperatures

Fig. 6. (a) Derived ln(IPF/E) versus sqrt(E) curves employing PFE as carrier
transport mechanism at high bias voltages. (b) Derived linear fit of parameter
m(T) versus q/kT. (c) Linear fit of parameter n(T) versus q/kT. (d) Schematic
drawing of the energy band of the metal/AlGaN interface.

Fig. 7. Band diagram in the cross section of the AlGaN photoconductor.
The dashed line represents the contraction of the band bending around
the dislocation under UV illumination.
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demonstrate that the carrier transport of the fabricated solar-
blind PDs is dominated by the PFE mechanism.
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