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The influence of the polarization charges on the properties of
AlGaN-based heterojunction p–i–n ultraviolet photodetectors
was investigated. It is found that the polarization charges at the
hetero-interface can enhance the electric field intensity and
result in an increased dark current. On the contrary, the
polarization charges can lower the photoresponse because the
direction of polarization electric field is opposite to the applied
electric field in the light absorption layer.

� 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction The solid-state solar-blind (l< 290nm)
ultraviolet (UV) photodetectors (PDs) based on AlGaN
ternary alloy material have drawn a great deal of attention
in the defence, commercial, and scientific arenas, such as non
line-of-sight confidential communications, the detection of
corona discharges in high voltage transmission lines and
equipment, flame detection andmonitoring, UV environmental
monitoring, and UV astronomy [1–3]. The AlGaN material
system is advantageous for making solar-blind devices,
because AlxGa1�xN, in its wurtzite structure, has a tunable
band gap. This can be done by regulating the composition of Al
from x¼ 0 (3.4 eV) to 1 (6.2 eV), covering the whole range of

solar-blind wavelengths, and using intrinsic solar-blind instead
of complex and costly filters [4]. The heterojunction p–i–n
structure attracts particular interest due to its intrinsic
advantages: the cut-off wavelengths can be modified by
changing theAlmole fractions in theAlGaNwindow layer and
absorbing layer, the diffusion limited carrier transport in
photodiodes is eliminated, and a direct control of the quantum
efficiency through changing the thickness of the intrinsic
layer [5]. So far, high performance AlGaN-based hetero-
junction p–i–n PDs have been reported [6–10]. However, it
should be noted that some issues are also introduced during
epitaxial growth, such as numerous trapping levels which
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existed in the forbidden band because of the lattice mismatch
between the different AlGaN films, and these levels may
capture and emit free carriers to the conduction or valence
bands because of thermal exchange processes or tunnel-
ing [11]. In addition, the fixed interface polarization
charges are also introduced at nitride hetero-interfaces due
to the piezoelectric and spontaneous polarization, which
leads to potential barriers, band bending, and internal
electric field [12–14]. The polarization effects of wurtzite
III-nitrides have been reported to play an important role in
the design of hetero-junctions electronic devices [15–17].
However, how the polarization-induced charges play a role
in electrical and optical properties of AlGaN-based p–i–n
PDs is unknown. There are only a few studies which refer
to the polarization charges in AlGaN-based APDs [18–20].
A more detailed characterization and a more complete
understanding of the polarization charges on the perfor-
mance of AlGaN-based p–i–n PDs are desirable to further
optimize the design of the devices. Thus, in this work, the
influence of the fixed interface polarization charges on the
performance of AlGaN-based p–i–n PDs is investigated.

2 Experimental To simplify analysis of the polari-
zation charges and separate the effects of polarization
charges from other factors that influence device character-
istics, a couple of similar AlGaN-based heterojunction
p–i–n PDs were designed. The schematic cross section of
device is depicted in Fig. 1. The difference of Al mole
fraction between the i-AlGaN absorbing layer and the n-
AlGaN contact layer is designed for generating polarization
charges, and the small difference of Al composition between
the i-AlGaN layers of the two samples is designed to obtain
a slight discrepancy of polarization charges.

The AlGaN-based heterojunction p–i–n structures were
grown by low-pressure metalorganic chemical vapor deposi-
tion (MOCVD) on 2-in. diameter c-plane (0001) sapphire

substrates. In the experiment, trimethylaluminium (TMAl),
trimethylgallium (TMGa) and ammonia (NH3) were used as
sources of Al, Ga, and N, respectively. The n-type and p-type
dopantsweredopedwith silane (SiH4)andbiscyclopentadienyl
magnesium (Cp2Mg), respectively. Deposition was initiated
with the AlN buffer layer grown by the normal two-
step method [21], followed by a 10 period AlN/
Al0.8Ga0.2N superlattices toppedwith a 150-nm-thick undoped
Al0.65Ga0.35N layer. Next, it is followed by the p–i–n structure,
consisting of a 350-nm-thick n-Al0.55Ga0.45N window
layer, a 200-nm lower Al component Al0.50Ga0.50N/
Al0.47Ga0.53N unintentionally doped absorbing layer and a
150-nm p-Al0.50Ga0.50N/Al0.47Ga0.53N layer. Then, finished
with a 10 nm Al component grading p-type AlGaN layer
followed by a 30-nm p-GaN contact layer. Last, an in situ
anneal was performed to activate the magnesium p-dopant.
SampleAhas an i-Al0.50Ga0.50Nabsorption layerwhile sample
B has an i-Al0.47Ga0.53N absorption layer. The electron
concentration in Si-doped n-Al0.55Ga0.45N layers is 1� 1018

cm�3. The hole concentration in Mg-doped p-AlGaN and
p-GaN layers is 2� 1017 and 1� 1018 cm3, respectively.

The device fabrication process is as follows: firstly, the
circular-mesa devices were defined using a conventional
photolithography process followed by an inductively
coupled plasma (ICP) etching step, which was etched down
to the n-Al0.55Ga0.45N ohmic contact layer and formed a
500-mm-diameter mesa. Secondly, the samples were treated
by a photo-electrochemical method to recover the damage
made by ICP etching to reduce the leakage current [22].
Thirdly, the n-type ohmic contact was finished by depositing
Ti/Al/Ni/Au (30/100/150/200 nm) metal layers by using
electron-beam evaporation system followed by annealing in
N2 ambient. Last, the p-type GaN ohmic contact was formed
by depositing Ni/Au (20/200 nm) metal layers followed by
annealing in N2 ambient.

3 Results and discussion The current-voltage (I–V)
characteristics of the devices at room temperature were
carried out by using a Keithley 237 source meter under dark
conditions and the curves of the fabricated PDs under
different reverse biases are shown in Fig. 2.

As shown in Fig. 2, the dark current of both samples A
and B exhibits exponential dependence on the bias voltage
with two different exponents, which implies that the current
transport is dominated by two kind of tunneling mechanisms
when increasing the reverse bias [23]. In addition, from
Fig. 2(a), it is found that the measured dark current of
sample A is smaller than that of sample B. To further
understand the difference of dark current between samples
A and B, several factors need to be taken into consideration.
Firstly, we measure the full width at half maximum
(FWHM) of the X-ray rocking curve (XRC) for both of the
samples, as shown in Fig. 3. It is known that high
dislocations can contribute to an increase in the dark
current [24].

The measured XRC-FWHM shows a small difference
between samples A and B. Therefore, the difference of dark

Figure 1 Schematic structure of the AlGaN heterojunction p–i–n
photodiodes.
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current may not be dominated by the difference in
dislocation density. Secondly, the dark current of many A
and B samples are also investigated. The variation of the
dark current shows almost the same trend, which means the
fabrication-related issue is not the dominating factor.
Thirdly, due to the existence of the conduction band offsets
at the hetero-interface as shown in Fig. 4, and the
conduction band offsets are calculated to be 0.097 and
0.154 eV for Al0.5Ga0.5N/Al0.55Ga0.45N and Al0.47Ga0.53N/
Al0.55Ga0.45N respectively [25], the band offsets create a
barrier which may impede the injection of electrons from the
i-AlGN layer to the n-AlGN layer. Thus, it is expected that
the dark current of sample B with high barrier would be
lower than that of sample A, however, our results show the
opposite. Based on the analysis mentioned above, we think
that the hetero-interface may dominate the difference of the
dark current between samples A and B.

As shown in the inset at the bottom left corner of Fig. 4,
a lower Al composition in i-AlGaN layer is employed for the
hetero-structure, and the fixed negative polarization charges
are introduced at the interface of i-AlxGa1�xN/n-
AlyGa1�yN (x< y) because of spontaneous and piezoelectric
polarization. The fixed polarization charge density could be
calculated with the Al-composition-dependent model
proposed by Ambacher et al [25]. The fixed polarization
charge density s is defined by

s PSP þ PPEð Þ ¼ P AlyGa1�yN
� �� P AlxGa1�xNð Þ ð1Þ

where P is the sum of the piezoelectric and spontaneous
polarization and is determined by

P ¼ PPE þ PSP

the piezoelectric polarization PPE in the direction of the
c-axis can be determined by

PPE ¼ 2
a� a0
a0

e31 � e33
C13

C33

� �
ð2Þ

where e33, e31 are the piezoelectric coefficients, and a is the
lattice constants of the strained layer, C13 and C33 are elastic
constants. And the spontaneous polarization can be
determined by

PSP xð Þ ¼ �0:052x� 0:029ð Þ ð3Þ

Thus, the amount of the polarization induced sheet
charge density, s/e, bound at the interfaces i-Al0.50Ga0.50N/
n-Al0.55Ga0.45N and i-Al0.47Ga0.53N/n-Al0.55Ga0.45N are
calculated to be 2.9� 1012 and 3.5� 1012 cm�2, respec-
tively. All the parameters in Eqs. (1)–(3) can be found in

Figure 2 Reverse current-voltage characteristics of AlGaN
heterojunction p–i–n PDs in a semi-ln plot.

Figure 3 The (0002) XRC of the i-AlGN epilayers in AlGaN-
based p–i–n PDs structure.

Figure 4 Illustration of band alignment of AlGaN-based p–i–n
photodiode. Inset (bottom left corner) shows the direction of the
spontaneous PSP and piezoelectric polarization PPE in AlGaN
heterostructure. Inset (top left corner) shows the direction of
applied electric field Ea and polarization electric field Ep in AlGaN
p–i–n structure.
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Ref. [25]. In order to compensate for the negative
polarization induced charges, the donors in n-
Al0.55Ga0.45N layer will be further ionized and cause a
depletion region in the n-Al0.55Ga0.45N layer. This leads to
an increase electric field in the n-Al0.55Ga0.45N side and a
voltage drop in the layer, and also increases the conduction
band bending of the n-Al0.55Ga0.45N layer at the hetero-
interface. When applying an external bias voltage, the
electric field at n-Al0.55Ga0.45N side can be enhanced
because the polarization induced electric field in the n-
Al0.55Ga0.45N layer has the same direction as the reverse
bias electric field, as shown in the inset at the top right corner
of Fig. 4.

In order to understand the effect of the polarization field
on the carrier transport of photodetectors, we calculated the
polarization electric field of the i-AlGaN/n-AlGaN hetero-
interface, as shown in Fig. 5(b). The calculated results show
that the polarization field increases with the polarization
charge. And the reverse current transport processes can be
explained as Fig 5(a) illustrates. At low negative bias region,

the conduction band bending of the n-Al0.55Ga0.45N layer at
the hetero-interface is slight. Meanwhile, the dark current
exhibits exponential dependence on the bias voltage. The
transport processes can be described by the emission of
electrons from a shallow trapped state near the i-AlGaN/n-
AlGaN hetero-interface into a continuum of states which is
associatedwith each conductive dislocation and tunneling via
dislocation. This is based on the Frenkel–Poole emission
mode [26]. It is also found tobe the sourcesof reversebiasgate
leakage current of AlGaN/GaN HEMTs [27]. The current
density associated with Frenkel–Poole emission is given by

J / CEexp �
q wB �

ffiffiffiffi
qE
pe

q� �

kBT

2
664

3
775 ð4Þ

where C is the constant, E is the applied electric field, q is
the elementary charge, wB is the potential barrier for the
trap energy state for an electron in zero applied electric
field, kB is the Boltzmann’s constant, T is the absolute
temperature and ɛ is the permittivity. Furthermore, the FP
emission is expressed as

ln J
E

�
¼ m Tð Þ

ffiffiffiffi
E

p
þ C Tð Þ

.�

m Tð Þ ¼ q
kBT

ffiffiffiffiffi
q
pe

r

C Tð Þ ¼ lnC � qwB

kBT

It can be seen that the FP emission current is dependent
on both the energy depth of the trap states and the intensity
of electric field.

For high electric field region, the conduction band bends
strongly. A large number of electrons can tunnel through the
barrier directly. And the electron tunneling probability
follows the equation:

P ¼ exp � 4p
h

2mð Þ12
Zb

a

V xð Þ � V½ �12dx
8<
:

9=
; ð5Þ

where V(x), V, and m are the one-dimensional potential
barrier, the electron energy and the particle mass,
respectively. For a triangular barrier, the electron tunneling
probability is described by

P ¼ exp � 8p
3h

2mð Þ12 Eg
� �3

2
1
qE

� �	 

ð6Þ

where Eg is band gap. Due to tunneling current I/ tunneling
probability P, it means tunneling current is strongly

Figure 5 (a) Schematic diagram of the reverse current transport
mechanism in hetero-junction AlGaN-based p–i–n PDs. The solid
dots represent electrons accumulated at the hetero-junction. (b)
polarization electric field intensity of i-AlGaN/n-AlGaN hetero-
interface.
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dependent on the intensity of electric field. Therefore, both
the trap energy level of electron emission and electron direct
tunneling contribute to the dark current of the high electric
field region.

Based on the analysis above, the polarization charge is
thought to contribute to the difference in dark current
between samples A and B and to significantly affect the I–V
characteristics of the hetero-junction AlGaN-based p–i–n
PDs.

To further understand the polarization charges at the
hereto-interface, the spectral responsivity measurements of
heterojunction p–i–n photodiodes is carried out, as shown in
Fig. 6. The spectral responsivity is measured using a xenon
lamp as a light source, a chopper, a monochromator, a lock-in
amplifier, a Keithley 6487 dc source, and a calibrated
UV-enhanced silicon photodetector. Fig. 6 exhibits a zero
bias peak responsivity of 0.072A/W at 265nm for sample A
and a 0.060A/W at 270 nm for sample B. And there is a
sharp decay of photoresponse near 255nm for both samples A
and B, corresponding to the short-wavelength cut-off of
n-Al0.55Ga0.45N layer. The difference in long-wavelength cut-
off results fromthe i-AlxGa1�xNabsorption layerwith lowerAl
mole fraction. The inset of Fig. 6 shows a detailed comparison
of peak responsivity for the PDs working in different reverse
bias. It is found that sample A exhibits a greater photo-
responsivity at reverse bias range from 0 to �5V.

To analyze the differences of responsivity between
samples A and B, it is necessary to consider the light
absorption efficiency and the carrier collection efficiency.
However, due to the large absorption coefficient of the
direct-bandgap AlGaN material system [28], the influence
of small differences of Al mole fraction on the absorption
coefficient in i-AlxGa1�xN layer can be neglected. Thus,
the carrier collection efficiency is the key limiting factor. It
is known that high dislocation density exists in AlGaN
layer due to heteroepitaxy [29], which can lead to

significant recombination loss of photo-generated carriers.
A way to minimize recombination loss is to reduce the
carrier transit time by applying a higher electrical field
within the depletion region. But, the direction of the
polarization electric field in i-AlxGa1�xN absorption layer
induced by these negative charges is opposite to the applied
electric field, as shown in the inset at top left corner of
Fig. 4. The effective electric field is weakened. In addition,
the fixed negative polarization charges also can attract a
number of holes to accumulate at the interface. Therefore,
The collection efficiency of the photogenerated holes is
reduced.

From the performance of photoresponsivity between
samples A and B, it indicates that an increase of negative
polarization charge would lower the photoresponse.

4 Conclusions We have experimentally investigated
the effect of polarization charges at the hetero-interface on
the dark current and photoresponsivity characteristics of
AlGaN-based heterojunction p–i–n PDs. The experimental
results is in a qualitative agreement with the numerical data
produced by Wang et al. [20], which had simulated the
effects of polarization charge density on the dark current and
photoresponse characteristics in detail. Increasing the fixed
negative polarization charges have a significant impact on
the performance of the heterostructure AlGaN-based p–i–n
PDs. Hence, optimizing the device design to reduce the
polarization charge and improving the quality of epitaxial
growth are helpful to improve the performance of the hetero-
junction AlGaN-based p–i–n PDs.
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