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A 4H-SiC based separate-absorption-multiplication (SAM) avalanche photodiode with a nanoscale multiplication
region and a bulk absorption region is proposed and its optoelectronic performance is modeled. The results show
that the avalanche breakdown voltage of the device is found to be dependent on the illumination condition. This is
attributed to the existence of an illumination-dependent hole potential well in the upper center of the absorption
region. Based on the illumination-dependence of avalanche breakdown voltage, a self-quenching and an ultrahigh
UV/visible rejection ratio have been realized in this structure. © 2012 Optical Society of America
OCIS codes: 040.0040, 040.1345, 040.5160, 040.7190.

Currently, photomultiplier tubes (PMTs) are widely used
for the detection of light at ultraviolet (UV) wavelengths.
Nevertheless, PMTs are typically bulky, fragile, and expensive, which leaves a space for developing alternative
devices for the UV-light detection. Due to material merits
including wide band-gap, high critical field, high carrier
saturation velocity, and high thermal conductivity, certain semiconductor material systems including SiC, ZnO,
GaN, and TiO2 have attracted research interest recently
as a replacement for PMTs. One application of particular
interest is high power, high frequency, optoelectronic
devices [1–4].
In the past two decades, worldwide efforts in nanomaterials research has led to a rich collection of nanostructures where size, shape, and composition can be readily
controlled. Many such nanostructures exhibit fascinating
optical properties that could have significant impact in
the future for photonic technology [5]. In recent years,
nanostructures that efficiently detect optical inputs
and process them into electrical outputs have attracted
considerable interest for improving the electro-optical
properties of bulk photodiodes. Several nanoscale
photodiodes have been reported [6–8].
The avalanche photodiode (APD) currently dominates
the research field of the weak signal and single photon
UV detection. This is due principally to the signal-to-noise
ratio enhancement provided by the internal carrier multiplication process that characterizes these devices [9].
Several wide band-gap semiconductor materials including 4H-SiC (∼3.2 eV) [10] and GaN (∼3.4 eV) [11] are
not completely solar-blind as photons having wavelengths longer than 285 nm [12] can promote carriers
in these material systems. This can result in a low UV/
visible rejection ratio. Filters are sometimes used to
enhance the rejection of solar wavelengths [13].
Therefore, in this Letter, an APD with a large bulk absorption region and a nanoscale avalanche region (NAPD)
is proposed. The NAPD can be regarded as a nanoscale
separate-absorption-multiplication (SAM) APD. Provided
the scale of the avalanche region is small enough, the
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electric field inside the vertical SAM-APD can interact with
the electric field of the lateral P N− diode such that the
NAPD’s breakdown voltage (Vbr ) is modified. The
illumination-dependent Vbr of the NAPD would result in
self-quenching characteristic and an ultra-high UV/visible
rejection ratio for the device. 4H-SiC is selected as the
material in this work for the simulation of the NAPD’s
optoelectronic characteristics, as the 4H-SiC APDs have
been well studied in recent years [14–16].
By employing the physical models and material parameters reported by Cha’s and Sandvik [17], the device
modeling was done using the ATLAS software package
from SILVACO. Figure 1(a) shows the typical device
structure of the 4H-SiC NAPD used for this modeling,
which features a large bulk absorption region underneath
a nanoscale pillar, built on an N -type substrate. The
diameter of the nanoscale pillar is 200 nm and the entire

Fig. 1. (Color online) (a) Typical structure of the 4H-SiC
NAPD, (b) the valence band contour distribution of the 4HSiC NAPD without illumination and bias, and (c) the valence
band diagrams of the 4H-SiC NAPD at the center of the device
as a function of the distance from the top of P capping layer, in
which the operation voltage is 0 V and P is 1 × 10−4 W ∕ cm2 .
© 2012 Optical Society of America
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device is 20.0 μm wide. The pillar, located at the device’s
upper center, contains a 0.6 μm thick N-type multiplication region and a 0.15 μm thick P -type capping layer.
The absorption region contains a 9.0 μm thick N− -type
layer and a 100 nm thick P -type shoulders. The P -type
shoulders, with a space of 0.6 μm in the N− -type region,
can not only provide a depletion region for the absorption of photons, but also provide an electric field of
the lateral P N− diode interacting with the electric field
inside the vertical SAM-APD to modify the breakdwon
voltage. Then, a 0.8 μm thick SiO2 layer is designed as
the passivation layer above the absorption region and
surrounding the pillar. The doping level for P capping,
N, P shoulder, N− and N layers are 3.0 × 1019 ∕ cm3 ,
4.0 × 1017 ∕ cm3 , 3.0 × 1019 ∕ cm3 , 3.0 × 1015 ∕ cm3 , and
1.0 × 1019 ∕ cm3 , respectively. During the modeling, the
illumination is vertically incident on the device and uniformly covers the whole upper surface of the device.
Figure 2 shows the dependence of the 4H-SiC NAPD’s
Vbr on illumination wavelength (λ), where the illumination power density (P) is 1 × 10−4 W ∕ cm2 . The Fig. 2 inset
shows the dependence of Vbr on incident optical power at
280 nm. It is noted that, as λ increases from 200 to 400 nm,
Vbr first falls until λ is around 300 nm, and then increases
with λ. Moreover, while P drops from 1 × 10−2 W ∕ cm2 to
0 W ∕ cm2 , the Vbr increases gradually to a saturation value. It is the nanoscale structure of the NAPD that accounts for the characteristic of illumination-dependent
Vbr , which will be demonstrated as follows.
The valence band contour distribution of the 4H-SiC
NAPD without illumination and bias is illustrated in
Fig. 1(b). The valence band contour distribution shows
that the electron energy in the upper center of the N− region is higher than that in the pillar region and the bottom
N− region, which will restrict the vertical drift of the
holes. The valence band diagrams of the 4H-SiC NAPD
at the center of the device as a function of the distance
from the top of P capping layer are illustrated in
Fig. 1(c), in which the operation voltage is 0 V and P is
1 × 10−4 W ∕ cm2 . As λ increases from 200 to 380 nm, there
are hole potential wells in all the valence band diagrams

Fig. 2. Dependence of 4H-SiC NAPD’s breakdown voltage
(Vbr ) on the wavelength (λ) where the illumination power density is 1 × 10−4 W ∕ cm2 , and the dependence of Vbr on incident
optical power at 280 nm (Inset).

and the depth of the hole potential well decreases first
until λ is 280 nm, then increases with λ. The existence
of the hole potential well is due to the P shoulders
of the device. Assuming the space between the P
shoulders is small enough, the N− region in the space between P shoulders will be depleted essentially because
of the lateral P N− junction’s built-in electric field. Therefore, the electron energy in the space is higher than that
in the undepleted N− and N region [as shown in
Fig. 1(b)], which results in the hole potential well. Comparing the present structure with a conventional 4H-SiC
APD, a greater reverse bias voltage will be needed to energize the holes through the potential well and into the
high field region where they can undergo impact ionization. The hole potential well will suppress the avalanche
of device and increase the Vbr . The depth of the hole potential well will increase with the electric field intensity
of lateral P N− junction, enhancing the avalanche suppression effect and leading to a higher Vbr .
The illumination-dependent Vbr characteristic of the
4H-SiC NAPD can be explained as follows: the photongenerated carrier pairs partially negate the depletion
of the open circuit P N− junctions such that the total
field intensity and potential well depth [as shown in
Fig. 1(c)] change sufficiently to allow carriers to enter
the high electric field region (n-type pillar) under a lower
operation voltage. Under the condition of the same illumination power density, the numbers of photongenerated carriers are different at various illumination
wavelengths, for the different photon energies and different absorption indeces. The numbers of the photongenerated carrier pairs will determine the variation range
of the total field intensity and the potential well depth,
which will cause a wavelength dependence of breakdown, while the illumination power density is a constant.
More photon-generated hole-electron pairs will lead to a
smaller electric field intensity of the P N− junction.
Then, a lower depth of the potential well and a smaller
Vbr will be achieved. Therefore, for 4H-SiC, while the
illuminaiton power density is a constant for all the wavelength, there will be more hole- electron pairs at 280 nm
than any other wavelength, corresponding to a minmum
value of Vbr for the 4H-SiC NAPD. In the same way,
higher illumination power density will cause a higher
photovoltaic filed and a smaller Vbr , as shown in the Fig. 2
inset.
Due to the illumination-dependent Vbr , avalanche
self-quenching can be achieved for the 4H-SiC NAPD.
Figure 3 shows the reverse I-V characteristics of the
4H-SiC NAPD with and without illumination. The wavelength and power density of the illumination are 280 nm
and 1 × 10−4 W ∕ cm2 , respectively. It is noted that the avalanche voltage (Vbr1 ) of the 4H-SiC NAPD without illumination is higher than that (Vbr2 ) with illumination, which
is identical to the results in Fig. 2. Provided the operation
voltage is set as the value of Vbr2 , the avalanche breakdown will be initiated for the 4H-SiC NAPD under
1 × 10−4 W ∕ cm2 illumination at λ of 280 nm. After removing the illumination, the avalanche voltage of the device
changes to Vbr1 . Under the unilluminated condition, the
breakdown voltage of NAPD (Vbr1 ) is higher than the present operating voltage so the avalanche breakdown inside the device will quench automatically and the
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Fig. 3. Reverse I-V characteristics of the 4H-SiC NAPD with and
without illumination. The wavelength and power density of the
illumination are 280 nm and 1 × 10−4 W ∕ cm2 , respectively.

photocurrent of the device will drop significantly. The
self-quenching property of the 4H-SiC NAPD exists under
any illumation condition, as the avalanche voltage of the
4H-SiC NAPD without illumination is always higher than
that with illumiantion, as shown in Fig. 2. The selfquenching property of the NAPD can avoid the device
operating in a broken-down state unnecessarily. The operation voltage would be set as the value Vbr2 ; then, the
NAPD is broken down only when optical illumination is
incident into the device. Therefore, the lifetime of the
device could be prolonged.
The illumination-dependent Vbr can also lead to an
ultrahigh UV/visible rejection ratio. Figure 4 shows the
normalized spectral responsivity of the 4H-SiC NAPD
as a function of wavelength where the device is illuminated by a range of optical power densities. Figure 4 also
shows a comparison with a conventional bulk 4H-SiC
APD. The bias of 4H-SiC NAPD is the Vbr (corresponding
to 1.0 × 10−7 A ∕ μm reverse current) of the device under
illumination with λ 280 nm and a specific illumination
power density. It is noted that the 4H-SiC NAPD has
an ultrahigh UV/visible rejection ratio, which can be explained by the illumination-dependent Vbr property (as
shown in Fig. 2) of the device. In Fig. 4, the 4H-SiC NAPD
is in avalanche breakdown at 280 nm. However, there is
no avalanche breakdown in the device at 380 nm. The
photocurrent of the 4H-SiC NAPD with λ 280 nm will
be significantly higher than that of 380 nm, leading to
an ultra-high UV/visible rejection ratio. Comparing the
UV/visible rejection ratio of the proposed device
(∼3.0 × 103 − 1.3 × 105 ) to a bulk 4H-SiC APD (∼8.4 × 102 ),
the 4H-SiC NAPD exhibits an increase in rejection ratio
between one and three orders of magnitude at the response peak, and a sharper decrease in responsivity
away from the peak.
In conclusion, we have proposed a 4H-SiC NAPD featuring a nanoscale multiplication region separated from a
larger bulk absorption region. The band structure, avalanche breakdown voltage, and photoresponse of the
4H-SiC NAPD are strongly dependent on illumination
wavelength and power density. This novel device has
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Fig. 4. (Color online) Normalized spectral responsivity of the
4H-SiC NAPD as a function of wavelength where the device is
illuminated by a range of optical power densities and a comparison with a conventional bulk 4H-SiC APD.

the significant properties of self-quenching and ultrahigh
UV/visible rejection ratio.
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