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Abstract: A two-dimensional model of a 4H-SiC metal-semiconductor—metal (MSM) ultraviolet photodetector
has been established using a self-consistent numerical calculation method. The structure-dependent spectral re-
sponse of a 4H-SiC MSM detector is calculated by solving Poisson’s equation, the current continuity equation and
the current density equation. The calculated results are verified with experimental data. With consideration of the
reflection and absorption on the metal contacts, a detailed study involving various electrode heights (H), spac-
ings () and widths (W) reveals conclusive results in device design. The mechanisms responsible for variations
of responsivity with those parameters are analyzed. The findings show that responsivity is inversely proportional
to electrode height and is enhanced with an increase of electrode spacing and width. In addition, the ultraviolet
(UV)-to-visible rejection ratio is > 103. By optimizing the device structure at 10 V bias, a responsivity as high as
180.056 mA/W, a comparable quantum efficiency of 77.93% and a maximum UV-to-visible rejection ratio of 1875

are achieved with a detector size of H = 50 nm, S =9 umand W = 3 um.
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1. Introduction

Over the last decade, ultraviolet (UV) detection has been
of great interest for a wide range of commercial and military
applications, particularly in areas such as ozone layer moni-
toring, intersatellite/underwater communications, flame detec-
tion, emitter calibration, chemical and biological analysis, UV-
astrophysics, high-speed optoelectronic integrated circuit con-
nection and sampling, UV dosage detection and spectrum mea-
surementl! =31, With the recent advance in SiC material growth
and processing, 4H-SiC photodetectors have become promis-
ing candidates for UV detection due to their excellent physical
and electronic properties, such as a very low dark current, a
significantly higher operating temperature and insensibility to
visible/IR background. A great deal of effort has been devoted
to proposing and fabricating various types of detectors, includ-
ing Schottky diodes[*!, p-n photodiodes!®], p—i—n photodi-
odes” 8] and metal-semiconductor-metal diodes® 11!, Com-
pared to these structures, MSM UV detectors may be superior
due to their large device bandwidth, ultralow intrinsic capac-
itance and a fabrication process that is compatible with field
effect transistors. However, MSM photodetectors still suffer
from low responsivity due to optical losses on the electrode
and spacing in the opaque metal contacts. Extensive work have
been focused on improving the bandwidth-efficiency product,
time response and dark/illuminated current-voltage charac-
teristics!!2~14]. To date, no systematic investigation has been
carried out on responsivity versus structure parameters with

PACC: 0670D; 0762; 7820

consideration of the reflection and absorption on metal elec-
trodes. Therefore, it is significant to design an appropriate de-
vice structure for responsivity enhancement.

In this paper, a numerical model of a 4H-SiC MSM pho-
todetector is presented with a two-dimensional (2D) device
simulator ISE-DESSIS. Based on the model, MSM UV detec-
tors with various structural parameters are simulated in order
to demonstrate whether their structure-dependent responsivity
is consistent with our expectation. Then, the responsivity char-
acteristics are discussed in detail and structural optimization is
employed to achieve outstanding performance.

2. Methodology
2.1. Device structure and parameters

A schematic diagram of the 4H-SiC MSM photodetector
used in our calculation is illustrated in Fig. 1. The device em-
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Fig. 1. Schematic cross section of a 4H-SiC MSM UV detector.
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Table 1. Summary of bandgap structure parameters (BSP) and incom-

plete ionization parameters (IIP) used in the calculation16].
Parameter Value
Ey 3.26eV
Ego 3.359 eV
o 3.3 x 1074 eV/K
B 0K
T 300K
E_ND 0.065 eV
alpha N 3.1x 1078 eViem
g ND 2
Xsec N 1 x 10712 cm?/s
NdCrit 1 x 1022 cm™3

ploys two Schottky contacts on top of an epitaxial layer to form
a planar interdigital structure. It consists, starting from the top,
of an Au contact electrode (due to its high work function), a
5 um epitaxial layer with a doping concentration of 6 x 1013
cm™3 and a 400 wm 4H-SiC substrate with a doping concen-
tration of 1029 cm™3, respectively. The height of the contact
electrode is 80 nm. The fingers are 3 um wide and 500 um
long with a spacing of 3 um. The optical sensitive area of the
detector is 200 x 500 um?. For meaningful comparison, the
calculated device structure is similar to the fabricated detector
previously reported in Ref. [15].

2.2. Numerical modeling

A typical MSM photodetector is comprised of two Schot-
tky contacts connected back to back. Under an applied voltage,
one of the contacts is forward biased and the other is reverse
biased. Unlike a p—n junction detector, the MSM photodetector
is basically a majority carrier only device. When UV light il-
luminates the active area, the carriers are generated in the bulk
material and swept by the built-in field of Schottky contacts.
The special MSM structure accounts for an inherent low ca-
pacitance and a faster response. Due to the outstanding prop-
erties of wide bandgap materials, the 4H-SiC MSM photode-
tector is suitable for UV detection. Compared to silicon, 4H-
SiC has wide bandgap and the impurities are not completely
ionized at room temperature. The key differences are consid-
ered in the device simulation. The 4H-SiC bandgap and in-
complete ionization parameters are summarized in Table 1. To
investigate the 4H-SiC MSM UV detector, numerical model-
ing is realized using a 2D simulator DESSIS, which computes
electric potential and carrier distribution by iteratively solv-
ing the Poisson equation and the current-continuity equations.
In addition, the different physical models used simultaneously
in DESSIS are the mobility model, the Shockley—Read—Hall
(SRH) recombination model, the thermionic emission model,
the barrier lowering model and the optical generation model.
The doping dependent mobility can be characterized using the
Masetti model['®]. The model is expressed as

Pe

Mconst — Mmin2 M1
Mdop = Mminl €XP (_ﬁ) + -

Ni\* C\*
() (%)
(1)

where N; denotes the total concentration of ionized impurities
and Jicons: 15 determined by the constant mobility model('6].

Mminl> Mmin2 and g , as well as the reference doping concen-
trations P, C; and C; and the exponents « and § are specified
in Ref. [16].

The recombination in the course of photo-generated car-
rier transportation is described by the SRH model('6], which is
given by

2
SRH _ np — N efr @)
net (n +n1) + w(p + p1)’
E
ny = ni,effexp kt’r;p’ (3)
Ey.
D1 = N efr €Xp (— kt;p) : 4

where E\,, is the difference between the defect level and the
intrinsic level. n; ¢ denotes the effective intrinsic density. The
minority lifetimes, 7, and 7, are modeled as a product of a dop-
ing dependent 740p, a field dependent g.( /) and a temperature
dependent factor f(T'). Lifetimes are written as

e = Taop {S(T)/[1 + ge(H]}. c=n.p, &)

where ¢ = n or ¢ = p for electrons or holes. In our calculation,
thermionic emission is critical for determining the proper de-
vice characteristics due to its description of the hetero-junction
interface between the metal and the semiconductor('l. The
model is expressed as

m AE
Jo,2 =aq |:Un,2n2 - m_jvn,lnl exp (_KBT:,I)i| . (6)

where a = 2, J,,» is the electron current density entering the
metal and J, ; is the electron current density leaving the semi-
conductor. Then J, > is equal to Jy, ;. The emission velocities

are defined as
Un,i = v KgTe,i/2mmji, @)

where i = 1 or 2 for the semiconductor or the metal. In order
to match realistic results, it is essential to consider the barrier
lowering model in order to explain the effect of barrier lower-
ing caused by image force. The barrier lowering model can be
applied to a Schottky contact['®]. The following expression is
used to compute the value of the barrier lowering.

D1 P21
sorr=a(z) (%) ]
E P2 Eeq D2 8
+“2[(E—o) ‘(E—o) ] ®

where E is the absolute value of the electric field, Eg = 1, E¢q
is the equilibrium electric field that is used to have A¢g = 0 at
the equilibrium and ay, a,, p1, p» are model coefficients spec-
ified in the DESSIS parameter file. To numerically calculate
the photocurrent, an accurate optical model is needed. In our
calculation, the input UV optical signal is supported by ISE-
DESSIS via multiple vertical photon beams. The photon beams
affect the net photon flux that reaches the device surface and
are related to optical generation ratel'6], which is given by
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Fig. 2. Comparison of (a) the calculated responsivity and (b) dark cur-
rent—voltage characteristics of a 3 um finger width and spacing 4H-
SiC MSM detector with experimental datal?3],

z
G (z,1) = JoFi(t) Fyvar (A, z") exp <— ‘/ a(A,z)dz’
Zo

©
where Jy denotes the incident beam intensity. F;(¢) is the beam
time behavior function. Fyy, is equal to one inside the semicon-
ductor and decreases to zero outside the semiconductor. Z is
the coordinate of the semiconductor surface. To describe the
optical characteristics of a 4H-SiC MSM UV detector, several
key input optical parameters including WavePower = 2.5 x
10~* (W/cm?), Wavelength = 2.1 x 107 —4 x 1075 (cm),
SemAbs = o (cm™!) and SemWindows = (0, 2 x 1072) (cm)
are also considered in the calculation, which specify incident
wave power, the wavelength, a constant value o for absorption
coefficient obtained from the published data in Ref. [17] and
the optical window for the 2D case, respectively.

3. Results and discussion

3.1. Verification of the numerical model

Spectral responsivity is one of the most important charac-
teristics of UV detector, which can be calculated using

hv

=40 , 10
Pon (10)

L
/ Qina(l — r)exp(—ax)dx
R

where P and P, are the input optical power and effective ab-
sorption optical power, r is the reflection coefficient, Q is the
photon-generated charge and 1 denotes the quantum efficiency
closely related to the device parameters. Based on the above
models and a self-consistent solution of the Poisson and elec-
tron/hole continuity equations, the simulator DESSIS is used to
calculate the spectral response of a 4H-SiC MSM UV detector
with a numerical coupling algorithm and appropriate bound-
ary conditions on a 2D mesh. With the same device structure
as a realistic detector, the calculated responsivity result is illus-
trated in Fig. 2(a). For comparison, the experimental UV spec-
tral responsivity is also shown. It can be seen that the calculated
and experimental results are in good agreement. Without an
optical model, the dark current—voltage characteristics can be
obtained. The calculation results and the experimental data are
shown in Fig. 2(b). It is clear that the calculated and measured
data are around 2 pA, especially when the applied voltages are
higher than 9 V. For bias voltages lower than 9 V, the calcu-
lated result is somewhat larger than the measured curve due to
an idealization of the numerical model. However, a relatively
good agreement between the calculated and measured charac-
teristics of responsivity and dark current is achieved, which
validates the numerical model in this study.

3.2. Influence of the device structure on responsivity

To investigate the impact of structural parameters on the
responsivity of the photodetector, we firstly take the contact
height into consideration. In theory, the responsivity of an
MSM detector is correlated to the expression.

A s

R=1am =05 (n
with A being the wavelength in micrometers, 7; expressing the
internal quantum efficiency, the term 1 — r accounting for Fres-
nel losses and d denoting thickness of the active layer. Ac-
cording to Eq. (11), it is noted that the spectral response has
noting to do with electrode height. In fact, when UV illumina-
tion occurs on the surface of the detector, the UV beams can
be reflected and absorbed by the contact electrodes. Indeed,
some UV light will penetrate the electrodes in order to pro-
duce photon-generation carriers. Therefore, electrode height
may exert a strong influence on the responsivity of the detec-
tor. In our calculation, we obtain the reflection coefficient r of
Au film in Ref. [18] and extract the absorption coefficient o of
a Au finger electrode by

I = Ip(1 —r)exp(—ad). (12)

Here /1y denotes the transmittance and d is the electrode
height, which have been given from transmittance spectra in
Ref. [3]. Then, we can calculate the optical transmittance of
various thicknesses of Au electrodes. Based on the consider-
ation above, the spectral response is calculated with a series
of electrode heights ranging from 20 to 200 nm, plotted in
Fig. 3. As is shown, we find that the responsivity gradually de-
creases with the increase of contact height. The inset of Fig. 3
illustrates the enlarged spectral response versus contact height,
which indicates that responsivity is inversely proportional to
electrode height. Specifically, under 10 V bias and 300 nm il-
lumination, it should be noted from the inset that the respon-
sivity is around 75.1 mA/W when the contact height increases

(1 —exp(—ad)],
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Fig. 3. Influence of various electrode heights on the spectral response
of'a 4H-SiC MSM photodetector. Inset shows the enlarged responsiv-
ity as a function of contact height at the illumination wavelength of
300 nm and 10 V bias.

from 140 to 200 nm and then drastically increases from 75.604
to 106.724 mA/W as the height decreases from 110 to 20 nm.
These results are probably due to the fact that UV transparency
increases with a thinner metal electrode, leading to more UV
light impinging on the active region under the contact elec-
trodes. It is also clear that the variations of responsivity are
nearly a constant in the spectra region between 370 and 400
nm. Obvious changes of response versus contact height are ob-
served in the region ranging from 280 to 320 nm.

We find that the peak responsivity occurs at 290 nm for
various contact heights. The maximum and minimum respon-
sivities at 290 nm are 117.94 and 82.892 mA/W, corresponding
to the quantum efficiency of 50.43% and 35.44% with elec-
trode heights of 20 nm and 200 nm, respectively. A point to
note is that responsivity can be improved by decreasing the
height of the contact, owing to the exponential increase of
transparency of the thinner metal electrode. Hence, the lower
the electrode height is, the higher the UV transmittance will be
and, in turn, the spectral response for the detector is enhanced.
However, an electrode height of around 20 nm can cause con-
cerns about the uniformity of an ultra-thin Schottky barrier and
can also be a detrimental factor for the mechanical and thermal
stability of the contact!'®]. Therefore, a reasonable electrode
height of 50 nm is desirable for the following calculation and
analysis of the 4H-SiC MSM UV detector.

Figure 4 shows the spectral response of a 4H-SiC MSM
photodetector with 50 nm electrode height, 3 um electrode
width and diverse finger spacings at 10 V bias, revealing a
strong dependence of responsivity on geometry sizes. Not only
can we see that the peak responsivity increases with the in-
crease of finger spacing, but also the remarkable changes of
other points on the curves as compared to the family of re-
sponse curves shown in Fig. 3. It is found that the responsivity
ranges are broad, from 220 to 380 nm, and do not exhibit an
abrupt spectral cutoff due to the fact that 4H-SiC is an indi-
rect semiconductor and does not have a sharp cutoff edge at
the band edge. Therefore, the long wavelength cutoff edge oc-
curs at 380 nm because of the band-gap of 4H-SiC, while the
short wavelength cutoff is ascribed to the larger photo carrier
recombination in the short wavelength region. The peak zone

200 T T T T
— 1501 3
= ] 3
5 ] 3
g 4 _
= E
£ 1004 ]
1%

g 7 3
z ] E
NE 3
0 T T T T
200 250 300 350 400
Wavelength (nm)

Fig. 4. Photoresponse of a 4H-SiC MSM photodetector with a 50 nm
electrode height, 3 m contact width and various finger spacings at
10 V bias.
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Fig. 5. Responsivity of 4H-SiC MSM photodetector with various elec-
trode widths at a bias of 10 V while finger height and spacing remain
50 nm and 3 pm, respectively.

is located around 290 nm. As shown in Fig. 4, it is clear that
the peak spectral response increases distinctly from 70.08 to
180.056 mA/W, when the metal finger spacing increases from
1.5 to 9 um. The influence of electrode spacing on the pho-
toresponse is most likely due to the photosensitive area de-
pendence of the MSM UV detector. The photosensitive area
is proportional to finger spacing. As the electrode spacing in-
creases, more UV incident light will illuminate and be absorbed
onto photosensitive area, which will produce more photon-
generated carriers under UV illumination. Such a change of
illumination area has a slight influence on the SRH recombina-
tion rate. Hence, they may account for the increase of spectral
response.

The electrode width dependence of responsivity for a 50
nm contact height, 3 um-spacing 4H-SiC MSM detector is il-
lustrated in Fig. 5. As depicted, the responsivity rises continu-
ously for an increasing metal contact width from 1.5 to 9 um.
A similar tendency but for a different spectral response can be
seen in Figs. 4 and 5, indicating that responsivity enhances with
an increase of metal electrode spacing and width. For the latter,
the increment of photoresponse in all wavelengths of interest
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is less than the former. An analogous increase of photocurrent
with larger finger width can be found in Ref. [20], which sub-
stantiates the calculated trend. As is clearly visible in Fig. 5,
the curves are almost all closely arranged, except for the one
with a relatively narrow electrode width of 1.5 pum. In the UV
region of 240 to 360 nm, not only can notable changes be ob-
served, but also the overall responsivity is enhanced as elec-
trode width increases. Taking into account the UV transmit-
tance in the electrode, the improvement of responsivity may
be attributed to the increase of finger width, since wider and
thinner contacts can effectively increase the incident area and
thus increase the number of photo-generated carriers. The max-
imal responsivity obtained at 290 nm are 102.404, 107.06 and
111.763 mA/W for three detectors with contact widths of 6, 7.5
and 9 pm, respectively, lower than the relevant peak values
of 136.748, 158.244 and 180.056 mA/W in Fig. 4 with finger
spacing instead. Therefore, the variation of electrode spacing
has a more significant influence on responsivity.

3.3. Analysis and optimization

By changing electrode spacing and width, we can find an
improvement in the characteristics of responsivity illustrated
in Figs. 4 and 5, revealing that electrode spacing and width are
two factors affecting the spectral response of the detector but
with different working mechanisms. For the former, we ascribe
it to the increase of photosensitive area.

When the bias is low, the thin depletion layer is not benefi-
cial for lower-energy photons to be absorbed in order to gener-
ate photocurrent. As the applied voltage increases further, the
incomplete depletion region extends rapidly and becomes en-
tirely reverse biased. With the electric field around, the pho-
toelectrons drift towards the electrodes and the thicker deple-
tion layer facilitates their collection. As the carriers reach the
active region, the responsivity of the MSM UV detector will
be higher with a larger photosensitive area. For the latter, the
cause is due to the increase of the effective transmittance area
under the electrodes. A tentative explanation is presented as
follows. It is concluded that the wider finger contact possesses
a larger current density than the narrow one illustrated in Fig. 6.
Clearly, the distribution of current density is inhomogeneous
at the edges of the electrodes, demonstrating that the current
density around the edges of the contacts is larger than in the
central region of the electrodes. Similar behavior and analysis
are available in Ref. [21]. When the finger width increases, the
electric field becomes more extensive and thus accelerates the
charge accumulation at the edges of the contacts. With UV il-
lumination, the increasing bias induces an increase in current
owing to Schottky barrier lowering caused by charge accu-
mulation at the edges of the metal-semiconductor interface.
Simultaneously, the reverse bias could cause an increase of
band bending near the edge of the Schottky contact??]. Conse-
quently, with the increase of finger widths, the effect of charge
inhomogeneous accumulation at the edges of contacts is ampli-
fied, thus improving the photoelectron collection. In addition,
the electric field under the contact electrode decays greatly with
an increase of vertical depth. The degraded electric field limits
the mobility velocity of photon-generation carriers. The wider
the contact width is, the more extensive the vertical electri-
cal distribution will be. With UV illumination of the active
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Fig. 6. TECPLOT calculation of the cross-sectional current density
distribution for 3 um spacing MSM photodetectors with different
electrode widths of (a) 4.5 um and (b) 7.5 um under 290 nm UV
illumination and 30 V applied voltage.

region, photon-generated carriers are separated and promptly
swept between the electrodes before recombination by an ex-
tensive electric field. Thus, a noticeably large photocurrent is
obtained. From a design point of view, the structure of an MSM
photodetector depends on three parameters, not only the elec-
trode height (H), but also the width (W) and spacing (S). The
influences of the latter two factors on device performance are
more remarkable. A detector with wider spacing and width pos-
sesses a spacious UV absorption area and a more extensive
vertical electrical field distribution. However, problems such
as device noise characteristics and a delay of response time are
inevitable. Specifically, the large finger spacing increases the
carrier transport distance and hence the transit time. Moreover,
the increasing electrode width may result in the degradation of
noise characteristics due to the increase of dark current. There-
fore, a tradeoff between the electrode width and spacing should
be taken into account comprehensively. In the calculation, we
optimize the values of H, W and S to pursue better perfor-
mance in terms of a high UV-to-visible rejection ratio and com-
parable quantum efficiency.

Here, we define the UV-to-visible rejection ratio as the re-
sponsivity calculated at 290 nm divided by the responsivity
calculated at 400 nm. With such a definition and a 10 V ap-
plied bias, it is concluded that the UV-to-visible contrast ra-
tios are around three orders of magnitude for all the geomet-
rical parameters illustrated in Fig. 7. The variation of UV-to-
visible contrast ratio ranges from 1273 to 1875 with the struc-
tural parameters of W =9 um, S =3 umand W = 3 um,
S = 9 um, respectively. It is found that the ratio decreases
with an increase of electrode width. The detector with a 9 um
electrode width and 3 pm spacing possesses the maximum re-
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Fig. 7. UV-to-visible rejection ratios of MSM photodetectors with a
50 nm electrode height and various device structures.
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Fig. 8. Calculated quantum efficiency versus wavelength for two 4H-

SiC MSM photodetectors with 50 nm electrode height and different
device structures at 10 V applied bias.

sponsivity in Fig. 5. In contrast, its UV-to-visible contrast is
undesirable due to its lower responsivity at 400 nm. Further-
more, the quantum efficiency of two MSM photodetectors is
presented in Fig. 8, which is regarded as another crucial char-
acteristic of the detector and can be expressed as n = 1241 R/A.
It is clear that quantum efficiency works as a function of wave-
length. The peak zones of quantum efficiency are located at 270
to 300 nm for both detectors. Then, the two curves drop with
the increasing wavelength to 380 nm. The penetration depth
(1/a) around 380 nm is about 625 pm, larger than the thickness
of the device’s active area. When 380 nm UV light illuminates
the detector, it will penetrate the optical sensitive area. Such a
low efficiency to form a photocurrent is mainly attributed to the
lower absorption coefficient of around 400 nm. With the same
wavelength ranges of 210 to 400 nm, the quantum efficiency
increases gradually from 0.027% to 49.031% and from 0.03%
to 77.93% for two photodetectors with geometry sizes of W
=9um, S =3 umand W =3 um, S = 9 um. Therefore,
the latter is the optimum choice for UV detection due to the
increase of the visible-blind rejection ratio and peak quantum
efficiency, of 47.29% and 61.11%, respectively.

4. Conclusions

We have established a model of a 4H-SiC MSM UV detec-
tor using a numerical calculation method. The validity of our
present model has been confirmed with experimental data. By
considering the UV transmittance of a metal electrode, a sys-
tematic investigation of the structural dependency of respon-
sivity in an MSM UV detector is carried out in order to obtain
better performance. The findings show that electrode height
has a direct influence on the spectral response of the detec-
tor, indicating that the lower the height of the electrode is, the
higher the spectral response will be. In contrast, the impacts of
electrode spacing and width on responsivity are more consid-
erable. We find that all of the rejection ratios are around three
orders of magnitude for diverse device structures. Finally, the
maximum responsivity, peak quantum efficiency and outstand-
ing UV-to-visible contrast of 180.056 mA/W, 77.93% and 1875
are achieved for a detector with 50 nm electrode height, 3 um
width and 9 um spacing, which is an excellent performance for
UV detection.
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