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Optical coupling optimization in a novel metal-semiconductor—metal ultraviolet
photodetector based on semicircular Schottky electrodes*
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Abstract: A novel semicircular electrode metal-semiconductor—metal (SEMSM) ultraviolet detector is modeled,
investigated and characterized with a self-consistent numerical calculation method. For the purpose of model and
performance verification, a comprehensive comparison of the SEMSM detector and a conventional electrode MSM
detector is carried out with experimental data. The results indicate that the physical models are able to predict the
enhanced device features. Moreover, the structural parameters have been adjusted appropriately to optimize the
SEMSM detector. The findings show that a device with a 2 um finger radius and 3 um spacing exhibits outstanding
characteristics in terms of a peak responsivity of 0.177 A/W at 290 nm, a maximum external quantum efficiency
of over 75%, and a comparable normalized photocurrent to dark current ratio of 1.192 x 10! W1 at 0.3 V bias.
These results demonstrate that the SEMSM detector has excellent performance for optoelectronic integrated circuit

applications.
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1. Introduction

Since the remarkable progress in the growth and process-
ing of wide bandgap semiconductor materials, photodetectors
fabricated with these materials have been recognized as attrac-
tive optoelectronic devices for ultraviolet (UV) detection due to
their extensive commercial and military applications. In partic-
ular, these photodetectors can be used in flame detection, op-
tical communication, emitter calibration, chemical/biological
analysis and astronomical studies!!). Though GaN-based UV
detectors have the benefit of tunable spectral response and
the potential for solar-blindness, their high dislocation den-
sities have limited their performance!?-3]. Owing to the ex-
cellent physical property of high breakdown field and high
thermal stability, 4H-SiC-based photodetectors are regarded
as promising candidates for UV detection under harsh and
high-temperature conditions. To date, various types of UV
photodetectors have been developed*~9l. In particular, the
metal-semiconductor—metal (MSM) structure may be superior
due to its large bandwidth, low intrinsic capacitance and easy
integration with field effect transistors. Unfortunately, MSM
photodetectors still suffer from low responsivity and quan-
tum efficiency due to the optical losses on their opaque metal
electrodes. In aiming to conquer these defects, tremendous ef-
forts have been devoted to improve performance, such as uti-
lizing transparent indium tin oxide or nano-grating-assisted
structures to form patternsl”-®!, and adopting an integrated
microlens array and Al,03/Si0, film as antireflection coat-
ingst® 191 However, these attempts can also cause confusions

PACC: 0670D; 0762; 7820

and concerns about the physical and mechanical properties,
and thermal stability of the contact. Inspiringly, the oval- and
circular-shaped contacts in 4H-SiC rectifiers with a junction
termination extension have been successfully fabricated(!!].
From a technical point of view, to adopt semicircular electrodes
as Schottky contacts in MSM photodetectors for performance
enhancement is feasible. Previously, the concept of the semi-
circular electrode metal-semiconductor—metal (SEMSM) de-
tector has been proposed!'?!, however, thoroughly quantitative
modeling and analysis are still lacking, and this is not benefi-
cial for the design and optimization of the photodetector.

In this paper, we establish a two-dimensional (2D) model
of 4H-SiC-based SEMSM and conventional electrode MSM
(CEMSM) detectors using a self-consistent numerical calcula-
tion method. By comparing the calculated results and relevant
experimental data, the approach used in our study has been ver-
ified. The SEMSM detector was then optimized and character-
ized to obtain the improved performance.

2. Methodology

2.1. Device design and characterization

In our calculation, the structures of an SEMSM detector
and a conventional one are illustrated in Figs. 1(a) and 1(b),
respectively. The SEMSM detector consists of a 400 pum-thick
n-type 4H-SiC substrate and a 5 um-thick epitaxial layer with
doping concentrations of 102 cm™ and 9 x 10'5 cm™3. In
order to form a planar interdigital structure, semicircular Au
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Fig. 1. Schematic diagram of (a) a semicircular electrode MSM pho-
todetector and (b) a conventional structure.

Table 1. The simulation model parameters assumed at room tempera-
turel16,21,22]

Parameter Value

Betal 1.23

Bataexp 0.17

Eg 3.26eV

Eg 3.359eV

Alpha 3.3 x 1074 eV/K
Beta 0K

END 0.065 eV

Alpha N 3.1x 1078 eV.icm
g ND 2

Xsec N 1 x 10712 ecm?/s
NdCrit 1 %1022 cm—3
Cy 5x 10731 cmb/s
Cp 2 x 10731 cmb/s
Diffusion coefficient 3.4 cm?/s
Lifetime 11 ns

Diffusion length 1.934 um

Schottky contact electrodes with a radius of 1.5 um are em-
ployed on top of the epitaxial layer, forming the anode and the
cathode. The fingers are 3 um wide and 500 um long with
a spacing of 3 um. The optically sensitive area is 200 x 500
wm?. In contrast, as illustrated in Fig. 1(b), the same structural
CEMSM UV detector but with different 80 nm-thick conven-
tional electrodes is also calculated, similar to the realistic de-
tector previously reported in Ref. [13].

2.2. Physical and material models

To investigate and predict the electrical and optical charac-
teristics of the novel photodetector, the commercially available
Integrated Systems Engineering DESSIS is adopted to solve
Poisson’s equation, the current continuity equation and the cur-
rent density equation based on a series of physical models, in-
cluding Shockley—Read—Hall, for generation and recombina-
tion; the thermionic emission model for a description of the
heterojunction interface between the metal and the semicon-
ductor; the barrier lowering model for interpreting the effects
of image force barrier lowering; and the photo-generation rate
model for determining the optical characteristics of the device.
In addition, we set the incidence optical power as 0.25 uW,
and the wavelength dependent absorption coefficients are ob-
tained in Ref. [14]. The electrode reflection coefficient is calcu-
lated from Ref. [15]. A more detailed description of the above
models can be specified in Ref. [16], and similar modeling and
simulation methods are presented elsewhere!! 7). Here, we elab-

orate on the models accounting for mobility, ionization and
recombination. The detailed model and material parameters of
4H-SiC are summarized in Table 1.

The high field dependent mobility model originates from
the Caughey—Thomas formula.

Miow

H(F) = 5 (M)
B
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where 11w denotes the low field mobility. The exponent B is
the temperature-dependent factor.

The temperature dependence of the band gap is described
as:

2
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The concentration of ionized impurity is given by

Fermi-Dirac distribution. Incomplete ionization in the SiC

material has been considered. The corresponding distribution
function can be expressed as[!8!:
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where Gp(T') and GA(T) are the ionization factors discussed
in Refs. [19, 2 0], which is given by:

AEp
Gp(T) = gpexp ——, AEp = Ec— Ep, 6)
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With the coefficient C,, and C;, obtained in Ref. [21]. The
Auger recombination mechanism is also invoked in our calcu-
lation by means of

R = (Can + Cyp)(np —nl ). ®)

T T\? _n
Cy(T) = AA,n + BA,n— + CA,n — (1 + H,e Noin) ,
Ty

Ty
©)
T T\?2 __pr
CP(T) = AA,p + BA,pFO + CA,p (70) (1 + HPC NO-p) s
(10)

where Ty = 300 K. There is experimental evidence for a de-
crease in the Auger coefficients at high injection levels. This
effect is explained as resulting from exciton decay, which is
modeled by the items [14 H exp(-n/Ny)] in Egs. (9) and (10).
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Fig. 2. Comparison of the spectral response of an SEMSM detec-
tor and a CEMSM detector with the experimental data taken from
Ref. [13]. The inset shows the calculated and measured dark current
characteristics(!3!.

3. Results and discussion

3.1. Verification of the numerical model

With the above established model, we calculated the re-
sponsivity and dark current characteristics of the SEMSM and
CEMSM photodetectors. For the purpose of comparison, the
experimental results based on the CEMSM structure are shown
in Fig. 2. Excellent agreement is achieved in almost all re-
gions of the simulated and measured spectral response of the
CEMSM detector at 10 V bias. The inset in Fig. 2 shows
that the calculated dark current of CEMSM is consistent with
the experimental data, especially when the applied voltage is
higher than 10 V. For a bias voltage lower than 10 V, the mea-
sured dark current is somewhat lower than the simulated re-
sult due to the idealized model in our calculation. Nonetheless,
a general agreement between the numerical and experimental
results indicates that the models used in this study are appro-
priate.

Under the same conditions, the spectral response and dark
current characteristics of the SEMSM photodetector are also
plotted in Fig. 2 for the purpose of comparison. It is clear
that the overall responsivity of the SEMSM detector is en-
hanced. For the CEMSM structure, the UV light may normally
be blocked by the metal contact on a perpendicular path. In
contrast, a semicircular contact can redirect the incidence path
and force excess UV light to focus on the photosensitive area.
Hence, better spectral response is achieved as expected. Ad-
ditionally, the SEMSM and CEMSM detectors achieve a dark
current around 3 pA at a bias of 30 V. The similar dark current
features of the two detectors are mainly due to the same Schot-
tky contact area. Therefore, the SEMSM detector exhibits su-
periority over the conventional one by possessing high respon-
sivity without increasing the dark current. In fact, structural
parameters such as finger radius and spacing of the SEMSM
detector greatly affect device performance. To obtain the op-
timal device performance, optimization of these parameters is
indispensable.
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Fig. 3. (a) Dark current and (b) spectral response characteristics of the
4H-SiC SEMSM detectors with a 3 yum electrode spacing and diverse
electrode radii.

3.2. The dependence of the dark current and spectral re-
sponse characteristics on the contact radius

Figure 3 shows the influences of different electrode radii
on the dark current and responsivity of the SEMSM detector.
As is clearly visible in Fig. 3(a), dark current increases steeply
when the bias is less than 10 V. Under a bias of 10 V, the dark
current increases from 2.098 to 3.765 pA with an increase in
the finger radius from 1 to 2 um. After the first rapid rise, the
dark current increases slowly with the increasing voltage, and
does not completely saturate at 30 V applied bias. The obvi-
ous changes in dark current can be attributed to the increased
contact radius and hence the electrode area, as expected. More-
over, with the consideration of the Schottky barrier lowering
model, the unsaturated dark current at higher voltages can be
explained by charge accumulation at surface states and image
force lowering at the edges of the electrodes!??]. The spectral
response versus wavelength is plotted in Fig. 3(b) as a function
of electrode radius. As is shown, it is observed that all spectral
response is enhanced with the increase in contact radius. From
the spectrum, we can see that the distinct spectral responsiv-
ity peak is formed at 290 nm. Similar results are observed in
Ref. [13]. It is also clear that the maximum responsivity in-
creases evidently from 0.099 to 0.177 A/W when the electrode
radius increases from 1 to 2 um. For all response curves, the
responsivity at wavelengths less than 290 nm increases rapidly.
No abrupt spectral cutoff can be observed due to the fact that
4H-SiC is an indirect semiconductor and does not have a sharp
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Fig. 4. The influences of various electrode spacings on (a) dark current and (b) response features with a finger width of 3 pum.
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Fig. 5. Normalized ratio of photocurrent to dark current calculated (a) with various contact radii and (b) with diverse finger spacings.

cutoff edge at the band edge. The cutoff at higher wavelengths
is about 380 nm, at which point the responsivity drops, largely
due to moving below the bandgap of 4H-SiC. In particular, the
effect of contact radius on spectral response is mainly depen-
dent on the changes in the UV reflection area in the surface
of the semicircular contacts and the vertical distribution of the
electric field, which can account for the enhanced responsivity
in Fig. 3(b).

3.3. The dependence of dark current and spectral response
performance on contact spacing

The characteristics of dark current and photoresponse ver-
sus contact spacing are illustrated in Fig. 4. By adjusting the
values of finger spacing from 2 to 4 um, it is found that the dark
current of the detectors remains at the same pA level. Specifi-
cally, the dark current of these devices is below 3 pA at a bias
of 10 V, and remains below 3.5 pA with the increasing applied
voltage up to 30 V. The obvious differences in the dark cur-
rent features, shown in Figs. 3(a) and 4(a), can be attributed
to the fact that the dark current is proportional to the electrode
area, which is consistent with the thermionic emission mech-
anism. Therefore, the effects of electrode spacing on the dark
current characteristics are limited. Figure 4(b) shows the influ-
ences of diverse contact spacings on the spectral response of
the detector. It is obvious that the responsivity increases with
the increasing spacing. At a wavelength of 290 nm, the max-
imum spectral responsivity reaches 0.16 A/W, lower than the

0.177 A/W in Fig. 3(b). Furthermore, the distributions of spec-
tral response versus contact spacing are not uniform, as com-
pared with that of the influence of metal width on responsivity.
Interestingly, with the spacing larger than 3 pm, the responsiv-
ity appears to be relatively independent of contact spacing. For
the metal spacing less than 3 yum, not only is the curves simi-
lar to that in Fig. 3(b), but the overall responsivity is enhanced
promptly as the spacing increases. The observed contact spac-
ing dependence can be explained as follows. As the UV light
illuminates the photosensitive area, most of the incident photon
flux will penetrate through the active region and have high ef-
ficiency to produce the photon-generated carriers. Meanwhile,
these carriers are separated and swept promptly between the
contact electrodes before recombination. Photocurrent is then
generated. With the increase in contact spacing ranging from 2
to 3 um, the active area increases and more UV beams impinge
on it, which can account for the enhanced responsivity. When
the spacing increases from 3.5 to 4 um, the increased photosen-
sitive area is enough to absorb UV light. As a result, a detector
with 4 um spacing exhibits a slightly improved spectral re-
sponse than that of 3.5 pum, indicating that no salient variation
of responsivity can be observed.

3.4. Optimization

Now that we have investigated the dark current and spec-
tral response characteristics of the SEMSM detector, the essen-
tial feature of photocurrent to dark current ratio (PDR) is criti-
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cal to evaluate the performance. Nevertheless, photocurrent is
directly dependent on the input optical power. Hence, normal-
ized PDR (NPDR) is often quoted for performance assessment
due to its acknowledged objectivity. NPDR can be defined as:

NPDR = (Iphoto/ldark)/Popt = (Iphoto/Popt)/Idark = R/Idarka

(11)
where R is the responsivity in A/W. Based on the equation
above, the NPDR can be calculated for various electrode radii
and spacings. For different device structures, the extracted
NPDR acting as a function of applied voltage at a peak wave-
length of 290 nm is illustrated in Figs. 5(a) and 5(b), respec-
tively. Clearly, both curves exhibit a decreasing tendency when
the applied voltage increases to 30 V. The fact that the dark
current increases with increasing bias can be responsible for
the phenomenon. The different distributions of NPDR in Fig. 5
are due to various features, including photocurrent and respon-
sivity, caused by diverse geometry sizes. Figure 5(a) shows
the calculated NPDR values with different electrode radii. The
curves arrange compactly and decrease gradually with increas-
ing applied bias. Under a bias of 0.3 V, the values of NPDR are
1.192 x 101, 1.110 x 10'!, 1.014 x 10!, 9.444 x 10! and
8.875 x 10! W1, respectively, with a decrease in finger ra-
dius ranging from 2 to 1 um. The impact of various electrode
spacings on NPDR is plotted in Fig. 5(b). It is found that these
curves decay distinctly as the spacing increases from 2 to 3
pm. For S > 3 um, the NPDR is independent of contact spac-
ing and the two curves exhibit a similar trend. A detector with
a 1.5 um finger radius and 4 um contact spacing possesses the
maximum and the minimum NPDR of 1.205 x 10'! and 4.664
x 101 W1 at the applied bias of 0.3 and 30 V, respectively.
As is apparent in Figs. 5(a) and 5(b), we can clearly see that the
top curves are comparable. For a bias lower than 5 V, no ob-
vious changes can be found in both curves. Then, at a voltage
larger than 5 V, the NPDR curve of a detector (R = 2 um, S
= 3 um) decreases slightly than the top one in Fig. 5(b). The
two curves present an approximate similarity but with differ-
ent working mechanisms. For increasing the electrode spacing,
the photosensitive area increases directly. Under UV illumina-
tion, more photo-generated carriers are produced and collected
between the metal fingers. Therefore, high spectral response
is achieved without fluctuating the dark current of the device,
as seen in Fig. 4(a). However, a longer response time is un-
avoidable due to the increase in electrode spacing. On the other
hand, the theoretical investigations point out that the reflection
area of the electrode surface depends on the increasing con-
tact radius, which can be responsible for the enhancement in
responsivity['2l. With the fixed contact spacing, we can adjust
the semicircular finger radius to improve the spectral response
without reducing response speed. Nevertheless, the larger dark
current caused by the increasing electrode radius may lead to
a degradation in noise characteristics. Hence, the electrode ra-
dius and spacing is a contradiction affecting the features of the
device. These two factors should be considered comprehen-
sively in order to pursue a tradeoff in terms of high respon-
sivity, low dark current and comparable NRPD. From a design
point of view, the structure parameter of R = 2 um, S = 3
pm for an SEMSM detector is the optimal choice. Compared
with the maximum spectral response of 0.16 A/W in Fig. 4(b),
the detector with such a structure achieves a peak responsivity

increase of 10.7% at 290 nm.

4. Conclusions

In this work, we quantitatively demonstrated, for the first
time, the enhanced performance of the SEMSM detector by
a 2D device modeling package, ISE-DESSIS. The simulation
results show that the SEMSM device has higher responsivity
and a similar dark current, as compared with the conventional
detector. An optimization of the SEMSM photodetector is then
carried out by taking various contact radii and spacings into ac-
count. The findings indicate that a detector with a 2 um finger
radius and 3 pum spacing possesses comparable NRPD at 0.3 'V,
peak responsivity and external quantum efficiency at 290 nm
of 1.192 x 10" W~1,0.177 A/W and 75.7%, respectively.
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