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ABSTRACT: A significant ultraviolet (UV) detection enhancement is realized
by etching microhole (MH) arrays and localized surface plasmon resonance
(LSPR) of Al nanoparticles (NPs) on 4H-SiC metal—semiconductor—metal
(MSM) photodetectors (PDs). 4H-SiC PDs with different diameters of MHs are
fabricated, which exhibit an ultralow dark current of approximately 5.0 X 107'° A
at 5 'V bias. The PD with 3 ym MH exhibits the best performance, and its peak
responsivity is 35% higher than that of device without MH. The peak
responsivity of PDs with both 3 gm MH and NPs enhanced nearly 6 times that
without Al NPs. The PD with both 3 um MH and Al NPs indicates the best
detection performance, with a maximum detectivity of 4.0 X 10" Jones at 270
nm, which is nearly an order of magnitude higher than devices without Al NPs.
The fabricated MH and Al NPs MSM PDs have a high response on the order of
nanoseconds, with a rise/decay time of 2.1 ns/2.5 ns at 5 V bias. The
complementary optical properties of MH and Al NPs with 4H-SiC can promote the development and application of high-
performance UV PDs.
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B INTRODUCTION electrochemical corrosion SiC to enhance the detector
performance.” However, the geometric sizes of MHs are
nonuniform and difficult to be regulated, and the surface
roughness is high, which leads to a high dark current of the
devices. Therefore, we prepare a regulable MH array by
selective etching technique to enhance the UV light trapping.

On the other hand, nanoparticles (NPs) provide an
accessible approach to significantly improve the UV PD
performance. *™'® Localized surface plasmon resonance
(LSPR) of metal NPs arising from light-induced oscillation
of free electrons enhances the absorption and scattering of
incident photons, which improves the photocurrent intensity
and detectivity of optoelectronic devices.'’~*° However, most
applications have been demonstrated in the visible and infrared
regions and only a few in the UV regions so far. Traditional
noble metal NPs (e.g., Ag, Au, and Pt) with LSPR are normally
in the visible region (Ag NPs: ~460 nm, Au NPs: ~520 nm; Pt
NPs: ~400 nm),”" which severely limits their application in the
UV region. Instead, Al with a high plasmon resonance energy

Ultraviolet (UV) photodetectors (PDs) are attracting much
attention due to their wide application fields, such as ozone
layer monitor, radar imaging, UV communication, and
environmental monitoring.'~* 4H-SiC-based PDs have been
a long-standing interest in the UV detection research field due
to their excellent material properties, including visible
blindness, relatively mature processing technology, excellent
chemical stability, and radiation hardness.> Moreover, the band
gap of 4H-SiC is 3.26 eV and the cutoff wavelength is around
380 nm. 4H-SiC UV PDs exhibit broad-band response
characteristics in the UV spectral region. Therefore, there is
no need to add filters to remove the influence of other light
waves, and the application in the UV band will not be limited.
MSM PDs are widely studied for the merits of low parasitic
capacitance and easy fabrication for optoelectronic integrated
circuits. However, 4H-SiC PDs suffered from low responsivity
and quantum efficiency properties because of the low UV light
absorption efficiency. In recent years, in order to further
improve the performance of PDs, many methods had been
used to improve the absorption efficiency including antire- Received:  March 10, 2023
flection film,° semitransparent electrode,” microlens,” nano- Accepted:  May 18, 2023
wires,” nanoholes,'’ and nanorods.'"'* Microhole (MH) Published: May 29, 2023
structure also has attracted much attention due to its facile

preparation and high specific surface area under light

conditions. Naderi et al. investigated the MH formation of
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Figure 1. (a) Schematic diagram of the 4H-SiC MSM device with both MH and NPs. (b) Schematic of LSPR induced on the Al NPs by incident
light. (c) Surface morphology of 8 yum MH arrays obtained by AFM measurement; the inset is the corresponding cross-sectional profile. (d) SEM
image and (e) enlarged view of the MH surface after Al NPs deposition and annealing. (f) The size distribution histograms of Al NPs. (g) EDS
elemental maps of Al NPs after annealing. (h) Corresponding EDS spectra.

of 15 eV is believed to be a potential candidate to reach the
uv range.22 According to the Mie theory, the dielectric
function of Al possesses a negative real part and relatively low
imaginary part throughout the whole region,” suggesting an
excellent potential to guarantee a superior plasmon resonance
within the response wavelength range of 4H-SiC PDs. Liu et al.
deposited the Al NPs on 4H-SiC MSM PDs by magnetron
sputtering and obtained that the peak responsivity of devices is
3.93 times higher than that of devices without Al NPs.** In
another study, an enhanced spectral response was also realized
in AlGaN-based UV PDs with Al NPs.”> However, MSM UV
PDs using metal NPs typically suffer from low response speed,
high dark current, and low detectivity, which greatly limits
their application.

In this work, our purpose is to explore a new approach based
on both MH structure and Al NPs LSPR to improve the
performance of UV PDs. First, 4H-SiC MSM PDs with MH
arrays are fabricated on a 4H-SiC epitaxial layer. Then, the self-
assembled Al NPs are deposited on devices by electron beam
evaporation, and high-performance 4H-SiC UV PDs are
realized. Moreover, the mechanisms of MH arrays and
plasmonic NPs on the properties of 4H-SiC MSM UV PDs
are further explored by multiphysical simulation and
optoelectronic measurements. This work demonstrates that
the MH arrays and Al NPs could be applied to enhance
absorption in the UV region due to their low cost (~$0.2) and
high detectivity, which will support the improvement and
practical application of UV optoelectronic devices. Thus, the
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device could be widely used in space research, environmental
testing, UV decontamination, and defense applications.

B EXPERIMENT AND SIMULATION

Device Fabrication. A 4H-SiC epitaxial layer with a
nitrogen doping concentration of 5.0 X 10" cm™ and a
thickness of 10 ym, grown on the Si-face (0001) 4H-SiC
substrate with a 4° off-axis toward the <11—20> direction, was
used to fabricate the 4H-SiC MSM PDs. The epitaxial wafer
was obtained from Dongguan Tianyu Semiconductor Tech-
nology Co., Ltd. The schematic diagram of the MSM device
with Al NPs in MH is shown in Figure la. MH arrays with
different diameters (including 0, 3, and 8 um) were obtained
by a combination of photolithography and inductively coupled
plasma (ICP, SENTECH SIS00) etching. Figure 1b shows the
schematic of LSPR induced on the Al NPs by incident light.
The detailed selective etching method is described as follows.
First, a standard photolithography process is used to obtain the
MH array patterns by using AZ5214E positive photoresist.
Three kinds of MH diameters (D = 0, 3, and 8 um) were
prepared, and the MH spacing is fixed to 7 ym. Subsequently,
the inductively coupled plasma (ICP) etching was performed
at 10 °C with a 30 sccm (CF,)/S sccm (O,) gas flow rate; the
substrate temperature is set at 10 °C to prevent photoresist
degeneration caused by excessive temperature during the
etching process, which will affect the subsequent photoresist
removal. However, the cavity temperature would likely increase
accordingly during the etching process due to plasma. The
etching rate is controlled at 0.8 nm/s. Then, a lift-off process is

https://doi.org/10.1021/acsanm.3c01080
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Figure 2. 3D-AFM side views of samples: (a) the surface morphology of bare SiC. (b) The surface morphology of MH. (c) The surface
morphology of Al NPs after annealing. The optical analysis of the SiO,/4H-SiC layer, the SiO,/4H-SiC with MH, and the SiO,/4H-SiC with Al
NPs in MH. (d) Absorption spectra, (e) reflection spectra, and (f) transmission spectra.

applied to obtain the MH array. The surface morphology and
corresponding cross-sectional profile of MHs were charac-
terized by atomic force microscopy (AFM, Bruker NW4), as
shown in Figure 1c. The MHs were arranged in order, showing
a good shape after etching by ICP. The average depth of MHs
was about 400 nm. To verify the impact of MH arrays on the
response time of PD, we analyze the electric field depletion of
different MH array devices (Figure S1 in the Supporting
Information). Subsequently, samples were oxidized in wet/dry
oxygen at 1150 °C for 5 h as a passivation and antireflection
layer. After S h of oxidation, the thickness of the passivation
and antireflection layer is 40—S50 nm, which is enough to
suppress the leakage current of the device effectively at low
bias. The traditional 4H-SiC MSM PD without MH and Al NP
also requires an oxidation process. The purpose of preparing
the SiO, layer is to have a good passivation effect on the
suspension bond on the surface of the device. Thermal
oxidation and PECVD are the two methods to prepare the
SiO, layer. Compared to the PECVD method, the SiO, film
prepared by thermal oxidation has a higher density and a lower
interface state density, which is beneficial to reduce the surface
dark current of the device, especially the dark current at the
MH.*® The Ti/Au (40 nm/250 nm) was deposited by
magnetron sputtering (Denton EXPLORER-14) as interdigital
electrodes and pads. The finger width and spacing are both 10
um, and the optical area is 7.2 X 1072 mm?. Next, a 5 nm thick
Al layer was deposited on the sample surface using electron
beam evaporation and the thickness of Al was controlled by
directly tuning the power. Then, the samples were annealed at
500 °C for 2 h in high-purity N, ambient in order to form a
good Schottky contact and self-assembled Al NPs. As a
reference, the traditional 4H-SiC MSM PDs without MH and
Al NPs were also fabricated using the same process. Figure 1d
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shows the SEM image of the MH surface after Al NP
deposition and annealing, and the corresponding enlarged view
is shown in Figure le. According to the size distribution
histogram of Al NPs, as shown in Figure 1f, the average
diameter of Al NPs is 40—50 nm. The size of Al NPs is one of
the main factors affecting the peak wavelength and local
electric field distribution of LSPR. The peak wavelength of
LSPR excitation can be determined from the far-field
characteristic curve (Figures S2 and S3 in the Supporting
Information). Meanwhile, the element distribution of the Al/
SiC structures after annealing was analyzed by EDS as
observed in Figure 1g. The Si, C, and Al are uniformly
distributed throughout the whole structures, indicating the
interdiffusion of Al atoms. The existence of Al can be further
evidenced with the Ko peak at 1.49 eV as shown with the EDS
spectra in Figure 1h.

The absorption, reflection, and transmission spectra of the
MH and Al NPs structure on 4H-SiC MSM PDs were
obtained by UV—vis spectrophotometer (PerkinEImer Lamb-
da 850). The current—voltage (I-V) characteristics of the 4H-
SiC MSM PDs were measured by a probe station with a
Keithley 4200-SCS parameter analyzer. As for the spectral
responsivity measurement, a xenon lamp as the light source
was dispersed by a monochromator for wavelength selection,
and the devices under test were illuminated from the front by
monochromatic light transmitted through the fiber. The
incident light power was calibrated with a Si-based detector
in the wavelength range from 200 to 400 nm. Figure S4 (in the
Supporting Information) shows the power density profile of
incident light in the wavelength range from 200 to 400 nm.

Simulation Method. Optoelectronic simulation (COM-
SOL) was used to calculate and analyze the electric field
distribution and absorption performance of MH arrays with

https://doi.org/10.1021/acsanm.3c01080
ACS Appl. Nano Mater. 2023, 6, 9376—9384


https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c01080/suppl_file/an3c01080_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c01080/suppl_file/an3c01080_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c01080/suppl_file/an3c01080_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c01080?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c01080?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c01080?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c01080?fig=fig2&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.3c01080?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

w/o Al NPs with Al NPs v/
(a) Vim (b) SR
0 x104 0 x10
-0.5F Cl—D 0O um F1 05 0 pm !1
AR -1
158 0.58x104V/m 105 15 1.35%10V/im 0.5
1 1 1 1 1 1 1 1 1| 1 J 1 1 1 1 1
45-35-25-15-0505 152535 4.5 -45-35-25-15-0505 15253545
V/m
%104
\3 um| |
-0.5
1 L 1 1 ] 1 1 1 [} 1 1 Ll ] ] ] 1} 1
-45-35-25-15-0505 1.5 2535 4.5 -45-35-25-15-050.5 1525 35 4.5
e Vim (f) Vim
O%«_JD 10t g x10¢
o gum |' g pm) |’
45\ 0.90x104V/m “05 1.52x104V/m ~05

L e e e e e Ty [ J
-45-35-25-15-0505 152535 45

(9)

Eq6l

s16 f*H_H
k)

T - MH
24,0 —&— MH+AI NPs
8

Eq0f

ke]

K]

<08

306

L

0o 2 {1 6 8
Microhole diameter(um)

L e e I L
-45-35-25-15-0505 1525 35 45

(h)
V/m
x104

rv w.y

1.57x104V/m 05

Figure 3. Electric field distribution of devices with different MH diameters under the condition of without and with Al NPs: panels (a) and (b) are
without MH. Panels (c) and (d) are 3 ym MH. Panels (e) and (f) are 8 um MH. (g) The peak electric field intensity with different MH diameters.

(h) Enlarged view of Al NPs on the MH surface.

different diameters and optimized the surface to improve the
performance of UV detectors. The “wave optics module”
provides a traditional full-wave propagation method based on
the direct discretization of Maxwell’s equations. Maxwell’s
equations can be solved by establishing the corresponding
finite element model, so the relevant electromagnetic field
intensity (E and H) and electric flux density (D and B) can be
obtained from the solution in this simulation field. To describe
the real-space photoelectric field distribution of the structure,
COMSOL was used to numerically solve the Maxwell
equation.

Because of the periodic structure of the MH arrays, in order
to reduce the workload and complexity of calculation, the
periodic port and periodic boundary of the software were
combined to make the simulated region become a periodic
arrangement and hence only need to simulate one of these
cells. To simulate the propagation of incident light in the
simulation region in the real scene, the perfect matching layer
(PML) thickness of 200 nm is defined at the top and bottom
of the simulation region. A broad-band pulse in the wavelength
range of 200—400 nm was used to simulate a plane wave
incident from the top. The incident power from the UV source
was set at 1.0 W. By adding the PML, the nonmeaningful
reflections and interference caused by reflected light in the
simulation area can be eliminated.
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B RESULTS AND DISCUSSION

Figure 2 shows the morphological and optical properties of the
bare 4H-SiC, the SiO,/4H-SiC with MH, and the SiO,/4H-
SiC with Al NPs in MH. The surface morphology of each
sample is demonstrated by the 3D-AFM side view. As shown in
Figure 2a, the surface of bare SiC showed a smooth step
texture on the surface. With the preparation of MH arrays and
Al NPs on samples, the MH and uniformly distributed Al NPs
were formed, as displayed in Figure 2b,c. Furthermore, the
optical properties of the SiO,/4H-SiC layer, SiO,/4H-SiC with
MH, and SiO,/4H-SiC with Al NPs in MH were studied by
the absorption, reflection, and transmission spectra, as shown
in Figure 2d—f. The experimental results show that for the
short wavelength below 255 nm, different structures have little
effect on absorptivity. This is due to the incident light decaying
in the shallow surface area because of the high absorption
coeflicient of 4H-SiC, resulting in little difference in the light
field distribution, and the change of MH diameter has little
effect on the electric field. However, the MH structure and Al
NPs in MH increase the UV light absorption in the wavelength
range of 255—360 nm. The reason is that the light-trapping
effect of the MH structure and the presence of Al NPs increase
surface roughness, further increasing the scattering and
absorption of incident photons. Since there is no difference
in transmittance, compared to the device without MH, the
absorption of the device with MH and the device with Al in

https://doi.org/10.1021/acsanm.3c01080
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Figure 4. Electrical and optical characteristics of devices without MH, with 3 ym MH, with 8 yum MH, and with both 3 ym MH and Al NPs. (a)
Dark current—voltage characteristics. (b) Photocurrent—voltage characteristics. (c) Spectral response. (d) Specific detectivity characteristics.

MH increases by 2.3 and 7.1%, respectively, so the
corresponding reflectance is also different.

The results can be reasonably explained by the electric field
distribution of the MH structure shown in Figure 3a—g. The
cross-sectional electric field distributions of samples are
simulated. The left panel (Figure 3a,c,e) shows the electric
field distribution of the MH structure without Al NPs. Figure
3a shows the traditional structure without MH and NPs, while
Figure 3c,e shows the MHs alone with the diameters of 3 and 8
pum, respectively. More simulation results of MH structures
with different diameters are shown in Figure 3g. In addition,
the entire right panel shows the electric field distribution of the
MH structure with Al NPs. Since the size of Al NPs is much
smaller than the diameter of the MH structure, an enlarged
schematic of Al NPs at the MH is shown in Figure 3h, which
shows the electric field distribution with Al in MHs.

The electric field intensity in the near-surface area of the
MH pattern is much larger than that of the plane area, which
can be attributed to its low optical density and geometric
antireflection effect of guided mode excitation.””** The vertical
stripes are used to describe the propagation process of incident
waves and represent the field distribution in the propagation
process. All of the MH structures show an obvious enhance-
ment of electric field intensity. In contrast, the field intensity of
planar SiC decays exponentially as a function of distance from
the surface. This indicates that the MHs concentrate the
incident light into the MH area. Thus, more photogenerated
carriers are created close to a space charge region with a higher
collection probability than those in the region without MH,
leading to enhanced quantum efficiency performance.”
However, Figure 3g shows that the electric field intensity
decreases with the increase of the MH diameter. This
phenomenon can be attributed to the poor light-trapping
effect caused by the larger aspect ratio of MH. It can be found
that the devices with Al NPs in MH obtained a higher electric
field intensity compared to the devices only with MHs, which
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is due to enhanced scattering and absorption of incident
photons by surface plasmons. Moreover, the devices with both
3 ym MH and Al NPs obtained the largest electric field
intensity. With the increase of the diameter of MH, although
the light-trapping effect becomes worse, more surface
plasmons will promote further absorption of incident light.
The devices with both 3 yum MH and Al NPs obtained the
largest electric field intensity, which is probably due to the
combined effect of light trapping and surface plasmons.
Therefore, in Figure 2d—f, the structure of Al NPs in MH
has a significantly increased absorption of UV light in the
wavelength range from 255 to 360 nm.

The four kinds of 4H-SiC MSM PDs, including without
MH, with 3 ym MH arrays, with 8 yum MH arrays, and with
both 3 yum MH and Al NPs, were fabricated and measured.
Figure 4a,b shows the dark current and photocurrent—voltage
characteristics of the fabricated PDs measured at room
temperature in the bias range from —10 to 10 V. All devices
exhibit an ultralow dark current (I;) of about 5 X 107! A
under 5 V bias as shown in Figure 4a. This is mainly due to the
improvement of the thermal oxidation process during the
experiment, which reduces the surface density of states at the
interface. The SiO, passivation layer on the 4H-SiC surface
effectively suppressed the dark current formed by surface
leakage under low and medium bias voltages. However, the
dark current curve is not very symmetrical; there are two main
reasons: (1) the device will be charged and discharged during
the application bias due to the internal charge of the oxide
layer itself and (2) the position of the microholes may not be
exactly in the center of the interdigital electrodes due to the
lithography deviation, which result in the different charge
collection efficiencies for the anodes and cathodes. In the
meantime, the PDs with 8 ym MH present a higher dark
current under reverse bias, which is mainly due to the increase
of the etching area. The surface damage at the microhole
increases due to the etching process damage, thus showing a
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Figure S. Temporal photoresponse of MSM PDs at different biases: (a) 3 um MH at 5V, (b) both 3 yum MH and AINPs at 5V, (c) 3 pm MH at
10 V, and (d) both 3 yum MH and Al NPs at 10 V. The inset is a magnification of a single impulse.

higher dark current than other devices. Photosensitivity (S) is a
substantial parameter in governing the quality of the fabricated
PDs. It is defined as the ratio of the photocurrent per measured
dark current, which can be expressed as eq 1

(1)

where I;, and I4 represent the photocurrent and dark current
of fabricated PDs, respectively.

The photocurrent—voltage characteristics of the devices are
measured under UV light illuminations at 270 nm. The
photocurrent of devices with both 3 ym MH and Al NPs
increases greatly, which is about 6 times higher than that of
devices with MH, as shown in Figure 4b. The photosensitivity
of devices with Al NPs is 1.6 X 10* @ S V bias. Through the
test spectrum of Figure 2, it can be seen that compared with
the devices without MH, the photocurrent of devices with the
MH structure is improved because of the geometric
antireflection effect, while the reason for the greater photo-
current of 3 yum MH compared with that for 8 um MH is that
the transverse and vertical ratios of MH are larger, making its
geometric antireflection effect more significant. The highest
photocurrent of devices with both 3 ym MH and Al NPs is
mainly due to the presence of Al NPs, which further increases
the scattering and absorption of incident photons. At the same
time, due to the excitation of the surface plasmon of Al NPs,
the electromagnetic fields on the Al NPs can also be enhanced
due to the collective oscillation of electrons and the excited hot
electrons from the Al NPs spontaneously transfer to the
conduction band of SiC, thus significantly increasing the
photocurrent of the devices.

The device performance was further evaluated by determin-
ing the figure of merit parameters for PDs such as responsivity
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(R) and specific detectivity (D*). The R and D* can be
calculated by the following formulas

R = 5 _ Iow — 14
B Byt ()
D*=Rx A/ (2ely) (3)

where I;, and I4 represent the photocurrent and dark current
of fabricated PDs, respectively. P, is the optical power in
watts. e is the free electron charge and A represents the
effective illuminated area. The I, is about three orders of
magnitude higher than Iy for any PDs (Iph - I ~ Iph);
therefore, the responsivity depends linearly on .

Figure 4c shows that the responsivity of devices with both 3
pum MH and Al NPs is significantly enhanced in the
wavelength range from 230 to 350 nm. The device has a
peak responsivity of 63 mA/W at 270 nm under S V bias,
which is a 600% increase compared to devices only with MH.
The responsivity is greatly enhanced with the incorporation of
Al NPs. In addition, the external quantum efficiency (i) is
defined by the ratio of the photocurrent to the incident photon
flux. The devices with both 3 ym MH and Al NPs have a
quantum efficiency of up to nearly 30%.

Besides, the ability of devices to detect weak signal is usually
represented by specific detectivity. The specific detectivity of
the four MSM PDs biased at S V is shown in Figure 4d. The
devices with both 3 yum MH and Al NPs indicate the best
detection performance; it can be seen from eq 3 that the D* is
closely related to the responsivity and dark current of the
devices. The fabricated SiO, passivation layer effectively
suppresses the leakage current, and the Al NPs enhance the
responsivity of the devices. The highest D* of devices with
both 3 gm MH and Al NPs is 4.0 X 10" Jones at 270 nm,
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Table 1. Summary of Performance Parameters of SiC MSM PDs

materials I (A) R (A/W) D* (Jones) T, (ms) Ty (ms) references

Al NPs/4H-SiC 5.0x 107" 0.063 4.0 x 107 1.9 x 107 22 %107 this work
Al NPs/4H-SiC 2.1 x 107" 0.165 2.3 x 10" 24
4H-SiC MSM 4.5x 1078 0.094 7.8 X 107 29
4H-SiC MSM 2.4 x 107 0.07 3.35 x 10° 30
4H-SiC MSM 5.6 x 107 0.0001 8.18 X 107 28 456 31

which is nearly an order of magnitude higher than that of (a) uvoff ov

devices only with 3 ym MH. This is mainly attributed to the

combination of the MH structure and Al NP plasmon. On the O, =116V

one hand, the incident light on the MH structure causes

diffraction of the incident light, increases the internal optical ;/@

path, and enhances the absorption efficiency. On the other 7////

hand, the plasmon effect of Al NPs further increases the / Jsic

-Ol

scattering absorption of the incident light and causes local field
enhancement. This indicates that the fabricated devices have a
high ability to characterize the normalized signal-to-noise
performance.

Figure § indicates the temporal photoresponse of MSM PDs
with MH alone and with both MH and Al NPs. The light with
a wavelength of 266 nm is excited by using a picosecond
pulsed laser, with a pulse width of 10 ps and a recurrence
frequency at 1 X 10° Hz. Then, a Keithley 2410 sourcemeter
and an oscilloscope (Tektronix MSO44) were used to measure
the voltage transient response of the PDs. The rise time and
decay time are defined at 10—90 and 90—10% of the value,
respectively. As shown in Figure Sa,b, the rise/decay time of 3
um MH and Al NPs in MH MSM PDs can be estimated to be
2.1 ns/2.4 ns and 2.1 ns/2.5 ns at § V, respectively. When the
test voltage is increased to 10 V, there is also no significant
difference in the rise/decay time, as shown in Figure Sc,d. The
devices with both MH and Al NPs have a temporal response
on the order of nanoseconds, which is expected to respond to
the high-speed UV signals in real time. The response time
refers to the time it takes for the light to be incident onto a
device to generate a photocurrent in an electron—hole pair.
The response time is usually affected by the diffusion time of
the carriers, the crossing time of the carriers, etc. The reasons
for the high response speed include two main points: first, the
device with a 10 um finger spacing can be completely depleted
in the horizontal. Therefore, carriers are collected by the
electrode through drift rather than diffused, which results in a
higher response speed; second, 4H-SiC has a shorter minority
carrier lifetime (hundreds of nanoseconds) compared with
other materials, which leads to a higher response speed. Under
different bias conditions, the temporal photoresponse of MSM
PDs with both MH and Al NPs is delayed compared with that
of devices with MH alone, mainly due to the delay effect on
incident photons generated by the Al NP excited plasmon
resonance. Table 1 summarizes the performance parameters
for MSM PDs. Compared with other reported studies, the
fabricated 4H-SiC MSM PDs have a lower dark current and
higher detection sensitivity and higher response speed.

In terms of the interaction of incident UV photons with NPs
and energy band theory, the mechanism associated with the
responsivity enhancement of UV PDs by plasmonic NPs is
further explored. As shown in Figure 6a, under the condition of
without UV illumination and bias, the surface plasmon
resonance of Al NPs cannot be excited. Since the metal
electrodes are all Ti/Au, the Schottky barrier with a height of
about 1.11 eV is formed.>> As shown in Figure 6b, under UV
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Figure 6. (a) Schematic of the energy band diagrams of the 4H-SiC
MSM PDs with Al NPs. (b) The charge-transfer process between 4H-
SiC and Al NPs at 5 V.

illumination and the applied bias conditions, a Schottky
contact should be formed between Al NPs and 4H-SiC
because the work function of Al is higher than the n-type 4H-
SiC, which results in a localized depletion region between the
4H-SiC surface and Al NPs. Therefore, incident photons,
especially those with a wavelength of less than 380 nm, can be
better absorbed and separated into electrons and holes under
the action of the localized depletion region. The photo-
generated electrons are rapidly swept away by the electric field,
while the holes remain self-trapped in the depletion region,”
reducing the Schottky barrier height, which is now about 1.07
eV. Hot electrons with a much higher energy than the carriers
near the Fermi energy by the excited surface plasmon in Al
NPs under UV light irradiation thereby overcome the barrier
height to reach the plasma band and spontaneously transfer to
the conduction band of SiC. Moreover, the incident UV light
irradiation and Al NP excitation of LSPR can not only increase
light absorption but also accelerate the separation of
photogenerated carriers more effectively, resulting in a
significant increase in photocurrent.’”* On the contrary, for
the devices without Al NPs, more free electrons and holes are
likely to be recombined by surface defects due to the lack of
the Schottky junction depletion region, resulting in a decrease
of responsivity. Therefore, the photocurrent of fabricated 4H-
SiC PDs with plasmonic NPs can be largely enhanced.

B CONCLUSIONS

In summary, we have demonstrated Al-localized surface
plasmon-enhanced 4H-SiC MSM UV PDs with regulable
MH arrays. Devices with both MH and Al NPs exhibit a peak
responsivity of 63 mA/W at 270 nm under a 5 V bias,
representing a 600% increase compared to devices with MH
alone. The highest D* is 4.0 X 10" Jones at 270 nm, which is
nearly an order of magnitude higher than devices without Al
NPs. Meanwhile, compared with other plasmonic-enhanced
PDs, the 4H-SiC MSM PDs with MH and Al NPs enabled a
lower dark current and a high temporal response on the order
of nanoseconds. The MH and plasmonic-enhanced 4H-SiC-
based UV PDs reported here may provide a low-cost and
efficient method to achieve excellent PD performance.
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