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SiC as a typical wide bandgap semiconductor has exhibited potential application in alpha particle detectors.
However, due to the comparatively high annealing temperature required for traditional fabrication technique of
ohmic electrode, it is easy to excite impurities in the SiC epilayer, which act as scattering centers result in the
declined device performance. In present work, a graphene layer is inserted between metal ohmic electrode and
SiC. The graphene promotes the formation of carbon compounds and thus decreases ohmic contact resistance.
Meanwhile, due to the Fermi level adjustable of graphene by external bias, the barrier of interface at graphene
insert layer is enlarged at reverse bias. The built-in field accelerates the separation of photo-generated electron-
hole pairs. As a result, the graphene inserted device annealed at 400 °C achieved a 3.9%@-40 V energy reso-
lution, and the device even without annealing achieved a 4.4%@-40 V energy resolution for 2*°Pu alpha source,
which are both better than that of traditional device without graphene layer annealed at 880 °C (6% @-40 V). The
detailed mechanism has been discussed and suggested. Present work provides an effective strategy to improve
device performance.

1. Introduction

SiC based high resolution semiconductor ionizing radiation detectors
have recently attracted great attention due to its unique properties such
as high strength, corrosion resistance, chemical inertness, high thermal
conductivity, and low thermal expansion coefficient, which makes it an
appealing candidate for using in high-temperature and high radiation
conditions under which conventional semiconductor detectors cannot
adequately perform [1,2]. In particular, SiC epitaxial layer Schottky
barrier diodes (SBDs) have established themselves as alpha particle
detectors with high-energy resolution [3-5]. Apart from charged parti-
cle detection, SiC has been reported to be highly sensitive to ion beam
and soft X-ray, and high energy resolution to gamma ray [6-12].

While defect-free high purity single crystals or epitaxial layers are

crucial for SiC radiation detectors with high resolution and high sensi-
tivity, it is still a bottleneck to acquire high quality SiC with carrier
density lower than 1 x 10'* em™ till now. In addition, high quality
ohmic and Schottky contacts are both required to use SiC in semi-
conductor devices under harsh environments [13-16]. A typical SiC-
based detector has a structure of a SBD on the top and a ohmic con-
tact on the bottom as shown in Fig. 1(a) [17]. Due to band alignment, a
volume depleted of carriers is created at the semiconductor side of the
SBD junction, making the device very sensitive to the presence of
electron-hole pairs generated upon illumination with above band-gap
light or upon exposure to ionizing radiation. The device is operated
under reverse bias, which increases the potential drop across the semi-
conductor and increases the depletion width. To limit the required
operation voltage, the doping level of the substrate is usually two orders
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of magnitude higher than that of the epilayer. Detailed specifications of
SiC SBD detectors have been reported elsewhere by several authors
using n-n"+ structures [18-21].

While Schottky contact and interface between electrode and SiC have
been investigated in previous work [22-24], the bottom ohmic contact
with low contact resistance is also crucial for efficient signal output. One
issue should be addressed is the effect of post-annealing of ohmic elec-
trode on device performance. The temperature of post-annealing is
generally higher than 800 °C, which is necessary because the formation
of the metal carbide compound during the high temperature annealing
results in the low contact resistance [25-27]. However, due to the
comparatively high annealing temperature, it is possible to excite im-
purities in the doped epilayer [28], resulting in the scattering of elec-
trical signal and lowering efficiency of charge collection and energy
resolution [29]. For the formation mechanism of ohmic contact between
SiC and metal, numerous studies have shown that the graphite transition
layer with high carrier concentration and narrow band gap was formed
at the metal contact interface, which can reduce the contact barrier
[30,31]. For example, the ohmic contact between Ni and n-SiC could be
formed after annealing between 900 and 1000 °C [32,33], and M. Said
[34] et al. confirmed that a graphite transition layer is formed between
Ni and SiC by Raman spectroscopy and X-ray diffraction.

To our best knowledge, post-annealing is still necessary for electrode
fabrication till now and there is no alternatively effective method has
been reported. Graphene, which structure is two-dimensional sheet of
carbon atoms packed in a hexagonal honeycomb lattice, has attracted
great attention because of the excellent properties: Dirac Fermions, the
extremely high carrier mobility up to 200,000 cm? V™! s, large spe-
cific surface area of 2630 m? g~!, Young’s modulus of 1.0 TPa, high
thermal conductivity of 5300 W - m . k! [35-37]. According to the
aforementioned discussion, the advantages of graphene can be used to
fabricate high performance SiC radiation detector as the graphite tran-
sition layer to optimize ohmic contact. In present work, to improve
device performance, a graphene inserted device structure is designed as
shown in Fig. 1(b). The graphene film grown on copper foil was trans-
ferred to SiC substrate before Ti/Al electrode deposition. For compari-
son, detectors with and without graphene insertion layer have been
fabricated, and the device performances were evaluated.
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2. Experiment
2.1. Detector fabrication

In this study, a SiC radiation detector with a 5 x 10 mm? area was
fabricated. An image of the device is shown in Fig. 1(c). An illustration of
the detector’s structure is presented in Fig. 1(b). A 15 pm epitaxial SiC
layer with a n-type doping density of 3.5 x 10'* cm ™ was deposited on
an n-doped SiC substrate. A 1 pm buffer layer with a doping density of 1
x 108 cm™ was used between the epitaxial layer and substrate. The
epitaxial SiC layer was the alpha particle absorption layer, and the n-
doped SiC substrate was used as a conductive layer connected to an
ohmic electrode. A 500 nm SiO, dielectric layer was deposited between
the Schottky electrode and SiC epitaxial layer. The Schottky electrode is
made using Ni/Au metal layer with each layer 30 nm thick and annealed
at 400 °C. Here the annealing temperature has been selected according
to the experiments as shown in Fig. S1, Supporting information.

The point of present work is to optimize ohmic electrode with gra-
phene layer insertion. Therefore, four devices with different ohmic
electrode conditions were fabricated (the surface morphology of Ti/Al/
Ti/Au layer with different ohmic electrode conditions are shown in
Fig. S2, 1) traditional ohmic electrode without graphene insertion,
which is Ti/Al/Ti/Au metal layer with each layer 30 nm thick and
annealed at 880 °C; (2) graphene inserted ohmic electrode between SiC
and metal without annealing; (3) graphene inserted ohmic electrode
annealed at 400 °C; (4) graphene inserted ohmic electrode annealed at
880 °C. The graphene grown on copper foil was transferred on the back
of n-SiC substrate before Ti/Al electrode deposition, and the detailed
transfer process is shown in Section 2.2.

2.2. Graphene transfer

The graphene transfer process is shown in Fig. 2(a). The graphene
film is grown on copper foil using chemical vapor deposition (CVD)
method, using methane as carbon source and the hydrogen as protective
gas. The polymethyl methacrylate (PMMA) is coated on the top surface
of graphene as a protective layer. The copper foil was removed as fol-
lows: 1) the PMMA/graphene/Cu/graphene has been wiped off the
graphene on another side using oxygen plasma to obtain PMMA/gra-
phene/Cu. 2) the PMMA/graphene/Cu was put on the surface of
hydrogen peroxide/hydrochloric acid mixed solution firstly, and then
potassium peroxodisulfate solution to remove copper foil. After all the
copper has been removed, the PMMA/graphene was transferred onto the

T

Fig. 1. (a) A schematic diagram of SiC Schottky barrier diode for radiation detection. (b) Illustration of the device’s structure. (c) An image of the SiC radia-

tion detector.
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Fig. 2. (a) llustration of graphene transfer process. (b) AFM image of graphene which has been transferred on SiC. (c) Raman spectra of transferred graphene on SiC.

SiC substrate back surface. At last the PMMA is dissolved by acetone,
thus the graphene transfer process is finished.

2.3. Detector characterization

The device was integrated onto a printed circuit board (PCB) board.
The Ohmic electrode was directly connected to the center metal pad
using silver glue. The Schottky electrode was connected to a side metal
pad using an Al wire. A Keithley system was used to measure the device’s
dark current. Reverse bias was applied to the Schottky electrode. An
atomic force microscope (AFM) and scanning electron microscope
(SEM) was used to obtain the information of surface morphology. A
charge sensitive preamplifier, Gaussian shaping amplifier and a multi-
channel analyzer were used to characterize the device’s alpha particle
detection performance. Because radiation detection is defined as a series
of discrete events, the charge amplifier was used as the primary ampli-
fication region. The detection signals were low-resistance current pulse
signals, and the pulse width was no more than a few ns. For the pre-
amplifier, we used a charge-sensitive shaping amplifier that mainly used
the feedback capacitance to integrate the input current pulse signals.
The output signal was a step signal, while the charge amplifier had a ns
rise time signal. Due to the preamplifier’s low noise, the signal’s elec-
tronic noise interference in the system bypass was further reduced. 2*°Pu
(Eq = 5156.59 keV) and 241Am (E = 5485.6 keV) sources were used to
provide «a particle irradiation.

3. Results and discussion

Fig. 2(a) is the transfer process of graphene from copper foil to SiC.
Preparation of high quality graphene is crucial to promote of the

application of graphene. The main preparation methods of graphene
include mechanical exfoliation method, CVD method, reduction of
graphene oxide, and organic synthesis method [38-41]. Among them,
CVD method could realize graphene preparation of large-scale and high
quality. In present, we use CVD method to acquire high quality graphene
on copper foil, and transfer it to the surface of SiC with the post transfer
procedures as shown in Fig. 2(a). The surface morphology of graphene
transferred to SiC is investigated by AFM and shown Fig. 2(b). The
continuous film of graphene with numerous wrinkles could be
confirmed, and the wrinkles are originated from transfer process. There
is no obviously observable damage through AFM image and SEM image
as shown in Fig. S3, indicating the excellent property of transferred
graphene. Fig. 2(c) is Raman spectra of graphene SiC. According to
previous reports, the characteristic D, G and 2D bands of graphene are
located around 1345, 1585 and 2696 cm’l, respectively [42]. The D
peak is a defect peak. The G and 2D peak are two characteristic peaks of
graphene, which can be used to estimate the layer number of graphene.
In Fig. 2(c), there is no D band peak could be observed, indicating the
excellent quality of transferred graphene. The G peak is submerged in
the peak of SiC as marked by red rectangle. The thickness of graphene is
~0.68 nm as shown in Fig. S4. However, it should be noticed that
several white particles exist on the surface of graphene as shown in Fig. 2
(b), Fig. S1 and S5, which is the residual of PMMA and is inevitable due
to transfer process. These PMMA particles are most of the shape of ball
and the size of them is about 150-400 nm.

The device performances are firstly evaluated by I-V measurement
under forward and reverse bias, respectively, which are shown in Fig. 3.
Under forward bias as shown in Fig. 3(a), the graphene inserted device
without annealing showed the smallest dark current, which is smaller
than that of traditional device without graphene layer. The
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Fig. 3. (a) I-V curves of the devices with and without graphene under different annealing temperatures under forward bias. (b) The working mechanism of device
under forward bias. (¢) I-V curves of the devices with and without graphene under different annealing temperatures under reverse bias. (d) The working mechanism

of device under reverse bias.

corresponding mechanism is shown in Fig. 3(b). As the Fermi level
adjustable property of graphene [43-45], the ohmic electrode inject
electrons under forward bias condition. As previous studies
[25-27,30,31], the formation of the graphite transition layer and carbon
compounds at the metal contact interface can reduce the contact barrier.
For graphene inserted device without annealing, the barrier height be-
tween SiC and metal is not enough effectively adjusted due to the defi-
ciency of high temperature treatment. Therefore, the larger ohmic
contact resistance induced the smallest dark current. Due to the inser-
tion of graphene layer, the formation of the graphite transition layer and
carbon compounds is easier at 880 °C, which also destroyed the struc-
ture of graphene as shown in Fig. S5. As shown Fig. 3(a), it is clear that
the forward dark current is increased with the increasing annealing
temperature. The 880 °C annealed graphene device shows the largest
current. According to the above discussion and results, the ohmic con-
tact resistance is decreased with the increasing annealing temperature
under forward voltage.

However, it is different behavior under reverse voltage. As shown in
Fig. 3(c), the dark current of the graphene inserted device without
annealing is 2 to 3 orders of magnitude lower than that of the traditional
device. Since the device is designed to work under reverse bias, the
result indicates that the graphene electrode could effectively decrease
dark current and thus the device performance is expected to be
improved. Under the reverse bias, the ohmic electrode injects holes to
graphene, and makes graphene to be p-doped type. As shown in Fig. 3
(d), the two interfaces of SiC/graphene and graphene/metal should be
considered respectively. The built-in field formed between graphene and
SiC accelerates the electrons transfer from SiC to graphene, promoting
the separation of electron-hole pairs. For graphene/metal interface, the
barrier formed between graphene and metal under this configuration
would inhibit the transfer of electron, and thus the dark current is
decreased, which is desired since the device works under reverse bias.

The result indicates both the dark currents of the two graphene inserted
devices (without annealing and annealed at 400 °C) can be stabilized
below 2 x 107'° An under 0-80 V bias. For the 880 °C annealed gra-
phene device, the dark current could be maintained below 2 x 10-10 An
under 0-60 V. With the further increase in bias to —80 V, the dark
current increases sharply to 1.6 x 10-9 A, which is because that the
damaged parts of graphene provide current tunneling channels,
inducing the increased leakage current.
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Fig. 4. Pulse height spectra under « irradiation measured in the four detectors
at a — 40 V bias voltage. The main peak is due to 2*°Pu radiation and the other
peak is corresponding to 2*'Am.
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The detection ability of these detectors was evaluated using o par-
ticle radiation detection as shown in Fig. 4, and corresponding param-
eters of the four devices are shown in Table 1. For all four devices, two
peaks could be detected. The main peak is due to 2>°Pu radiation (E, =
5156.59 keV) and the other peak is corresponding to 2'Am (E, =
5485.6 keV). The peak signals are related to the radiation energy, which
was recorded as the channel number by a multichannel analyzer. As
shown in Fig. 4, the peak channel number of conventional device is less
than those of graphene electrode devices. The peak position of the
conventional device is reduced by ~150 channels compared with the
graphene inserted device without annealing. For devices with graphene
electrode, the channel number of peaks decreases with the increasing
annealing temperature. Since the number of channels in the multi-
channel analyzer corresponds to the signal voltage, the more channels,
the greater the signal voltage. The larger signal voltage indicates the
better charge collection ability of device. Therefore, the graphene
electrode can effectively improve the charge collection efficiency. After
annealing, the crystallization quality of graphene decreases, and the
higher the annealing temperature, the worse the crystallization quality.
Therefore, the charge collection efficiency decreases and the peak po-
sition moves to the low channel number. The peak position of annealing
at 400 °C moves only 16 channels, which indicates that annealing at
400 °C has little effect on the crystallization quality of graphene. It
agrees with the results of SEM characterization in Fig. S5. The device
annealed at 400 °C achieved the best energy resolution 3.9%@-40 V
among the four devices. The traditional metal electrode without gra-
phene has no built-in electric field, and its charge collection efficiency is
lower than that of any devices with graphene. Therefore, the peak po-
sition is lower than that of any graphene electrode devices. The dark
current results indicate that the traditional devices showed high dark
current and low charge collection efficiency, so the energy resolution is
poor.

4. Conclusion

In summary, a graphene layer is inserted between metal electrode
and SiC to optimize ohmic contact of device in present work. The per-
formances of alpha particle detectors based on graphene electrodes with
and without post-annealing have been investigated. We have shown that
the graphene inserted electrode can effectively improve the charge
collection efficiency. Under working state, a strong built-in electric field
would be formed between graphene and SiC and promotes carrier sep-
aration upon radiation. The device annealed at 400 °C achieved the best
energy resolution 3.9%@-40 V, and the device even without annealing
achieved a 4.4% @-40 V energy resolution. They are both better than
that of device without graphene layer annealed at 880 °C (6%@-40 V).
Present work provides an effective strategy to improve device
performance.
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Table 1

Corresponding parameters of the four devices.
Detector@-40 No 400 °C 880 °C Without
\4 annealed annealed annealed G
Peak@>*°Pu 2434 2418 2382 2280
FWHM 106 94 108 136
FWHM% 4.4% 3.9% 4.5% 6%
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