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Highly Sensitive Photoelectric Detection and Imaging
Enhanced by the Pyro-Phototronic Effect Based on a
Photoinduced Dynamic Schottky Effect in 4H-SiC

Yueming Zhang, Yi-Chi Wang, Longfei Wang, Laipan Zhu,

Silicon carbide (SiC), one of the third-generation semiconductor mate-

rials with excellent electrical and optoelectronic properties, is ideal for

high light-sensing performance. Here, a self-powered SiC ultraviolet (UV)
photodetector (PD) is constructed with wider applicability and higher com-
mercialization potential. The great performance of the PD is realized by a
remarkable photoinduced dynamic Schottky effect derived from the symbi-
otic modulation of Schottky and Ohmic contact. Using the pyro-phototronic
effect that exists in the N-doped 4H-SiC single crystal PDs, a fast pyroelec-
tric response time of 0.27 s is achieved, which is almost ten times shorter
than that obtained from the steady-state signal under UV illumination.

The maximal transient photoresponsivity reaches 9.12 nA mW~", which is
=~20% higher than the conventional photoelectric signal. Moreover, different
regions of the 4H-SiC centimeter-scale chip output distinct signals under
UV illumination, demonstrating efficient optical imaging and information
transmission capabilities of this device. This work not only reveals the fun-
damental optoelectronic physics lying in this vital third-generation semicon-
ductor, but also sheds light on its potential photosensing applications for

and Zhong Lin Wang*

1. Introduction

As a third-generation semiconductor, sil-
icon carbide (SiC) has become a strategic
material for power electronics because of
its high efficiency,!!! high electron satura-
tion drift speed,”l and excellent thermal
conductivity and stability® for photo-
electric detection.” Although various SiC-
based photodetectors (PDs) exist,’) most
of them have certain limitations, including
complex fabrication process, prohibitive
cost, structural complexity, and single
function for just light intensity sensing. It
would be much desired if more efficient
and diverse information transmission can
be achieved in such SiC PDs.[! Moreover,
ordinary planar PDs always require an
external power supply. The breakthrough
of self-powered supply by utilizing the
properties of the semiconductor itself pro-

large-scale commercialization.
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vides a new approach for its independent

and sustainable operation. In this way,

the photoelectric detector could be driven
by the signal itself rather than external power sources or tra-
ditional batteries,”! not only simplifying the circuit design but
also ensuring the sustainable and stable use of the device in
practice.

A single device with multifunction is often desired and based
on multiple working mechanisms to cooperate at the same
time. In the preparation of semiconductor devices, combining
semiconductors with certain materials to form Ohmic con-
tact, Schottky contact, or heterojunction is the most common
method,® which helps to change its internal band structure to
achieve different functions. However, most of the current works
are in the pursuit of the ultimate Schottky contact or perfect
Ohmic contact, ignoring the intermediate states between them.
Generally, the pure Schottky contact and perfect Ohmic con-
tact usually require complex preparation procedures, especially
combining semiconductor and metal to form a perfect Ohmic
contact.’! Usually, a good Ohmic contact is realized by intro-
ducing a heavily doped layer or more elements to improve the
electrical conductivity on the surface of the Semiconductor.l¥!
Such a complicated preparation process is time-consuming
and expensive which limits its applicability. Furthermore, the
pyro-phototronic effect proposed as a born effect in many non-
centrosymmetric semiconductors is used to enhance the per-
formance of photoelectric detection,™ which should also exist
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in SiC with a hexagonal crystal structure.’) While there have
been few demonstrations to confirm this so far, which could be
attributed to the relatively weak asymmetry in pure SiC single
crystals.

In this work, a high-performance PD with potential light
mapping and information transition applications based on an
n-type N-doped 4H-SiC single crystal chip was fabricated. A
notable photoinduced dynamic Schottky effect in the 4H-SiC
chip was discovered, which is employed to realize a multifunc-
tional photoelectric sensing. The structure of the 4H-SiC PDs
sandwiched between the two reverse “Schottky + Ohmic con-
tact” barriers formed with the elargol (Ag colloid) ensures that
both electrodes are in a synergistic state of Ohmic and Schottky
modulation, which enables almost tenfold improvement in
responsivity compared to that under Ohmic modulation alone.
Meanwhile, N-doping can further destroy the symmetry of
crystal structure, so that the pyro-phototronic effect becomes
non-ignorable, which is conducive to greatly optimizing the
response speed and signal strength of the PDs.'¥l The 4H-SiC
PDs are sensitive to the lightspot coordinate, making the cen-
timeter-scale devices a good candidate for efficient positioning
and imaging of the UV light trajectory, so as to achieve possible
encrypted transmission of invisible light information.

2. Results and Discussions

2.1. Structure and Basic Performance Characterization

There are four different connection modes between 4H-SiC
wafer and electrodes, which are single “Schottky contact”,
single “Ohmic contact’, “Schottky + Ohmic contact” on the
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same surface, and “Schottky + Ohmic contact” on different
surfaces, respectively (as shown in Figure 1a). Among them,
Schottky contact is to connect the electrode with the smooth
surface of 4H-SiC, Ohmic contact is to connect the electrode
with the cross section cut by laser, while the combination of the
two kinds of connection is to connect the electrode half part
to the surface and half part to the cross section cut by laser.
Scanning electron microscopy (SEM) images of diamond-knife
cutting and laser cutting 4H-SiC cross sections are shown in
Figure 1b,c. Obviously, the cross section without laser treatment
is smooth and flat but becomes rough surface after laser treat-
ment. Meanwhile, transmission electron microscopy (TEM)
diffraction patterns in the lower insets of Figure 1b,c indicates
the 4H-SiC crystal structure changed from a well-ordered peri-
odic arrangement to a disordered arrangement after laser treat-
ment, representing the transition from the standard single
crystal structure to polycrystal structure within the cross sec-
tion, which can be also confirmed by TEM images at different
magnifications as shown in Figure Sla,b, Supporting Informa-
tion." The microstructure was also verified by taking the X-ray
diffraction (XRD) pattern (shown in Figure 1d) from the hori-
zontally placed smooth 4H-SiC surface (shown in Figure Slc,
Supporting Information), and all the characteristic peaks in
XRD pattern were in good agreement with the crystal structure
of 4H-SiC (the XRD pattern contains not only the characteristic
peaks of single crystal SiC but also the polycrystalline character-
istic peaks of SiC powder derived from the edge after the laser
cutting).™ The Raman spectra corresponding to the diamond-
knife cutting and laser cutting 4H-SiC cross sections were
also collected (Figure lef, respectively). All sharp character-
istic peaks are found in the diamond-knife cut 4H-SiC sample
(Figure le) but some of them disappear in laser cut sample
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Figure 1. Structure and characterization of the self-powered 4H-SiC PD. a) A schematic of the four electrode connection modes of the 4H-SiC photo-
detector. b,c) SEM images of diamond-knife-cut and laser-cut cross-sections of 4H-SiC, upper insets: corresponding schematics of cutting methods,
lower insets: corresponding TEM diffraction patterns. d) XRD pattern of the 4H-SiC. e,f) Raman spectra of the cross-sections under diamond-knife

and laser cutting methods, respectively.
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Figure 2. Basic electrical performance of the self-powered 4H-SiC PDs. a) |-V curve of a sample with Schottky contact. b) Photoelectric responses of the
Schottky contact sample. c) -V curve of a sample with Ohmic contact, insets: magnified view of the step curve at the origin. d) Photoelectric responses
of the Ohmic contact sample. e) I-V curve of a sample with “Schottky + Ohmic” contact. f) Photoelectric responses of the “Schottky + Ohmic” contact
sample. Inset: response signal amplification and response time extraction under the power density of 23.44 mW cm~2.

(Figure 1f). The broadened and asymmetric peaks in Figure 1f
indicate that the structure of 4H-SiC undergone laser cutting
deviates from the intrinsic standard due to the change of chem-
ical bonds, which is consistent with the literature and the SEM
and TEM characterization results above.l®l Moreover, UV-vis
spectrum and photoluminescence (PL) spectra (as shown in
Figure Slef, Supporting Information) were used to estimate
the actual band gap width (=3.2 eV) and the absorption of wave-
lengths of light (<350 nm) so that the best matching detection
range can be found to ensure the detection efficiency.!"!

Basic electrical characteristics of the 4H-SiC PDs with three
different connection modes were shown in Figure 2. The -V
characteristic curve of the 4H-SiC with pure “Schottky contact”
is shown in Figure 2a, both the upper and lower parts of the
curve show typical rectifying characteristics in opposite direc-
tions, indicating that this electrode connection mode forms two
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reversed Schottky contacts.'® This means that although this
connection mode forms a large internal driving force for car-
riers, it will form a high energy potential barrier, resulting in
a blocked carrier transmission, a disconnected circuit, and dif-
ficult signal outputs, which is also reflected in the weak photo-
electric responsivity at different light power intensities of a
325 nm laser with a diameter of the laser spot of =1 mm (it
can be further focused) as shown in Figure 2b (all of the fol-
lowing photoelectric response tests mentioned herein were per-
formed at zero bias voltage). As for the relative pure “Ohmic
contact”, the I-V curve in Figure 2c shows good linear corre-
lation that conforms to Ohm’s law, except for the step curve
changed at the origin of coordinates, indicating that there exists
an emergence of electron tunneling phenomenon.!'”! However,
such weak signal intensity is not conducive to the detection
of the photoelectric signal, as shown in Figure 2d. In general,
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Schottky contact tends to create a built-in electric field between
materials, which provides a driving force for the external elec-
trons transportation to ensure the smooth current flow in cir-
cuits.l?! While the relatively simple “Ohmic contact” will lack
the driving force as aforesaid due to less built-in electric field,
making the carriers difficult to be transported and collected, so
that a high responsivity photodetection will be hardly obtained.
To solve this problem, combining the two connection modes
(“Schottky + Ohmic contact” as shown in Figure 2e) is a good
way to support both the strong driving force and the smooth
current transport in the circuit, whose trend of the curve is
in the middle state of the two connection modes mentioned
above. Due to the support of powerful driving force provided
by “Schottky contact”, the signal output connected by “Schottky
+ Ohmic contact” can be improved almost 10 times better than
“Ohmic contact” alone (as shown in Figure 2f), thus realizing
the optimization in responsivity and efficiency of the PDs.

2.2. Basic Performance of the Self-Powered 4H-SiC PDs

The whole region photoelectric detection was carried out for
samples with “Schottky + Ohmic contact” under two kinds of
electrode connection (a3: electrodes on the same side, a4: elec-
trodes on the top and bottom sides as shown in Figure 1a). When
the electrodes are distributed on both sides, the laser beam
starts from the vicinity of the positive electrode and illuminates
different positions of the 4H-SiC wafer with a step distance of
1 mm. Each illuminated position will generate a signal, and a
10 x 10 data array is obtained by collecting the corresponding
data of different positions (as shown in Figure S2, Supporting
Information). The summary of data points on the corre-
sponding diagonal are plotted in Figure 3a (the diagonal data
extraction path is shown as the upper left insets of Figure 3a).
The data demonstrates that when the laser beam moves from
the positive electrode to the negative one, the signal decreases
gradually from the positive to zero and then increases gradually
in a reversed direction, and the whole 4H-SiC chip conforms
to this trend not only from left to right but also from top to
bottom as the detailed data shown in Figure S2a, Supporting
Information. It is worth noting that when the positive and
negative electrodes are located on the upper- and lower-sides of
the chip, the peak patterns of the reversed signal are different
from that of the positive ones due to the pyro-phototronic effect
(magnified reverse signal peaks are shown as the upper right
insets of Figure 3a,c, respectively).'"™2] When the laser irra-
diates, there exists a rapid response and sharp signal peak in
the rising edge of the output positive signal. However, when
the signal is reversed, the sharp signal peak at the moment of
illumination is replaced by a slowly changing circular peak (all
of the corresponding performances expounded below are from
samples with “Schottky + Ohmic contact”, which are realized
by controlling the contact area with different parts of the chip
as elaborated in the experimental section). To clarify the reason
for the difference in signal peak patterns, the components of
the output signal were decomposed, and the possible factors
were also studied. The output signal is composed of two parts,
one is provided by the pyro-phototronic effect (I,), and the
other is provided by ordinary photocurrent (Iye)-** When
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the laser irradiates on the wafer, the energy carried by the laser
will be transferred to the chip with heat instantaneously, the
temperature of the area that close to the light source will rise
rapidly until higher than the other side, so there will be a crystal
tensile along the c-axis caused by a certain degree of inflation
due to the principle of heat bilging and cold shrinking. Then,
the symmetry of materials will be break, thus polarized charges
with opposite electrical properties will generate on the upper
and lower surfaces because of the noncentral symmetry after
laser illumination.?3 As the crystal inflation due to a transient
laser illumination, the effective centers of positive and nega-
tive charges will be separated from their overlapping original
positions to that of what is known as polarized charges. In the
transient process, this part of the positive and negative polar-
ized charges will be staggered in opposite directions along the
c-axis, inducing a current known as an Iy, which can also be
measured in the external circuit to form a current in the same
direction as the internal electric field (shown as Figure 3b).4
Therefore, Lo from photoexcited electron transitions acqui-
sition will be canceled out when I, is in the opposite direc-
tion, which explains why the spike disappears when the signal
is picked up in the opposite direction.

As for the electrodes laid on the same side, the performance
of the 4H-SiC self-powered PD in the whole region and the
summary of corresponding data points on the diagonal are
shown in Figure 3c (the diagonal data extraction path is shown
as the upper left insets of Figure 3c) and Figure S3a, Supporting
Information, respectively. The pattern of signal change is gen-
erally the same as that of the sample with the electrodes on dif-
ferent sides as described above. The only difference is the peak
pattern of the negative signals. According to the schematic dia-
gram shown in Figure 3d, the I, will remain in the direction
up in the 4H-SiC chip, which will lead to an I, collected in the
same direction as I, in the external electric circuit when the
electrodes are on the same side, so the two signals would rein-
force each other rather than cancel out. Then, such sharp and
quick response peaks can be detected again just like the for-
ward signal collection. To the best of our knowledge, this is the
first demonstration that a pyro-phototronic effect rests in the
N-doped 4H-SiC single crystal. By using the pyro-phototronic
effect, a fast pyroelectric response time of 0.27 s is achieved,
which is almost ten times shorter than that obtained from the
steady-state signal (=2.68 s) under UV illumination. And a max-
imal transient photoresponsivity of 9.12 nA mW (the respon-
sivity extracted when the laser is irradiated near the electrode
at a power density of 25 mW) is unveiled with an enhance-
ment of =20% relative to the ordinary photoelectric signal
(=76 nA mW). The test results show regular changes in the
row and column, respectively, it is easy to determine the illumi-
nation position by data value only in the same row or column,
which is of great interest for photoelectric detection and stable
light source positioning. But when both rows and columns
are taken into consideration or the whole area is detected at
the same time, the data values will be repeated, which makes
it difficult to clarify the exact illumination area. Noticeably, the
direction of current collection will affect the result of signal
outputs as abovementioned, hence changing of electrode posi-
tions will also produce disparate signals in the same area due
to different directions of signal collection, thus providing a new

© 2022 Wiley-VCH GmbH
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Figure 3. Performance of the self-powered 4H-SiC PD. a) Diagonal data extraction of the whole region photoelectric response of “Schottky + Ohmic”
contact with electrodes on different surfaces. Insets: diagonal data extraction path (left), magnified reverse signal peak (right). b) Schematic diagram
of the pyro-phototronic effect on the output signal caused by polarized charges generated on different surfaces under illumination. c) Diagonal data
extraction of the whole region photoelectric response of “Schottky + Ohmic” contact with electrodes on the same surface. Insets: diagonal data extrac-
tion path (left), magnified reverse signal peak (right). d) Schematic diagram of the pyro-phototronic effect on the output signal caused by polarized
charges generated on the same surface. e) The current intensity diagram of the whole region produced by the two groups of electrodes with different
distribution modes. f) Schematic diagram of stability tests at different temperatures and atmospheres.

idea to solve the problem of data duplication. As expected, the
full-area response performances of the two electrode distribu-
tion modes both changed when the original “upper left + lower
right” electrode combination is replaced by “upper right +
lower left” as shown in Figures S2b,3b, Supporting Informa-
tion, respectively. Based on these findings, the four electrodes
can be divided into “upper left + lower right” and “upper right +
lower left” two groups, then connected to two sets of signal
receiver separately. The same location of the chip will generate
two different signals, and the two different data values corre-
sponding to the same position can be combined to form the
coordinate to represent this irradiated position, that is, the data
points corresponding to the same position in Figure S2a,b, Sup-
porting Information are combined, as well as the data points
corresponding to the same position in Figure S3a,b, Supporting
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Information are combined. The response diagram after combi-
nation is shown in Figure 3e (el and e2: electrodes on upper
and lower surfaces; e3 and e4: electrodes on the same surface),
where el and e3 correspond to the “upper left + lower right”
combination, e2 and e4 correspond to the “upper right + lower
left” combination. The response law of electrodes on the same
surface or both surfaces is basically consistent, and the arrange-
ment and combination of the two groups of electrodes at dif-
ferent positions on the same chip can get rid of data repetition
and realize unique positioning of light irradiation. Additionally,
to ensure the stable use of the device in practice, it is necessary
to test the stability in different environments. The output cur-
rents of samples under different temperatures, atmospheres,
and acid-base simulation environments are tested (Figure 3f
and Figure S4, Supporting Information). The current versus

© 2022 Wiley-VCH GmbH
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power intensity plots exhibit negligible deviation in response
to different environments, showing good stability of the device.
Such results support the newly proposed device to be used in
practical applications.

2.3. Applications of the Self-Powered 4H-SiC PDs

Through the study of the basic photoelectric response of the
4H-SiC wafer, it is found that different connection modes and
structural design will cause extraordinary differences, and the
ingenious arrangement and combination of the results will be
of great significance in practical applications. As the unique
signal combination will be generated when the laser irradi-
ates on different positions of the chip, it is easy to locate and
track the incident laser, especially to overcome the disadvan-
tage of high energy ultraviolet light without visible trace in
moving process. For example, when a laser moves in a zigzag
pattern on a chip, two sets of electrodes should be separately
connected to two series of signal receivers at first, and then the
irradiated areas on the chip will generate responding electrical
signals by turn. The first set of data values will be generated
as the electrodes connected in the way shown in the insets of
Figure 4a, and the second set of data values will be generated
as the electrodes connected in the way shown in the insets of
Figure 4c. As two sets of data points acquired, the full-area data
representation diagram obtained under the two electrode com-
bination modes will realize the effects as shown in Figure 4b,d,
respectively (the imaging pictures shown in Figure 4b,d can be
obtained by coupling the two groups of data from the two sets
of electrodes under different combination modes, which cannot
be obtained by single Group 1 or 2). It means that the path of
laser movement can be easily obtained by comparing the two
sets of electrical signals collected from the 4H-SiC chip with the
data map of the whole region measured in front, thus achieving
both positioning and imaging functions at the same time.

As a result, more applications can be exploited based on this
performance as shown in Figure 4e, including precise light-path
adjustment for dedicated optical instruments and encrypted
information transmission. In the process of adjusting the path
with laser emitting invisible light, it is difficult to provide ref-
erence for the accurate adjustment of incidence and azimuth
angles because of the undetermined light spot position. How-
ever, if the photodetector chip is added in the path, the spot
position and moving path will become visible to guide the
direction adjusting thus improves working efficiency. Besides,
except for the basic laser writing imaging, it also reveals great
potential in the field of information communication, especially
the encryption communication, due to fast signal conversion
rather than complex multi-channel information processing.!’!
Both the conventional acoustic wave and electromagnetic wave
are easily intercepted during the process of information trans-
mission, while the application of this self-powered 4H-SiC PD
can provide a new design idea for encryption transmission to a
certain extent. Because light wave possesses high propagation
flexibility and invisible light itself is difficult to be found and
captured, which provides a good environment for signal encryp-
tion. In addition, the information of the signal generated on the
surface of the chip can be customized. The whole detector can
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generate different signals, which can be endowed with a variety
of practical meanings. At the same time, the encryption mode
can be updated flexibly by changing the position and combina-
tion of electrodes. Even if the light wave can be captured, the
actual meaning of the light wave cannot be cracked, which
provides a powerful guarantee for the secret transmission of
information. Moreover, the lightweight and simple structure
with flexible size and self-powered characteristics within the
chip brings more advantages for the practical applications,
supporting the device to possess more possibilities for a wider
application in many scenarios.

2.4. Working Mechanism of the Self-Powered 4H-SiC PDs

The excellent performance and application potentials demon-
strated above are attributed to a photoinduced dynamic Schottky
effect within the heterostructure formed by the single crystal
4H-SiC and the metal electrodes. Photoinduced dynamic Schottky
effect is a dynamic reversible process in which the Schottky bar-
rier formed between metal and semiconductor materials will
be changed under a light illumination and return to its orig-
inal state with the removal of illumination. This photoinduced
dynamic Schottky effect enables a high responsivity self-powered
photoelectric detection of conventional third-generation semi-
conductor 4H-SiC with the simplest fabrication process and the
most lightweight structure design. The effect is achieved by sand-
wiching a 4H-SiC wafer between two reversed Schottky barriers
that fused with Ohmic contacts, using the potential difference
brought by light-induced band structure elevation and built-in
electric field constructed by Schottky contact,?*! which provides a
driving force for the electrons flow. In addition, the advantage of
small resistance brought by Ohmic contact would largely weaken
the obstruction of electrons in the circulation process, so that the
responsivity could be enhanced almost tenfold. Meanwhile, this
effect is based on the interaction of distinct types of heterojunc-
tions formed when the semiconductor contacts with the metal,
so the energy band theory is needed to clarify the working mech-
anism involved in the operation of the device. In the process of
photoinduced dynamic Schottky effect, it is inevitable to bring
the difference of heights of the two Schottky barriers, which is
caused by the unbalanced scattering energy generated by illumi-
nation at different chip positions, as shown in Figure 5al. As the
light gets closer to the one electrode, the Schottky barrier formed
on the closer electrode side will be greatly raised and higher
than that on the other electrode side, which will determine the
strength and direction of the final electric current, as shown in
Figure 5a2. As shown in Figure 5a3, when there is no light exci-
tation, there will be no photoinduced carriers in the energy band
and hence no photocurrent.”’l When the chip with “Schottky +
Ohmic contact” is irradiated by a 325 nm laser, the band struc-
ture formed at the irradiated end will increase with the elevation
of the metal and 4H-SiC work functions excited by light,2%! while
the band structure will return to the initial state again after the
light off. For example, when laser irradiates on the side near the
positive electrode, where 4H-SiC wafer and metal electrode con-
nected under the “Schottky + Ohmic contact” mode, the band
structure near the positive side will be deflected upward, and
then the Schottky barrier will be raised and higher than the band

© 2022 Wiley-VCH GmbH
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Figure 4. Applications of the self-powered 4H-SiC PD. a) The photoelectric response generated by the combination of upper left and lower right elec-
trodes during application. Insets: Electrode position distribution corresponding to Group 1 (left), and the moving path of illumination (right). b) A
mapping image of the optical path formed by laser movement under electrode combination Group 1. c) The photoelectric response generated by the
combination of upper right and lower left electrodes during application. Insets: Electrode position distribution corresponding to Group 2 (left), and
the moving path of illumination (right). d) A mapping image of the optical path formed by laser movement under electrode combination Group 2.

e) A Schematic of operation and application scenario of the device.

structure near the negative side. Thus, the photo-excited elec-
trons are driven to transport between the two counterbalanced
Schottky barriers. The same is true when the light is near the
negative electrode, except that the electrons move in the oppo-
site direction as shown in Figure 5a3. However, with the similar
structure and principle, the other two modes electrode connec-
tion (pure “Schottky contact” and main “Ohmic contact”) cannot
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achieve the same effect, the reason behind it is worth for in-depth
analysis. In a mode where the metal electrodes are connected to
the 4H-SiC wafer surface in pure “Schottky contact”, forming
strong Schottky contact between the two materials, a strong
built-in electric field will be formed at the contact interface.?®!
Although it can provide a greater driving force for the movement
of photoinduced electrons other than the energy brought by the

© 2022 Wiley-VCH GmbH
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Figure 5. Working mechanism of the self-powered 4H-SiC PD. a) Energy band variation of “Schottky + Ohmic” contact under different illumination
conditions. al) Diagram of laser scattering in SiC crystal; a2) schematic diagram of energy band change after illumination; a3) schematic diagram of
energy band changes corresponding to illumination at different positions. b—d) The energy band changes of the self-powered 4H-SiC PD and equivalent
schematics under Schottky contact (b), Ohmic contact (c), and “Schottky + Ohmic” contact (d), respectively.

band elevation, it would also be a hindrance because of the built-
in electric fields in the opposite direction on both sides, that is,
electrons consume a lot of energy in the process of transmission
caused by the reversed wide barrier. It is a big chance that there
is not enough driving force to ensure the photoinduced electrons
jumping over the high and wide left barrier and then recombine
with the trapped holes in the left of the valence band to com-
plete the circuit circulation, as shown in Figure 5b. Equivalent
circuit diagram is shown in the illustrations of Figure 5b, pow-
erful built-in electric field generated by the Schottky contact
on the electron movement direction can be regarded as strong
driving power, and the one in the opposite direction is just like a
huge resistance of the motion of the electrons. In the process of
electron transport, the energy provided by the extra lifted energy
band is far from enough to ensure the electrons jumping over
the left Schottky barrier. In a sense, the circuit can be considered
as disconnected in this case.

When the metal is connected only to the laser-cut 4H-SiC
cross section, the connection is formed mainly by Ohmic con-
tact. In this kind of device fabrication, a large number of sur-
face states will be introduced into the cutting surface of the
semiconductor due to the instant release of high energy and
heat during the laser cutting process, whose effect is similar
to the complex process of heavy doping treatment.l?! In this
case, it shows obvious features of the Ohmic contact, repre-
senting no large built-in electric field on the border within
the material, which also means no strong driving force and
no big reverse obstacles as shown in Figure 5c. Electrons can
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shuttle at the interface, and even accompanied by electron
tunneling occurrence due to the narrow barrier, which is also
confirmed by the previous -V curve in Figure 2c. According
to the circuit diagram, it can be found that even if the bar-
rier is negligible, the weak driving force will only result in a
tiny photoelectric current. A similar effect can also be veri-
fied in monocrystal silicon (Si). Compared with the n-type
N-doped 4H-SiC, there is a lack of strong light scattering
within Si single crystal, which is difficult to form an asym-
metric Schottcky barriers. Therefore, response signals can
only be generated near the edge of the electrodes when the
photoinduced dynamic Schottky effect occurs, as shown in
Figure S5a, Supporting Information. In the region away from
the electrodes, the optoelectronic signal output cannot be
completed due to the lack of unbalanced Schottky barriers and
hence leading to a weak driving force of carriers, which will
result in poor responsivity and low efficiency of the Si single
crystal PD, as shown in Figure S5b,c, Supporting Informa-
tion. Consequently, the photoinduced dynamic Schottky effect
inside 4H-SiC is demonstrated to be much more sensitive to
the illumination of UV light, and more favorable internal con-
ditions for photoexcited electron transport.

If the two connection modes mentioned above can be skill-
fully combined and the effect can be controlled in the middle
state of Ohmic and Schottky modulation, the disadvantages of
each other could be overcome, which has not only sufficient
driving force but also little barrier to ensure the electrons flu-
ently flowing and transporting in the whole current pathway

© 2022 Wiley-VCH GmbH
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as shown in Figure 5d. The realization of this connection state
requires the metal electrodes to satisfy Schottky contact with
the 4H-SiC wafer surface and Ohmic contact with the laser-
treated cross-section simultaneously, and the proportion of dif-
ferent connection modes can be regulated by the contact area,
as shown in Figure 5d. In this state, whether the electrodes are
in the same plane or both on the upper and lower surfaces will
not affect the great increase in signal output. When the illu-
mination is near the positive electrode, the band of this side
will be raised and the photoexcited electrons will flow along the
direction from high to low, forming a closed loop. On the other
hand, when light near the negative electrode, the band of the
side near the negative electrode will be raised again, while the
band of the positive side will turn back to the initial state, lower
than the band near the negative side. Then, the electrons will
transport in the same way from high to low. The current flows
reversely and form a closed loop opposite to the front direc-
tion, which also explains the phenomenon that why the output
signal will be reversed as the change of light spot positions.
This mechanism is also applicable to other semiconductor
structures with different depths of potential barrier formed
within the material, and the limited area with photoelectric
effect will be different to some extent based on the number of
freely moving electrons and the strength of the junction.

3. Conclusions

Based on the n-type N-doped 4H-SiC single crystal, high-per-
formance self-powered UV PDs with great application prospect
were fabricated using a photoinduced dynamic Schottky effect
and the pyro-phototronic effect within the 4H-SiC wafer. Above
all, a co-modulation of Schottky and Ohmic contacts via delicate
position designs of Ag electrodes after a laser-cutting treatment
of the 4H-SiC chip is employed to realize the PDs. Moreover, the
pyro-phototronic effect induced by instantaneous UV illumina-
tion is demonstrated in the N-doped 4H-SiC, which brings great
enhancement of both response speed (increased to ten times)
and the maximal transient photoresponsivity (increased by 20%)
compared to the steady-state photoelectric signal. Under UV
illumination, the balance of the two co-modulated Schottky bar-
riers is broken dynamically with the light horizontally moving in
the two-dimensional plane parallel to the centimeter-scale chip,
resulting in a distinct current corresponding to different light
spot position. Based on this mechanism, a self-powered UV PD
is demonstrated with simply fabrication processes and is believed
to possess high potential in positioning and encrypted informa-
tion transmission applications. In addition, the working mecha-
nisms of the photoinduced dynamic Schottky effect elaborated
for “Schottky + Ohmic contact” involved in the device are of great
significance to the development of both basic physics and prac-
tical applications in this vital third-generation semiconductor.

4. Experimental Section

Device Fabrication: The commercially available 4H-SiC crystal chips
grown by physical vapor transport (PVT) method with a nitrogen
doping level of >10'® cm™ and 350 + 10 um in thickness (purchased
from Helios New Materials Ltd.) were first cut into the expected size
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with a laser cutting machine. Thin copper wires were then connected
to the chips to make electrodes using silver glue, which can be dried
at room temperature and dispersed in an alcohol solution. A Schottky
contact will be formed if the copper wire is only connected to the upper
or lower surface, and an Ohmic contact will be formed if the copper
wire is only connected to laser-cutting cross sections of the wafer.
Therefore, a “Schottky + Ohmic contact” was formed when copper wires
were simultaneously connected to both the surface and cross sections
of the chip. The area covered by electrodes at different positions on
the chip will determine the strength of different contact effects, which
can be adjusted by flexible masks with different sizes and can also be
estimated by measuring the resistance. In this work, the electrodes were
respectively distributed near the diagonal vertex of the chip (as shown
in Figure S6a, Supporting Information), but the electrode positions can
be arbitrarily distributed according to the actual needs, and the distance
between the electrodes was also not fixed.

Characterization: The microstructure and morphology of samples
were characterized using a field emission scanning electron microscope
(SU8020, Japan). The diffraction patterns and atomic arrangements
were characterized by a transmission electron microscope (Tecnai
G20, USA). The photoluminescence (PL) and Raman spectra were
acquired using the spectrometer (LabRAM HR Evolution, France) with
an inflammation laser (Raman: wavelength 532 nm, PL: wavelength
325 nm). Transmission spectra were acquired by an ultraviolet-visible
spectrophotometer (UV-3600, Japan). The samples were baked with
silver electrode at room temperature for 30 min to test the electrical
properties. The X-ray diffraction patterns of the samples were recorded
with an X-ray diffractometer (XRD, XPert3 Powder, The Netherlands).
The optical input stimuli were provided by a He-Cd dual-color laser
(wavelength 325 nm, Model No. IK3501R-G, Kimmon Koha Co, Ltd,
Japan). A continuously variable filter was used to control the light
power density, which was measured with a thermopile powermeter. |-V
characteristics of the device were measured and recorded with a self-
developed, computer-controlled measurement system with Stanford SRS
Low-noise current preamplifier (SR560)/precision point measurement
system (DS345) in connection with a data collector (BNC-2120) as
shown in Figure S6b, Supporting Information.

Statistical Analysis: All structural characterization data and electrical
performance data were exhibited without the use of transformation,
standardization, evaluation of outliers, or other pre-processing means.
Due to inevitable systematic errors, the thickness test of the sample may
have an error value in the range of 10 um, and the data was presented
as 350 £ 10 um. Under the seven testing environments as shown in
Figure 3f, each extraction of the response irradiated by the laser at the
same position with different power densities was the average result of
five separately samplings (n = 5), and the detailed testing information
is given in the legends. The response signals obtained under different
illumination intensity and the response at different positions of the chip
were both the results of five periodic samplings.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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