Downloaded via SAITAMA UNIV on August 16, 2018 at 01:10:38 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

o On ICS @ Cite This: ACS Photonics 2018, 5, 3159-3165

Room Temperature Electrical Control of Single Photon Sources at
4H-SiC Surface

Shin-ichiro Sato,* " Tomoya Honda,"* Takahiro Makino,” Yasuto Hijikata,_“t Sang-Yun Lee,’

and Takeshi Ohshima’

TQuantum Beam Science Research Directorate, National Institutes for Quantum and Radiological Science and Technology, Takasaki,
Gunma 370-1292, Japan

*Graduate School of Science and Engineering, Saitama University, Saitama, 338-8570 Japan

SCenter for Quantum Information, Korea Institute of Science and Technology, Seoul, 02792, Republic of Korea

ABSTRACT: Single photon source (SPS) providing nonclassical
light states on demand is one of the key technologies for the
application of quantum communication and optical quantum
computer. In this paper, room temperature electrical control of
single photon emission from defects at 4H-SiC surface is presented.
Planar-type 4H-SiC p'nn* diodes are fabricated and defects that act
as SPS are formed on the surface of n-type epilayer by field
oxidation process. The photon emission properties of SPSs are =
investigated using a home-built confocal microscopy. Results show 4H-SIC n-epi Time (5)

that the electroluminescence (EL) intensity of SPS can be

controlled by minority carrier injection of forward bias voltages, while the photoluminescence (PL) intensity of SPS can be
controlled by reverse bias voltages. No significant variations due to applied bias voltages are observed in the EL and PL spectra,
indicating the defect structure and charge state are unchanged. The PL intensity modulation by switching a reverse bias voltage is
also demonstrated.
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Reliable and efficient single photon sources (SPSs) ultrabright and fully polarized SPSs (surface SPS) have been

providing nonclassical light states on demand are of found in the vicinity of SiC surface under oxide, and photon
great importance in the fields of quantum computation, emissions from the surface SPS were optically and electrically
communication, and metrology.' ™ Single photon emission driven at room temperature.”*”*° The structure of the surface
has been observed from a variety of quantum emitters includin SPS, however, has not been identified, and thus, the formation
semiconductor quantum dots,”~ molecules,” atoms,”'” jons,’ mechanism has not been clarified yet. Lorhmann et al
and color centers in wide-bandgap semiconductors. Within demonstrated for the first time that photon emission intensity
these systems, color centers in wide-bandgap semiconductors of the defect in a 4H-SiC pn diode could be modulated by
have especially attracted attention because of their stable changing forward bias voltage, that is, electroluminescence

luminescence at room temperature (RT) and the potential of (EL). In this method, not only the target defect, but also the
installation into electric devices. One of the most outstanding other defects, like the D1 centers” > show strong photon

.. L 12
SPSs is nitrogen-vacancy (NV) center in diamond ~ and the emissions and this causes the reduction of signal-to-noise ratio
electrical excitation at RT of NV° (neutrally charged NV) has of SPS

13,14 o
l;een dgrgonsc;ratled. ol Hc;)\./vever,sptshere are hmgatlons 0? Another method to electrically control SPSs is to apply an
lamond-based electrically driven s at present because o external electric field to the SPS by means of a reverse bias

immature fabrication processes of diamond devices. .
Optically active defects that behave as SPS, other than NV voltages o.f diode and to Acha‘nge t.he charge state Of. S.PS’
resulting in the change in intensity of photon emission

centers in diamond, have been explored,"” and silicon carbide
’ *P ’ (photoluminescence: PL).** In this paper, we demonstrate

SiC) i f th isi terials t li tum-
(SIC) is one of the promising materials to realize quantum the electrical control of PL intensity of the surface SPS in 4H-

based devices including electrically driven SPS.'*'7 SiC is a C diode by usi bi | 1 as the electrical
wide-bandgap semiconductor being the most technologically $iC diode by using reverse bias voltages as well as the electrica
control of EL intensity by using forward bias voltages. The

relevant given the ability to grow epitaxially high quality bulk ; X s
single crystal and films. It is currently commercially available in possible mechanism of these properties is discussed based on
the defect structure that has been proposed.

up to 6 in. wafers and the device engineering technologies are
well developed. Recently, several SPSs have been reported in
SiC: silicon vacancy (V;),"* ™" divacancy (VVy;),”"* carbon Received: March 23, 2018
antisite-carbon vacancy pair (CgVc),” and so on. Also, Published: May 23, 2018
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B SAMPLE FABRICATION AND CHARACTERIZATION

A schematic drawing of diodes used in this study is shown in
Figure la. Planar type p'nn* diodes were fabricated on an n-

(a)

Color Center
Cathode \

100 um

n* (120 nm) p* (170 nm)

n-epi layer (25 pm)

Substrate

(b) 10°
10*
§ with 1.0 mW laser
= 6| , N ]
g 107r 5 20 70 060
=
|©}
10° |
10-10

-10
Voltage (V)

1 L 1 L
-30 -20

Figure 1. (a) Schematic drawing of planar-type 4H-SiC diode used in
this study and (b) the IV characteristics under dark conditions (black)
and with 532 nm, 1.0 mW laser illumination (red) at room

temperature. The ordinate is the absolute value of current. The inset
depicts the same data with linear ordinate.

type 4H-SiC epitaxial layer with a donor concentration of 4.7 X
10" cm ™3, which was grown on an n-type 4H-SiC substrate (Si
face, 4° off). Phosphorus and aluminum ion implantations at a
temperature of 800 °C, followed by thermal annealing at 1800
°C for 10 min in an argon atmosphere were performed to form
the n*- and p*-type contact regions. The donor and the
acceptor concentrations were 2.0 X 10 cm™ and 5.0 X 10"
cm™>, respectively. A field oxide layer was subsequently formed
on the surface by pyrogenic oxidation (H,/O, = 1:1) at the
temperature of 1100 °C. The thickness of oxide layer was
estimated to be 41 nm. Aluminum electrodes were formed on
the n*- and p*-type contact regions. The p*- and n*-contact
regions were designed to be 10 ym wider than Al electrodes in
order to avoid misalignment of electrodes during the
lithography process. Current—voltage (IV) characteristics of
the diode are shown in Figure 1b. The ordinate of Figure 1b
shows the absolute value of current. The IV characteristics
under 532 nm laser illumination at 1.0 mW are also illustrated
(the detail is explained later). The inset of Figure 1b shows the
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same data with linear ordinate and the negative sign of current
indicates reverse direction from the p'n junction.

SPSs in the diode, which are formed during the sample
fabrication, were investigated by the home-built confocal
microscopy (CFM). The diode was connected to the source
and measurement unit (Keysight B2911A) to apply bias
voltages during the CFM measurement. Luminescence from
the SPSs in the diode was collected with a 0.95 N.A. objective
lens (OLIMPUS MPLAPONS0x) and detected by Si avalanche
photodiodes (APDs, LASER COMPONENTS Count-100C).
Two APDs were installed in the CFM and antibunched photon
emission was confirmed by Hanbury-Brown and Twiss (HBT)
interferometry.”’ A 647 nm long pass filter was placed in front
of the APDs. Luminescence spectra of SPSs were investigated
by an imaging spectrometer (HORIBA iHR320 and Synapse
CCD) installed in the CFM. A 561 nm long pass filter was
placed in front of the spectrometer.

When a forward bias voltage is applied to the diode, SPSs in
the diode emit photons due to carrier injection (EL). No laser
excitation was used for the detection of SPSs while forward bias
voltages were applied. EL spectra with different bias voltages
and the second-order correlation function of SPSs were
investigated. On the other hand, a 532 nm laser was used for
excitation of surface SPSs (PL) when a reverse bias voltage is
applied. The reverse bias voltage was varied and photon
emission intensity of SPSs was investigated. All measurements
were performed at room temperature (RT).

B RESULTS

We first performed wide range CFM scans to observe the
whole n-region of diode with different forward bias voltages
(EL-CFM). No excitation laser was used when the forward bias
voltages were applied. EL intensities for all over the region
increased with increasing forward bias voltage. Figure 2a shows
EL intensity maps of a region near the p'n junction with
different forward bias voltages (5.0, 7.5, and 10.0 V). The
results clearly showed that the EL intensity of the n-region near
p'n junction drastically increased with increasing forward bias
voltage. This is because when minority carriers are injected into
the n-region by applying a forward bias voltage, injected carriers
are trapped and radiatively recombine in color centers.”> An
electron in the ground state of color center is also excited by
energy-transfer from nonradiative recombination of carriers and
emit photons when the electron is de-excited to the ground
state. A color center named “X”, which is encircled by a black
dashed line in Figure 2a showed strong luminescence, and the
EL intensity increased with increasing forward bias voltage,
although the EL spectra did not change as shown in Figure 2b.
Figure 2c¢ shows the second-order autocorrelation function
g (7) of the color center X at 7.5 V measured by the HBT
interferometry. The ex;)erimental data were plotted after
background correction.”” In this measurement, p = S/S + B
was 0.70, where S and B were the signal and the background
photon counts, respectively. The value of ¢(7 = 0) was found
to be below 0.5, indicating this color center has single-photon
emission characteristics. The antibunching characteristics was
not significantly changed due to applied forward bias voltage.
Therefore, we conclude from these results that the increase in
EL intensity by applied forward bias voltage is attributable to
the increase in photon emission intensity of the SPS and
electrical control of photon emission from the SPS is
successfully demonstrated. The sharp bunching shoulder
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Figure 2. (a) EL-CFM maps with different forward bias voltages. White dashed lines show the boundary between the epi-region (n-region) and the
p*-region. (b) EL spectra of a color center “X” in (a) with different bias voltages. (c) Measurement of the second-order autocorrelation function of
the color center “X” at 7.5 V. The uncorrelated background was corrected and the value of g®(0) is shown.
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Figure 3. (a) Wide scan PL-CFM map of the diode with 532 nm laser excitation at 1.0 mW. (b) Focused PL-CFM maps without reverse bias voltage
(left) and with —30 V (right). The color centers Y and S that, respectively, responded and did not respond to the applied bias voltage are encircled
by dashed lines. (c) PL spectra of the color centers Y and S and the background. The strong peaks at around 580 nm are the second order Raman
shift. (d) Measurement of the second-order autocorrelation function of the color center Y at 0.5 mW. The uncorrelated background was corrected
and the experimental value of g(z)(O) is shown in the figure. The fitting curve by eq 1 is also drawn.

appeared in Figure 2c can be potentially explained by the fast
intersystem crossing from and to an intermediate state.

A wide range CFM scan under 532 nm laser excitation at an
intensity of 1.0 mW was performed (PL-CEM). The result is
shown in Figure 3a. The n’, n, and p* regions, as well as the
electrodes, are clearly distinguished, and many bright spots are
found in all regions. The overall luminescence intensities in the
n' region were higher than those in the other regions. This is
because the implantation dose of n* region was 4X higher than
that of p* region, and the larger amount of D1 centers still
remained even after the thermal annealing at 1800 °C, meaning
that the D1 centers were thermally quite stable. On the other
hand, ion implantation did not contribute to the formation of
color centers in the vicinity of the SiC surface. The D1 centers,
one of the popular color centers whose spectral range is 450—
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650 nm at room temperature, show strong EL.*? Although the
origin of the DI center is still open to discussion, several
models have been proposed, including the bound-exciton-like
center’””® and the antisite pair (SicCg).”” The luminescence
from D1 centers was regarded as background photon counts,
although the color centers were clearly found in any of p*, n,
and n* regions.

About 100 color centers in the n region were investigated in
terms of the photon emission intensity change due to reverse
bias voltage, and as a result, two SPSs (i.e., roughly 2% of color
centers) that photon emission intensities responded to reverse
bias voltage were found. One of these two SPSs was found at
the distance of 1.3 um from the boundary of the p* region,
which is shown as the black open square in Figure 3a, and the
other was found at the distance of 1.6 ym from the boundary of
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n' region (not shown). Hereinafter, the former and latter
centers are called as the color centers Y and Z, respectively.
Focused CFM scans with different reverse bias voltages are
shown in Figure 3b. The intensity of the color center Y clearly
increased due to the reverse bias voltage of —30 V, whereas no
significant change of the intensity appeared in a color center
encircled by the blue dashed line in Figure 3b (color center S).
PL spectra of the color centers Y and S are shown in Figure 3c.
A strong peak at around 580 nm, which appeared in all the data,
is the second order Raman shift,”* and a small peak at around
600 nm is thought to be an artifact that often appears probably
due to the stray light in the measurement setup. As evidence, it
shows up in the background spectrum as well. The color center
Y shows the broad spectrum of the peak is about 630 nm. The
broad PL spectrum originates from the phonon sideband of
color center Y and the zero phonon line was not clearly
observed at room temperature. The intensity of color center Y
simply rose by 11% without change in the spectrum when the
reverse bias voltage of —30 V was applied. The color center S
also shows the broad spectrum of the peak is about 670 nm,
which is longer than the color center Y. The second-order
autocorrelation function of the color center Y was measured,
and the result is shown in Figure 3d. The value of p = S/S + B
was 0.68 in this measurement. The value of g?(z = 0) was
found to be below 0.5, indicating the color center showed
single-photon emission characteristics. We conclude from these
results that the increase in PL intensity of Y by applied reverse
bias voltage was attributable to the increase in photon emission
from the SPS. Assuming the three level system, the
antibunching characteristics can be explained by the double
exponential function:

F)=1-(1+ a)-exp(—i) + a'exp(—l]

gl ! (1)
where 7 is the delay time. The values of @, 7}, and 7, are fitting
parameters relating to the nonradiative decays and transitions
via the metastable state, the transition between ground and
excited state, and the behavior of the metastable state,
respectively.”” The experimental data was well fitted by eq 1,
and the obtained values of @, 7;, and 7, were 3.4, 3.2, and 6.4 ns,
respectively. On the other hand, the antibunching character-
istics of EL, shown in Figure 2c, were not well fitted by eq 1.
This fact is in agreement with the previous literature®* and
suggests that the EL mechanism of surface SPS cannot be
simply explained by the three level system and another energy
level is involved. However, the PL spectra of color centers Y
and S are analogous to the EL spectra of color centers,
including X, indicating that these color centers originate from
the same types of defects.”* The difference in wavelength range
among these surface SPSs is thought to reflect the difference in
lattice strains near the surface SPSs which was introduced by
the surface oxidation. The lattice strain affects the energy level
of surface SPSs. It should be noted, the result that roughly 2%
of color centers responded to reverse bias voltage significantly
underestimate the actual situation. Since spatially large and
strong luminescence spots found in the wide range CFM scan
(see Figure 3a) are thought to be composed of multiple color
centers, it would be difficult to find the color center that
responds to bias voltages in these spots. In addition, color
centers that weakly respond to bias voltages might be
overlooked.
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In order to demonstrate the electrical control of color
centers, we measured the photon count variation of Y by
switching the reverse bias voltage. The reverse bias voltage was
set to —30 V, and the switching period was S s. The result is
shown in Figure 4a. The color center Y obviously followed the
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Figure 4. (a) Photon count variations of the color center Y by
switching the applied bias voltage. ON and OFF in the figure denote
the applied bias voltages were 0 and —30 V, respectively. (b) Increased
photon counts of the color center Z with increasing applied reverse
bias voltage (averaged values for S s). The error bars denote the
estimated standard deviations. Lines in (a) and (b) are drawn to guide
the eye.

switching and increased the photon counts from 126 to 140
keps when the switch was ON, although the color center S kept
a constant value independent of the switching (116 keps). In
Figure 4b, the photon count variation of the color center Z by
changing the applied reverse bias voltages is shown. The
ordinate is the increased photon intensity compared to the
value without bias voltage and the data were the average values
for S s. The average photon counts clearly increased with
increasing the reverse bias voltage. Interestingly, a jump of
experimental data appeared at —25 V, and this phenomenon is
thought to be associated with the stability under external
electric fields, which is discussed later.

B DISCUSSION

We first summarize the candidate of origins of surface SPSs and
discuss the mechanism of their electrical control. Several
models have been proposed for the origin of surface SPS but no
concrete evidence has been obtained. At least primary point
defects have been excluded from the origin in previous reports,
since they cannot account for the large variance of PL spectra.”*
Lohrmann et al. revealed from polarization behavior of that two
dipole orientations appeared from the photon absorption and
emission, indicating an alignment of the defect dipoles with the
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cubsic lattice.” This reported result suggests that surface SPSs
are located very near to the SiO,/SiC interface but in the SiC
side. Also, the surface SPS might be attributable to oxygen-
related defects. In general, various extended defects such as
carrot defects, basal plane Frank-type defects, 3C inclusions,
and stacking faults have been observed in 4H-SiC epitaxial
layers.*® Also, SiO,/SiC interface contains strain because of the
lattice mismatch between SiO, and SiC. Such imperfection of
crystal near surface SPS has the potential to lead to the various
ranges of their PL spectra. Tsunemi et al. have reported that
there were two types of PL spectra of surface SPSs and the peak
wavelength widely varied.””

Here we discuss the relationship between the photon
emission intensity of surface SPSs and the applied bias voltage
based on this defect structure. What should be considered first
is the effect of depletion region expanded by reverse bias
voltages. The depletion layer of n-region near the boundary of
p" region expands by reverse bias voltage and SPSs in the
depletion region changes their charge state because the energy
level of SPS goes below the Fermi level, resulting in the change
in photon emission properties. This mechanism has been
recently demonstrated by Casas et al.”’ In the case of devices
used in this study, the depletion width was calculated from the
donor concentration of the n region (4.7 X 10" cm™) to be
2.6 ym at 0 V and 8.7 ym at —30 V. If these calculated values
were simply accepted, the color center Z located near the
boundary of n* region would not be depleted and no electric
field would be applied even at the bias of —30 V, while the color
center Y located near the boundary of p* region was depleted
without reverse bias voltage. Therefore, the results obtained in
this study cannot be accounted for in terms of the expansion of
depletion region due to reverse bias voltage only, although we
originally expected this mechanism for the electrical control of
surface SPSs.

If the color centers Y and Z were located very near the 4H-
SiC surface, the effects of 4H-SiC surface and SiO,/4H-SiC
interface should be taken into account. Interface traps in
addition to an interfacial layer are present at SiO,/4H-SiC
interface and strongly affect the band structure.”®*” Watanabe
et al. revealed from synchrotron radiation X-ray photoelectron
spectroscopy that an upward band bending of 0.10 eV appeared
at SiO,/4H-SiC interface on (0001) Si-face due to carrier
compensation of interface traps.*”*' The interface traps are
negatively charged and reduces the net donor concentration
near the 4H-SiC surface. The net donor concentration near the
interface of our devices was estimated to be 1.0 X 10" cm™
when the effective density of states in the conduction band was
325 X 10" X T3> cm™ at T = 298 K.** In this case, the space
charge region (depletion region) is thought to be formed near
the surface throughout the whole n region, since the estimated
depletion width at the surface exceeds the n region width (13.5
um). An almost uniform electric field was applied in the vicinity
of 4H-SiC surface between the p* region and the n" region and
increase with increasing applied bias voltage. Therefore, the
same intensity of electric field should be applied to both the
color centers Y and Z, suggesting the enhancement of photon
emission intensity was induced by the same mechanism. We
believe these color centers were located at a region less than
several nm from the interface, although it is difficult to estimate
the exact distance at present stage.

Next, behaviors of photoexcited carriers around the surface
SPS is discussed. When the SPS is continuously excited by 532
nm laser and emits photons, electron—hole (e-h) pairs are also
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generated within the bandgap and are observed as the
photoinduced current of the device. Although the photon
energy of 532 nm wavelength (2.33 eV) is lower than the
bandgap of 4H-SiC (3.26 V), electrons in the valence band
can be excited to the conduction band via localized defect
levels. According to the result of IV characteristics under 532
nm laser illumination, as shown in Figure 1b, the photocurrent
of 25 nA were generated at the bias voltage of —30 V. Note that
the IV measurement was performed at the CEM setup and the
condition was exactly the same with the experiment for the bias
voltage response of SPS. Assuming no carrier recombination
occurred during the diffusion process, the number of generated
e-h pairs were calculated to be 1.6 X 10'" carriers/s. Thus, the
local carrier density around the laser illuminated area was
roughly estimated to be 1.3 X 10'® cm™ by using the carrier
lifetime of 2.0 us™ and the volume of 2.5 X 107" cm?®
determined from the objective lens and the laser wavelength.
It is obvious from this approximate calculation that the (quasi)
Fermi level at around the surface SPSs during laser illumination
was unchanged by reverse bias voltages, since the laser-induced
carriers (1.3 X 10" cm™) were far higher than the net donor
concentration (1.0 X 10" cm™). We conclude therefore that
the photon emission enhancement of color centers Y and Z is
not attributable to the change in charge state, as reported for
divacancies.™

The fact of the photon emission enhancement without
changes in PL spectra suggests that the radiative transition rate
of surface SPS simply increased and/or the transition rate to
“dark states” decreased. If the origin is a defect embedded in 3C
inclusion, quantum confinement of 3C inclusion might affect
the photon emission properties of surface SPS. The growth of
multiquantum well (QW) structure of SiC which consists of
3C-SiC wells and 4H-SiC barriers has been demonstrated.”**
Since 3C inclusions of width less than 10 nm in 4H-SiC could
show the properties of QW at room temperature,** it is likely
that an electron at the excited state of surface SPS is also
photoexcited to the quantum level of 3C inclusion and this
excitation process decreases the radiative transition rate of
surface SPS. An electron at the quantum level will thermally
escape or radiatively recombine to hole in the valence band.
When an electric field is applied to QW of 3C inclusion, the
quantum confinement Stark effect*® appears, and as a result, the
red shift of quantum level and the lifetime extension of radiative
recombination occurs. These effects are a consequence of the
QW potential that reduces the exciton biding energy and
separates electrons from holes.*”** The lifetime extension (in
other words, decrease in transition rate) of QW level of 3C
inclusion drastically increase with increasing the QW width*’
and probably provides the increase in radiative transition rate of
surface SPS. Therefore, the surface SPSs which respond to
reverse bias voltages (color centers Y and Z) are likely to be
attributed to a defect embedded in a large size of 3C inclusion.
We anticipate that multiple dark states including the QW level
of 3C inclusion would affect the photon emission properties of
surface SPSs.

Finally the stability of photon emission of SPSs is discussed.
We observed a clear difference of stability between the color
centers Y and Z. “Blinking” of photon emission was observed in
the color center Z, whereas the color center Y were quite stable
for a prolonged period of time (about 2 h). The photon
emission intensity of color center Z gradually became unstable
during the measurement and eventually lost the response to
bias voltages. The reason the value of —30 V is lower than —25
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V in Figure 4(b) is thought to be due to the blinking of color
center Z. However, the photon emission intensity of color
center Z again responded to bias voltages another day,
indicating the factor(s) affecting the blinking is of reversible
nature. Additional theoretical and experimental studies are
required to clarify the mechanism of these properties as well as
the exact defect structure of surface SPS.

B SUMMARY

We fabricated the planar-type 4H-SiC p'nn® diodes and
demonstrated the electrical control of surface SPSs at RT
which were formed in the vicinity of the surface of 4H-SiC
during the device fabrication. First we demonstrated the control
of surface SPS by means of minority carrier injection by
applying forward bias voltages. The photon emission intensity
increased with increasing forward bias voltage without changes
in EL spectra. Also, we investigated the PL intensity variations
of surface SPSs induced by reverse bias voltages and found two
SPSs showed the photon emission enhancement without
changes in PL spectra.
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