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Abstract: 4H-SiC single photon counting avalanche photodiodes (SPADs) are prior devices for weak ultraviolet (UV) signal detec-
tion with the advantages of small size, low leakage current, high avalanche multiplication gain, and high quantum efficiency,
which benefit from the large bandgap energy, high carrier drift velocity and excellent physical stability of 4H-SiC semiconduct-
or material. UV detectors are widely used in many key applications, such as missile plume detection, corona discharge, UV astro-
nomy, and biological and chemical agent detection. In this paper, we will describe basic concepts and review recent results on
device design, process development, and basic characterizations of 4H-SiC avalanche photodiodes. Several promising device
structures and uniformity of avalanche multiplication are discussed, which are important for achieving high performance of 4H-

SiCUV SPADs.
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1. Introduction

High sensitivity ultraviolet (UV) detectors!- 2 are requi-
red in many critical applications, such as corona discharget,
missile plume detection®, UV astronomyl], environmental
monitoring(®], biological and chemical agent detectionl’], and
non-line-of-sight communications!® (see Fig. 1). Especially, sol-
ar radiation in the wavelength range of 240-280 nm is stron-
gly absorbed by the ozone layer. UV detectors selectively work-
ing in this wavelength band are called solar blind detectors,
which are less affected by environmental white light noise.

Until recently, photomultiplier tubes (PMTs) were the
primary devices used for weak UV detection. Traditional PMTs
and related imaging devices exhibit low dark counts and
high gain, but suffer from many intrinsic drawbacks of the va-
cuum device, including high cost, bulky size, short lifetime
and high operation voltage. Moreover, an additional filter is of-
ten required for PMTs used for UV detection. Therefore, for a
long time, there has been a great need to replace PMTs with
high performance solid-state UV detectors. Avalanche photodi-
odes (APDs) working in Geiger mode are attractive candid-
ates for weak UV detection due to their small size, high multi-
plication gain and high quantum efficiency. Si based APDs be-
nefit from advanced material and processing technologies. Al-
though Si APDs do have sensitivity in the UV wavelength re-
gion, the cutoff wavelength of Si APDs is located in the near-in-
frared band® 191, In order to use Si APDs for UV detection un-
der white light background, a very sophisticated filter has to
be applied, which, however, is not only hard to manufacture,
but also would seriously block the UV signal to be detected.
As a result, APDs based on wide bandgap materials, such as
(A)GaN and SiC, have been intensively studied in recent
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years. (Al)GaN based APDs have the advantage of a tunable
cutoff wavelength'"l. Nevertheless, although some prom-
ising results have been reported, due to a lack of proper sub-
strate and high defect density in the epi-layer, (Al)GaN based
APDs working in Geiger mode have proven difficult to
realizel'2l. Comparatively, APDs based on SiC receive more at-
tention owing to their fairly mature material growth and pro-
cessing technologies. Among many polytypes of SiC, 4H-SiC
is the most promising candidate for APD application, which
has a relatively bigger bandgap energy (£ = 3.26 eV) and oth-
er excellent physical properties. Table 1 shows a comparison
of physical properties of three SiC polytypes, along with
some other semiconductor materials for UV detectors. The
first 4H-SiC APD was reported in 1999171, which at the time ex-
hibited relatively high dark current and low gain. Benefiting
from the development of SiC material and power device tech-
nology, the first 4H-SiC single photon counting avalanche pho-
todiode (SPAD) was reported in 200518 191, The room temperat-
ure dark count rate (DCR) of the 4H-SiC SPAD is more than
one order of magnitude lower than that of GaN APD operat-
ing in Geiger mode, and its single photon detection effi-
ciency (SPDE) is determined to be 37% at 266 nm!2% and
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Fig. 1. (Color online) A schematic of various applications for UV detect-

ors.
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Table 1. Comparison of physical properties for various semiconductors!'3-161,

Parameter 4H-SiC 6H-SiC 3C-SiC GaN Si
Bandgap (eV) 3.26 3 24 3.39 1.12
Saturation electron velocity (107 cm/s) 2 2 2 25 1
Electron mobility (cm?2/(V-s)) 950 600 900 1000 1400
Hole mobility (cm2/(V:s)) 120 75 50 30 600
Dielectric constant (A) 9.7 10 9.7 8.9 11.4
Thermal conductivity (W/(cm-K)) 49 4.9 3.2 1.5 15
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Fig. 2. (Color online) Schematic of the (a) basic device structure and
(b) avalanche multiplication mechanism of a working APD.

9.6% at 325 nml2'l, More recently, a 50-pixel linear array of
4H-SiC Geiger mode APDs was reported by Li et al. with good
uniformity!22l, Its pixel exhibits high SPDE of 15.4% at 280 nm
with a corresponding DCR of 2.5 Hz/um? (DCR normalized to
the APD active photosensitive area). The development of lin-
ear arrays is important for future imaging applications of SiC
single photon counting UV APDs.

Over these years, many studies have focused on improv-
ing the performance of 4H-SiC APDs, and great progress has
been made. Various termination and device structures were
investigated to realize high efficiency SiC APDs. New character-
ization techniques were applied to study their noise and de-
gradation mechanisms. In this paper, the operation prin-
ciples, key characteristics and design methods of SiC APDs
will be reviewed and discussed.

2. Basic characteristics of SiC APDs

2.1. Principle of avalanche multiplication

Fig. 2 shows the structure and energy band diagram of a
working APD. When light enters the active layer of SiC APDs,
electron-hole pairs are generated if the photon energy is lar-
ger than the bandgap energy of SiC and the UV photon is ab-
sorbed. Under the influence of junction electrical field, elec-
trons would drift towards n* contact layer while holes would
drift towards p* contact layer. The drift velocity of photo-carri-
ers relies on electric field strength, degree of scattering as
well as acceleration distance. If the reverse voltage is high
enough, photo-carriers would gain sufficient kinetic energy
which, through collisions with the crystal lattice, would gener-
ate new electron-hole pairs. These electron-hole pairs would
be accelerated again and then create additional electron-
hole pairs in a process like a chain reaction. This process is
known as avalanche multiplication of photo-carriers.

Fig. 3 shows a typical gain-voltage curve of an APD. AP-
Ds can work in either linear mode or Geiger mode depend-
ing on the magnitude of the reverse bias applied on the APD.
The processes of impact ionization for the two operation
modes are shown in Fig. 4. Linear mode is defined as the ap-
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Fig. 3. (Color online) A schematic of gain-voltage curve of an APD work-

ing in either linear mode or Geiger mode.
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Fig. 4. The process of impact ionization in (a) linear mode and (b) Gei-
ger mode.

plied voltage slightly lower than the breakdown voltage of
the APD, in which the avalanche multiplication gain of
photo-carriers is relatively low. The linear mode gain is moder-
ate and affected by excess noise, making detection of single
photons difficult. Comparatively, Geiger mode is defined
when the applied bias is higher than the breakdown voltage,
in which the avalanche multiplication gain is very high, typic-
ally in the range of 10° to 106. In this operation mode, the junc-
tion electric field is so high that both holes and electrons
would participate in the process of impact ionization, result-
ing in a self-sustaining avalanche process. Then even a single
charge carrier injected into the multiplication layer could trig-
ger a high avalanche current, which makes ultra-weak light de-
tection and even single photon counting possible. As a res-
ult, Geiger mode APDs are also called SPADs.

Since in Geiger operation mode the avalanche multiplica-
tion process is a self-sustaining process, to realize single
photon counting, the avalanche current has to be quenched
by an external circuit, so that the APD could recover to its ori-
ginal state and is ready to detect the next incoming photon.
The function of quenching circuits is to quickly quench the
rising avalanche current by temporally reducing the applied
bias on the APD. Commonly used quenching schemes in-
clude a passive quenching circuit, active quenching circuit
and gated quenching circuit.

2.2. Key performance parameters of APDs

2.2.1. Dark count rate (DCR)
Even in the absence of light illumination, the output of a
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Fig. 5. (Color online) Area normalized DCR or DCP versus SPDE for
SiC(20,25-29] GaN[2.241 and Si APDs23],

photodiode is not zero but is disturbed by noise signals. In
the case of SPADs, the noise signals are called dark counts,
which are pulse signals in the quenching circuit induced by
leakage current or the thermal current of the APD. In addi-
tion, an after pulsing effect is another mechanism for DCR.
After pulsing is caused by a carrier trapping and detrapping ef-
fect. During avalanche multiplication, multiplied carriers can
be captured by defects in the depletion layer and released sub-
sequently. These carriers can re-trigger avalanche multiplica-
tion under high electrical field, generating new counts in the
circuit. Normally, DCR could be lowered by reducing the opera-
tion temperature or improving the crystalline quality of the
APD epi-structure.

2.2.2. Single photon detection efficiency (SPDE)

SPDE is the probability of each incident photon to be indi-
vidually detected. SPDE can be presented by the following
equation:

PCR-DCR
il

SPDE = = Fs x PAP x QE, (1)
where PCR is photon count rate of the APD under UV illumina-
tion, F; is the density of incident photons, F; is fill factor of
the APD, QE is quantum efficiency of the APD without ava-
lanche multiplication, and PAP is photon avalanche probabil-
ity, which is the probability of an excited photon-carrier to
generate an avalanche event. In Fig. 5, DCR or dark count prob-
ability (DCP) versus SPDE (normalized to an active area of 100
um in diameter) for 4H-SiC APDs are shown together with
those published results of GaN APDs and Si APDs. Nowadays
the highest SPDE approaching 50% has been obtained in silic-
on APDs with the lowest DCR of low—103 Hz at 530 nm(23], A
high SPDE of 37% with DCP of 2 x 1073 or a SPDE of 32%
with DCR of 1.5 x 10* Hz around peak response wavelength
of 280 nm has been realized in SiC APDs!20, However, for
GaN APDs, their DCP and DCR are more than one order mag-
nitude higher than those of SiC APDs around peak response
wavelength of 340 nml'2 24,

3. Key factors affecting the performance of SiC
APDs

3.1. Material defects

Since APD works under a very high electrical field, structur-
al defects in the device active layer could easily cause cata-
strophic breakdown of the APD. Meanwhile, structural de-
fects are also the cause of high DCR and low SPDE. Thus, very
high crystalline quality is required for APD fabrication. Over
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Fig. 6. (Color online) Typical scanning electron microscopy image
from SiC epitaxial layer after molten KOH etching.
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Fig. 7. (Color online) (a) I-Vand (b) DCR versus SPDE curves of four 4H-
SiC APDs. From device A to D, EPDs in device active layers increase.

the past ten years, material quality of SiC substrate and epi-
structure has seen steady improvement benefiting from the
large investment on the development of SiC power devices.

Although 6-inch conductive n-type 4H-SiC substrates
have become the mainstream of power device fabrication,
SiC epitaxial wafers still contain a variety of defects, such as
threading dislocations, basal plane dislocations, stacking
faults and point defects. Micro-pipes used to be major killer de-
fects for SiC devices, but its density has dropped to less than
1 cm~2, Therefore, currently structural defects other than mi-
cro-pipes are the major cause of defect-related premature
breakdown. It is important to map the defect distribution of
the epi-layer and establish a correlation between the defect
profile and device performance. Structural defects in SiC have
been observed by several methods, such as molten KOH etch-
ingB30-331, X-ray topography34, electron beam induced cur-
rent3%], scanning electron microscopy and transmission elec-
tron microscopy!26.. Fig. 6 shows a typical surface image of
4H-SiC epi-layer after molten KOH etching, in which thread-
ing dislocations are shown as separate etch pits. Nowadays
the etch pit density (EPD) of high quality 4H-SiC material has
reduced to 103 cm= or even lower level.

Besides leading to premature breakdown and reliability
problems, structural defects normally degrade APD perform-
ance by increasing dark current and dark counts. Fig. 7 shows
the dark current-voltage (V) characteristics and DCR versus
SPDE curves of four SiC APDs with increased EPD in device act-
ive layer from device A to device D. It is clear that device A ex-
hibits the lowest dark current, the sharpest avalanche break-
down curve and the smallest DCR at the same SPDE. In addi-
tion, the DCRs of all four devices increase at higher SPDE as
shown in Fig. 7(b). For an APD device, both DCR and SPDE
are closely related to the avalanche multiplication probabil-
ity, which increases with the rise of the junction electric field.
Thus, a higher SPDE could be obtained at higher overbias, nev-
ertheless the DCR would increase too. In order to investigate
the physical mechanisms of dark current in SiC APD, temperat-
ure dependent reverse -V characteristics can be used to de-

L L Su et al.: Recent progress of SiC UV single photon counting avalanche photodiodes



4 Journal of Semiconductors  doi: 10.1088/1674-4926/40/12/121802

p-contact

p+
p-
n*

n* substrate

o

Fig. 8. (Color online) The cross-sectional view of a SiC APD with bevel
edge termination.
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rive the activation energy of the dark current based on an
Arrhenius plot. If the activation energy is close to the band-
gap energy of SiC, the origin of the dark current is a diffu-
sion current from quasi-neutral region(3¢l, If the activation en-
ergy is close to half of the bandgap energy, the thermal cur-
rent from the depletion region should be the dominant
factor®’L If the activation energy is much less than half of the
bandgap energy, the existence of a considerable tunneling
current is impliedB38],

Similar to dark current, there are four main sources of
DCR: (a) carriers diffused from the quasi-neutral region into
the depletion region, (b) thermal carriers generated in the de-
pletion region, (c) band-to-band tunneling, (d) trap-assisted
tunneling. If DCR shows a trend of exponential increase as a
function of excess bias, the carrier tunneling mechanism is
likely the main cause of DCRB?, which is due to the exponen-
tial relationship between tunneling probability and electric
field strength. In addition, if DCR shows a weak dependence
on excess bias, a thermal current is likely the major factor of
DCR because thermal current is less dependent on depletion
width 9, Yang et al®*V studied dark count mechanisms of
4H-SiC APDs by deriving the activation energies of DCR over
a wide temperature range. It is suggested that trap-assisted
tunneling is the dominant mechanism of dark counts at tem-
peratures higher than 260 K. As the temperature decreases,
dark counts originate from a combined effect of trap-as-
sisted tunneling and band-to-band tunneling. Therefore, at cur-
rent development stage, structural defects in the SiC epi-lay-
er is still a key factor determining the room temperature
performance of SiC APDs.

3.2. Edge termination

Since APD works under very high electrical field, effect-
ive edge termination is critical for reliable operation. Mean-
while, if a strong peak electrical field exists around the device
edge, large gain non-uniformity across the device active lay-
er would degrade the APD overall performance. In past stud-
ies, a two-dimensional raster scan of the photocurrent in-
deed shows a sharp photocurrent peak around the device
mesa edge, indicating the presence of enhanced edge break-
down2,

Since the critical electrical field of 4H-SiC is as high as
3.3 MV/cm, to fabricate a SiC APD with operation voltage less
than 300 V, the multiplication layer thickness of the APD
could not exceed 1 um. This situation means that many ma-
ture termination structures used in SiC power devices cannot
be used for SiC APDs. Currently, beveled mesa edge termina-
tion is mostly used for SiC APDs, which has been verified to ef-
fectively suppress electrical field crowding effect around the
mesa edge. As shown in Fig. 8, the beveled mesa with a posit-
ive bevel angle less than 10° can be formed by dry etching fol-
lowing a photoresist reflow technique. Through increasing de-
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Fig. 9. (Color online) The simulated 2D electric field distribution of (a)
a vertical mesa SiC APD, and (b) a beveled mesa SiC APD under ava-
lanche breakdown voltage. The inset shows the 1-D electrical field pro-
file along the black line marked in the 2-D electrical field profile.

pletion width around mesa edge, the edge electrical field is
lowered, which allows bulk breakdown to precede edge break-
down™3l, Fig. 9 shows the simulated 2D internal electric field
distribution of a vertical mesa SiC APD and a beveled mesa
SiC APD under avalanche breakdown voltage, which have the
same p-i—n structures. It is clear that the strongest electric
field is located at the mesa edge for the vertical mesa APD,
while for the beveled mesa APD, the edge electric field can
be effectively reduced.

Besides beveled mesa termination, a double mesa termin-
ation is also developed for SiC APDs!*4, Its fabrication pro-
cess combines with outer mesa etching and inner mesa etch-
ing. On top of the outer mesa, the heavily doped conductive
cap layer is completely removed in order to form a region
with high lateral resistance around the device edge, by which
edge breakdown can be effectively suppressed.

3.3. Surface passivation

Surface leakage could be a large dark current compon-
ent in SiC APDs, which gradually increases at higher bias
even at low voltage range. Surface leakage is not as harmful
as bulk leakage, which does not necessarily cause dark
counts. Nevertheless, surface leakage normally links with sur-
face/interface defects, which would cause other reliability prob-
lems. Surface defects in SiC wafers have been widely ob-
served, and the activation energy is determined to be
~0.4-0.54 eV by deep level transient spectroscopy!*sl. An ab-
normal leakage current is observed by Ken et al, which is
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Fig. 10. (Color online) Cross-sectional view of SiC APDs with a com-
bined partial trench termination and deep trench isolation.
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Fig. 11. (Color online) The simulated 2-D electric field distribution of a
partial trench termination APD under avalanche breakdown voltage.
The inset shows the 1-D electrical field profile along the black line
marked in the 2-D electrical field profile.

due to the deep level traps near the p-n junction sidewall®!,
In addition, it is well-known that inductively coupled plasma
etching could create surface defects on mesa sidewall. By
growing and subsequently removing a thin sacrificial thermal
oxide layer, the anomalous leakage current caused by etch-
ing damage could be reduced. For SiC APD fabrication,
thermal oxide combined with dielectric layer deposited by
plasma enhanced chemical vapor deposition has been success-
fully developed for device passivation.

4. High performance SiC APDs development

4.1. 4H-SiC APDs with high fill factor

Until recently, to prevent edge breakdown a small-angle
beveled mesa termination structure has been widely adop-
ted in SiC APDs. In order to effectively suppress an edge peak
electrical field, a small bevel angle of less than 10° is nor-
mally required. Nevertheless, in those reported structures, the
devices are fully trench isolated with its mesa being etched
all the way down to the bottom contact layer. In this case,
the mesa sidewall would occupy a fairly large device area, res-
ulting in significantly reduced fill factor. This disadvantage
would become more serious for small diameter devices,
which are often used for imaging arrays. To overcome this
problem, SiC APDs could adopt a partial trench termination
schemel28l, As shown by the device schematic in Fig. 10, the
mesa bottom just passes the top contact layer and the multi-
plication layer is etched partially rather than entirely, result-
ing in much reduced slope region around the mesa edge. Com-
pared with the full trench termination (see Fig. 9(b)), the elec-
trical field profile of a partial trench termination is simulated
under avalanche breakdown voltage, which indicates that
the partial trench termination is equally effective to suppress
the peak electrical field around the mesa edge (see Fig. 11).
For future imaging array development, a potential drawback
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Fig. 13. (Color online) Spectral response characteristics of a 4H-SiC
APD at different bias.

of the partial trench termination is an enhanced crosstalk
probability among adjacent pixels, which can be avoided by
implementing a combined partial trench termination and
deep trench isolation scheme (Fig. 10).

Fig. 12 shows the room-temperature -V and gain-
voltage characteristics of a partial trench termination SiC APD
(~ 150 um). Its dark current remains at ~ 0.1 pA level at 95%
breakdown voltage, and a high avalanche gain of over 5 x
10° can be obtained at an overbias of 2 V. As shown in
Fig. 13, its spectral response curves peaks at ~ 285 nm with a
responsivity of 0.1517 A/W under 0 V bias, corresponding to
a maximum quantum efficiency of ~ 66%. The low-bias UV/vis-
ible (285 nm/400 nm) rejection ratio is ~ 8 x 103. As the bias in-
creases to 200 V, the peak responsivity wavelength remains
at ~ 285 nm with almost unchanged rejection ratio. Comparat-
ively, the absorption edge of GaN APDs is strongly affected
by the Frantz-Keldysh effect, which could extend to blue
band under high electrical field®’l. Fig. 14 shows a typical
room temperature DCR versus SPDE curve of the partial
trench termination SiC APD. The SPDE reaches 9.5% when
the DCR is fixed at 1 Hz/um2. Both DCR and SPDE would in-
crease at higher over-bias. The high temperature operation
capability of partial trench termination SiC APDs was character-
ized in 2014 for the first timel2? (Fig. 15). The DCR of the
device only increases by ~ 3 times from room temperature to
150 °C, while its SPDE at 280 nm with a fixed gain of 1.3 x
106 slightly drops from 6.17% to 6.0%, demonstrating the po-
tential of SiC APDs to work in high temperature environment.

Meanwhile, optimization of electrode shape is another ap-
proach to enhance SiC APD's fill factor. It is because SiC AP-
Ds are grown on a conductive SiC substrate by homo-epitaxy.
There is no “window layer” in SiC APD structure, so the
device has to work in front-illumination mode. Thus, the top
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Fig. 15. (Color online) Variation of DCR and SPDE as a function of tem-
peratures for a SiC APD.

contact layer of the APD would itself strongly absorb a us-
able UV signal but contribute little photocurrent. Thus, nor-
mally the top contact layer of SiC APDs is designed to be
quite thin. Due to the presence of lateral resistance of the
top contact layer, the junction electric field strength in the re-
gion away from the contact electrode would decrease as the
distance from the electrode increases. As a result, the impact
ionization effect in those regions is weakened, leading to
non-uniform avalanche multiplication gain across the device
mesa. Adopting a branch-shaped top-electrode is a method
to reduce the size of electrode non-covered region, which
could realize a relatively uniform junction electric field distri-
bution and then enhance fill factor. To confirm this idea,
three different top-electrode patterns with a traditional dot
electrode and four or six branch electrode (inset in Fig. 16(a))
are designed in SiC APDs by Yang et all*8l, Besides that, the
photocurrents (Fig. 16(a)) for the branch-shaped electrode
devices are two to four times higher than that of the dot elec-
trode device, the DCR and PCR (Fig. 16(b)) of the branch-
shaped electrode devices are also considerably higher. These
results support the enhanced effective fill factor by electrode
shape optimization in SiC APDs.

4.2. Recessed-window 4H-SiC APDs

Again, due to the limited conductivity of the top contact
layer, there is a contradiction in SiC APD design. If the top con-
tact layer is thick, significant portion of UV photons would be
absorbed by the top contact layer. The situation is worse for
deep UV light detection due to the reduced penetration
depth at shorter wavelength. If the top contact layer is thin,
limited conductivity of the layer would result in poor photo-
carrier collection efficiency and avalanche non-uniformity. In
addition, since ohmic metallization reaction would consume
certain thickness of SiC material, if the top contact layer is
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Fig. 16. (Color online) (a) Photocurrent of the three SiC APDs under
same illumination condition at avalanche regime. (Inset) Top-view im-
ages of the three SiC APDs, which are denoted as APD 1, 2 and 3 re-
spectively. (b) DCR-voltage and PCR-voltage characteristics of the
three SiC APDs.
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Fig. 17. (Color online) Cross-sectional view of the recessed-window
SiC APD.

too thin, alloy reaction related uneven interface could easily
lead to punch through of the SiC APD at high electrical field.
Therefore, the thickness of the top contact layer is an import-
ant design parameter in SiC APDs.

One way to lessen the above contradiction is to design a
SiC APD with a recessed-window layer. Fig. 17 shows the struc-
ture of a recessed-window SiC APD, which could reduce the
photon absorption and carrier recombination in the top con-
tact layer while maintaining the integrity of the ohmic con-
tact region. A 50% quantum efficiency increase has been repor-
ted for a recessed-window APD compared to its control non-re-
cessed APDM9, A high SPDE of 30% was also reported for re-
cessed-window SiC APDs[25), In the fabrication process of re-
cessed window APDs, the etching depth of the recessed re-
gion must be carefully controlled.

4.3. Separated absorption charge multiplication
(SACM) 4H-SiC APDs
A low operation voltage is always desired for APD applica-
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Fig. 18. (Color online) (a) Cross-sectional view of the SACM SiC APD.
(b) Electric field profiles of SiC SACM APDs with reach-through struc-
ture and non-reach-through structure.

tions, which is not only beneficial for reducing power con-
sumption, but also helpful for improving the breakdown
voltage consistency in APD-based imaging arrays. A straight-
forward approach to decrease the operation voltage is to use
a relatively thin multiplication layer. However, as an indirect
bandgap semiconductor, SiC has a relatively low optical ab-
sorption coefficient. Reducing the multiplication layer thick-
ness means insufficient absorption of UV light and a corres-
pondingly low QE. To solve this problem, SiC APDs can be de-
signed to have separated absorption and multiplication lay-
ers(2 50-531 |n the SACM structure, a thick absorption layer is
used for efficient UV light absorption while a thin multiplica-
tion layer is used to lower the breakdown voltage. Normally a
charge control layer is inserted between the absorption layer
and multiplication layer, which is used to modulate the electric-
al field profile within the device active layer.

SACM APDs are traditionally designed to work in reach-
through mode, in which a high electric field extends through
the whole active layer. That is, multiplication, charge control,
and absorption layers are all fully depleted. This design en-
hances the chance that photo-generated carriers in the absorp-
tion region are swept into the multiplication region and then
contribute to the impact ionization process. However, the
dark current would also increase due to the additional drift cur-
rent induced by the strong electric field in the absorption re-
gion, which decreases the signal-to-noise ratio of the APD. Al-
ternatively, a non-reach-through SACM design has been pro-
posed to reduce the high-field-induced dark current, in which
its absorption layer is not fully depleted. Fig. 18 shows the cor-
responding cross-sectional view and electric field profiles of a
SiC SACM APD. A high low-bias peak quantum efficiency of
~ 80% at 280 nm has been achieved in SiC SACM APDs
(Fig. 19). In addition, a SPDE of 9.4% and a DCP of 4 x 10~ is
demonstrated at wavelength of 266 nmB>4,

4.4. 4H-SiC APDs with Al ion implantation

Nowadays, the growth of a p-type SiC layer is normally
not desired in commercial production scale SiC epitaxial react-
ors, which is largely devoted to power device fabrication. The
memory effect of p-type dopants in later growth runs is be-
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Fig. 19. (Color online) The room temperature spectral response charac-

teristics of the 4H-SiC SACM APD measured at different bias. Inset: spec-

tral response characteristics plotted in linear scale.
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Fig. 20. (Color online) I~V characteristics of 4H-SiC APDs formed by Al

implantation.

ing concerned. In order to overcome this problem, p-type dop-
ing could be alternatively achieved by ion implantation,
which is already a standard processing technique used in SiC
power devices!>5: 56l

For SiC APDs formed by Al ion implantation7- 58, both
its p* layer and the lower p sub-layer could be formed by mul-
tiple Alion implantation steps with differentimplantation ener-
gies and doses. To enhance the doping efficiency, the implant-
ation process is conducted at a high substrate temperature
of 400-500 °C. To activate dopants and repair severe crystal-
line damages caused by ion implantation, the implanted epi-
wafer is annealed at a high temperature, close to 1700 °C.
The SiC APDs obtained by Al implantation could exhibit low
dark current (Fig. 20) in moderate voltage range and high QE
(50%) even at high temperature up to 175 °C. Nevertheless, re-
sidual deep level defects induced by ion bombardment are
still revealed by frequency dependent capacitance-voltage
measurement. As shown in Fig. 21, capacitance variation of
the SiC APD formed by Al implantation is ~ 12 times larger
than that of the APD fully formed by epitaxial growth, which
is consistent with a higher defect concentration in the Al-im-
planted APD. An enhanced dark current of the implanted
device is observed at high bias before avalanche breakdown,
indicating that currently the device is still not suitable for work-
ing in Geiger mode. Since APDs work under high electrical
field conditions, the structural defects induced by ion bom-
bardment in the device active layer should be further minim-
ized.

In addition, the development of ion implantation-based
doping in SiC APDs has another advantage. It could be used
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bias.

for realizing fully planer APD devices, which have many bene-
fits compared with mesa type APDs in terms of reliability and
electrical field confinement. A prototype fully planar SiC APD
has been reported by Sciuto et al. with certain success>l.
Their APDs could show low dark current at low bias, but be-
comes quite leaky at a high bias.

5. Uniformity of avalanche multiplication in 4H-
SiC APDs

As a key performance parameter of Geiger-mode APDs, SP-
DE is calculated by dividing the number of total single
photon counts (SPCs) by the number of all incident photons.
SPDE is proportional to avalanche probability (P,) of photo-car-
riers, which is strongly related to the electric field strength
within the APD multiplication layer. Whereas, if structural de-
fects or non-ideal termination structures exist, P, could vary
considerably across the device active area, leading to device
performance degradation and reliability problem. Fig. 22
shows the real-time DCR and PCR spectra of a SiC APD biased
at the same voltage recorded by an oscilloscope. Each count
is signaled by a voltage pulse. It is clear that these voltage
pulses have a wide distribution of heights, ranging from sever-
al mV to tens of mV. This observation suggests that photo-car-
riers within the APD experience fairly different degrees of ava-
lanche multiplication, which would certainly degrade SPDE.
Thus, it is important to know the actual uniformity profile of
avalanche multiplications across the active region of 4H-SiC
APDs.

Several studies on photocurrent spatial uniformity of AP-
Ds have been published. Guo et al. reported a non-uniform
photoresponse at high gain by raster-scan of the photocur-
rent across the APD mesa, and they concluded that the non-
uniform avalanche multiplication is associated with variation
of doping density as suggested by C-Vmeasurement©%, Never-
theless, multiplied photocurrent is not a good performance

&
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Fig. 23. (Color online) The SPC mapping profiles of a SiC APD at differ-
ent over-bias.
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Fig. 24. Hot carrier luminescence images of a SiC APD at different ava-
lanche currents.
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parameter for Geiger-mode APDs, as photocurrent is not
strictly proportional to photon count probability. Therefore,
compared with photocurrent mapping study, SPC uniformity
study should be more appropriate for Geiger-mode APDs,
which directly links to the capability of single photon detec-
tion. Cai et al. developed a mapping system based on a modi-
fied scanning near-field optical microscope to study the SPC
uniformity of SiC APDsl®", Fig. 23 shows the SPC mapping pro-
files of a SiC APD. At low over-bias, high intensity SPC re-
gions mainly appear towards [ﬁZO] orientation while the re-
gions towards [1120] orientation shows much lower intensity.
As over-bias increases, the bright SPC regions start to merge
and spread towards [1120] orientation. This mapping result in-
dicates that the magnitude of avalanche multiplication is
quite non-uniform across the mesa of the observed APD.

In addition, imaging hot carrier luminescence from an
APD at avalanche regime is an alternative optical method to
characterize gain uniformity, which is potentially faster and rel-
atively straightforward. Hot carrier luminescence in reverse-
biased p-n junctions is a known concept in literature, even if
the number of emitted photons is small (previous studies
have shown that every ~10° to 10 avalanche carriers would
emit one photon)%2 &1, As shown in Fig. 24, non-uniform hot
carrier luminescence pattern for a SiC APD is observed at ava-
lanche regime. The light emission firstly appears at the [1120]
side of the top electrode, and then gradually extends to-
wards the [1120] direction with the increase of overbias.

In order to understand the above avalanche multiplica-
tion non-uniformity revealed by hot carrier luminescence ima-
ging, a physical model is proposed according to the off-orienta-
tion growth of SiClé4, The SiC APD is grown on standard
(0001) n-type substrate with a 4° offcut, which mis-orients
from (0001) toward [1120]. Thus, the junction electrical field
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Schematic of carrier drift path within the 4H-SiC APD.

within the APD has a [1120] component (Fig. 25(a)). Due to
the isotropic nature of carrier mobility in 4H-SiCl65-67), photo-
carriers would gain a lateral speed when they are swept to-
wards their respective contact layers. Taking p—i-n SiC APD
as an example, as shown in Fig. 25(b), after holes enter the p
contact layer, they need to go through a diffusion process,
and are eventually collected by the electrodes. Because of
the original lateral drift speed towards the [1120] orientation,
holes at the [1120] side of the electrode are difficult to col-
lect by the metal electrode while holes at the [1120] side of
the electrode are more easily collected by the electrode. As a
result, carrier lateral drift would induce asymmetric carrier
density in the p contact layer across the device mesa. The re-
gion with higher carrier density would have reduced ava-
lanche multiplication rate due to junction electrical field
screening effect.

The non-uniform avalanche multiplication related to sub-
strate misorientation can be ameliorated by design optimiza-
tion of the top metal contact, which is effective to enhance car-
rier collection efficiency. Another approach is to intentionally
design an asymmetric termination structure, which at high ap-
plied bias would lead to asymmetric junction electrical field
around the mesa edge. This effect could be used to offset the
carrier screening induced junction field asymmetry.

6. Conclusions

In this review, recent progress on design and fabrication
of 4H-SiC APDs has been presented, which have great poten-
tial to replace traditional PMTs used for ultra-weak UV signal
detection. Solid state UV detectors have many advantages,
such as high efficiency, small size, long lifetime, and ease of in-
tegration. Over the past 15 years, many studies have been de-
voted to improve the performance of Geiger-mode SiC UV AP-
Ds. Although impressive progress has been made for SiC AP-
Ds, several challenges and existing problems should be ad-
dressed for future development:

(1) The DCR of current SiC APDs is still relatively high,
which is considerably larger than theoretical estimation for
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wide bandgap semiconductors. The high DCR is mostly
caused by defect-assisted tunneling, which is presumably
point defect related. Thus, improving material quality is still
critical for further enhancing the performance of SiC APDs.

(2) Non-uniform avalanche multiplication across device
mesa is also an important factor influencing device overall
performance. The degree of avalanche multiplication non-uni-
formity can be revealed by SPC mapping or hot carrier lumines-
cence. Design optimization is a major approach to improve lat-
eral avalanche uniformity. Meanwhile, new epi-structure
design based on the concept of “avalanche engineering” also
has good potential to remarkably improve device perform-
ance.

(3) In order to realize high quality weak signal UV ima-
ging, focal plane arrays (FPAs) based on SiC SPADs should be
developed. Besides single pixel performance, performance con-
sistency among different SPAD pixels is a new challenge.
Since the degree of impact ionization strongly depends on
electric field strength, a very small variation of breakdown
voltage would cause considerably different gain if a same bi-
as is applied on all pixels. Thus, highly uniform SiC epi-materi-
al and processing technologies are required for FPA fabrica-
tion. Meanwhile, novel design of readout circuits for SiC
SPAD arrays could be implemented, which can individually reg-
ulate applied bias on each SPAD pixel to achieve consistent
avalanche gain.
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