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Abstract—The development of high-performance optical re-
ceivers has been a primary driving force for research on III-V
compound avalanche photodiodes (APDs). The evolution of
fiber optic systems toward higher bit rates has pushed APD
performance toward higher bandwidths, lower noise, and higher
gain-bandwidth products. Utilizing thin multiplication regions
has reduced the excess noise. Further noise reduction has been
demonstrated by incorporating new materials and impact ioniza-
tion engineering with beneficially designed heterostructures. High
gain-bandwidth products have been achieved waveguide struc-
tures. Recently, imaging and sensing applications have spurred
interest in low noise APDs in the infrared and the UV as well as
large area APDs and arrays. This paper reviews some of the recent
progress in APD technology.

Index Terms—Avalanche photodiodes (APDs), impact ioniza-
tion, infrared, multiplication noise, photodetectors, ultraviolet
(UV).

1. INTRODUCTION

NITIAL development of III-V compound avalanche

photodiodes (APDs) was driven by fiber optic telecom-
munications, primarily for high-bit-rate, long-haul receivers.
Compared to receivers with p-i-n photodiodes, those that
utilize APDs achieve 5-10 dB better sensitivity. For these
devices, research focused on reducing the excess noise and
developing structures with high gain-bandwidth products to
accommodate the ever-increasing bit rates of fiber-optic sys-
tems. Recently, imaging applications such as three-dimensional
(3-D) imaging, sensing, and space-related spectroscopy have
stimulated interest in APD arrays and large area devices that
operate in the UV and short wavelength infrared (SWIR) range
(0.8 um < A < 2.2 um). For these tasks, speed is not critical,
but it is essential to attain very low dark current densities and

Manuscript received March 4, 2004; revised June 4, 2004. This work was sup-
ported by the Defense Advanced Research Projects Agency through the Center
for Chips with Heterogeneously Integrated Photonics, the 3-D Imaging Pro-
gram, and the Semiconductor Ultraviolet Optical Sources (SUVOS) Program.

J. C. Campbell, S. Demiguel, F. Ma, A. Beck, X. Guo, S. Wang, X. Zheng, and
X. Li are with the Microelectronics Research Center, The University of Texas
at Austin, Austin, TX 78712 USA (e-mail: jcc@mail.utexas.edu).

J. D. Beck and M. A. Kinch are with DRS Infrared Technologies, LP, Dallas,
TX 75374 USA.

A. Huntington and L. A. Coldren are with the Materials Department, Opto-
electronics Technology Center, University of California at Santa Barbara, Santa
Barbara, CA 93106 USA.

J. Decobert and N. Tscherptner are with Alcatel R&I, 91460 Marcoussis,
France.

Digital Object Identifier 10.1109/JSTQE.2004.833971

low multiplication noise. In this paper, we will review some
of the recent developments that have brought about improved
APD performance.

II. Low-NOISE APDS

The multiplication region of an APD plays a critical role
in determining the gain, the multiplication noise, and the
gain-bandwidth product. According to the local-field avalanche
theory [1]-[3], both the multiplication noise and the gain-band-
width product of APDs are determined by the electron, «, and
hole, (3, ionization coefficients of the material in the multi-
plication region; better performance is achieved when one of
the ionization coefficients is much larger than the other, i.e.,
the 3/« ratio (k) deviates markedly from unity. Since k is a
material property, efforts to improve APD performance have
focused on optimizing the electric field profile and character-
izing new materials. For example, it has recently been reported
that k ~ 0.15 to 0.19 for Al,Ga;_,As (z > 0.8). [4]-[6]

Some compositions of Hg; . Cd,Te appear to exhibit even
lower k values. Beck et al. [7] have observed exponential gain
curve and extremely low multiplication noise (F(M) ~ 1 for
multiplication, M, up to 100) in Hg, ,Cdy.3Te APDs. These
phenomena suggest that k ~ 0. Unlike most III-V semiconduc-
tors, Hg,, -Cdg 3Te has a very small band gap (0.29 eV) for the
T valley, and very high L and X valleys (1.5 and 2.5 eV, respec-
tively [8]). The band structure suggests that in a Hg,, ,Cdy.3Te
APD, electrons have a very small intervalley phonon scattering
rate, which is the dominant scattering mechanism in most III-V
semiconductors. In addition, the large effective mass ratio
(mp/me ~ 30) indicates that there is a large difference in
the phonon and alloy scattering rates of holes and electrons
for transport in Hg, ,Cdg 3Te. This picture is supported by
the measured high electron mobility (two orders of magnitude
higher than hole mobility) in HgCdTe materials. [9]

We have developed a Monte Carlo model to quantitatively
study impact ionization in Hg,__ Cd,Te. For this study, the
band structure of Hg, ,Cdg sTe, including the I', L and X
valleys of the conduction band, and heavy hole, light hole, and
split-off valance bands, was incorporated into the model. Using
a Keldysh formula [10] for impact ionizations, and threshold
energies of 0.3 and 0.6 eV [11], respectively, for electrons
and holes, the simulated gain and noise for an APD with a
3-pm-thick intrinsic region are shown as dashed lines in Fig. 1.
This simulation assumes that electrons are injected from the
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Fig. 1. Simulated (o) and measured (solid line) (a) gain and (b) excess noise

factor of a 3-um-thick cylindrical Hg, ,Cdo.3Te APD.

10°

————— 0.1pm Al ,In, ,,As <M>=20.29 V,=10.29V

10

-
o
N

1.0pm Al g, ;,As <M>=20.25 V,=44.12V

- | L

-
o
&

-
o
A

Probability

105

106

107

Fig. 2. Comparison of the gain distribution curves for Alg.45Ing .52 As APDs
having multiplication region widths of 1.0 (dashed line) and 0.1 m (solid line).
The average gain for both APDs is M ~ 20 but the excess noise factors for the
1.0 and 0.1 m APDs is 6.9 and 4, respectively.

p side of the cylindrical APD structure in [8], and the electric
field profile in the intrinsic region has been calculated for with
a Poisson solver. The simulated exponential-shaped gain curve
(solid line) is consistent with experimental data [circles in
Fig. 1(a)]. The simulated noise [Fig. 1(b)] is very low, as would
be expected if 3 ~ 0.

It has also been shown for a wide range of materials including
InP [12]-[15], GaAs [14]-[20], Al,.In;_,As [14], [15], [21],
Si [22], [23], Al.Ga;—.As [14], [15], [24]-[26], SiC [27], and
GalnP [28] that lower excess noise and higher gain-bandwidth
products can be achieved, irrespective of the value of k, by sub-
micron scaling of the thickness of the multiplication region. The
origin of this effect is the nonlocal nature of impact ionization,
which is frequently expressed in terms of the so-called “dead
space,” the minimum distance over which carriers gain sufficient
energy to impact ionize. The dead space effectively reduces the
number of outlier high gain events [29], [30]. This, in turn, re-
sults in smaller deviations from the mean gain and, thus, lower
excess noise factors. This is illustrated in Fig. 2, which shows the
gain distributions of two Alg 4gIng 50As APDs with multiplica-
tion layer thickness of 1.0 (dashed line) and 0.1 pm (solid line).
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Fig. 3. Multiplication region of impact-ionization-engineered APD.
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Fig. 4. Excess noise factor F(M) versus gain for an Ing 52Gag.15 Al 33As/
Ing.52Alg.4sAs I?E APD.

These APDs have the same average gain, M ~ 20, but the ex-
cess noise factor was 6.9 and 4.0 for the 1.0- and 0.1-um APDs,
respectively. The gain distribution of the 1.0-um APD is broader
than the 0.1-pm device, which is an indication of higher multi-
plication noise. This graph also shows that the thicker device has
higher probabilities for both high gain (M > 80) and low gain
(M = 1) than the 0.1-um APD, while the probabilities for the
thin device are higher for gains in the range 2 < M < 80. This
is reasonable since they have different standard deviations in M
while keeping (M) the same. It is interesting that the 1.0-pm
APD has a peak at M = 1, while the 0.1 gm APD has a peak
at M = 2. It follows, somewhat counter intuitively, that for the
same gain, it is less likely that the initial carrier will emerge from
the i-region without ionization for the thinner device. This has
also been observed in [19].

A third approach that has achieved low noise is impact
ionization engineering (I2E) with beneficially designed het-
erostructures. This approach utilizes heterojunctions to provide
greater localization of impact ionization than can be achieved
in spatially uniform structures. Initial work that demonstrated
the efficacy of this approach utilized the GaAs/Al,Ga;_,As
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Fig. 5. Structure of evanescently-coupled waveguide APD.

material system. [31]-[35] More recently, InGaAlAs/InP imple-
mentations that operate at the telecommunications wavelengths
have been reported. [36] The basic idea of I?E is to place thin
narrow bandgap layers with relatively low threshold energies
adjacent to wider bandgap regions with higher threshold en-
ergies. An implementation of the I?E structure is shown in
Fig. 3. Structurally, the IE is similar to a truncated multiple
quantum well (frequently mislabeled as “superlattice”) APD
[37], [38], however, operationally there is a fundamental dif-
ference in that the I’E does not invoke heterojunction band
discontinuities.

Fig. 4 shows the excess noise factor F(M) versus gain for three
InGaAlAs I?E APDs grown lattice-matched to InP by molecular
beam epitaxy. [36] The unintentionally doped multiplication
region, which consisted of a 100-nm-thick Ing 50Alg 48AsS
layer and a 100-nm-thick Ing 50Gag.15Alp.33As quaternary
layer, was sandwiched between p-type (3 x 10" cm™3, 0.8
pm), and n-type (5 x 10" em™3, 0.5 pm) Ing52Alg 4sAs
layers, with a highly p-doped (> 5 x 10'® cm™3, ~30 nm)
Ing.53Gag 47As contact layer on the top. The lower bandgap
energy of Ing 50Gag.15Alp.33As (estimated to be Eg ~ 1.25eV)
as compared to Ing 50Alg 4gAs (Eg ~ 1.51 eV) results in lower
carrier ionization threshold energy (E;p). There are relatively
few ionization events in the Ing s0Alg4gAs layer, owing to
the combined effects of “dead space” and the higher threshold
energy in Ing 520Alg.4g8As. The dotted lines in Fig. 4 are plots of
F(M) for k = 0 to 0.5 using the local field model [1], [2]. These
plots are presented solely for reference because the k value
has become a widely used figure of merit for excess noise. For
M < 4, it appears that k < 0, which is unphysical and simply
reflects the inapplicability of the local field model for this type
of multiplication region. For higher gain, the excess noise is
equivalent to a k value of ~0.12. This is the lowest noise that
has been reported for APDs that operate at the telecommunica-
tions wavelengths (A ~ 1300 nm and 1550 nm). For reference,
the excess noise factor for commercial InP/Ing 53Gag 47As
APDs that have been widely deployed in fiber optic receivers
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is shown as the shaded region in Fig. 4. Typically, these APDs
exhibit 0.4 < k < 0.5.

An intuitive explanation of the I’E APD is that carriers gain
energy in the wide bandgap layer but since the threshold energy
in that layer is relatively high, there are few ionization events.
When the carriers enter the narrow bandgap layer, where the
threshold energy is smaller, the energetic carriers ionize quickly.
We conclude that the lower noise of the I2E structure is a result
of the spatial modulation of the probability distribution for im-
pact ionization. The heterojunction results in a more spatially
localized process, which, in turn, reduces the noise.

III. HIGH-SPEED APDS

For high-speed applications, it is essential for the APDs to
achieve high gain-bandwidth products without sacrificing re-
sponsivity. At present, the most attractive approach to meeting
these goals is to incorporate separate absorption, charge, and
multiplication (SACM) APDs with the waveguide structures
that have proved successful for high-speed p-i-n photodiodes.
To date, a few edge-coupled waveguide APDs have been
demonstrated [39]-[41]. High external quantum efficiency of
72% was achieved by direct edge coupling into the absorbing
layer of 0.5-pm, but the bandwidth was only 20 GHz at low
gain [39]. A similar approach with a thinner multiplication
layer achieved a higher bandwidth of 35 GHz at low gain; the
external quantum efficiency was 58% and the gain-bandwidth
product was 140 GHz [40]. A higher gain-bandwidth product
of 320 GHz was demonstrated with a thinner absorbing layer
(0.2-pym), however the quantum efficiency was only 16% [41].
Using an APD with a 0.12-pm absorbing thickness, an evanes-
cently-coupled asymmetric twin-waveguide APD obtained a
quantum efficiency of 48% [42], but at the expense of a more
complex (and thus more difficult to fabricate) structure. The
bandwidth at low gain was 31.5 GHz and the gain-bandwidth
product was 150 GHz.
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Fig. 6. Photocurrent, dark current, and gain of evanescently coupled
waveguide APD.

Previously, it has been shown that high efficiency (>80%)
and broad bandwidth (>48 GHz) can be achieved with an
evanescently coupled p-i-n having a planar short multimode
input waveguide [43]. A strength of this approach is simplicity
of fabrication. We have utilized this approach to fabricate an
evanescently coupled waveguide SACM APD. A schematic
cross section of the evanescently-coupled APD is shown in
Fig. 5. The epitaxial structure was grown by low-pressure metal
organic vapor phase epitaxy (LP-MOVPE) on semi-insulating
InP substrate. The structure consists of a diluted waveguide
and two optical matching layers [43] beneath the SACM
APD. Proceeding sequentially from the bottom, the APD was
comprised of an n-type AllnAs layer followed by an undoped
AllnAs multiplication region of 150 nm. Then, a p-type AllnAs
charge layer of 50 nm was grown with a nominal doping level
of 8 x 10'" cm™3. An undoped graded layer of 30 nm was
inserted between the AllnAs charge layer and the InGaAs ab-
sorbing layer in order to smooth the heterojunction. Two 20-nm
InGaAsP layers (1.4- and 1.1-um bandgap) were used for the
same purpose at the InGaAs/InP heterojunction. The absorbing
layer thickness was 190-nm, which resulted in a total active
SACM thickness of 0.46-um. The associated short transit time
enabled high-speed operation at low gains. Processing was
similar to that for the p-i-n photodiodes described in [43].

Fig. 6 shows a typical current-voltage characteristic for
a 5 x 20 um? evanescently-coupled APD. The light was
coupled from a 3-pm spotsize lensed fiber to the multimode
waveguide. The capacitance-voltage characteristic indicated
that the punchthrough voltage was ~10 V. The breakdown
occurred below 18.5 V and the dark current at 90% of the
breakdown was in the range 100-500 nA. To determine the
gain at punchthrough, the quantum efficiency was measured
using top illumination on a large-area device and was compared
to the maximum theoretical value [41]. Following this method,
the minimum gain at punchthrough was estimated to be 1.6.

The —3-dB bandwidths were measured with a heterodyne
setup, based on the mixing of two single-mode DFB temper-
ature-controlled lasers. Fig. 7 shows the —3 dB bandwidth
versus dc gain achieved on 5 x 20 zzm? photodiodes. The highest
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Fig. 7. Bandwidth versus gain for three evanescently-coupled waveguide
APDs.
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Fig. 8. Measured responsivity of evanescently-coupled waveguide APD with
(e) and without (A) antireflection (AR) coating versus length of multimode
input waveguide. Also shown are the calculated responsivity with AR coating
(o) and BPM simulated response (solid line).

bandwidth of 34.8 GHz was obtained at 11 V reverse bias
corresponding to a gain of 1.84. At the same gain, 5 x 15 and
5% 30 /ml? diodes exhibited bandwidths of 35.5 and 31.8 GHz,
respectively, which suggests that the low-gain bandwidth was
transit-time limited. At high gain, the bandwidth was limited
by the gain-bandwidth, which was ~160 GHz.

The thickness of the SACM layers were designed to obtain the
best transfer of light from the input waveguide to the absorbing
layer. The solid line in Fig. 8 presents the simulated responsivity
of a5 x 20 um? diode versus the length of the multimode input
waveguide. Owing to the low refractive index of the multipli-
cation and charge layers, the projected responsivity was lower
than for p-i-n photodiodes. In agreement with the modeling, the
optimal waveguide length was 1941 pm. Using a 3-pm spotsize
lensed fiber, a maximum responsivity of 0.62 A/W was achieved
with AR coating at 1.543-pm wavelength with TE/TM polariza-
tion dependence less than 0.5 dB. The —1-dB alignment hori-
zontal and vertical tolerances for a 5-pum-wide diode were 1.8
and +0.9um, respectively.
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structure utilized for the large-area APDs and arrays.

IV. ARRAYS AND LARGE-AREA APDS

Much of the research on III-V compound APDs has focused
on achieving high-speed, low-noise operation for fiber optic
receivers. For this application, small device size is preferred
in order to reduce the RC time constant. On the other hand,
emerging optical measurement systems that operate in the eye-
safety wavelength range (~ 1.5 ym) require long-wavelength,
high-sensitivity photodiodes with large detection area. For many
applications of this type an APD is preferable to a p-i-n photo-
diode since the APD can achieve higher sensitivity. Similar ma-
terial uniformity is required by APD imaging arrays [44]. Both
applications present daunting challenges to the quality and uni-
formity of the epitaxial layers from which the APDs are fab-
ricated. In response to these emerging applications, we have
developed Alp 48Ing.52As/Ing 53Gag 47As APDs with diameters
up to 500 pm and 18 x 18 arrays.

The SACM structure that was utilized for the large-area APDs
and arrays is shown in Fig. 9. The APD wafers were grown by
molecular beam epitaxy on n-type InP (100) substrates. Mesas
were etched in phosphoric etchant (H3PO,4 : H2O2 : HoO =
1:1:8) to the nT InP buffer layer where a Ni (20)/AuGe
(30)/Au (80 nm) n-type ohmic contact was formed. The Cr
(25)/Au (85 nm) p-type contacts were formed by standard
evaporation and lift off. APDs with a wide range of diameters
(from 20 to 500 pm) were fabricated for characterization.
Arrays of 50 pm-mesa-diameter APDs were also processed
in order to evaluate the material quality, device uniformity,
and device performance.

The typical photoresponse and dark current curves
of a 500-pm-diameter APD are shown in Fig. 10. The
punch-through voltage was ~15.0 V, and the breakdown
voltage was ~39.2 V. The photocurrent was not flat above
the punch-through voltage, an indication of gain prior to
punch-through. The gain was estimated by comparing the
measured external quantum efficiency with the theoretical
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Fig. 10. Photocurrent, dark current, and gain curves for an Alg.45Ing 52 As/
IHO_53G80_47AS SACM APD.

maximum based on the reflected power at the surface and
the thickness of the absorbing layer. This provided a lower
limit to the gain. Using this approach the gain at 16.0 V was
estimated to be ~1.8. The assertion of gain at punch-through
can be also corroborated by an estimate of the electric field
intensity. At a reverse bias of 16.0 V, the electric field in the
Ing 52Alg.48As multiplication region is ~580 kV/cm, assuming
a 200 nm Ing 52Alp.48As undoped multiplication region and a
150-nm p-type (6 x 10'7 cm—?) Ing 52Alg 48 As charge region.
This value of electric field is consistent with measurements on
Ing 52Alp.48As homo-junction APDs [21], from which it was
found that the electric field in a 200-nm-thick multiplication
region at gain of 1.8 was ~560 KV/cm.

The APD dark current consists of the bulk leakage current,
which is proportional to the mesa area, and the sidewall leakage
current, which scales with the mesa perimeter. The total dark
current can be expressed as

2

Itotal = Jsidewall -med A+ w (1)
where Jgjdewal 1S the sidewall leakage current density (in amps
per micron) and Jy,,1x is the bulk leakage current density (in
amps per micron squared). The measured dark current at bias
voltage of ~16 V is plotted in Fig. 11 versus mesa diameter. The
solid line is a quadratic fit, which shows that the bulk component
of the dark current is dominant. From the fit, the surface dark
current density Jgdewan Was 0.19 nA/um and the bulk dark
current density was 0.023 nA/um?. The total dark current can
also be expressed in terms of the multiplied dark current and
unmultiplied dark current using

Itotal = Iunmultiplied + Imultiplied - M. (2)

By fitting the data to (2), it was found that the unmultiplied
dark current (density) was ~1.32 nA and the multiplied dark
current was ~1.54 nA. The dependence of dark current on gain
remains linear to gain values >50. The low value of the unmul-
tiplied dark current (density) is an indication of good material
quality and surface passivation; it can be neglected for APDs
biased at high gains.
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The spatial uniformity of a 500-m-diameter APD was mea-
sured by raster-scanning. A 1.52-ym-wavelength He—Ne laser
beam with a beam-waist <5 pm across a 500-um-diameter APD
at M ~20. A flat, uniform photoresponse profile was obtained
across the whole mesa area, as shown in Fig. 12. No spikes in
the interior or edge peaks were observed. The “hole” near the
edge is due the probe and the top p-type contact.

The photocurrent, dark current, and gain of each device in an
18 x 18 array of 50-um-diameter APDs were measured. Three
devices on the array failed due to improper probing. Statistical
analysis of the dark current for the other 321 devices exhibited a
mean value of ~4.4 nA and a standard deviation of 1.5 nA at the
punchthrough voltage of 16.0 V (gain ~1.8). The dark current
distribution at 90% of the breakdown exhibited a mean value

Y position

X position

Fig. 13.  Schematic cross section of 4H-SiC APD. The inset shows an SEM
photograph of the etched mesa.

of ~71 nA and a standard deviation of 13 nA. Uniform pho-
tocurrent was consistently observed across the array. The mean
value of gain was 10.9, 16.1, 22.1, and 43.4 at reverse bias volt-
ages of 35.0, 36.4, 37.2, and 38.2 V, respectively. The standard
deviations of the gain distribution at each of these reverse bias
conditions were 0.9, 1.4, 2.1, and 5.6, respectively. The low-gain
bandwidth of one of the 50-um-diameter APDs in the array was
~8 GHz. The bandwidth at low gain was limited by the transit
time through the long carrier transport path (~ 3.9 um) asso-
ciated with the depleted absorption, charge, and multiplication
regions. At higher gains a gain-bandwidth product of 120 GHz
was observed.

V. ULTRAVIOLET (UV) APDs

Detection of UV light has numerous medical, military, and
environmental applications. Photomultiplier tubes (PMTs) are
frequently used for these applications because they have high
responsivity (>600 A/W), high speed, and low dark current.
However, they are costly, large, and require high bias voltages
(typically several hundred volts). For some applications another
major drawback to using PMTs is that expensive filters are re-
quired, due to their high response in the visible and near IR.
Thus, it is desirable to replace PMTs with solid-state, UV pho-
todetectors that have high gain. To this end, UV-enhanced Si
APDs have been utilized with limited success. The Si APDs
have the benefits of a mature material system, easy integration
with integrated circuit technology, low noise, and good quantum
efficiency. However, they have relatively high dark currents at
room temperature and, like PMTs, require complex, expensive
filters.

Back-illuminated solar-blind Al,Ga;_,N p-i-n’s have
recently demonstrated excellent performance (D* ~ 2 X
10 cmHz'/2 /W at 269 nm) with very low noise and strong
rejection of wavelengths longer than 290 nm. [45] Typical
responsivities at 280 nm were ~0.12 A/W. GaN avalanche
photodiodes (APDs) have been demonstrated [46]-[48], but
the yields were very low due to defect-related micro-plasmas
in the materials, and the devices were fragile and short-lived
(typically a few minutes) [47], [48], which has precluded the
development of APDs with acceptable performance.
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Recently, 4H-SiC avalanche photodiodes with strong UV
responsivities (comparable to photomultipliers), low multipli-
cation noise, and moderate bias voltages (<70 V) have been
demonstrated [49]—-[53]. Benefiting from an indirect wide band
gap and its material maturity and stability, 4H-SiC is an attrac-
tive candidate for avalanche photodiodes. Konstantinov et al.
have shown that 4H-SiC exhibits widely disparate ionization
coefficients [54]. The low k value for hole initiated impact
ionization and resulting low noise are advantageous for appli-
cations such as missile detection, laser-induced fluorescence
biological-agent warning systems, and nonline-of-sight UV
communications, for which low noise and high gain are crucial.

Fig. 13 shows the structure of a SiC APD grown on nt
4H-SiC substrate. It consists of a 0.1-um p* cap layer, a
0.2-pm p layer, and a 2-pym n layer. Mesas were defined by
reactive ion etching (RIE), with BCl3, to the underlying n
layer. The sidewall passivation was achieved by 750 °C thermal
oxidation in a wet oxidation furnace for 4 h. P-type (Al/Ti)
contacts and n-type (Ni) contacts were patterned and deposited
by a standard liftoff process. Both contacts were annealed in an
RTA at 850 °C for 6 min in N».

Fig. 14 shows the reverse current-voltage characteristics of
a typical 100-pym-diameter device. The devices exhibited an
abrupt uniform breakdown near 61 V. In order to determine

Fig. 16. Responsivity of 4H-SiC APD with and without a 266-nm “laser line”
filter.
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Fig. 17. Raster scans of the photocurrent of (a) nonbeveled and (b) beveled
mesa-structure SiC APDs.

the gain, the photocurrent at —5 V was used as the unity gain
reference point. Above this voltage, a slight linear increase in
the photocurrent with bias is observed. It has been shown that
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this slope in the photocurrent is due to slight widening of the
depletion region [55]. A linear correction to account for this
has been used for the gain determination. Below 30 V, the
dark current was <10 fA and for photocurrent gain ~ 10%, the
dark current was <0.87 nA. The average dark current density
at 95% of breakdown was 32 nA/cm?.

The spectral response for a range of bias voltages is shown in
Fig. 15. The response begins to cut off at 380 nm, corresponding
to the 3.26-eV bandgap of 4H-SiC. The long-wavelength cutoff
is not as sharp as that of direct bandgap semiconductors such as
GaN. Nevertheless, the response drops by almost three orders of
magnitude between 320 and 400 nm, providing a good visible
blind response. At unity gain, the external quantum efficiency
was ~35% at 276 nm (responsivity = 78 mA/W). As the bias
increased toward breakdown, the responsivity increased by over
five orders of magnitude; the peak responsivity was greater
than 10000 A/W at 266 nm. For applications that require a
true solar-blind response, utilization of a SiC APD will require
an external filter. Fig. 16 shows the responsivity with a “laser
line” filter having a center wavelength of 266 nm. A sharp
narrowband response with a peak responsivity of ~800 A/W
was observed.

At very high gains, spatial uniformity of the photoresponse
becomes a critical issue. Small variations in the electric field
whether structural or materials in origin can result in large
“gain spikes.” For mesa structure SiC APDs, breakdown tends
to occur at the mesa edge for negative bevel angles and steep
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positive bevels [56]. This can be suppressed by fabricating
very shallow (< 7°) positive bevels. [57] This is illustrated
by the two-dimensional raster scans of the photoresponse of
nonbeveled and beveled SiC APDs in Fig. 17(a) and (b). The
beveled sample had a bevel angel of approximately 7° while
the nonbeveled device showed no discernible bevel angle,
indicating ~ 90° sidewall. For both types of devices, the scans
at unity gain (5-V reverse bias) exhibit a flat, uniform response.
The circular gaps near the rear are the top p-type contacts,
which shield the incident light. Fig. 17(a) shows photocurrent
scans for a nonbeveled device at gains of 50 and 130. At a gain
of 50, edge breakdown begins around the edges of the device.
This becomes more pronounced at a gain of 130. The increased
response occurring behind the contact, toward the device edge,
results primarily from field crowding. The beveled device
[Fig. 17(b)], on the other hand, shows no evidence of edge
breakdown at gains of 50 and 130. The luminescence of the
beveled device at breakdown (current density > 1.5 A/cm2)
was uniform, and indication bulk breakdown.

It is well known that multiplication dominated by a single
carrier type, either an electron or a hole, has better noise per-
formance than devices with equal multiplication events of both
carrier types. Fig. 18 shows the measured excess noise factors
of a SiC APD as a function of gain. The excess noise of the de-
vice corresponds to a k value of 0.15.

An upper-bound of detectivity D* can be estimated by
assuming that the device is thermal noise limited at zero bias.
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In that case, the spectral density of the noise current S, is
given by S, = 4kgT/Ry, where Ry = (dV/dI)v—o, kp is
Bolzman’s constant, and 7" is temperature. Accordingly, D* is
given by D* = R/ RoAp/4kyT, where R is the responsivity
and Ap is the cross-sectional area of the photodetector. Curve
fitting to the current-voltage characteristic of a 480-um-di-
ameter device yielded Ry = 3.7 x 10'® €. Details of the
curve-fitting procedure can be found in [58]. Consequently, an
upper-bound of D* was estimated to be 1.6 X 10+ cm~Hzl/2/W
at 276 nm.

VI. CONCLUSION

Optical receivers for telecommunications has pushed the de-
velopment of APDs with high bandwidth, low excess noise, and
high gain bandwidth products. It has been shown that lower
noise and higher gain bandwidth products can be achieved by
submicron scaling of the multiplication region thickness and re-
placing InP in the multiplication layer with Alg 48Ing 52As. We
project that impact ionization engineering with beneficially de-
signed heterostructures can reduce the noise even further. High-
speed operation can achieved with waveguide structures. We
have described an evanescently-coupled APD structure with a
short multimode input waveguide section that is easy to fabri-
cate. These APDs have demonstrated bandwidths >30 GHz, re-
sponsivity of 0.6 A/W at 1.55 pm, and gain-bandwidth product
of 160 GHz. For high-sensitivity infrared imaging applications,
HgCdTe APDs have achieved extremely low noise consistent
with single carrier multiplication. Through Monte Carlo mod-
eling, we have shown that this can be explained to a great ex-
tent through consideration of the bandstructure of HgCdTe. SiC
APDs appear to be promising candidates for UV sensing. We
report gains of 104, low dark current, and low excess noise
(k ~ 0.15), however, spatial uniformity of the photoresponse
at very high gains remains work in progress.
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