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Abstract— Indium arsenide (InAs) is an exceptional
material for absorbing infrared photons with wavelengths
up to 3500 nm, making it ideal for mid-infrared detection.
However, the development of high-performance Separate
Absorption and Multiplication Avalanche Photodiodes
(SAM APDs) has been hindered by the absence of suitable
low-noise avalanche materials compatible with InAs
absorbers. In this study, we investigate the potential of
Alo.slno.2As0.31Sbo.es (lattice matched to InAs) as a low-noise
avalanche material. We have performed comprehensive
Aloslno2As0.31Sboes excess noise measurements using
three optical signal wavelengths on a large number of p-i-n
and n-i-p devices. Under pure electron injection,
Alo.slno.2As0.31Sboes p-i-n diodes exhibit very low excess
noise factors ~ 4 at high gain of 100, corresponding to an
effective k of 0.02 - 0.03. In contrast, a small gain of 3
produces very high excess noise factors (> 17) when using
hole injection in the n-i-p diodes. The contrasting behavior
indicates that in Aloslno.2Aso.31Sbo.ss electron ionization
coefficient is much larger than hole ionization coefficient.
As a consequence, low-noise Alo.slno.2Aso0.31Sbo.eo avalanche
regions emerge as a promising candidate for the avalanche
region of SAM APDs designed for mid-infrared
applications, such as methane gas sensing and imaging
through fog. The design of such SAM APDs should ensure
electrons rather than holes are injected into the
Alo.slno.2As0.31Sbo.es avalanche regions to achieve the lowest
possible excess noise factors.

Index Terms—Avalanche photodiodes (APDs), AlinAsSb,
infrared detectors, excess noise factor
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[. INTRODUCTION

IGH performance avalanche photodiodes (APDs) are

widely used in optical receivers for demanding optical
applications, such as laser ranging [1], remote gas sensing [2]
and Quantum Key Distribution [3]. Thanks to the internal
avalanche gain, generated by a chain of impact ionization
events, APDs provide a crucial improvement in the signal to
noise ratio of optical receivers. However, the stochastic impact
ionization process gives rise to an excess noise factor, F, that
exacerbates the APD’s shot noise such as the APD noise
becomes

quMZ(Iph +1,)F(M)B, (1)

where ¢ is the electronic charge, M is the APD’s gain, F(M) is
the gain-dependent excess noise factor, B is the system
bandwidth, and 7, and /; are the unmultiplied photocurrent and
dark current respectively. This equation is valid when both 7,
and /; are injected from the same side of the high field
avalanche region. For a given B and /5, minimizing F(M) and
14 1s critical to minimize the APD’s noise. Minimizing F(M) can
be achieved by using avalanche materials with disparate
electron and hole ionization coefficients, a and f, because
FM) = kM + (1-k)(2-1/M), where k =f/a [4]. The more
disparate the ionization coefficients, the smaller the & value and
consequently F. In addition, avalanche materials with small k&
maximize the gain-bandwidth product of an APD [5].
Therefore, minimizing the & value has been actively pursued to
achieve high performance APDs.

APDs for weak infrared signals primarily use a Separate
Absorption Multiplication (SAM) structure, in which a narrow
bandgap material absorbs the infrared optical signal, and a
wider bandgap material generates the internal gain (without
causing excessive band to band tunnelling current at high
electric field). SAM APDs are most commonly found in
telecommunications applications, and they exist in the form of
InGaAs/InP SAM-APD, consisting of an InGaAs absorber and
an InP avalanche region or multiplier. InP has £~ 0.3 [6], which
can be improved upon by an alternative avalanche material,
Ings2AloasAs (k of 0.15 - 0.20 ([7,8]). However, both InP and
Ing.s2Alo4sAs have relatively poor excess noise performance
compared to Silicon APDs, but silicon has an optical absorption
cut-off wavelength, A., around 1000nm.

In recent years, two Sb-based alloys, AlGaAsSb and
AllnAsSb, have emerged as promising avalanche materials due
to their excellent low F(M) characteristics. Initial works
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focused on AlAss¢Sboas, lattice-matched to InP substrates.
These exhibited exceptionally low excess noise factor values,
at FF ~ 2 [9] with £ ~ 0.005 [10]. Aljg5Gag.15A80.56Sbo.44 (also
lattice-matched to InP) also showed very low excess noise
factor, with /'~ 2 at Mup to 15 and 25 [11] [12]. Following the
first InGaAs/Alo.ssGao.15A80.565bo.44 SAM-APD demonstration
in [13], subsequent SAM-APDs achieved low noise equivalent
power (22 fWVHz) [14] and room temperature single photon
detection [15]. SAM-APDs using GaAsSb absorbers were also
demonstrated to simplify the APD bandgap grading design [16]
[17]. By combining an InGaAs/GaAsSb type II superlattice
absorber with an AlgssGao1sAsos6Sboss avalanche region,
results have shown that an extended optical absorption cut-off
wavelength, A., of up to 2.4 um and an F =2 at M = 20 can be
achieved [18]. A can be further extended by switching to
AlGaAsSb and AllnAsSb alloys lattice matched to GaSb
substrates (rather than InP substrates). A SAM-APD on GaSb
substrate with an Ing22Gag73As0.19Sbog1 absorber with an
AlpoGao.1As0.08Sbog, multiplier achieved A, ~ 2.75 um but
exhibited poor excess noise performance (F = 4.5 at M = 20)
[19]. Better noise performance (F = 2.2 at M = 10) and longer
Ae (3.5 pm) were obtained using an AlgoslngosAsSb absorber
and an Alg7Ino3AsSb multiplier, both lattice-matched to GaSb
substrate [20]. A wider bandgap avalanche material,
Alyglng2AsSb (also lattice-matched to GaSb) exhibited &£~ 0.05
[21]. However, the SAM-APD quantum efficiency in this case
was only ~ 5 % at 3.4 um [20] and hence such an approach does
not seem suitable for demanding optical applications above 3
pwm, such as methane gas sensing at ~ 3.4 pm [22].

Electron-only APDs such as HgCdTe and InAs achieve the
lowest excess noise factors in MWIR. HgCdTe (MCT) APDs
can achieve F' of 1.5 at gains > 189 with ~ 4.1 pm cut-off
wavelength [23]; however, their deployment is often limited by
the need for cryogenic cooling and by rigorous environmental
and process controls in both material growth and fabrication.
Bulk InAs is a good alternative but also requires some cooling.
There is therefore interest in novel materials exhibiting very
low F(M) performance at room temperature for MWIR
operation.

InAs is also an excellent candidate as an absorber material in
MWIR SAM-APDs operating at room temperature. InAs
photodiodes exhibit an external quantum efficiency over 50%
at 3.35 um [24] and could go further via the use of anti-
reflection coatings. A SAM-APD on InAs substrate using an
InAs absorber and an AlAsg5Sbogs multiplier has been
demonstrated [25] but had a relatively low intrinsic quantum
efficiency (i.e. without avalanche gain) of 24 %, possibly due
to an absence of bandgap grading between the narrow gap InAs
and wide gap AlAso.15Sbo.ss.

There is a lack of excess noise reports for AlGaAsSb or
AllnAsSb  lattice-matched to InAs substrates. Such
measurements would be important for developing high
performance SAM-APD with A. > 3 pum. Therefore, in this
work, we present a rigorous characterization of the excess noise
characteristics of Algslng2Aso31Sboeo lattice-matched to InAs
substrates, distinct from previous studies using GaSb substrates
[21]. We have found that Algslng2Aso31Sbogo lattice-matched
to InAs exhibits extremely low excess noise (k ~ 0.02 - 0.03) at
high gain (M > 100). Our data serves as significant evidence

that it is feasible to combine a low-noise wide bandgap
multiplier with InAs absorber to achieve high performance
APDs operating at room temperature for mid-wave infrared
detection (up to 3.6 um). The data reported in this manuscript
is available from ORDA digital repository [26].

II. EXPERIMENTAL DETAILS

A pair of homojunction Al slng>Aso 31Sbo.eo (hereafter
AllnAsSb) p-i-n and n-i-p diode wafers were grown on 2-inch
(100) vertical gradient freeze n- or p-type doped InAs substrates
by Molecular Beam Epitaxy using high quality group III
evaporation sources and thermal cracker cells for the group V
elements. This composition of Aloslng2As031Sbo.o is slightly
different from that of [21] in terms of the group V ratio, because
of a modest 0.6% difference in lattice constants between GaSb
and InAs. The AllnAsSb layers were grown as a random alloy,
and both wafers have a 100 nm n* InAs buffer layer on the n-
type (or p-type) InAs substrate. This was followed by a
nominally 1000 nm thick i- AllnAsSb layer sandwiched
between a 200 nm p~ AllnAsSb and a 500 nm n* AllnAsSb
cladding layers. A top 50 nm p-type InAs contact layer was
included for good ohmic contact. All the doped layers were
intended to have a doping density of 1x10'® ¢cm™. The n-i-p
diode wafer was grown on a p-type substrate and has the same
layer thicknesses as those of the p-i-n diode wafer.

We note that previous research on AllnAsSb
avalanche properties (on GaSb substrates) have used AllnAsSb
grown as digital alloy [20, 21]. However, experimental works
on AlossGag.15AS056Sbo4as on InP substrates have used both
digital alloy and random alloy growth, with negligible
differences in the reported characteristics. In particular, a study
comparing impact ionization coefficients of
Aly.s5Gag.15A80.565bo.44 grown as digital alloy and random alloy
has observed no difference [27]. Therefore, we do not anticipate
the growth method used in our work to have significant effects
on the excess noise characteristics of Algglng2Aso31Sboso on
InAs substrates.

The substrate temperature during wafer growth was
maintained at 440 °C with a growth rate of ~ 1.2 A/s. These
were determined to be optimal following morphology and x-ray
analysis of a range of conditions in this material system that is
prone to miscibility effects and thermal roughening. The
quaternary samples are grown under a slight Sb, excess flux
from an un-valved antimony cracker, with the lattice match
controlled by a valved arsenic cracker providing a precise As»
flux. We used the conventional III-V dopants of Si and Be.
Whilst these appear to be effective dopants in this material
system, questions remain over their complete activation.
Detailed growth and dopant investigations will be the subject of
further reports. The exact same growth conditions were used for
p-i-n and n-i-p diodes.

Experimental  photoluminescence = measurements
obtained from a small unprocessed piece of the wafer indicate
a peak wavelength of ~ 882 nm at room temperature. This
corresponds to a bandgap of 1.41 eV for the AllnAsSb alloy
used in this work.

Mesa APDs with diameters of 400 and 200 pm were
fabricated from pieces of the p-i-n wafer using standard contact
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photolithography and wet-etching solutions. The fabricated p-
i-n diode is shown schematically in Fig. 1. The top and back
metal contacts were 20/200 nm Ti/Au deposited via sputtering.
Prior to the top contact deposition, native oxide was removed
by a plasma asher. Mesa structures were created using a wet-
etching solution composed of citric acid (40 g), H3PO4 (10 ml),
H>0; (10 ml), and deionized water (240 ml) [28]. Slightly larger
mesa diodes with diameters of 420 and 220 um were also
fabricated from the n-i-p wafer. No surface passivation or anti-
reflection coatings were applied.

Ti/Au top contact
p* InAs cap
p" AllnAsSb
i AllnAsSb _
n* AllnAsSb
n* InAs buffer
n* InAs substrate
Ti/Au back contact
gl b ‘I

»

>

Fig. 1. Schematic diagram of the AllnAsSb p-i-n diode (not drawn to scale).

The large diodes (400 and 420 pm) and the small
diodes (200 and 220 pum) were characterized using current-
voltage (I-V), capacitance-voltage (C-V), photoresponse,
avalanche gain and excess noise measurements. Data were
obtained from a minimum of three devices for each type of
measurement. The I-V characteristics were measured using a
picoammeter. The ideality factor was extracted from the
forward I-V data, while the leakage current and breakdown
voltage were obtained from the reverse I-V data. The C-V
characteristics were obtained using an LCR meter. The built-in
voltage was estimated by extrapolating 1/C(V)? to zero, yielding
avalue of 1.07 V.

Prior to the C-V (fittings, we investigated
experimentally the background doping type of the i-AllnAsSb
layers. Using the same two wafers, additional partially etched
p-i-n and n-i-p AllnAsSb devices (down to approximately half
of the i-region thickness) were produced. At a reverse bias of
10 V, the measured capacitance was 30 pF for partially etched
p-i-n diodes, compared to 20 pF for fully etched p-i-n diodes.
The higher capacitance of the partially etched p-i-n diode
indicates that the depletion region is not entirely confined
within the partially etched mesa. Conversely, the capacitance
values were identical for both partially and fully etched n-i-p
diodes, indicating complete depletion confinement within the
mesa structure. This technique was used to identify the
unintended background doping type in mesa diodes [29]. These
results indicate that the unintended background doping in the i-
AlInAsSb layers is p-type.

Using a 1-D Poisson Electric-field solver, fittings were
conducted on the experimental C-V characteristics to estimate
the layer thicknesses and doping concentrations. A relative
dielectric constant of 11.88 obtained from linear interpolation
of the constituent binary alloys (AlAs, AlSb, InAs, and InSb)
[30] was used for AllnAsSb. For clarity of the presentation, the
experimental C-V data and fittings are shown for only the large
p-i-n and n-i-p diodes in Fig. 2. The large and small devices'
capacitance scaled with area (not shown here). The C-V fittings
use the nominal values for layer thickness, but doping

concentrations used for the doped AllnAsSb cladding layers are
between 1x10'7 cm™ and 3%10'7 cm™, which are lower than the
nominal values. Also, the C-V fittings suggest unintentional
background doping of 1x10'®cm™ and 2x10'6 ¢cm™ in the p-i-n
and n-i-p diodes, respectively. The estimated electric field
profiles at a reverse bias of 50 V indicate that, for a given
reverse bias, the n-i-p diode has a higher peak electric field than
the p-i-n diode (537 compared to 492 kV/cm). The extracted
electric field profiles were used to (i) inform whether there is a
significant change in depletion width in the p* and n* layers as
reverse bias increases and (ii) predict the dependence of
photocurrent (or the primary current) on reverse bias. The
primary current was subsequently used to obtain the gain (or
multiplication factor), given by the ratio of total photocurrent to
the primary photocurrent.

100

O  p-i-n (large) 600

O n-i-p (large) g 500
—— p-i-n fitted
n-i-p fitted

492 kV/em

80

400

Electric field (kV/cr
w
8
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Epilayer depth (um)

Capacitance (pF)

Reverse bias (V)

Fig. 2. Experimental capacitance-voltage characteristics (symbols) and fittings
(lines) of large p-i-n and n-i-p diodes, with estimated electric field profiles at a
reverse bias of 50 V in the inset.

Avalanche gain, shot noise, and excess noise
measurements were conducted using a setup described in [31].
Optical signals at wavelengths of 543, 625 and 850 nm were
modulated and focused onto the optical window of the device-
under-test. The setup utilized a phase-sensitive detection
technique for measuring the photocurrent and noise power,
following amplification by a transimpedance amplifier (TIA),
with lock-in amplifiers. This distinguishes the signals from dark
current, background interference and electronic noise,
facilitating accurate F(M) measurements. The optical power
remaining inside the diode for each wavelength was estimated
using I = I,(1 — R)e™"'Y, where I, is the incident optical
power, R is the reflectivity of the semiconductor surface, y is
the absorption coefficient for a given wavelength, and W is the
width of the absorption region. Values of yin AllInAsSb were
estimated from linear interpolation of the constituent binary
alloys [30], which yielded 9.8x10% 6.3x10* and 1.1x10* cm!
for 543, 625 and 850 nm, respectively. The 543 nm wavelength
light is fully absorbed (> 99 %) by the top two layers, p* (or n*)
InAs cap and p* (or n*) AllnAsSb cladding layer, giving rise to
a pure electron (or hole) injection profile in the p-i-n (or n-i-p)
diodes. At longer wavelengths of 625 and 850 nm, the
proportion of light absorbed by the top two layers decreases to
~94 and 45 Y%, respectively. These longer wavelengths,
therefore, produce mixed carrier injection profiles.
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lll. RESULTS

Room temperature dark I-V characteristics for both p-
i-n and n-i-p diodes are shown in Fig. 3. Under forward bias,
the diodes exhibited an ideality factor of 1.8. The n-i-p diodes
showed higher series resistance in the forward I-V than the p-i-
n diodes. This is attributed to the relatively low doping
concentration of the top n* AllnAsSb cladding layer (1x10"7
cm). In the reverse bias, the breakdown voltage (defined as the
voltage corresponding to a dark current of 100 pA) is 58.5 and
52.3 V for the p-i-n and n-i-p diodes, respectively. The smaller
breakdown voltage in the n-i-p diode is attributed to the higher
peak electric field (caused by its higher unintended background
doping in its i-AllnAsSb layer) shown in Fig. 2. In the p-i-n
diode, the dark current increases proportionally with diode area,
as expected when the dark currents are dominated by bulk
leakage mechanism(s). The measured dark currents do not
appear to be dominated by tunnelling currents over the voltage
ranged used. In contrast, the different-sized n-i-p diodes exhibit
similar dark currents, indicating significant surface leakage
currents. Nevertheless, the dark I-V characteristics of the p-i-n
and n-i-p diodes confirm that the devices are sufficiently robust
for subsequent measurements.
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Fig. 3. (a) Forward and reverse (b) bias current-voltage characteristics for p-i-
n and n-i-p diodes.

Avalanche gain data for 543, 625 and 850 nm optical
signals of the p-i-n diodes are shown in Fig. 4(a), together with
the lock-in amplifier signal shown in the inset. Data from large
and small diodes are in agreement, although only results from

the large diodes are presented here for clarity. For a given
reverse bias, as the optical signal wavelength decreases, gain
increases. Since decreasing wavelength increases the
proportion of electrons in the carrier injection profile, we can
conclude from the gain data that pure electron injection
produces higher gain than mixed carrier injection. This
indicates &>p. In the inset of Fig. 4, the lock-in amplifier signal
increases rapidly at low reverse bias (0 to 7.5 V). These are most
pronounced in data obtained using the shortest wavelength (543
nm), which is expected from its greater dependence on the
photo-generated carrier collection efficiency with reverse bias.

The experimental F(M) results of the p-i-n diodes for
different carrier injection profiles are compared in Fig. 4(b). For
a given M, F is the lowest under pure electron injection (543
nm wavelength) and increases rapidly as more mixed injection
occurs (longer wavelengths). This is consistent with the
observation, & > f drawn from Fig. 4(a). For rigor, additional
F(M) measurements using optical signals at 543 nm were
performed on 12 p-i-n and 8 n-i-p diodes for pure electron and
pure hole injection, respectively. The data are shown in Fig.
5(a), confirming very low F(M) from the p-i-n diode (with pure
electron injection) that correspond to 0 < k£ < 0.04 [4] and very
high F(M) from the n-i-p diode (with pure hole injection).
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Fig. 4. (a) Experimental avalanche gain of the large p-i-n diodes obtained using
optical signals at 543, 625, and 850 nm wavelengths. The inset shows the
corresponding photocurrent signals from the Lock-in Amplifier (LIA). (b)
Corresponding experimental excess noise factor versus avalanche gain for the
three wavelengths.
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Slightly higher F(M) data from small-sized p-i-n
diodes compared to the large p-i-n diodes can be observed in
Fig. 5(a). We attribute this discrepancy to unintended mixed
injection, which is possibly due to reflected stray light entering
the diodes through their mesa sidewalls, an observation based
on a further set of F(M) data. These were obtained from
additional devices fabricated with a metal optical mask
covering the mesa sidewalls to prevent unintentional side
injection, giving rise to mixed injection. The F(M) data from
these p-i-n diodes with optical masks clearly correspond to 0 <
k < 0.03, as shown in Fig. 5(b). At M = 100, F ~ 3.9-4.9
corresponding to £ = 0.02-0.03. In contrast, under pure hole
injection, the n-i-p diodes exhibited very high excess noise, £ >
17 at M ~ 3. Therefore, our comprehensive F(M) data (from 15
p-i-n diodes and 12 n-i-p diodes) show that & >> fSin this alloy.
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Fig. 5. (a) F(M) data using 543 nm wavelength from different-sized p-i-n and
n-i-p diodes without optical masks. (b) Different-sized p-i-n diodes with optical
mask. The lines which come from the McIntyre model increase from £ =0 to
0.04 in steps of 0.01. Inset shows a large mesa with the optical mask.

IV. DISCUSSION

Given the very low excess noise in Fig. 4 and Fig. 5, it
is essential to check that there is no unintended attenuation of
the noise signal during the F(M) measurements. First, we
compared the shot noise versus photocurrent characteristics
obtained from the three large AllnAsSb p-i-n diodes of this

work (reverse biased at 20 and 25 V, hence unity avalanche
gain) with those from a reference commercial Si photodiode
(BPX-65; reverse biased at 5 V). In these measurements, the
optical signal from a 633 nm He-Ne laser was attenuated using
a variable optical filter. The shot noise data are shown in Fig. 6.
The data from the three large AllnAsSb p-i-n diodes and the Si
photodiode are in agreement and exhibit the expected linear
dependence of noise signal on photocurrent. Hence, the
AllnAsSb p-i-n diodes, prior to appreciable avalanche gain, do
exhibit typical shot noise.

104
% 103 4
§D @  Si Photodiode (BPX 65)
o A pinlat20V
9 A pinlat25V
5 10% 4 ® pin2at20V
Z e p-in2at25V
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—— Linear fit
10! . . .
0.001 0.01 0.1 1
Photocurrent (mA)

Fig. 6. Measured shot noise from a reference Si photodiode and three large
AllnAsSb p-i-n diodes.

Next, we measured the noise power spectra of the
AllnAsSb p-i-n diodes using a Rigol DSA832 spectrum
analyzer to check if there was unintended distortion of the noise
spectra. The experimental noise spectra at reverse bias of 20 to
56 V are compared in Fig. 7. Between 20 and 40 V, noise from
avalanche gain is very small (due to low gain), so the overall
noise from the setup is dominated by the amplifier noise. The
noise power spectra at 50 V and above exceeded the amplifier
noise floor and remained flat up to ~ 10 MHz before rolling off.
These are typical features of noise power spectra obtained from
our setup when using diodes/APDs made with other materials,
confirming the accuracy of our F(M) data shown in Fig. 4 and

Fig. 5.
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Fig. 7. Measured noise power at different voltages for the p-i-n wafer when
illuminated with a 633 nm laser. Data below the amplifier noise were measured
at 20, 30, and 40 V, while data above the amplifier noise were measured at 50
to 56 Vin 1 V steps.
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The very low F(M) characteristics obtained from the
Aloglng2AsSb p-i-n diode lattice-matched to InAs substrate of
this work are similar to reports using other Sb-containing
alloys. They include AlossGao.1sAsSb lattice matched to InP
[11,12] and AlInAsSb lattice matched to GaSb [32]. Therefore,
AllnAsSb can be a low-noise multiplier with an InAs absorber
in a SAM-APD for high-efficiency detection of wavelengths
above that of InGaAs-based SAM-APDs.

To achieve a SAM-APD with high quantum efficiency
at wavelengths > 3000 nm, InAs is an excellent candidate
material for the absorption region, as it has higher quantum
efficiency at wavelengths > 1550 nm compared to other
materials, as mentioned in Section I. The external quantum
efficiency of InAs [24] is compared with those reported from
Alo,151nASSb [33], Alo,()sInASSb [20], Ino,zzGaongSngSbo,m
[19], and Type Il InGaAs/GaAsSb grown on InP [18] in

Fig. 8. Clearly, InAs is superior at wavelengths > 3000
nm. A proof-of-concept SAM-APD using an InAs absorption
region has been reported by [25]. They demonstrated that with
avalanche gain, a responsivity as high as 8 A/W at a wavelength
of 3.27 pum could be achieved. A comparison of relevant
avalanche materials for MWIR detection (e.g. InAs and
HgCdTe) as well as other AllnAsSb reports is presented in
Table. 1. At avalanche gain of ~15, the excess noise factor of
this work is comparable to values exhibited by InAs and
HgCdTe, but slightly lower than previous reports of AllnAsSb
(on GaSb or InP substrates). Relative to HgCdTe, the
AlpsIng2AsSb avalanche layer is much wider bandgap. Hence,
an InAs/Aloslng2AsSb MWIR SAM-APD can operate high
gain without limitation of band-to-band tunnelling current.
However, the challenge, to carefully optimize the bandgap
grading to achieve smooth electron transport from InAs to
Alp 3Ing2AsSb, will need to be solved.

100
InAs [24]
90 —— Al InAsSb [33]
80 + Al ,sInAsSb [20]
70 + —— InGaAs/GaAsSb T2SL [18]

In,

Gay 15As,

Sbyg; [19]

0.22 0.19

60 +
50 +
40 +
30 +
20 +
10 +
0 } } } } }

1.5 2.0 2.5 3.0 35 4.0

Wavelength (um)

Fig. 8. Comparison of reported external quantum efficiency (EQE) of different
absorbers.

EQE (%)

Table 1. Comparison of relevant avalanche materials for MWIR
and other AllnAsSb reports

Ref Avalanche Material Operating Excess Noise
(substrate) Temperature (K)  Factor (M ~15)

This Al(),sIIl(),zASo,glsbo,sg 300 ~1.1
work (InAs)

[20] Al 7InAsSb (GaSb) 100 ~2.6
[21] Al 3sInAsSb (GaSb) 300 ~3.1
[35] Aly7InAsSb (InP) 300 ~2.0
[34] InAs (InAs) 250 ~1.5
[23] HgCdTe (CdZnTe) 80 ~1.5

V. CONCLUSION

Random alloy Aloslne2Aso31Sbose p-i-n and n-i-p
diodes were grown using molecular beam epitaxy and
characterized at room temperature. Both p-i-n and n-i-p diodes
show well-defined avalanche breakdown in the reverse bias,
with an avalanche gain above 100 in the p-i-n diodes.
Comparisons of gain characteristics from different carrier
injection profiles clearly indicate that & > f. Rigorous excess
noise measurements of p-i-n and n-i-p diodes confirm that
a >>B, with excess noise factors of the p-i-n diodes being the
lowest (best) under pure electron injection (F ~ 3.9-4.9 at M =
100) and increasing rapidly with mixed carrier injection. Also,
the excess noise factors obtained under pure hole injection from
n-i-p diodes are very high (F > 17 at M ~ 3). Additional
experimental measurements (noise power versus photocurrent
and noise power versus frequency) confirmed that our excess
noise measurements data are robust.  Therefore,
AlosIng2Aso31Sbo.eo lattice-matched to InAs substrates is a very
low noise avalanche material that can be combined with an InAs
absorber. The combination can potentially provide APDs with
excellent quantum efficiency at wavelengths above 3 um,
which is of particular importance for methane gas sensing at ~
3.4 um.
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