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Extended shortwave infrared (eSWIR) detectors capable of detecting wavelengths between 1.7 and 2.7 um are useful
for a wide range of applications, such as remote sensing and monitoring, but most of these detectors require cooling
to reduce the dark currents. Identifying a suitable material that extends the wavelength range to well beyond 2 um
with minimal cooling is therefore important. The overall sensitivity of such a detector can be enhanced by using it in
conjunction with a wide bandgap multiplication region which can increase the photocurrent via impact ionization.
In this work, a systematic study of avalanche multiplication in seven Aly9Gag 1Asg 0sSbo.92 diodes lattice matched
to GaSb shows that the electron impact ionization coefficient («) is larger than the hole impact ionization coeffi-
cient (f), especially at low electric fields. Using Ing;,Gag73As0.19Sbo.gs9 (bandgap = 0.45 €V) as the absorber and
Alg.9Gag.1Asp,08Sbo.92 (bandgap = 1.6 €V) as the multiplier in a separate absorption, charge, and multiplication region
avalanche photodiode configuration enabled room temperature optical detection up to 2.75 pm with a peak external
quantum efficiency (EQE) of >50% at the punch-through voltage (V},;) ~2 um wavelength. This device demonstrates
alow excess noise of F = 4.5 at a multiplication of M = 20, giving rise to a noise equivalent power for an unoptimized
device 0f 1.69 x 10~12 W/ /Hz. A maximum multiplied EQE of >2000% at 2 um is achieved before a low breakdown
voltage of 18.9 'V, obtained using a novel undepleted absorber design. This work shows the possibility of a high sensitivity
eSWIR detector capable of operating at room temperature.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License. Further distribution of this work
must maintain attribution to the author(s) and the published article’s title, journal citation, and DOI.
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1. INTRODUCTION

Detectors in the shortwave infrared (SWIR) covering the

wavelength strained InGaAs [4], and HgCdTe IR sensors [5].
Many of the applications the eSWIR detector will be used for are

1-1.7 pm wavelength band are usually based on InGaAs on
InD, and these are widely used for sensing and imaging applica-
tions as they have advantages over visible (0.4-0.7 um) or near
infrared (0.7-1.0 pm) detectors when operating in challenging
atmospheric conditions [1]. Extending the wavelength range
of the SWIR detector from 1.7 to 2.7 um [extended shortwave
infrared (eSWIR)] will bring further advantages to applications
in long range optical communications and LiDAR as there will
be a reduction in scattering and absorption due to smoke, haze,
or dust [2]. eSWIR detectors have been demonstrated based on
type II superlattices (T2SL) of InGaAs/GaAsSb [3], extended

2334-2536/24/121632-07 Journal © 2024 Optica Publishing Group

photon starved, so using an avalanche photodiode (APD) which
utilizes internal multiplication (M) at high electric fields to amplify
the primary photocurrent offers higher sensitivity compared to
conventional photodetectors. However, this multiplication often
comes at the expense of excess noise due to the stochastic nature of
the impact ionization process. McIntyre’s local field theory defines
the excess noise factor (F) for electron initiated multiplication

as [6]

F(My=kM+(1—k), (1)
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where £ = 8/« (the ratio of hole ionization coefficient, B, to elec-
tron ionization coefficient, a).

High sensitivity APDs requiring a large signal to noise ratio
(SNR) require avalanche materials with a small £. APDs capable
of operating at room temperature in the SWIR band normally
use a narrow bandgap absorber of InGaAs with a wider bandgap
multiplication region in a separate absorber, charge, and multipli-
cation region (SACM) configuration. In addition to commercially
available InGaAs/InP and InGaAs/InAlAs based APDs, there
has been considerable work recently on antinomy (Sb) based
materials. Collins ez al. [7] reported an InGaAs absorber with
Aly 85Gag.15As50.56Sbo 44 multiplication region SACM APD on InP
exhibiting an F of 2.94 at M =20 [7]. By replacing the InGaAs
absorber with GaAsSb, Lee er al. [8] showed an extremely low
F < 3at M =70 while Liu ez al. [9] improved the performance to
avery high multiplication of M = 1212 at 1.55 pm. Alternatively,
using Alg7Ing3As031Sbo.o [10,11] as the multiplication region
material with an InGaAs absorber on InP substrate also showed a
maximum gain of 17 with low excess noise (# = 0.01) character-
istics. Ren et al. [12] demonstrated that an Aly 4InAsSb absorber
and Aly7InAsSb multiplication region SACM APD on GaSb
substrate capable of SWIR operation has an excess noise factor
corresponding to # = 0.01 and a maximum A = 50. However, to
extend the wavelength of operation into the eSWIR band, a nar-
rower bandgap absorber is needed. A type Il superlattice (T2SL) of
InGaAs and GaAsSb can be grown lattice matched to InP with an
effective bandgap smaller than 0.75 eV, allowing photon absorp-
tion at wavelength >2 pum, but with a much reduced quantum
efficiency [13]. Attempting integration of the T2SL with InP [13]
or InAlAs [14] in a SACM configuration results in poor excess
noise, limiting the maximum useful multiplication. To circum-
vent these limitations, Jung ez a/. recently showed a SACM APD
using T2SL and Alj gsGag 15As0.56Sbo.44 detecting up to 2.4 um,
exhibiting very low excess noise F < 2 at M = 30 and high gain
M =178[15]at95V atroom temperature. HgCd Te based eAPDs
are capable of giving near noiseless gain over the eSWIR band and
operate at low voltages but require appreciable cooling [10].
Additionally, producing devices using these technologies with
low defect density and high uniformity is challenging. Recently,
Jones ez al. [17] demonstrated a high gain and low excess noise
avalanche photodiode cutting offat 2.1 pm with a breakdown volt-
age at 42 V by reducing the absorber bandgap in the Ren ez a/. [12]
design on a GaSb substrate. Dadey ez a/. [18] further reduced the
absorber bandgap by using Al ¢5Ing 95 AsSb, extending the cut-off
wavelength to 3.5 pm with F = 2.5 at M = 16 and a breakdown
voltage of 51 V. However, this device shows power dependent
multiplication and requires cryogenic cooling to 100 K. AllnAsSb
also requires a complicated digital alloy growth technique [19] due
to its large thermodynamic miscibility gap.

While AlGaAsSb and AllnAsSb on InP, and AllnAsSb on
GaSb, have produced low excess noise APDs, the avalanche
multiplication properties of AlGaAsSb on GaSb have not been
properly investigated. Previously, Collins ez a/l. [20] reported 8 > o
with a £ value of ~0.9 for Aly9Gag 1Asg.08Sbg.92 on GaSb while
Grzesik et al. [21] reported that B >« in Al,Ga;_,As,Sb;_,
(x =0.4, 0.55, 0.65) on GaSb. In this work, a series of seven
Aly9Gag1Aso.0sSbo.o2 homojunction p-i-n and n-i-p struc-
tures was grown lattice matched on GaSb substrates using a
random alloy technique to investigate the impact ionization
coefficients over a wide range of electric field. It was found
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that « > B in this alloy system and the ratio is comparable to
InAlAs with a £ value ~0.2, but with ~4—30 times larger mag-
nitude of impact ionization coefficients. Combining a thin
(310 nm) Al 9Gag1As)08Sbgg, multiplication region with a
doped Ing2:Gag79As.19Sbo g1 absorber in a SACM configu-
ration enables detection up to 2.75 pum at room temperature
with relatively low excess noise and a low breakdown voltage of

18.9V.

2. HOMOJUNCTION p-i-n AND n-i-p RESULTS

A series of p-i-n and n-i-p homojunctions of AlyoGag;
AsgosSbgoy (hereafter AlGaAsSb) with nominal intrinsic(7)-
region thicknesses 7 = 1200 nm, 600 nm, 300 nm, and 150 nm
was grown lattice matched on GaSb using solid source molecular
beam epitaxy (MBE). Further information on the material growth
and fabrication is given in Supplement 1 (Section S1). Studying
the effects of thickness on the avalanche multiplication charac-
teristics enabled us to extract the electron (o) and hole (8) impact
ionization coefficients over a wide range of electric fields, thereby
providing useful information for the SACM APD design reported
later.

Figure 1(a) shows the current-voltage (I-V) measurements for
the homojunction devices. The forward dark current shows neg-
ligible series resistance in P1-P4 but was larger in the N1-N3 due
to the Schottky barrier between Ti/Au and 7-type GaSb contact.
The high reverse dark currents seen here showed perimeter scaling,
suggesting that they are surface dominated and are not indicative
of the bulk dark current in this material system. The actual i-region
thickness and doping levels in the cladding regions were deter-
mined from fitting to the C-V measurements using a 1D- Poisson
model with a dielectric constant of 12.04 [21] and secondary ion
mass spectroscopy (SIMS), as summarized in Table 1. Further
details of the C-V measurements and SIMS on the p-i-ns are
provided in Supplement 1 (Section S2).

The avalanche multiplication measured under illumination
at a wavelength of 530 nm is shown using symbols in Fig. 1(a).
This wavelength of light is almost entirely absorbed in the top
2 (n) cladding layers ensuring “pure” carrier injection conditions,
whereby only electrons (holes) diffuse into the high electric field
avalanche region in the p-i-n (n-i-p) structures, respectively.
These results are independent of device size and light illumination
power. The avalanche multiplication values were determined from
the reverse bias dependent photocurrent after accounting for the
increasing primary photocurrent due to the depletion edge moving
in the cladding layers using the technique from Woods ez a/. [24].
Although these changes are small, they can have a significant effect
on the multiplication data at low fields. The avalanche breakdown
voltage for all p-i-ns and n-i-ps is consistent with reverse I-V
measurements as shown in Fig. 1(a). These multiplication results
are also plotted as log (M — 1) versus reverse bias to show the full
range of multiplication obtained in Fig. 1(b).

With knowledge of the electric field profiles from these seven
layers and their multiplication characteristics, the impact ioniza-
tion coefficients were determined using a numerical random path
length (RPL) model [25]. These impact ionization coefficients
are shown in Fig. 1(c) and parameterized in Egs. (2) and (3). This
model takes into consideration any varying electric field profile
and the depletion into the cladding regions but ignores any “dead-
space” effects [26]. The impact ionization coefficients are given
below as
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(a) Dark current and avalanche multiplication for the homojunction devices under single carrier injection conditions. (b) M-1 for p-i-ns and

n-i-ps under single carrier injection condition. (c) Electron and hole impact ionization coefficient for AlGaAsSb on GaAb compared with results from
Collins ezal. [20], InAlAs [22], and InP [23]. (d) Avalanche multiplication as a function of electric field for P1 and N1.

Table 1. Summary of Structures in this Work
CV Modeled Results
Nominal i-thickness  Breakdown Voltage i-region Doping i-region Thickness w
Layer Name Diode Type (um) Via (V) (x10% cm™3) (um)
P1 PIN 1.2 42.5 7 1.1
N1 NIP 1.2 46 7 1.14
P2 PIN 0.6 23.5 3 0.58
N2 NIP 0.6 23.5 3 0.56
P3 PIN 0.15 12.2 1 0.19
N3 NIP 0.15 11.4 1 0.17
P4 PIN 0.3 17.5 1 0.31
6\ 1117 _ Simulations of the multiplication using Egs. (2) and (3) and the
2.30 x 10° exp| — (%) om™! electric field profile of the sefi/en p-i-n/ n—%— pqstructures are shown
when E < 350kV/cm in Fig. 1(b) by the solid red line, and the agreement with measured
@= ‘ Lsox106\ 17 . @ multiplication (closed symbols) is found to be very close over three
2.30 x 10° exp <_ (T) cm, orders of magnitude. The multiplication characteristics from these
when 350 kV/cm < E < 730 kV/cm measurements indicate that & > § in this material system and
there is an increasing difference between « and 8 at lower electric
. fields as shown in Fig. 1(c). This can be seen more clearly when A4,
o\ 1.13 . . . .
6.10 x 10° exp <_ (%) ) cm™!, and M), in P1 and N1 are plotted as a function of electric field in
Fig. 1(d), and a large difference is observed between M, and M.
B= when £ <350kV/cm . 03 These impact ionization coefficients cover a wide electric field

6 e[ (260x108\" MY
3.60 x 10° exp = cm” o,

when 350kV/cm < E < 730kV/cm

where E is the electric field.

range from 160 to 730 kV/cm with a /o of 0.05-0.38 over that
range. This B/« ratio is similar to that of InAlAs [22], but larger
than InP [23]. However, both o and B are ~4 — 30 times larger
when compared to InAlAs, benefitting APD design with a reduced
breakdown voltage. These impact ionization coefficients disagree
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with values published by Collins ez 2/. [20] shown in Fig. 1(c),
where uncertainties in the intrinsic region thickness of their thin
n-i- ps may haveled to errors.

3. CHARACTERIZATION RESULTS OF
InGaAsSb/AlGaAsSb SACM APD RESULTS

The foregoing impact ionization coefficients of AlyoGag
Asp03Sbgg2 were used to design a linear mode heterojunc-
tion SACM APD with a narrow bandgap absorber material
In0.22G30_79ASO_198b0_81. work on InxGal,xAsSb
absorber materials demonstrated long electron diffusion length

Previous

>4 um, high quantum efficiency, and high absorption coefficients
in the wavelength range from 1.9 to 3.1 pm [27-30]. In this work,
In,Ga;_,AsSb (x=0.22) was used in the SACM APD design
for optimal quantum efficiency and sensitivity in the eSWIR
wavelength region.

Several iterations of the Ing1,Gag79Asg19Sbog1/
Alo_gGao_lAS(),()ng(),gz SACM APD (hereafter InGaAsSb/
AlGaAsSb) were grown on GaSb to optimize the charge sheet
thickness, charge sheet doping, and grading schemes. The
InGaAsSb absorber and AlGaAsSb multiplication region have
nominal thickness of 1450 nm and 310 nm, respectively, in this
SACM APD configuration. The conduction band offset was
graded with 30 nm Ing;GagoAsgg9Sbgor, 30 nm GaSb, and
30 nm AlGaSb layers. A 30 nm charge sheet with a p-type Be dop-
ingof 1 x 10'8 was used to tailor the electric field in the absorption
and multiplication region. The complex multistage grading
scheme reducing the band discontinuity effectively prevents carrier
trapping, increasing quantum efficiency. Further details can be
found in Supplement 1 (Section S3). By taking advantage of the
long electron diffusion length in InGaAsSb [27,29] and optimized
grading scheme, the absorber was intentionally doped to reduce the
conduction band offset and carrier trapping, hence increasing the
quantum efficiency, while reducing the breakdown voltage. The
total thicknesses of the Ing,;Gag79Asg19Sbgg; absorber and
Al .9Gayg.1As0.08Sbo.92 multiplication region observed using SIMS
[Shown in Fig. 2(b)] are in close agreement with the design, includ-
ing the thickness and the doping of the charge sheet layer. The
calculated total amount of charge is 2.5 x10'? cm™ from C-V
measurements, whereas the designed total charge is 3 x 10'2 cm ™2,
The actual thickness and doping concentration of the charge sheet

TifAu

b) Be

Te

a)

120nm p-GaSh
10"

Al
In
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may be slightly different from the designed value due to dopant
diffusion and activation effects.

Figure 3(a) shows the dark current density of a SACM device.
The forward dark current scales with area, showing low series
resistance and an ideality factor of 1.8. The reverse dark cur-
rent scales closely with perimeter suggesting the dark currents
are dominated by surface leakage. However, previous work on
this absorber material in p-i-ns and a similar SACM structure
shows that dark current can be reduced to 2.35—4 mA/cm? at
room temperature [28-30]. The bias dependent photocurrent
was measured under 0.98, 1.45, 2, and 2.4 pm illumination as
shown by the solid lines in Fig. 3(b). The abrupt increase in pho-
tocurrent around 11 V indicates the punch-through voltage (V},)
when the electric field depletes the charge sheet. It is important
to note that the multiplication in a SACM APD at V}, may be
greater than unity. Determining the multiplication value at V), was
done by fitting the simulated avalanche multiplication using the
RPL model [25] based on the accurate understanding of electric
field distribution profile from C-V, SIMS, and impact ioniza-
tion coefficients of Aly9Gag 1Asg0sSbo.oz from the photocurrent
measurements. This gives M =1.140.02 at (11 V) V,,, and this
value fits the bias dependent photocurrent from 11 V onwards up
to 18.6 V at M = 47.3. The avalanche multiplication was found
to be independent of the incident power, wavelength, and device
diameter.

The measured excess noise (F) shown in Fig. 3(c) increases
gradually with multiplication from F =2.6+0.1 at M =10 to
F =5.540.3 at M = 25 but does not follow the noise predicted
by Mclntyre’s local model [6] for the ionization coefficients given
by Egs. (2) and (3) (solid blue line). While Al 9Gag 1Asp.08Sbo 92
has a similar B/« ratio to InAlAs, it shows F = 2.6 at M =10
whereas InAlAs [31] has F =4 at M =10 and InP [23] has
F=5.1 at M=10 for devices with similar avalanche region
thickness.

Figure 3(d) shows that the multiplied external quantum effi-
ciency (EQE) of this SACM APD extends out to 2.75 pm at high
reverse biases. The EQE was measured to be 51.4% at 11V (V) at
2 pm, and it remains higher than 45% over a broad eSWIR wave-
length range (1.2-2.3 um) without any antireflection coating, and
this multiplied EQE can be increased to 2210% by applying a high
reverse bias when M = 47.3 at 18.8 V. This EQE at V, shows a
~2.5 times improvement compared to the T2SL APD reported by
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(a) Heterostructure schematic of the InGaAsSb/AlGaAsSb SACM APD grown by solid source molecular beam epitaxy. (b) Secondary ion mass

spectrometry (SIMS) result of the SACM APD. (c) Device band profiles at zero reverse bias.
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(a) Dark current density for the SACM APD. (b) Avalanche multiplication for SACM APD on a 200 pm device illuminated under 0.98, 1.45,

and 2 pm. (c) Excess noise of the SACM APD and excess noise simulations using RPL model [25], compared with InP [13,23], InAlAs [31] APD. Dashed
black solid lines represent the variation of excess noise results due to the uncertainties in unity gain determination. Dashed gray lines are the F versus M
from the Mclntyre equation (1). (d) Multiplied external quantum efficiency (EQE) at various reverse biases of the SACM APD.

Jung et al. (EQE =20% at M = 1) and AlInAsSb based APD by
Joneseral. (EQE = 20%at V).

4. DISCUSSION

The high multiplied EQE in this SACM APD device is
attributed to large absorption coefficient [29,30] in the
Ing22Gag 79As19Sbg g1 absorber (7000 cm™') and its very
long electron diffusion length [30,32]. The large energy band
discontinuity between the Ing2,Gag79As0.19Sbo g1 absorber and
Alp9Gag,1As.0sSbgg2 multiplication region of ~1.1eV was
mitigated by the use of a three-stage grading scheme, minimizing
carrier trapping at room temperature when a modest electric field
was applied.

The breakdown voltage of this SACM APD (18.9 V) is signifi-
cantly lower than that seen in other eSWIR SACM designs, for
example, AllnAsSb [33] and T2SL with InP [13], InAlAs [14],
and AlGaAsSb [15]. This can be attributed to the larger values of
ionization coefficients in Al 9Gag 1 Asg 93 Sbo 92 shown in Fig. 1(c),
the use of a relatively thin multiplication region (~300 nm), and
the lack of any voltage drop across a depleted absorption region.
Such a low voltage operation makes this design suitable for use

in focal plane arrays with low voltage read-out integrated circuits
(ROICs).

Accurately determining the multiplication of SACM APD
is critical for the interpretation of the excess noise data shown in
Fig. 3(c), as small errors in the calculation of multiplication factor
can have a significant effect on the calculated excess noise. The
black solid lines in Fig. 3(c) show that the variation in excess noise
expected due to the uncertainty in multiplication determination
(M =1.1£0.02) at V), is small. While the local model [6] [solid
blue line in Fig. 3(c)] does not accurately predict the excess noise
observed in this SACM APD, simulation of the excess noise using
the RPL model with a threshold energy (£y,) of 2.6 €V (solid red
line) agrees with the measured F very well. The dead-space effect™
plays a significant role in reducing excess noise in thin avalanche
region devices, and this has been studied in many materials, for
example, GaAs [34] and silicon [35]. Similar characteristics have
been observed in other ITI-V materials, where £y, of ~1.5 times of
the multiplication material bandgap can reproduce the measured
excess noise reasonably well [36].

In long distance free space optical communications, APDs
enhance the signal to noise ratio (SNR) of the receiver module,
enabling higher bit rates, more accurate data transmission, and
longer distances. A high sensitivity APD operating in the eSWIR



Research Article

Vol. 11, No. 12 / December 2024 / Optica 1637

region can further minimize transmission losses and reduce the
likelihood of signal interception. To evaluate the potential advan-
tage of incorporating this eSWIR APD into an optical receiver, a
noise equivalent power (NEP) analysis was conducted to estimate
its theoretical performance. NEP is a measure of the weakest opti-
cal signal that can be detected; therefore, it is desirable to have as

low an NEP as possible. The NEP is defined as follows [37]:

NEP = % (V2q(k+ Ro2F) +n2,,). )

where R is the responsivity at 2 pm, /; is the surface leakage current
and /, the bulk dark current, and 7, is the noise spectral density
ofan external amplifier.

Such a model is sensitive to the exact parameters used, so we
have been relatively conservative in our assumptions of the dark
current and the subsequent transimpedance amplifier (TIA) noise.
Initially, the NEP is dominated by TIA noise and surface shot
noise, so the overall NEP is reduced due to increasing multipli-
cation of the APD. The NEP of our SACM is compared with a
T2SL/InP APD [13] and T2SL/Aly g Gao.15As0.56Sbo.4s APD
[15]. The InGaAs/GaAsSb T2SL absorber gives rise to a low
quantum efficiency (EQE =20% at M =1) in both APDs. As
shown by Eq. (4), this increases the NEP significantly. At M =2,
the excess noise and bulk dark current from the T2SL/InP APD
dominate the overall receiver noise, minimizing the NEP at a
value of 3.1 x 10712 W/v/Hz. Any further increase in APD
gain degrades the NEP. Due to the very low excess noise in the
T2SL/Aly gsGao15As056Sboss APD (F = 1.6 at M= 10), its
NEP continues to reduce to 2.84 x 10712 W/\/iz at M=5
before the APD noise dominates the overall receiver noise. Despite
the Ing 25 Gag 79As,19Sbg g1 /Alg.9Gag,1 Asg 0gSbg.92 APD reported
here exhibiting higher excess noise (F = 2.4 at M = 10) compared
to the T2SL/Aly g5Gag.15As0.56Sbo 44, APD, its NEP is actually
lower due to its higher quantum efficiency and lower bulk dark
current. The NEP of this APD decreases with increasing multipli-
cation, reaching 1.69 x 10712 W/«/E at M = 20, representing a
~1.7 times improvement over the T2SL /Al gsGag.15As0.56Sbo 44
APD. By applying an anti-reflection coating and reducing the
surface leakage current with an optimized etching and passivation,
the NEP can be further reduced to 7.6 x 1073 W/+/Hz. Further
reductions to the NEP require /; to be reduced by improving
the material growth or by cooling the device. Further details are
provided in Supplement 1 (Section S4).

5. CONCLUSION

In summary, this work shows the electron ionization coefficient o
is larger than the hole coefficient 8 in Al 9Gag 1 Asg 03 Sbo.92 grown
on GaSb. By using this alloy as a multiplication region material,
integrating with an Ing 2, Gag 73Asg.19Sbg g9 absorber, this enables
detection beyond 2.4 pum with high sensitivity and a reduced
operating voltage. Further reducing the surface leakage current will
significantly improve the overall NEP. This detector technology
is widely suitable for free space communication and Lidar in the
eSWIR wavelength range.
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