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ABSTRACT

For short-wavelength infrared (SWIR) avalanche photodiodes, a separate absorption, charge, and multiplication design is widely used.
AlInAsSb on an InP substrate is a potential multiplication layer with a lattice match to absorber candidates across the SWIR. Our new mea-
surements demonstrate that AllnAsSb on InP is a promising multiplier candidate with a relatively low dark current density of 10~* A/cm” at
a gain of 30; a high gain, measured up to 245 in this study; and a large differentiation of electron and hole ionization leading to a low excess
noise, measured to be 2.5 at a gain of 30. These characteristics are all improvements over commercially available SWIR detectors incorporat-
ing InAlAs or InP as the multiplier. We measured and analyzed gain for multiple wavelengths to extract the ionization coefficients as a func-

tion of an electric field over the range 0.33-0.6 MV/cm.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0165800

An avalanche photodiode (APD) is a crucial component for low-
light optical receivers. APDs targeting short-wavelength infrared
(SWIR), especially 1.55 and 2 um, have demonstrated promise for
lidar applications in defense, space,”” and commercial’ ° sectors.
APDs are particularly advantageous in low-light applications, because
impact ionization increases the signal and can overcome circuit read-
out noise. The sensitivity of commercial APDs at 1.55 and 2 ym are
limited primarily by their large excess noise, which limits the gain they
can operate at. The sensitivity of an optical receiver is characterized by
its signal to noise ratio (SNR). For an APD receiver with gain, SNR is
given by’

M

SNR = .
2gM? (I, + Li)F(M)Af + Napp

1

Here, Iy, is the gain-free photocurrent that is proportional to
quantum efficiency (QE), M is the field-dependent gain from impact
ionization, g is the elementary charge, I, is the gain-free dark current,
F(M) is the excess noise factor, Af is the bandwidth, and Ny, is the

noise power from the readout circuit. The key to reduction of F(M) at
high gain is a multiplier material with a low k, the ratio of impact ioni-
zation coefficients of the holes (ff) to electrons () (for an electron
APD).” "' Therefore, for a given Ny, a high QE, a low I, and a low k
are all needed to increase the SNR of an APD. This study builds on a
previous report'” of these key characteristics for AllnAsSb on InP,
measures a higher M and lower k than previously reported, extracts
the material’s ionization coefficients from measurements of gain close
to breakdown, and demonstrates its promise as an APD multiplier.

A separate absorption, charge, and multiplication (SACM) APD
design combines distinct materials for the absorption and multiplica-
tion stages. This enables the optimization of QE in the absorption layer
and the optimization of M and k in the multiplication layer. For infra-
red APD applications, HgCdTe is an established, high performing
APD technology™'” that is typically operated at 110K or lower.
Current commercial options for room temperature SWIR APDs are
SACMs with absorber/multiplier pairs of InGaAs/InP and InGaAs/
InAlAs."* These commercial options use an InP substrate to improve
their manufacturability. The performance of these commercial options

Appl. Phys. Lett. 123, 131110 (2023); doi: 10.1063/5.0165800
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Semi-insulating InP Substrate

FIG. 1. Heterostructure and test device schematic for the PIN AllnAsSb test
devices.

is limited by a high k value'"” ”’ in the multiplier that limits the
operational gain and SNR. Researchers have identified several
alternative, InP substrate-based multipliers (InAlAs,”"*” AlAsSb,>***
AlGaAsSb,”> " AlGalnAs,”® and now AlInAsSb) that improve k over
InP or InAlAs.

An alloy of Al 7oIng 30As74Sbo 2 Was grown as a random alloy
on InP using molecular beam epitaxy as previously reported.'””” The
schematic of the AllnAsSb PIN heterostructure and test device are
shown in Fig. 1, and additional material characterization information
is provided as the supplementary material. The 1000 nm unintention-
ally doped (UID) AllnAsSb layer is thick enough to ensure significant

ARTICLE pubs.aip.org/aip/apl

variations in the optical injection profile over the range of test wave-
lengths. A three-step fabrication procedure was employed to make
single-pixel devices. In step 1, mesas were etched with a solution of cit-
ric acid (40ml of 1g1ml)/H;PO, (10ml)/H,O, (10ml)/H,O
(200 ml). In step 2, the wafer was dipped in HCL:H,O (1:10) for 30 s to
remove the native oxide and then passivated with SU-8 6000.5
(~500 nm). In step 3, the wafer was again dipped in HCI:H,O (1:10)
for 30 s and then metalized with Ti/Au (12/150 nm) for the top and
bottom contacts. The forward-bias current was measured to assess and
verify that the series resistance was sufficiently low. The new fabrica-
tion led to a factor of 350 reduction in the series resistance (analysis
provided in the supplementary material), and this enabled a more
accurate analysis of the gain. Gain measurements [Fig. 2(a)] were
made at the Ohio State University and the University of Sheffield. At
gains up to 10, the measured gains agree within the precision estab-
lished by device-to-device variation and analysis of the gain-free pho-
tocurrent correction. Above a gain of 10, the Ohio State gain results
increased more quickly with bias [Fig. 2(a) inset]. This is attributed to
a lower photon flux, and only the Ohio State gain results were used in
subsequent analysis. Ohio State measured DC currents using a source-
meter unit under dark [Fig. 2(b)] and illuminated (focused diode
lasers) conditions. To calculate the gain accurately, it is good practice
to account for the photocurrent increase that results from the increas-
ing depletion width with voltage [Fig. 2(d)]. For this material, the
increase in the depletion width is small relative to the depletion width,
and the effect is estimated with a linear correction based on a fit to the
low-voltage region.

These wavelength- and photon flux-dependent gain measure-
ments, Fig. 2(a), of this structure determined that the previously
reported'” gain and noise characteristics were limited by the measure-
ment conditions and not by the material. Photo-generated carriers can
screen the applied electric field due to space charge effects,”’ and this
has the consequence of suppressing gain with increasing photon flux.
The maximum stable gain observed was 245 at a voltage of 59.1V

FIG. 2. (a) Gain vs reverse bias for five
excitation wavelengths. The inset focuses

Reverse Bias [V]

UID Thickness

45 50 55 60 on the gain above 56V. Measurements
were made at both Ohio State and
Sheffield. The divergence of the Ohio
State and Sheffield measurements at low
voltage is a result of the depletion width
correction applied. (b) Measured dark
current for a 200 um device. (c) SIMS
measurement of the concentration of Be
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with an excitation wavelength of 450 nm. The maximum observed
gain was previously reported at 15, but this limited gain is now
believed to be due to this photon flux effect. For these AllnAsSb devi-
ces, the maximum gain for a given wavelength was observed when the
unity gain photocurrent was less than 50nA (I to 50 uW optical
power, dependent on wavelength), and the maximum gain did not
increase at photocurrents below this. Figure 2(b) shows the dark
current of the improved devices. An analysis of this dark current
against single carrier gain finds that the bulk dark current density is
2.80 tA/cm? at unity gain and the surface dark current linear density
is 2.7 nA/cm; a factor of 2 and 30 improvement, respectively, over the
previous devices'* (analysis provided in the supplementary material).
With data from these improved devices and measurements, we applied
a mixed injection approach to quantify the field dependence of the
multiplier’s impact ionization coefficients.

Avalanche gain is a consequence of carriers initiating impact ion-
ization as they travel through the multiplier. The gain is both field-
and position-dependent. The field dependence is captured in the
depletion width (w), o, and f8. The position dependence is then®

(2= p)e P

M('x) = ae—(a—/ﬁ)w _ ﬂ :

@)
In single carrier injection, all photo-generated carriers are generated
prior to entering the multiplication region. In mixed injection,
carriers are also photo-generated in the multiplier region. The
observed, average gain is then dependent on the carrier generation
function, G(x), as

" M(x)G(x)dx

b
M G o

For the PIN devices in this study, the carriers are generated by photon
absorption (G,) with an exponential decay profile dependent on the
absorption coefficient (y;),

Ga(x) o< e, )

Sheffield has previously implemented a randomly generated ioni-
zation path length (RPL) model to analyze mixed injection data.”' The
RPL model uses the o, f3, device structure, and diffusion length as
inputs and predicts the resulting field and gain characteristics. The
RPL model incorporates a “triangular” electric field in the p* and n*
regions. Ohio State’s analytical model makes several simplifying
assumptions to speed the calculation in a non-linear least squares anal-
ysis. This analytical model assumes that carrier diffusion can be
ignored™ and treats the electric field as a top-hat shaped function that
extends into the p* and n* regions with increasing voltage. For this
heterostructure, in which the p" and n™ doping levels are 2 x 10'%,
the depletion into the cladding regions is small compared to the
avalanching width. Within these assumptions, Eqgs. (3) and (4) can be
combined and solved® to find the mean gain (M,) as

B 7 eaw(e—w(a—ﬁ+72) — 1)(0( — ﬁ)
o= () {(W S ey EnE M

The analytical model parameterized w and E as

Vapplied + Vin—puitr

E ) (6)

/
w=w,+w X Vapplied =

pubs.aip.org/aip/apl

where w is the depletion width at zero bias, w' is the slope of depletion
width as a function of applied bias, V,ppiieq is the applied bias, and
Vinbuilt is the in-built bias. This parameterization is consistent with
the measured CV data [Fig. 2(b)]. The wo, W/, and Vi, pyi; coefficients
for the analysis were obtained from a Silvaco model of the structure
that was verified against the CV data. In both the RPL and analytical
analyses, o and f} are parameterized as™

o= Ane_(%)cn , (7)
p—npe (. ®)

The six parameters—A,, B,, C,, Aps By, and C,—are empirical param-
eters that are determined from the best fit to the gain data.

The input parameters for the two analyses are listed in Table 1.
The secondary ion mass spectrometry (SIMS) and CV measurements
that support these parameters are shown in Fig. 2. The gain measure-
ments indicate that 406 and 450 nm illumination resulted in single
carrier injection, making gain independent of these absorption coeffi-
cients. For the other wavelengths, absorption coefficients measured
using ellipsometry'” were the starting point for the analysis. Both anal-
yses found that the match between the gain measurements and predic-
tions was improved by adjusting the absorption coefficients in the fit
process, and the final coefficients agreed with the ellipsometry mea-
surements within the experimental and analysis precision.

The two analysis approaches lead to similar assessments of o and
p. Figure 3 shows the fit predictions and residuals for the two analyses,
Table IT compares the best-fit parameters, and Fig. 4 compares the pre-
dicted ionization coefficients. The predictions for o agree within
+11% between breakdown and a gain of 2. The predictions for 5 agree
within *50%, reflecting that the precision of f§ is poorer because it has
less impact on the gain. The analytical fit estimates the precision of
each parameter, and the relative precision of the A parameters indi-
cates that the uncertainty in o is about +8% and the uncertainty in
is about +57%. The predicted parameterization for A,, By, B, and C,
are similar, but A, and C, differ significantly. This parameter discrep-
ancy is less significant than the ionization coefficient agreement. The
C parameters have the least precision because of their correlation with
A and B, and the analytical analysis could not estimate their precision.
Caution should be used in assigning physical significance to these
parameters, because C, and C,, are predicted to be greater than one.

TABLE |. Input parameters for the Sheffield and Ohio State analyses of the gain
data.

Input parameter Value Method
P-region thickness (nm) 300 SIMS
P-region doping (cm ™) 2x10'® SIMS
I-region thickness (nm) 997 SIMS
I-region doping (cm ) 1x 10" Growth conditions
N-region thickness (nm) 100 SIMS
N-region doping (cm ™) 2% 10" SIMS

wo (nm) [Eq. (6)] 999.95 Silvaco, SIMS, CV
w (nm/V) [Eq. (6)] 0.320 Silvaco, CV
Vin_built (V) 1.374 Silvaco
Diffusion length (um) 0.1 RPL analysis
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TABLE I1. lonization coefficient parameters for AllnAsSb obtained from the two analysis approaches. The parameters apply over the measured field range of 0.33-0.6 MV/cm
The parameter precision estimates for the Analytical parameters are derived from the least squares fit. There were no reliable precision estimates for C,, or C;, due to their corre-

lation with the corresponding A and B parameters.

Fit approach A, (10°cm™) B, (10°Vem™) C, A, (10°ecm™) B, (10°Vem ™) Co
RPL 180 790 23 1400 1800 1.68
Analytical 121 =10 708 +9 2.55 157 + 89 1109 = 74 229

Figure 4 compares the analyses for AllnAsSb to previously
reported coefficients for AlAsSb,” InAlAs,™ and AlGaAsSb™ multi-
pliers (all on an InP substrate). The AllnAsSb « is lower by a factor of
2-5 than these comparison materials, and f} is lower than either InAlAs
or AlGaAsSb. The differential between o and f, reflected in k, is compa-
rable to AIGaAsSb but not as low as AlAsSb. This low k is promising for
AlInAsSb to be able to achieve high gain with low excess noise. The
excess noise for these AllnAsSb devices was measured by Sheffield using
these same devices and while keeping the photon flux low to avoid gain
suppression. The excess noise for 450 nm excitation is shown in Fig. 5
and compared to three predictions from local models. Below a gain of
10, the excess noise shows evidence of nonlocal behavior. Above a gain

of 10, the excess noise increases linearly, consistent with a high-field k of
approximately 0.044, a factor of 2 lower than the predictions from the
ionization coefficient analysis. Lewis et al.”’ recently showed that the
excess noise measured in AlGaAsSb is much lower than would be
expected from the hole/electron ionization coefficient ratio, and a simi-
lar effect may be responsible for low noise in AllnAsSb. As shown in
Fig. 5, the measured excess noise is significantly better than a commer-
cially available SWIR InGaAs APD and is more like a Si APD. This
excess noise is lower than InAlAs”' at high gain, and it is lower than
AlAsSb™ and AlGaAsSb™ up to a gain of ~15 but then higher.

In conclusion, we presented the gain, ionization coefficients, and
excess noise for the AllnAsSb alloy on an InP substrate, over a field

10" —\

FIG. 4. (a) Experimental o and f coeffi-
cients vs inverse field for AllnAsSb (this
report), InAIAs**  AlGaAsSb,*° and
AlAsSb.*® (b) Calculated k for the same
materials.

(a) (b) 10° +
—
£
S
z
3
Q
3 < 107 +
[&]
c
o
3
N 10° +
510" +— AlGaAsSb .
—— AlAsSb NN
= AllnAsSb, Analytical ’~.§\ .
» | = AlinAsSb, RPL W e "
10 } } t f e 10 t f t
18 20 22 24 26 28 30 18 20 22

T
24 26 28 30

1/E [ecm/MV]

1/E [cm/MV]

Appl. Phys. Lett. 123, 131110 (2023); doi: 10.1063/5.0165800
Published under an exclusive license by AIP Publishing

123, 131110-4

L¥:€0:22 ¥20z Aenuged /|



Applied Physics Letters

5
Analytical .
Commercial )
4 InGaAs Mclintyre
k =0.044
3| __Domhércial Si

Measurement

Excess Noise

Mclintyre k=0

1
Linear Region,
Slope = 0.044

0 +————t————

0 10 20 30 40
Gain

FIG. 5. Measured excess noise (F) vs gain (M) for a commercial SWIR InGaAs
APD,* a commercial Si APD,”” and this AllnAsSb. Three predictions of F vs M
using the AllnAsSb Analytical analysis results® (with a varying k vs field) and
Mclntyre’s excess noise formula.”

range of 0.33-0.6 MV/cm. These results will assist in the design and
analysis of high-performance SWIR SACM APDs with an AllnAsSb
multiplication layer on manufacturable InP substrates. The demon-
strated characteristics are all improvements over a commercially avail-
able SWIR APD incorporating InGaAs as the multiplier.”” The
maximum demonstrated gain of 245 (a factor of 8 improvement), the
relatively low dark current of 107* A/cm? (a factor of 10 improve-
ment) at a gain of 30, and the low excess noise of 2.5 (a factor of 4
improvement) at a gain of 30 all demonstrate that this is a promising
multiplier material for SWIR APD applications.

See the supplementary material for x-ray diffraction (XRD) data
for the material, a comparison of the current-voltage characteristics of
the previously and newly fabricated devices, and an analysis of dark
current as a function of gain.
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