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ABSTRACT

We demonstrate low noise random alloy (RA) Al g5Gag 15AsSb (hereafter AlGaAsSb) avalanche photodiodes (APDs) nearly lattice-matched
to InP substrates. In contrast to digital alloy (DA), RAs are manufacturable due to the ease of growth. The 910 nm-thick RA AlGaAsSb was
grown at a low temperature around 450 °C to mitigate phase separation by suppressing surface mobility of adatoms. The high quality of the
RA AlGaAsSb material was verified by x-ray diffraction, Nomarski, and atomic force microscope images. Capacitance-voltage measurement
found that the background doping concentration was 6-7 x 10'* cm >, indicating very low impurity density in the RA AlGaAsSb material.
Current-voltage measurements were carried out under dark condition and 455 nm laser illumination at room temperature. The breakdown
occurs at —58 V. The dark current density at a gain of 10 was found to be 70 A/cm®. This value is three orders of magnitude lower than pre-
viously reported DA AlAsg 56Sbg .44 APDs [Yi et al., Nat. Photonics 13, 683 (2019)], one order of magnitude lower than DA AlGaAsSb [Lee
et al., Appl. Phys. Lett. 118, 081106 (2021)], and comparable to RA AllnAsSb APDs [Kodati et al., Appl. Phys. Lett. 118, 091101 (2021)]. In
addition, the measured excess noise shows a low k (the ratio of impact ionization coefficients) of 0.01. These noise characteristics make the

RA AlGaAsSb multiplier suitable for commercial applications, such as optical communication and LiDAR systems.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0067408

Avalanche photodiodes (APDs) are one of the crucial compo-
nents in a wide range of short-wavelength infrared (SWIR, 1.55 and
2 um) applications, such as optical communication' and LiDAR.
Unlike conventional pin photodiodes, APDs have internal gain (M)
that amplifies a weak input signal and can provide an improved sig-
nal-to-noise ratio. However, avalanche multiplication gain also results
in excess noise originating from gain fluctuation due to the stochastic
process of impact ionization events. The excess noise of an APD can
be characterized by its excess noise factor [F(M)] that is given by
Mclntyre’s local field theory,’

F(M):kMJr(lfk)(zf%). (1)

Here, k is the ratio between the electron () and hole (/) impact ioni-
zation coefficients and is less than 1 for electron-APDs (k= fi/o).
Based on Eq. (1), it is essential to lower the k value to minimize the
F(M) of an APD. Reducing k is possible by selecting materials that pre-
sent favorable o and f.

Commercially available SWIR APDs utilize the separate absorp-
tion, charge, and multiplication (SACM) structure. In a SACM design,
the heterostructure is designed such that the high electric field is pre-
sent in the multiplication region (wide bandgap material) to achieve
high gain, while the absorber (narrow bandgap material) is situated
in the low electric field region to mitigate tunneling dark current.
This structure enables one to optimally design the properties of the
absorber and multiplier separately, thereby improving the device per-
formance. Most commercial SACM APDs on InP substrates employ
an InGaAs absorber (1.55 um wavelength absorption). The multiplica-
tion regions are based on InP" or AllnAs’ lattice-matched to InP sub-
strates. However, the performance of such APDs is limited by their
large k values (k of InP and AllnAs are ~0.5° and ~0.2,” respectively).
To reduce k further, some researchers have used a thin multiplication
layer (<200 nm), which can take advantage of the dead space.” As a
result, the probability density function of the impact ionization event
becomes contracted (more deterministic), resulting in lower excess
noise.”'’ On the other hand, other researchers have recently reported
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that a thick multiplication layer (>1000nm) can also achieve an
extremely low excess noise.'"'” Several ternary and quaternary alloys
on InP substrates have been explored as thick multipliers to reduce the
k further."' '* However, since most ternary and quaternary alloys on
InP substrates have been known to experience phase separation during
random alloy (RA) growth,>'® growing high-quality thick material is
a significant challenge. For thick materials to be effective, the defect
density is a critical consideration since increased defect density due to
effects, such as phase separation, can limit the performance of the
APDs. The digital alloy (DA) growth technique has recently overcome
this growth challenge and assisted in growing several materials on InP
substrates using two alternating layers that do not undergo phase sepa-
ration.'”"” As a result, thick AlGa;_As,Sb;., on InP substrates,
including AlAss56Sbg4q (<1550 nm)'? and Al sGag 15A80 565b0.44
(~1000 nm),"” have been grown using the DA technique by molecular
beam epitaxy (MBE), and low values of k (0.005-0.01) have been dem-
onstrated. However, DA is challenging to grow for the mixed As/Sb
alloys due to a large number of mechanical shuttering operations. In
DA growth of As/Sb mixed alloys, there is anion exchange at interfaces
for short shuttering times.'”'* Since the As atom has stronger bonding
strength to group III atoms than the Sb atom, residual As atoms from
the previous As-containing layer can diffuse into the Sb-containing
layer at the interfaces, leading to rough interfaces."” *' Thus, excessive
As/Sb shuttering can give rise to many imperfect interfaces (impuri-
ties), which significantly affects material quality and carrier transport.
A large number of shutter operations can also cause a buildup of Sb
on the back of the shutter during DA growth. These Sb flakes can force
the suspension of a growth campaign and lead to long downtime for
MBE chamber maintenance. On the other hand, RA growth in which
the temperature of the effusion cells controls the composition of the
layers has practical advantages over DA growth since it does not suffer
from the deleterious effects described above. Moreover, RA is more
suited for commercialization since the crystal can also be grown by
metal-organic chemical vapor deposition (MOCVD), the primary
workhorse tool for the optoelectronic semiconductor manufacturing
industry. One way to reduce the phase separation in RA is to use low

(a)
pﬂ'lnossGaOMAs
p-RA AlGaAsSb

i-RA AIGaAsSb
-RA AlGaAsSb

Passivation

n"-In,,,Ga, ,,As

SI-InP substrate
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growth temperatures. Low growth temperature suppresses mobility of
the adatoms, preventing the alloy from being immiscible.”” Tomasulo
et al. have demonstrated that high-quality Al ,In,As, ,Sb, can be
grown on InP substrates at <405 °C, with RMS surface roughness of
~3A.” Kodati et al. demonstrated a RA AlyoIng;Aso745bo 26
(AllnAsSb) APD on InP substrates grown at around 450 °C, and this
RA AllnAsSb APDs showed a low k (~0.018) and lower dark current
(82 uA/cm? at a gain of 15)'* than DA AlAsSb'” and DA AlGaAsSb
APDs."

This paper explores an RA-grown, thick AlygsGag 15As0.56Sbo.44
(AlGaAsSb) multiplier. We have recently reported DA-grown,
1000 nm thick AlGaAsSb APDs with low-noise characteristics and
high gain with long-term stability than the AlIAsSb APDs."” It is found
that the RA AlGaAsSb APDs can have similar performance to their
DA while having all benefits from the ease of the material growth. We
discuss the material growth, characterization, and APD performance
of these RA AlGaAsSb multipliers.

Figure 1(a) illustrates the schematic structure of a p-i-n
AlGaAsSb APD. First, the device stacks were grown on epi-ready, 3 in.
semi-insulating, on-axis InP substrates. Typically, the alloys on the
InP substrate have been grown at 500°C because it is known to
achieve high-quality materials while preventing significant In desorp-
tion from occurring at above 520°C.”*° However, in this paper, the
growth temperature of the AlGaAsSb alloy was 450 °C to avoid phase
separation. The surface temperature of the substrate was measured by
the band edge temperature measurement method. When the growth
temperature is high enough in this material system, the Al, Ga, As,
and Sb are not miscible, resulting in phase separation. However, when
we reduce the growth temperature, the surface adatom mobility is also
suppressed so that the growth can be done before the system reaches
equilibrium conditions. This avoids phase separation. In this case,
growth rate and V/III ratio play important roles in achieving a high
quality material. For the p-i-n AlGaAsSb layers, the growth rate was
0.5 um/h, and the V/III flux ratio was ~5. The n*"-Ing53Gag4; As
(InGaAs) buffer layer was grown to initiate the entire growth of the
device structure with a smooth surface. This layer also acts as a bottom
contact layer, and the thickness was chosen to be 500 nm to achieve a
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FIG. 1. (a) Schematic device structure and (b) the measured and simulated x-ray diffraction (XRD) of the RA AlGaAsSb APD.
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proper wet-etch depth easily. After that, the p*-i (unintentional dop-
ing, UID)-n" AlGaAsSb structure was grown as RA. Here, the thick-
ness of the UID AlGaAsSb multiplication layer was 910 nm. Before the
growth of AlGaAsSb layers, we carried out multiple AlGaAsSb calibra-
tion runs to achieve the desired composition. Finally, a 20 nm highly
doped p*"-InGaAs top contact layer was added as a cap to prevent
surface oxidation and ensure low series resistance. For InGaAs top
and bottom layers, the growth was performed at 500°C, and the
growth temperature was changed during the growth pause between
InGaAs and AlGaAsSb layers. The device fabrication process of p-i-n
AlGaAsSb APDs was performed with the conventional lithography
and citric acid-based wet-etch method. Ti/Au was used for metal
Ohmic contact, and SU-8 was used for surface passivation to cover the
sidewalls of the mesa. More details about the fabrication steps can be
found elsewhere.'”'**°

Figure 1(b) shows the x-ray diffraction (XRD) result on the RA
AlGaAsSb APDs. The blue and black lines indicate the measured XRD
curves in the double and triple axes, respectively. It is hard to observe
all relevant peaks with double-axis, so a high-resolution triple-axis
XRD measurement was performed. Unlike the XRD curve taken in
the double-axis, several XRD peaks are resolved in the triple-axis XRD
curve. There are two sharp peaks near 0 arcsec corresponding to InP
substrate and InGaAs buffer layers. Moreover, there are several peaks
in the range from 4200 to 4400 arcsec, which come from the RA
AlGaAsSb alloy. The several AlGaAsSb XRD peaks may originate
from a slight change in the As/Sb flux because of a small fluctuation
in the surface temperatures when the different epi layers, such as p, i,
and n, are being grown. Assuming that the flux of group IIT (Al and
Ga) is constant throughout the growth, and no considerable relaxa-
tion presents in between the epi-layers and the substrate, the compo-
sition of the AlGaAsSb layer can be, by XRD simulation, estimated
to be in a range from Aljg5Gag 15AS0.5715D0.429 to AlygsGag 15A80 55
Sbo4p indicating a composition control within about 1%.
Additionally, Nomarski and AFM images were taken to examine
the surface quality of the RA AlGaAsSb alloy, as shown in Fig. 2.
The Nomarski microscopy image [Fig. 2(a)] shows a very smooth
surface morphology, and AFM images [Fig. 2(b)] reveal a good root
mean square (RMS) roughness of 1.74 A, indicating that the low
adatom mobility helps to improve the material quality of the
AlGaAsSb alloy.

(a)

scitation.org/journal/apl

Since the RA AlGaAsSb alloy has an indirect bandgap (E,), the E,
cannot be determined by photoluminescence. This is because the PL
intensity is weak. Therefore, to determine the bandgap of the RA
AlGaAsSb, a quantum efficiency (QE) measurement was carried out at
room temperature (RT), as shown in Fig. 3(a). The measurement was
done under —6V, near a bias point where the device is fully depleted.
The Franz-Keldysh effect due to the applied bias is negligible for an
indirect gap. The highest QE is about 26.5% at 2.01 eV (615 nm).

For an indirect gap material, QE (o< responsivity oc absorption
coefficient) can be written as the following expression:”’

QE o (Epy — Ey)*.

Here, E,;, is the photon energy. Therefore, the E, can be accurately
determined by linear interpolation near the cutoff tail in the QE spec-
trum.” Accordingly, QE" was plotted as a function of photon energy,
as shown in Fig. 3(b). The x-intercept of the linear fitted line (red
dashed line) indicates that the E, of the RA AlGaAsSb alloy is 1.52 V.
This E, is similar to the previously reported bandgap of thin RA
AlGaAsSb APDs”” and DA AlGaAsSb APDs."”

Figure 4(a) shows capacitance-voltage (CV) and depletion width
of the RA AlGaAsSb APD for a 200 um diameter device at RT. As
seen in Fig. 4(a), the capacitance drastically drops and saturates near
—4V. This implies that the device is almost entirely depleted near
—4V. To calculate depletion width and background doping concen-
tration, we used a dielectric constant of 11.41°" and a 910 nm UID
layer thickness. This thickness was obtained by secondary ion mass
spectroscopy (SIMS), as shown in Fig. 4(b). Figure 4(c) shows the cal-
culated background doping concentration (1) as a function of deple-
tion width. The 7, was around 6-7 x 10" cm ™, indicating very low
impurity density in the AIGaAsSb material. This value is about two
orders of magnitude lower than DA AlGaAsSb APDs."” The lower 1,
of the RA is likely due to the absence of the interface states. The RA
AlGaAsSb does not have any interface states, while the DA does. In
some As/Sb superlattices (SLs), such as InAs/AlSb SL***’ or InGaAs/
GaAsSb SL,” interface states were found. Those act as impurities in
the materials and, therefore, contribute to the Npg.

The current-voltage (IV) measurement under dark conditions
for a 100 um diameter device is illustrated in Fig. 5(a). Breakdown
(Vpr) occurs around —58 V, which corresponds approximately to the
critical breakdown field of 580 kV/cm. The Vg of RA is slightly higher

nm

0.5

FIG. 2. (a) Nomarski and (b) AFM images of the RA AlGaAsSb APD.
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FIG. 3. (a) The measured quantum efficiency (QE) of the RA AiGaAsSb APD and (b) the plot of QE"2 as a function of photon energy to extract the indirect bandgap of the RA

AlGaAsSb alloy.

than that of the previously reported DA."” The difference of Vg of
RA and DA originates from the discrepancy of the peak electric fields
due to the UID background doping difference between RA and DA.
The forward bias IV shows that the current sharply increases and hits
the 1 mA instrument compliance limit within 1V, meaning that the
contact resistance is sufficiently low.

The dark current, photocurrent, and gain curves of a 150 um-
diameter device are illustrated in Fig. 5(b). The photocurrent was mea-
sured with 455 nm laser illumination to ensure a nearly pure electron
injection profile. The absorption coefficient of the AlGaAsSb APDs
was extracted by ellipsometry measurement, and its appropriate
method is described in Ref. 31. The extracted absorption coefficient at
455 nm was ~1.3 x 10° cm ™. According to absorption length calcula-
tion based on Beer Lambert’s law, 98% of the incident laser intensity
was absorbed within the 300 nm p*-AlGaAsSb cladding layer, ensur-
ing that nearly pure electron injection was achieved. The calculated
gain gradually increases from —30 to —56 V and peaks at ~20.

To understand the dominant dark current mechanism in the RA
AlGaAsSb APDs, variable area diode analysis (VADA) was performed

on the device diameters of 60, 80, 100, and 150 um. Figure 6 shows the
measured dark current of the RA AlGaAsSb APDs as a function of
device radius. The dark current scales linearly with the radius. This
indicates that the dark current of the RA AlGaAsSb APDs is primarily
limited by surface leakage dark current, inferring that an improved
surface passivation technique could decrease total dark current further.
Regardless of high surface dark current in the RA AlGaAsSb APDs,
the total dark current density at a gain of 10 was ~70 uA/cm’. This
value is about an order of magnitude lower than the DA AlGaAsSb
APDs," three orders of magnitude lower than the DA AlAsSb,'” and
comparable to the RA AllnAsSb APDs.'* The RA AlGaAsSb APDs
show two times lower dark current than the DA AlGaAsSb APDs
(~145 uA/cm?).”” This is mainly because of the lower peak electric
field of the RA AlGaAsSb APDs, which is caused by the lower back-
ground doping concentration of the UID layer.

Figure 7 shows the measured F(M) as a function of gain for a
100 um-diameter device. The measurements were made using an
Agilent 8973 noise figure analyzer and 445 nm laser illumination. The
k of 0.01 was extracted by using Eq. (1). This value is roughly two
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FIG. 4. (a) The result of the CV measurement on the RA AlGaAsSb APD. The black and red solid lines indicate capacitance and the calculated depletion width, respectively.
(b) The result of the SIMS measurement on the RA AlGaAsSb APD. The doping profile of Si and Be dopants helps to accurately determine the thickness of the UID layer and

estimate (c) the background doping concentration of the RA AIGaAsSb APD.
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FIG. 5. (a) The measured dark current of the RA AlGaAsSb APD for the 100 um device at RT. The breakdown occurs at —58 V. (b) The dark current (black solid line), photo-
current (black dashed line), and gain curve (red solid line) of the RA AlGaAsSb APD for the 150 um device at RT.

orders of magnitude lower than the k of commercial InP (~0.5) and
AllnAs APDs (~0.2), and it is similar to the k of DA AlAsSb (0.005),"
DA AlGaAsSb (~0.01),"" and RA AllnAsSb (~0.014)" " APDs.
Several studies have recently reported reducing the excess noise using
the DA method.””" DA AllnAs particularly shows extremely low
excess noise compared with RA AllnAs,” and it is mainly due to the
existence of mini-band in the valence band caused by band structure
engineering.”* However, it has also been claimed that using the DA
method is not always effective on all material systems.”” For example,
InAs/GaAs DA (InGaAs) on InP and AlAs/GaAs DA (AlGaAs) on
GaAs did not show an improvement in their excess noise.”” Therefore,
it is believed that the AlGaAsSb alloy on InP is a material that does
not show a significant difference in the excess noise between the DA
and the RA. Possibly, the origin of the low excess noise in the
AlGaAsSb alloy is the modified valence band structure, which is
caused by incorporating Sb atoms into the AlGaAs alloy. A similar
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FIG. 6. VADA of the RA AlGaAsSb APD. The measured dark current is plotted with
respect to the radius of the devices. The dark current linearly depends on the radius
of the devices, indicating that surface dark current dominates the total dark current
of the AlGaAsSb APDs.

phenomenon was observed in other material systems, such as
AlAsSb™ and GaAsBi.”

A RA AlGaAsSb multiplier thicker than 910 nm will possibly
help to achieve a k lower than 0.01. Generally, the high 7, (larger than
1x 10" cm ) restricts the device from being completely depleted
due to the gradient of the built-in electric field, resulting in the ambi-
guity of determining unity gain point and low multiplication gain. The
RA AlGaAsSb multiplier reported here showed a very low 7, of
6-7 x 10" cm ™, thus enabling its thickness to be larger than 910 nm
by ensuring a nearly flat electric field profile applied in the multiplica-
tion region.

In conclusion, the RA, 910 nm thick AlGaAsSb APDs, demon-
strate low dark current density (70 A/cm? at a gain of 10) and low k
(0.01). There is an opportunity to further improve the RA AlGaAsSb
APD’s performance by suppressing the surface dark current and
increasing the multiplication layer thickness. Nevertheless, the low

8
@ RA AlGaASSb APDs v
d
7L Best fit 4 , kInP =05
100 um diameter device @RT - 4
g 6 //
w ,’
3,; Sr V4
g . .-
% 4 /, _-"
8 v P Kaiinas = 0.2
x e =52
w 3+ // P>
S Knganssp = 0-01
2 L // - — — — —
U, k=0
P
1 1 1 1 1 1 1 1
2 4 6 8 10 12 14 16
Gain, M

FIG. 7. The measured excess noise, F(M) vs gain, M for the RA AlGaAsSb APD
with the 100 um diameter device. The best fit to the AIGaAsSb APD data found
k=0.01. The other three F(M) curves correspond to the ideal case of k=0 and
two commercial multipliers, InP (k= 0.5) and AllnAs (k=0.2).
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dark current density, low k, and the anticipated benefit of the RA
growth technique suggest that the RA AlGaAsSb APD is a promising
multiplier for high-performance and cost-effective APDs. This may
also open up a path toward highly sensitive APDs with McIntyre’s
limit noise characteristics.
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