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Abstract—We  report  Aly gIng.2Asg.23Sbg.77  avalanche
photodiodes with high gain (M >1300) and low dark current
at room temperature. Impact ionization coefficients for this
material system are also extracted, indicating electron-dominant
impact ionization. Low avalanche breakdown temperature
dependence is demonstrated.

Index  Terms— Avalanche photodiodes, photodetectors,
telecommunication, fiber optic links and subsystems.

I. INTRODUCTION

VALANCHE photodiodes (APDs) have been widely

deployed for use in telecommunication, military, and
research applications including imaging and single-photon
detection [1], [2]. The advantage of an APD compared to
a PIN photodetector is its intrinsic gain, which manifests
itself through the process of impact ionization. This stochastic
process enables the detection of very weak signals but also
affects the detector shot noise. The mean-squared shot noise
current in an APD can be expressed as [3]

(i) = 2qUpp + L)YM? F(M)Af (1)

where I,;, and I; are the photocurrent and dark current
respectively, M is the avalanche gain, F (M) is the excess
noise factor, and Af is the bandwidth. In order to decrease
the detector shot noise at high gain, both the excess noise
factor and the dark current should be suppressed. The excess
noise factor F(M) is given by [3]

FM)=kM + (1 —k)Q2—"/u) 2)

where k is the ratio of the electron and hole impact ion-
ization coefficients o and f such that k¥ < 1. Previ-
ously, AlxIn;_xAsySb;_yAPDs have been reported with a
low excess noise factor comparable to silicon [4]-[6]. The
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Fig. 1. Structural cross section of the Aly gInAsSb PIN APDs.

AlxIn; _xAsySb; _y material system has a direct bandgap struc-
ture for x < 0.8, where it transitions to indirect bandgap. In this
work, we report AlggIng2Aso23Sbg 77(hereafter referred to
asAlp gsInAsSb)APDs with low dark current and high gain
(M > 1300). The impact ionization coefficients are calculated
as a function of electric field. We also report the tempera-
ture stability of these APDs. Due to the effects of phonon
scattering, the electric field required to maintain a gain M
increases with temperature. Ultimately, this corresponds to a
proportional increase in the avalanche breakdown voltage with
temperature. As a result, APDs are commonly characterized
by their breakdown voltage temperature coefficient AVy,/AT.
In this work, we report a value of 5.4 mV/K for an Aly gInAsSb
APD with a 1-gm multiplication layer, corresponding to an
impact ionization temperature dependence 3 times lower than
comparable InAlAs APDs [7].

II. EXPERIMENTAL DETAILS
A. Device Growth and Fabrication

The AlpgInAsSb epitaxial layers were grown on an n-type
Te-doped GaSb (001) substrate by solid-source molecular
beam epitaxy as a digital alloy of the binary semiconduc-
tors [8]. The multiplication layer thickness is 1 xm, as shown
by the schematic cross section in Fig. 1.

Circular mesas were defined by standard photolithography
and chemically etched with a citric/phosphoric acid solution.
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Fig. 2. Measured and fit v and A (a) and absorption coefficient (b) for

Alp gInAsSb, Al 7InAsSb, and silicon.

A dilute bromine/methanol treatment was used to smooth the
mesa sidewalls, and the devices were passivated with SU-8 to
reduce surface leakage current. Ti/Au ohmic contacts were
deposited using electron-beam evaporation.

B. Measurements

The AlpgInAsSb was characterized by spectroscopic ellip-
sometry in order to determine the absorption coefficient,
similarly to the technique described in [9]. This technique
measures the amplitude ratio () and phase difference (A)
between incident p and s-polarized light waves. These terms
are related by the complex reflectance ratio (p) given by:

p = tan(y) 2. 3)

Ellipsometric measurements were made at a 60° incident
angle.

Figure 2(a) shows the measured w and A values and a
fitted model for each based on the epitaxial structure from
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Fig. 3. (a) Dark current, photocurrent, and gain versus reverse bias of a
125-um-diameter Aly gInAsSb PIN APD at room temperature. (b) Current
density for temperature from 220 K to 340 K in 20K increments.

Fig. 1. Figure 2(b) shows the calculated absorption coeffi-
cient of AlpgInAsSb based on the shown models, compared
to Alp7InAsSb [9] and silicon [10]. While Alg7InAsSb is
recognized as a direct-bandgap material, AlpgIlnAsSb may
be slightly indirect, similar to silicon [8]. The absorption
coefficient of Aly gInAsSb, however, is much greater than that
of silicon and closer to that of Aly7InAsSb in the visible and
short-wave infrared spectrum.

In this letter, all devices were illuminated by an 850 nm ver-
tical cavity laser unless otherwise indicated. Figure 3(a) shows
the photocurrent, dark current and gain for a 125 gm-diameter
APD. Gain was calculated by choosing the unity gain point at
-20 V bias, which is before the onset of impact ionization and
ensures full depletion of the intrinsic region. A gain in excess
of M = 1300 was demonstrated before breakdown. The high
gain is comparable to that of state-of-the-art HgCdTe APDs
used for linear-mode, single-photon counting [11]. The current
density versus bias is shown in Fig. 3(b) for temperature in the
range 220 K to 340 K in 20 K increments. The high gain and
low dark current suggest the potential for linear-mode single-
photon counting. This is an ongoing field of study.
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Fig. 4. (a) Measured gain curves under different illumination with fitted
values from the impact ionization coefficients and (b) calculated impact
ionization coefficients of Aly gInAsSb and Aly 7InAsSb [9] including the best
fit expressions given in equations (4) and (5).

To further characterize the previously demonstrated low
excess noise characteristic of the Alyp gInAsSb material system,
o and B where calculated using the pure-electron, pure-
hole, and mixed injection method described in [12]. This
methodology was also recently used to determine the impact
ionization coefficients for Aly7InAsSb [9]. The avalanche gain
of Alg gInAsSb was measured under 543, 850, and 633 nm illu-
mination (for electron, hole, and mixed injection, respectively),
and the impact ionization coefficients were extracted. While
850-nm illumination does not represent pure hole injection in
this case, it is still sufficiently different from 543 and 633-nm
illumination to allow for the reliable calculation of impact
ionization coefficients [12]. Figure 4(a) shows the measured
gain under the specified illumination and the simulated fit of
these curves using the calculated coefficients, indicating good
agreement. Figure 4(b) shows the calculated values for a and S
as a function of inverse field in the multiplication region along-
side the impact ionization coefficients for Aly7InAsSb [9].
The electron impact ionization coefficient, a, is significantly
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higher than f, further confirming the low excess noise char-
acteristics of this material system. Figure 4 shows that while
the electron impact ionization coefficients for Alg gInAsSb and
Alg 7InAsSb are similar, the hole impact ionization coefficients
for AlpgInAsSb are even lower, indicating a lower excess
noise figure for this wider-bandgap material. This agrees
well with the theoretical findings that hole impact ionization
in Alp7InAsSb is suppressed by minibands in the valence
band [13], and is further suppressed in the AlpgInAsSb
material. From this data, « and g for AlpgInAsSb can be
expressed analytically by the following best fit expressions,
also shown in Figure 4(b):

a(E) = 3.66 x 10° x ¢~25X10%/E 4)
B(E) = 51.38 x 100 x e~ 449x10°/E (5)

We note that the ionization coefficients have been calculated
in a limited field range from ~ 2.1 x 10* to 2.8 x 10* cm/V.

Due to the low excess noise factor and dark current, these
APDs offer the potential for high optical receiver sensitivity.
The receiver sensitivity, P, in dBm was calculated for various
bitrates by the following equation [14]:

ho (12)%
P =10log (%) (Q - 103) S qLQF (M) B

(6)

where v is frequency, # is external quantum efficiency, Q is
the signal-to-noise ratio, (iz)é/ 2 is the sum of the amplifier
and dark current noise, /; is the normalized noise-bandwidth
integral, and B is the bandwidth. By assuming Q = 6(10~ bit
error rate), I1 = 0.5, external quantum efficiency of 0.45, and
an amplifier input noise current of 0.8 A at 10 Gb/s [15] and
2.42 pA at 25 Gb/s [16], the maximum receiver sensitivities
at 10 Gb/s and 25 Gb/s were estimated to be — 31.3 dBm
and — 26.9 dBm, respectively. This calculation is made at
an operational gain of M = 41 and is based on an external
quantum efficiency increase to 45.6% from the addition of
an anti-reflection coating with ~1% reflectivity. At this gain,
the excess noise factor is approximately F(M) = 3.7 [6].
The temperature stability of AlypgInAsSb was investigated
by measuring the gain from 220 to 340 K in increments
of 20 K. The tested APDs were placed in a nitrogen-cooled
cryogenic chamber in order to precisely control the ambient
temperature. The breakdown voltage was determined from
each measurement by extrapolating the inverse gain, 1/M,
to zero. A linear fit was applied to the resulting breakdown
voltages, which indicates AVpy/AT = 5.4 mV/K for a I-um
multiplication region. This value is plotted in Fig. 5 alongside
the indicated APD material systems as a function of multipli-
cation layer thickness [7], [17]-[20]. The AVpy/AT for this
material is 3 times lower than comparable InAlAs APDs and is
projected to be approximately 8 times lower than comparable
InP APDs [6]. The temperature stability may be due to the
ultra-thin nature of the digital alloy superlattice. It has been
shown that as the layer thicknesses of superlattices decrease,
thermal conductivity is dominated by extrinsic processes and
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Fig. 5. AVpq/AT as a function of multiplication layer thickness for

Alp gInAsSb PIN APDs (this work) and others [7], [18]-[21].

that the nature of phonon scattering transitions from particle-
like to wave-like, allowing for destructive phonon interference
within the material [21], [22].

III. CONCLUSION

Alp gInAsSb APDs demonstrate high gain, low dark current,
low noise, and a low breakdown temperature coefficient.
These characteristics in conjunction with the photoabsorp-
tion properties of AlpgInAsSb make it an ideal material
system for highly sensitive visible and near-infrared applica-
tions. These properties also make AlpgInAsSb a promising
candidate as the high-field region of a separate-absorption-
charge-multiplication (SACM) APD for longer wavelength
applications.
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