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AllnAsSb Impact Ionization Coefficients
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Abstract—Digital alloy AllnAsSb avalanche photodiodes
exhibit low excess noise comparable to those fabricated from
Si. The electron and hole ionization coefficients are critical para-
meters for simulation and analysis of high-sensitivity receivers.
We report ionization coefficients using a mixed injection tech-
nique that employs measurement of the gain for different incident
wavelengths and a simulation algorithm.

Index Terms— Avalanche photodiodes, ionization,

absorption coefficient.

impact

HE internal gain of avalanche photodiodes (APDs)

enables high receiver sensitivity, which has resulted in
their wide deployment in long-haul optical communication
systems, three-dimensional imaging cameras, a wide range of
sensing applications, light detection and ranging (LIDAR) and
data centers. However, the stochastic nature of the multiplica-
tion mechanism, impact ionization, results in gain fluctuations,
a source of noise that is typically expressed as a multiplicative
factor, F (M), in the shot noise, which becomes [1], [2]:

<i3h0t> = 2q (Iphom + Idark) <M>2 F(M) Af, (l)

where Ipp00 is photocurrent, g is dark current, (M) is
average gain, F'(M) is referred to as the excess noise factor,
and Af is bandwidth. The tradeoff between the benefit of
gain and the detriment of gain-linked noise is illustrated by
the signal to noise ratio, SNR,

I;?hoto _ i )
2q[tutalF(M)Af + %/;%m_r

SNR =

where aczl.mmt is the RMS noise current of the following

electronic circuitry. The APD gain effectively suppresses the
circuit noise until it reaches the point where the APD noise
is comparable to that of the circuit. Thus it is beneficial to
minimize F (M), which is a function of the average gain and
k, the ratio of hole, £, to electron, a, ionization coefficients.
For bulk multiplication regions where non-local effects can
be ignored, the excess noise factor is given by F(M) =
kM + (1 —k)(2—1/M) [3]. The excess noise factor increases
with increasing gain but increases more slowly the lower the
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Fig. 1. Schematic cross section of Alg7InAsSb p-i-n APD.

value of k. This reinforces the importance of determining the
ionization coefficients and understanding the mechanisms that
suppress or enhance one relative to the other [4]-[6].

Recently, APDs fabricated from AlxIn;_xAsySby.y digital
alloys lattice-matched to GaSb [7]-[11] and Ings2Alg4gAs
digital alloy on InP [12]-[14] have exhibited very low excess
noise, comparable to that of Si. Since these are direct
bandgap materials and thus have shorter absorption lengths
than indirect materials such as Si, they have the potential
for high speed owing to shorter transit times. In addition,
the AlxIn; xAsySby.y digital alloy can operate across a wide
spectral range, from the near infrared through the mid-wave
window, by tuning its composition.

In this letter, we report the optical characteristics:
complex refractive indexes and absorption coefficients of
Alp7Ing 3As0.3Sbg.7 [referred to below as AllnAsSb] digital
alloy by using spectroscopic ellipsometry. The multiplication
gain characteristics and excess noise factors of the AllnAsSb
digital alloy with different carrier injection profiles are also
investigated. These data enable determination of the ionization
coefficients of electrons and holes as functions of the electric
field.

AllnAsSb layers were grown on n-type GaSb (001) sub-
strates by solid-source molecular beam epitaxy (MBE). The
layers use a digital alloy period of 10 monolayers (MLs) com-
prised of four binary alloys InAs, InSb, AISb, and AlAs [15].
A cross-sectional schematic of the AllnAsSb p-i-n structure
APD is shown in Fig. 1. From top to bottom, the structure con-
sists a 100 nm GaSb p-type contact layer, a 100 nm AllnAsSb
p-type layer, a 1000nm AllnAsSb UID multiplication layer, a
200 nm AllnAsSb n-type layer, a 300 nm GaSb n-type contact
layer and an n-type GaSb substrate. The p-type and n-type
layers are doped by Be and Te, respectively.

The mesas were defined by standard photolithography and
formed by a combination of dry and wet etching to sup-
press surface dark current. Reactive ion etching (RIE) and
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Fig. 2. Optical characteristics of Aly7InAsSb digital alloy as measured
with spectroscopic ellipsometry: (a) reflection parameters versus wavelength,
(b) complex refractive index, and (c) absorption coefficient versus wavelength.
(d) Meausred and calculated external quantum efficiencies of Aly7InAsSb
digital alloy.

inductively coupled plasma (ICP) were used to etch approxi-
mately 1xm. The mesa etch was completed with a critic acid
solution. Ti/Au was deposited as the top and bottom contacts
by electron-beam evaporation.
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The optical characteristics of AllnAsSb digital alloy were
measured by spectroscopic ellipsometry. Ellipsometry mea-
sures two values, ¥ and A, the amplitude ratio and phase
difference between p-polarized and s-polarized light waves,
respectively. The complex reflectance ratio, p, is given by the
expression [16]:

p = tan(¥)e'’. (3)

The measured ¥ and A values at 60° incidence angle are
shown in Fig. 2 (a), where the solid lines are the measured
reflection values using Eq. (3), and the dash lines are fitted
curves. Here, the optical properties of the AllnAsSb layers
are approximated by effective medium approximations (EMA)
with the Burggeman analysis technique [17]. We note that the
thickness of the top GaSb cap layer and its optical parameters
are well known. The model can decouple GaSb and AllnAsSb
thus eliminating the influence of the GaSb. Figure 2 (b)
shows the real part, n, and the imaginary part, x, of the
deduced digital alloy AllnAsSb complex refractive index.
The absorption coefficients versus wavelength are plotted
in Fig. 2 (c). The measured external quantum efficiency (solid
line) and the calculated efficiency (“(0” data points) using the
absorption coefficients are shown in Fig. 2 (d). They agree for
wavelengths up to ~900 nm.

The multiplication gain measurements of the AllnAsSb
APD are shown in Fig. 3. The different wavelength lasers
permit gain measurements corresponding to diverse carrier
injection profiles. To determinate the ionization coefficients,
the typical experimental measurement technique is based on
pure electron and pure hole initiated multiplication [18].
However, in the absence of pure carrier injection, any two
sets of gain measurements with known injection profiles can
be used to obtain reliable ionization coefficients. Compared to
the mixed injection method, the pure carrier injection method
requires fully symmetrical p-i-n and n-i-p APDs, or top and
back illumination, which may, at times, be limited by material
and processing issues.

In Fig. 3, the multiplication gain curves at 543 nm,
633 nm, and 850 nm provide three different injection profiles
that can be used to determined the ionization coefficients.
The gain curves move to higher bias voltages at longer
illuminated wavelength, which indicates that the electron
ionization coefficient, a, is larger than the hole ionization
coefficient, f [19], [20].

Excess noise factor characteristics, F (M), for AllnAsSb
digital alloy APD, again achieved at 543 nm, 633 nm, and
850 nm wavelengths, are plotted in Fig. 4. The excess noise
factors measured at 543 nm laser are the lowest, since this
wavelength produces pure electron injection. As the wave-
length increases, there are more holes injected into the multi-
plication region, and the excess noise factor increases. This
tendency is consistent with the conclusion that o is larger
than £.

The mixed injection multiplication gain can be calculated
using the following expressions [21], [22]:

B fOW M(x)G(x)dx

Myix = 4
fOW G(x)dx 0

Authorized licensed use limited to: UNIVERSITY OF COLORADO. Downloaded on January 21,2024 at 07:44:29 UTC from |IEEE Xplore. Restrictions apply.



YUAN ez al.: AllnAsSb IMPACT IONIZATION COEFFICIENTS 317
TABLE I
ABSORPTION COEFFICIENTS AND ABSORPTION PERCENTAGES OF DIFFERENT LAYERS
Laver. 543 nm Absorption 633 nm Absorption 850 nm Absorption
yers (pm™) @ 543 nm (pm™) @ 633 nm (pm™) @ 850 nm
GaSb (p-type, 100nm) 41.21 69% 23.66 63% 442 25%
Aly7InAsSb (p-type, 100nm) 9.26 1% 5.82 3% 0.77 3%
Alp7InAsSb (UID, 1000nm) 9.26 0 5.82 4% 0.77 22%
Alp7InAsSb (n-type, 200nm) 9.26 0 5.82 0 0.77 3%
GaSb (n-type, 300nm) 41.21 0 23.66 0 4.42 12%
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Fig. 3. Multiplication gain versus voltage of an Aly7InAsSb digital  Fig. 5. Measured (lines) and simulated (symbols) multiplication gain curves
alloy APD. of an Al 7InAsSb digital alloy APD.
4.0 equations above and the three wavelength multiplication gain
=020 sets, the ionization coefficients can be simulated. It can be
T ¢ 850nm e seen in Fig. 3 that the avalanche gain starts at approximately
S 633nm . ¥ =015 —30V. Figure 5 shows good agreement between the simulated
& 30 B 543nm ’_/’ ’ gain and the measured gain values.
§ ‘—" Combined with the absorption coefficients for each layer,
E 25 B _ -~ k=0.08 these simulated gain values can be used to deduce the ioniza-
P :',/' ¢ _--K tion coefficients of the AllnAsSb digital alloy. The absorption
'2'3 __.’-';'/" - _.---a® k=0.03  coefficients determined from the data in Fig. 2 (c¢) and the
@ 20 ¢ RO SRR e Lt k=0.01 " Jight absorption percentages in each layer (considered 30%
v’ - ¢ s s
8 i % J = " reflection at the interface between air and top GaSb layer) are
g 15 & w " shown in table 1.
/ ‘. The electric field calculation includes the built-in voltage,
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Fig. 4. Excess noise factor versus gain for an Aly7InAsSb digital alloy APD.

G(x) x e ¥, 5)
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(@ = e ©

ME) = v 5>

where W is depletion region width, y is absorption coefficient,
G(x) is the carrier generation rate, and M (x) is the gain
for an electron-hole pair injected at position x. By using the

which can be calculated as: Vj; = (kpT/q) % ln(NdNa/nl.z),
where n; = «/NcNy x exp (—E,/2kpT), Eg ~ 1.13eV, and
Nc, Ny were estimated using the parameters for GaxInAsSb
[23]: Nc = 2.5 x 10" x (0.022 4+ 0.03x — 0.012x2)3/2,
Ny =2.5x 10" x (0.41 4+ 0.16x +0.23x%)3/2, with x = 0.7.
Here Vj; is approximately 1.14 V. To assess the accuracy of
the simulated results, the a () and £ (A) determined from
pure carrier injection by measuring the gain of p-i-n and n-i-p
APDs [24] are also plotted in Fig. 6. The ionization coeffi-
cients simulated using the mix injection method are in good
agreement with the results obtained from pure carrier injection.
The agreement also supports the absorption coefficients of the
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Fig. 6. Ionization coefficients of the Alp7InAsSb determined using the pure
carrier injection method [26] and the mix injection method. The ionization
coefficients of Si [27] and InP [28] are shown for comparison.

AllnAsSb digital alloy. The results of this study can be used to

generate the following analytical expressions for the ionization

coefficients, which are plotted as solid lines in Fig 6:
a(E) = 4.5 x 10° x exp(—2.5 x 10°/E),
B(E) = 3.5 x 10° x exp(—3.2 x 10°/E).

@)
(®)

The ionization coefficients of Si [25] and InP [26] are also
plotted in Fig. 6 for comparison. The AllnAsSb APD has
comparable low excess noise to that of Si and both materials
exhibit a/f ratios that are much larger than InP.

In conclusion, the complex refractive indices and the absorp-
tion coefficients from 500 nm to 900 nm of the AllnAsSb
digital alloy have been determined. The mixed injection tech-
nique has been used to determine the ionization coefficients.
The results are consistent with measurements obtained by pure
carrier injection with p-i-n and n-i-p AllnAsSb APDs.
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