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Abstract— The impact ionization characteristics of
(AlxGa1−x)0.52In0.48P have been studied comprehensively
across the full composition range. Electron and hole impact
ionization coefficients (α and β, respectively) have been
extracted from avalanche multiplication and excess noise
data for seven different compositions and compared to
those of AlxGa1−xAs. While both α and β initially decrease
gradually with increasing bandgap, a sharp decrease in
β occurs in (AlxGa1−x)0.52In0.48P when x > 0.61, while α
decreases only slightly. α and β decrease minimally with
further increases in x and the breakdown voltage saturates.
This behavior is broadly similar to that seen in AlxGa1−xAs,
suggesting that it may be related to the details of the
conduction band structure as it becomes increasingly
indirect in both alloy systems.

Index Terms— AlGaAs, AlGaInP, avalanche breakdown,
avalanche photodiodes (APDs), excess noise, GaAs, impact
ionization.

I. INTRODUCTION

IMPACT ionization is the mechanism of carrier generation
in semiconductors that are responsible for the internal gain

of avalanche photodiodes (APDs). It is also the cause of
avalanche breakdown, which is a failure mechanism in many
electronic devices that are subject to a high electric field. It is
therefore important that the characterization of semiconductor
materials includes accurate knowledge of the electron and
hole impact ionization coefficients, referred to as α and β,
respectively. These parameters are defined as the reciprocal
of the mean distance that a carrier travels between ionization
events at a given electric field.
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(AlxGa1−x)0.52In0.48P (AlGaInP hereafter) has a tunable
wide bandgap of 1.8–2.2 eV, the largest of any material that
can be grown lattice-matched to GaAs. To date, only the
impact ionization characteristics of the ternary end points of
AlInP [1] and GaInP [2] have been studied. The only other
study of intermediate compositions looked at the avalanche
breakdown voltages in a number of heterojunction diodes [3].
AlGaInP APDs exhibit negligible dark currents even at fields
close to breakdown [4], and the excess noise factor in thin
AlInP devices has been shown to be similar to that in
silicon [5]. The wide bandgap of AlGaInP also results in
minimal variation in breakdown voltage and dark currents
with temperature [6], [7] and AlInP X-ray detectors with
good high-temperature performance have been reported [8].
The dark currents and temperature dependence characteristics
of AlInP and GaInP devices [6] compare favorably with
recently reported GaN APDs grown on GaN substrates [9],
but with the advantage of the low cost and mature technology
associated with GaAs substrates. There is also interest in
GaAs-based SAM-APDs with wide bandgap multiplication
regions, using GaNAsSb and GaSb absorption regions for
SWIR detection [10], [11]. The understanding gained from this
alloy system may also be useful in determining the optimum
compositions of other Al/Ga containing alloy systems such as
AlxGa1−x As0.56Sb0.44, for which extremely low-noise APDs
have been recently reported [12], [13].

This work reports experimentally determined impact ion-
ization coefficients for seven different compositions of
(AlxGa1−x)0.52In0.48P, from x = 0 to x = 1, extracted from
measurements of the avalanche multiplication and excess noise
factor. The effects on the ionization coefficients of varying
the aluminum concentration in this alloy are compared to the
results seen in AlGaAs, a similar material system that can also
be grown lattice-matched to GaAs.

II. WAFER AND DEVICE DETAILS

A series of homojunction p+-i-n+ (AlxGa1−x)0.52In0.48P
wafers with x = 0, 0.31, 0.47, 0.61, 0.64, 0.78 and 1
were grown by atmospheric pressure Metal-Organic Chemical
Vapour-Phase Epitaxy on 2” GaAs substrates, as previously
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TABLE I
PARAMETERS OF (ALxGA1−x)0.52 IN0.48 P WAFERS

USED IN THIS STUDY

Fig. 1. Reverse bias dark current density for (AlxGa1−x)0.52In0.48P with
different values of x. Inset is a schematic of the device structure.

described in [14]. The parameters of these wafers are detailed
in Table I. Each wafer had a nominal intrinsic region thickness,
w, of 1 μm and p+ and n+ cladding layers of 1.0 and
0.3 μm, respectively. The wafers were capped with 50 nm
thick p+ GaAs, to ensure a good ohmic contact, and were
grown on n+ GaAs substrates. Circular mesa diode structures
with optical windows were fabricated on these wafers using
standard photolithography and wet chemical etching. Device
radii were between 35 and 210 μm. The GaAs cap was
removed by wet etching in the optical window regions. The
mesa sidewalls were passivated with SU-8 and covered with
gold to ensure that light could only enter the device through
the top optical window as shown in the inset of Fig. 1. The
depletion region widths and the doping densities of each
layer were obtained using capacitance-voltage measurements.
Dielectric constants were interpolated from those of GaP, InP,
and AlP [15]–[17]. The thicknesses of the intrinsic regions in
the devices were found to vary between 0.94 and 1.00 μm.

III. EXPERIMENTAL METHODS AND RESULTS

The dark currents for all samples were less than 1 nA at up
to 95% of breakdown voltage (Vbd) as shown in Fig. 1 due to
the wide bandgaps of these alloys. The exponential increase
seen in the dark currents prior to Vbd is thought to be due
mid-band traps in the material, which are known to occur in
AlGaInP [18]. This means that the dark currents shown here
are probably representative of defects in the specific wafers

Fig. 2. Multiplication as a function of reverse bias for several composi-
tions of (AlxGa1−x)0.52In0.48P, in the form Me − 1. Black lines show data
simulated using the fitted ionization coefficients (the coefficients of Ong
et al. [1] and Ghin et al. [2] were used to simulate data for AlInP and
GaInP, respectively).

used in this study. Avalanche multiplication measurements
were undertaken on these devices by measuring the change
in photocurrent as a function of reverse bias. All data were
for the case of pure electron initiated multiplication. This
means that the avalanche multiplication process is initiated
by electrons only rather than by both carrier types. The light
sources used were a 430-nm LED for x = 1, a 460-nm LED
for x = 0.47, 0.61, 0.64, and 0.78, and a 543-nm laser for
x = 0.31 and x = 0.

The use of short wavelength light sources ensured that
≥99.9% of incident photons were absorbed in the p+ top
cladding layer of the devices, resulting in pure electron
initiated photomultiplication. A longer wavelength was used
for x = 0 and x = 0.31 due to the lower bandgap of
these compositions. Using too short a wavelength results in
a reduced photocurrent signal, as carrier recombination in
the p+ cladding reduces the number of carriers that dif-
fuse into the depletion region. Phase-sensitive detection was
used for photomultiplication measurements to separate the
photocurrent from the dark currents and ensure accuracy.
The multiplication (Me) data is shown versus reverse bias
voltage in Fig. 2. It is plotted in the form Me − 1 on a
log scale to show the onset of the impact ionization process
at low bias. The threshold voltages at which the start of
impact ionization can be measured and at which avalanche
breakdown occurs increase with aluminum percentage. Due
to the stochastic nature of the impact ionization process,
the avalanche multiplication is accompanied by “excess noise”
which increases with β/α ratio (k) for multiplication initiated
by electrons [20]. Excess noise measurements were performed
on these devices using the low-current noise measurement
system of Qiao et al. [21], which is a modified version of the
system of Lau et al. [22]. The results are shown in Fig. 3.
Data for GaAs and Alx Ga1−xAs (x = 0.8) are included for
comparison as well as the McIntyre noise characteristics for
different β/α ratios. The excess noise reduces in AlGaInP with
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Fig. 3. Excess noise factor versus Me for several compositions of
(AlxGa1−x)0.52In0.48P. The lines represent Macintyre’s ideal noise curves
for effective k values of 0 – 1, in steps of 0.1. Simulated data for
comparable GaAs (Δ) and Al0.8Ga0.2As (∇) structures are included for
comparison [19].

increasing bandgap from k being approximately equal to 1 for
x = 0 to approximately 0.5 for x = 0.64, after which it
does not decrease further. We consider the slight differences
in excess noise factor shown when x ≥ 0.64 to be due to small
differences in the normalization between wafer structures, and
within experimental error. The largest relative decrease occurs
between x = 0.61 and x = 0.64, despite only a small change
in composition.

IV. EXTRACTION OF IONIZATION COEFFICIENTS

As only p-i-n structures were available for this study, it was
not possible to obtain data for pure hole-initiated multiplica-
tion. From data for pure electron initiated multiplication, it was
therefore necessary to use the excess noise data to determine
the effective β/α ratio using Macintyre’s equation for excess
noise factor [20]

F = keff M + (2 − 1/M)(1 − keff) (1)

where F is the excess noise factor, keff is the effective β/α
ratio, and M is the multiplication factor. Knowledge of the β/α
ratio then allows Mh to be inferred from the value of Me. α and
β can then be extracted from Me and Mh , respectively [23].
In the case of ideal p-i-n structures, it is straightforward to
use the equations in [23] analytically. However, the depletion
region can extend significantly into the lower doped p-type
cladding regions in these structures [14], particularly at higher
biases. It was also necessary to account for the “dead space,”
the minimum distance that a carrier must travel before it
acquires sufficient energy to ionize the lattice [24]. For the
structures used in this study the effect of the dead space on
the multiplication is small, but its effect on excess noise is
nonnegligible. To account for all of these effects, the multipli-
cation and noise data were simulated using the random path
length (RPL) model of Cheong et al. [25]. This model uses an
ionization probability density function to account for the dead
space. It also accounts for any variation in the electric field
profile across the device, to accurately simulate multiplication
and excess noise. The ionization threshold energies, Ethe and
Ethh, for AlInP and GaInP are known [25], and those for
the intermediate compositions were interpolated from these.
The threshold energy for each intermediate composition was
approximated as 2.05 times the energy bandgap, using bandgap
values reported by Cheong et al. [14]. The values of the
minimum energy bandgaps and threshold energies are given
in Table II. In AlInP and GaInP, Ethe and Ethh are the same,
and this was assumed to be the case for the intermediate
compositions. Simulated data were compared to the experi-
mental data and optimized ionization coefficients were found
using an iterative fitting method. The paramaterized ionization
coefficients are represented by the following set of equations,
where ξ represents electric field in V/cm, (2)–(5), as shown
at the bottom of the page.

It should be noted that these parameterized coefficients
should be used with an appropriate model where the effect
of the threshold energy is included to accurately replicate
experimental multiplication and excess noise. Ignoring the
effect of the threshold energy and using a model where the

α = (5.91×106 − 1.12×105x − 6.05×107x
2 + 1.14×108x

3
) exp

(
−4.16x106+1.01x106x −1.63x106x

2−3.58x106x
3

ξ

)
cm−1

(2)

β = (4.43×106 + 4.98×107x − 2.12×108x
2 + 2.23×108x

3
) exp

(
−3.86×106−5.71×106x +1.99×107x

2−2.15×107x
3

ξ

)
cm−1

for x ≤ 0.61, and (3)

α = (2.20×108 − 8.42×108x + 1.09×109x
2 − 4.50×108x

3
) exp

(
8.26x106−4.68x107x +5.43x107x

2−2.15x107x
3

ξ

)
cm−1

(4)

β = (8.88 × 108 − 3.87×109x + 5.44 × 109x
2 − 2.39×109x

3
) exp

(
1.15x108−4.43x108x +5.35x108x

2−2.14x108x
3

ξ

)
cm−1

for x > 0.61. (5)
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TABLE II
ENERGY BANDGAPS AND THRESHOLD ENERGIES FOR DIFFERENT

COMPOSITIONS OF (ALxGA1−x)0.52 IN0.48 P

Fig. 4. Electron and hole ionization coefficients for (AlxGa1−x)0.52In0.48P
with x = 0 (gray), 0.47 (pink), 0.61 (orange), 0.64 (blue), and 1 (black).
α is represented by the solid line, and β by the dashed line. Data for
x = 0.78 and x = 0.31 have been omitted for clarity. The coefficients for
x = 0 and x = 1 are those reported by Ghin et al. [2] and Ong et al. [1],
respectively. Data for Al0.8Ga0.2As (red) are included for comparison [19].
Inset shows the change in hole impact ionization coefficient with x for both
AlGaInP and AlGaAs.

ionization coefficients depend only on the electric field will
predict a slightly lower breakdown voltage and overestimate
the excess noise. The coefficients for the ternary endpoints
given here therefore differ slightly from those of Ong et al. [1]
and Ghin et al. [2]. These coefficients are approximately
related to the enabled ionization coefficients, α∗ and β∗, by

1

α∗(β∗)
= 1

α(β)
− 2Eth

ξ
(6)

where Eth is the ionization threshold energy for the relevant
carrier type, and ξ represents electric field in V/cm. α∗ and
β∗ represent the probability of impact ionization events for
carriers which have already traversed the dead space.

V. DISCUSSION

From (2)–(5), Fig. 4 shows that both α and β decrease
with increasing aluminum fraction. α decreases approximately
linearly with increasing x across the full composition range.
β however decreases gradually with x up to x = 0.61, but
then decreases rapidly until x = 0.78, after which it remains
constant. Interestingly, similar behavior has been observed in
AlGaAs, with a sudden decrease in the β when x becomes
larger than 0.61 [26]. Although β > α in GaInP, the rates

TABLE III
PARAMETERIZED IMPACT IONIZATION COEFFICIENTS OF ALxGA1−xAS.

COEFFICIENTS ARE EXPRESSED IN THE FORM A(EXP[−(B/ξ)C ],
WHERE ξ REPRESENTS ELECTRIC FIELD IN V/CM [27]. THE

COEFFICIENTS SHOWN FOR GAAS ARE THOSE

OF PLIMMER et al. [32]

of decrease mean that β is approximately equal to α for
x = 0.31–0.61 and β < α for higher aluminum compositions.
Parameterized impact ionization coefficients for AlGaAs are
given in Table III [27]. These coefficients were extracted using
a local model, which ignores any dead space effects, from Me

and Mh . The change in β across the composition range of
both materials is shown in the inset of Fig. 4 at electric fields
of 450 and 600 kV/cm. The reduced excess noise seen in
Fig. 3 for the structures with higher aluminum concentrations
in both material systems is due to the reduction in β, which
results in a smaller β/α ratio.

Using the parameterized ionization coefficients in (2)–(5)
and Table III, the breakdown voltages for ideal 1 μm p-i-n
structures of AlGaAs and AlGaInP were calculated and are
plotted as a function of composition, x, in Fig. 5. It is notable
that the breakdown voltages for AlGaInP are the highest of
any nonnitride III–V alloy material. Vbd initially increases
with x in both alloy systems, but changes very little for
x ≥ 0.63 in AlGaAs [26] and remains almost constant for
x ≥ 0.64 in AlGaInP. The breakdown voltages at lower
aluminum concentrations are proportional in both alloy sys-
tems to the brillouin-zone-averaged indirect energy gap, Eind,
as predicted by Allam [28]. The breakdown voltages at higher
aluminum compositions deviate from this relationship. Eind is
defined as

�Eind� = 1

8
[E� + 3EX + 4EL ]. (7)

Allam [28] showed that this is related to the breakdown
voltage of a 1-μm p-i-n structure in a range of semiconductor
materials by

Vbd = 45.8(�Eind�−1.01). (8)
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Fig. 5. Breakdown voltages for an ideal 1 μm p-i-n structure with
different compositions of (AlxGa1−x)0.52In0.48P (•) and AlxGa1−xAs (◦)
(right-hand axis). Also shown are the 0 (solid line) and X (dashed line)
energy gaps for these material systems (left-hand axis, AlxGa1−xAs in
red, (AlxGa1−x)0.52In0.48P in black).

Silicon, which has a very large � energy gap, does not
obey this relationship and instead uses a modified expression
for Eind, which excludes E� due to the fact that carriers from
the lower energy satellite valleys are unlikely to gain sufficient
energy to scatter into the � valley.

The compositions at which Vbd saturates are similar in
AlGaInP and AlGaAs, and similar to those that exhibit a
reduced β/α ratio. This suggests that the same mechanism may
responsible for both behaviors. The crossover point between
the � and X-band minima (when E� > EX ) occurs at
x = 0.48 and x = 0.45 in AlGaInP and AlGaAs, respec-
tively, [14], [29]. This is significantly lower than the aluminum
concentration at which Vbd saturates and β rapidly decreases,
implying that the crossover is not directly responsible for
this change in behavior. After the crossover point, the energy
difference between E� and EX continues to increase in both
materials. The saturation of the breakdown voltage implies
that there may be a point at which the � energy gap becomes
sufficiently large that it is no longer involved in the impact
ionization process. The E� − EX separation when this happens
is significantly larger in the AlGaAs than in AlGaInP, which
may be related to the larger electron effective masses in
AlGaInP. The reason for the sudden decrease in β seen in
high-aluminum composition AlGaInP and AlGaAs is unclear
without more detailed modeling of the valence band structure.
It is possible that, when E� is much larger than EX , fewer
hole impact ionization events can satisfy the conditions of
conservation of energy and momentum.

Hole impact ionization is also likely to be suppressed
due to the flattening of the heavy hole band as alu-
minum content increases [29], which may cause the inter-
band scattering rate to increase and prevent holes from
accumulating sufficient energy to impact ionize [30]. It is
notable that AlAs0.56Sb0.44, Al0.85Ga0.15As0.56Sb0.44, and
Alx In1−xAsySb1−y , all of which have recently been reported
to have very low β/α ratios [12], [13], [31] are also indirect
bandgap semiconductors with the lowest conduction band edge
in the X valley.

VI. CONCLUSION

Electron and hole impact ionization coefficients have been
extracted for five different compositions of AlGaInP. It has
been observed that the ionization coefficients decrease with
increasing aluminum concentration, resulting in an increase
in Vbd with increasing aluminum content. The β/α ratio
also changes from being slightly larger than 1 in GaInP to
significantly lower than 1 in AlInP. It has also been observed
that β decreases significantly between x = 0.61 and x = 0.78,
but α does not. The breakdown voltage also saturates at
the higher aluminum concentrations, in a similar manner to
AlGaAs. It is hypothesized that these characteristics are due to
the bandgap becoming increasingly indirect as the aluminum
concentration increases in both material systems.
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