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Avalanche photodiodes (APDs) are key optical receivers due to their performance advantages of high speed, high sensitivity, and
low noise. The most critical device parameters of APD include the avalanche breakdown voltage and dark current. In this work,
we study the temperature dependence of the breakdown voltage and dark current of the mesa-type APD over a wide temperature
range of 20-145°C. We institute an empirical model based on impact ionization processes to account for the experimental data. It is
shown that highly stable breakdown characteristics of mesa-type APD can be attained with the optimization of the multiplication
layer design. We have achieved excellent stability of avalanche breakdown voltage with a temperature coefficient of 0.017 V/°C. The
temperature dependence of dark current is attributed to generation-recombination mechanism. The bandgap energy is estimated
to be about 0.71€eV based on the temperature variation of dark current, in good agreement with the value for InGaAs.

1. Introduction

Semiconductor photodiodes are important components
for the high-sensitivity, low-noise receivers and detectors
deployed in the 2.5, 10, and 25G optical communication
systems such as passive optical network (PON) and local area
networks (LAN) [1]. Among the photodiode portfolio, APDs
are attractive devices due to the significant improvement
in photoreceiver sensitivity compared with traditional p-
i-n (PIN) photodiodes [2]. By adding the multiplication
layer, the avalanche photodiodes combine the detection and
amplification properties simultaneously.

Recently, 10G/25G APD has drawn increasing interest
in the commercial and military applications due to the
high-bandwidth and low-noise performance advantages. In
order to achieve the high bandwidth, a mesa structure with
coplanar P and N electrodes is typically employed [3-6].
For APD, there are two critical device parameters for the
reverse bias operation. The first parameter is the avalanche
breakdown voltage associated with the multiplication layer.

The breakdown voltage is typically measured at reverse
current of 10 yA. The avalanche breakdown has been the-
oretically formulated to study the impact ionization coeffi-
cients of electrons and holes [7-9]. The second parameter
is the dark current that is typically measured at reverse bias
below the breakdown voltage. Since these two parameters
strongly influence the device performance of the APD, it
is important to understand the temperature dependence of
these two parameters. A good knowledge of the temperature
dependence is critical for the design of robust APD that can
maintain stable performance when subject to temperature
fluctuations.

In this paper, we study the temperature dependence of
breakdown voltage and dark current of the mesa-type APD.
We experimentally measure the temperature variations of the
breakdown voltage and dark current and compare the data
with the modelling results based on depletion and impact
ionization processes. We discuss the estimation of the energy
bandgap using the dark current from the generation current
model.
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FIGURE 1: Schematic of the mesa-type APD structure used in the temperature dependence study. In the design, the InGaAs absorption layer

is on top of the InAlAs charge control and multiplication layers.

2. Experimental

Figure 1 shows the schematic of the mesa-type APD structure.
The APD devices used in the modelling and experimental
studies included the N-mesa at the bottom, the active region
in the middle, and the P-mesa at the top [10]. The N-
mesa consisting of the N-InP buffer and contact layers was
grown on top of semi-insulating (SI) InP substrate. The
active region consisted of the InAlAs multiplication, the
InAlAs charge control, the graded InGaAs/InAlAs, and the
InGaAs absorption layers. The InAlAs multiplication layer
was undoped with a thickness of about 160 nm. The InAlAs
charge control layer was p-type doped (~1.0-1.1x 10'® cm™).
The InGaAs absorption layer was undoped with a thickness
of about 1200 nm. The P-mesa consisted of the p-InP window
and p-InGaAs contact layers. To achieve the 10G or 25G
high speed, the mesa-type APD was formed where both P
and N electrodes were on the top surface. The p-contact
was made by forming the metal ring immediately outside
the antireflective (AR) window. The p-ring was connected to
the outside p-pad by the metal bridge. The n-metal contact
was connected to the N-mesa. For the passivation, the low-k
dielectric material such as polyimide was used to reduce the
capacitance.

The DC characteristics including the reverse current
versus voltage (IV) test was measured. The IV as a function
of temperature was also tested to study the temperature
dependence of breakdown voltage and dark current.

3. Results and Discussions

The typical reverse IV of the mesa-type APD is shown in
Figure 2. On the IV curve, there are two transitions along
the reverse voltage at about 10 V and 32V, respectively. When
the reverse voltage is applied to the device, the InAlAs
multiplication layer begins to be depleted first. The first
transition at 10 V corresponds to the punch-through voltage
at which electric field depletes the InAlAs multiplication and
i-InGaAs absorption layers [11]. The punch-through voltage
related to the absorption layer is denoted as V.. The second
transition represents the avalanche breakdown voltage that is
also a critical device parameter for APD. The breakdown is
typically determined by the InAlAs multiplication layer. By
properly controlling the charge density of the charge control
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FIGURE 2: A typical IV characteristics of InGaAs/InAlAs mesa-type
APD. The IV is measured in reverse polarity at 20°C.

layer, sufficient electric field can be reached to achieve a
good avalanche gain while keeping the tunneling and impact
ionization away from the InGaAs absorption layer. In this
case, the breakdown voltage taken at 10 A is estimated to
be 31.7 V. Between the two transitions, the reverse current is
of technological importance for optical detection. The dark
current is usually referred to the reverse current at 0.9V;,. In
this case, the dark current is estimated to be about 12.1nA at
20°C.

In the following, we study the breakdown voltage and
dark current as a function of temperature extensively. We
discuss the temperature dependence and compare the exper-
imental data with the modelling results.

3.1 Avalanche Breakdown Voltage V; .. There are two major
types of junction breakdown in semiconductor diodes. The
first type is associated with the tunneling breakdown where
the tunneling mechanism is dominant for the devices with
lower breakdown voltage. The tunneling breakdown process
exhibits a negative temperature coeflicient [12, 13]. The
second is the avalanche breakdown that is the dominant
mechanism for large breakdown voltage, as illustrated in
Figure 3. At very high electric field (~10° to 10° V/cm), some
electrons within the diffusion distance near the depletion
layer gain enough energy to create the secondary electron-
hole pair by raising the electron from the valence band
into the conduction band. This excitation process creates an
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FIGURE 3: Schematics of avalanche breakdown mechanism of APD
with simplified energy band diagram at the reverse voltage of [V| >
[Vi,, |- The electron with high enough kinetics energy drifts to the
avalanche region and gets accelerated to create a secondary electron-
hole pair. The secondary electron-hole pair in turn generates another
electron-hole pair, leading to snowball avalanche process.

electron-hole pair due to impact ionization. The electrons
and holes created by the impact ionization are accelerated by
the high electric field. Consequently, the secondary electron-
hole pair can create even more carriers, leading to a snowball
avalanche effect. The avalanche breakdown process typically
shows a positive temperature coefficient.

Figure 4 shows the reverse IV as a function of temperature
for the mesa-type APD. For APD, the breakdown is due to
the avalanche mechanism since the device is operating at high
electric field. The increase in ambient temperature is expected
to cause the increase in breakdown voltage due to the effect
of phonon [14]. As the temperature increases, the population
of phonons increases. Thus, a higher electric field and applied
voltage are required to reach breakdown in order to overcome
the increased carrier cooling caused by phonon scattering
[15].

The positive temperature coefficient of the APD has been
experimentally found and theoretically described by Tyagi
where the breakdown voltage of the Si APD followed a linear
expression with temperature [16]. In the modelling of this
study, it was assumed that the avalanche breakdown voltage
increased linearly with increasing temperature as follows:

Vbr (T) :Vbr (TO) [1 +‘X(T_TO)]7 (1)

where V;(T) is the avalanche breakdown voltage at temper-
ature T, V,(T,) is the avalanche breakdown voltage at ref-
erence temperature T, and « is the normalized temperature
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FIGURE 4: The reverse IV of mesa-type APD as a function of tem-
perature over a wide range of 20°C to 145°C.
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FIGURE 5: The breakdown voltage of mesa-type APD as a function
of temperature from 20°C to 145°C. The symbols are experimental
data, and the dashed lines are fitting from (2).

coeflicient. For the sake of comparison, (1) can be rewritten
as follows where the second term shows the temperature
coeflicient of the breakdown voltage:

Vbr (T) = Vbr (TO) + “Vbr (TO) (T - TO) . (2)

Figure 5 shows the avalanche breakdown voltage as a
function of temperature based on two APD wafers with
similar structures but from different processing runs. There
were several interesting features worth mentioning. First, the
two wafers showed similar breakdown voltage. The intercepts
at the reference temperature (T, = 20°C) for wafers A and
B were 32.8 and 31.7V, respectively. The similarity between
the wafers from two different processing runs suggested
that the breakdown voltage was largely determined by the
epitaxial structure. Secondly, both wafers showed the same
temperature coefficient of breakdown voltage where oV,
taken from the slope in Figure 5 was equal to 0.017 V/°C.



TaBLE 1: The temperature dependence of the mesa-type APD
measured from 20°C to 145°C.

Vbr(TO) “Vbr(TO) o

Wafer A 32.8V 0.017 V/°C 51x1074/°C
Wafer B 3.7V 0.017 V/°C 55x1074/°C
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FIGURE 6: Schematics of reverse depletion mechanism of APD with
simplified energy band diagram at the reverse voltage of |[V| < [V, .
The avalanche process is not operative below V.. At 10 < |V] <
[Vie |, both i-InGaAs absorption and InAlAs multiplication layers are
depleted.

Third, the normalized temperature coefficient « was deter-
mined to be 51 x 107* and 5.5 x 107*C™", as shown in
Table 1. The measured value of the normalized temperature
coeficient in the mesa-type APD was excellent, lower com-
pared to the reported value of 72 x 107*C™* [17]. The weak
temperature dependence of our mesa-type InGaAs/InAlAs
APD brought performance advantage to maintain the gain
when the device was subject to temperature fluctuations.
We attributed the superior temperature dependence of the
avalanche breakdown voltage to the optimized design of
the InAlAs multiplication layer thickness and InAlAs charge
control layer doping.

3.2. Dark Current 1. Another important device parameter
of APD is the dark current [18, 19]. As shown in Figure 4,
the dark current typically referred to the reverse current
below the breakdown voltage. For different temperature
ranging from 20°C to 145°C, the dark current is taken from
the reverse voltage of 0.9V, where V,, increases with the
temperature. Figure 6 illustrates the transport of electrons
and holes in the energy diagram at the reverse voltage below
the avalanche breakdown (V| < |V;,]) and above the punch-
through voltage (|V| > 10). In this regime, both i-InGaAs
absorption and InAlAs multiplication layers are depleted, but
the avalanche breakdown in the multiplication layer is not
activated.
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FIGURE 7: The natural logarithm of dark current versus reciprocal
of temperature for mesa-type APD. The dark current was measured
from 20°C to 145°C.

It has been found that the dark current increases with
increasing temperature due to the influence of bandgap
energy [20]. We note that the generation-recombination
component of the dark current has a temperature depen-
dence. Therefore, the bandgap could be estimated based
on the temperature dependence of the dark current. The
generation current can be expressed in (3) where A, is the
area of the p-n junction, W is the width of the depletion
region, q is the carrier charge, o is the carrier capture cross
section, vy, is the carrier thermal velocity, N, is the trap
density, and #; is the intrinsic carrier concentration.

Idg = ApanavthNtni' (3)

The intrinsic carrier concentration can be expanded in (4)
where N is the effective density of state in the conduction
band, N, is the effective density of state in the valence band
and E(T) is the energy bandgap, k is Boltzmann’s constant,
and T is the temperature. The energy bandgap, E_(T'), shows a
temperature dependence where the bandgap vafue decreases
with increasing temperature [21].

1/2 Eg (T)
Iy = ApWaovy, N, (N.N,) “exp | - T ) (4)

Based on (4), we attempted to extract the energy bandgap
from the plot of dark current versus temperature. Taking the
natural logarithm of (4), the temperature dependence of the
dark current can be expressed in (5). The slope of the I versus
1/kT plot shown in Figure 7 was equal to —E g(T) /2. The
energy bandgap was estimated to be about 0.71eV, close to
that for the InGaAs. It was noted that the bandgap energy of
Ing 5;Ga, 4;As was reported to be 0.75eV at 295K [22, 23].
The slight difference between our value and others was likely
attributable to the variance from junction temperature and
test measurement.

In (1) ~ (—EQ;T)) () (5)

4. Conclusion

We have extensively studied the temperature dependence
of mesa-type APD. In the avalanche breakdown regime
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(IV] > [Vi,l), our APD device showed excellent temperature
stability in breakdown. The breakdown voltage showed very
small increase with increasing temperature. The temper-
ature coefficient of the breakdown voltage was found to
be 0.017 V/°C, corresponding to a normalized temperature
coefficient of 5.1 x 107*C™'. We attributed the superior
temperature dependence of the avalanche breakdown voltage
to the optimized design of the InAlAs multiplication layer
thickness and InAlAs charge control layer doping. For the
voltage below the breakdown (|V| < [V,]), the dark current
increased exponentially with increasing temperature. From
the plot of In(1y) versus 1/kT, the energy bandgap extracted
from the slope was estimated to be about 0.71¢V, in good
agreement with the bandgap of InGaAs (~0.75 eV).
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