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DESIGN AND PROPERTIES OF
InGaAs/InGaAsP/InP AVALANCHE PHOTODIODE
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An avalanche photodiode (APD) based on an InGaAs/InGaAsP/InP structure containing separated absorption, charge
and multiplication layers (SACM) was designed, fabricated and tested. The InGaAsP charge layer at the heterointerface
between the InGaAs absorption and InP multiplication region allows optimization of the electric field distribution and
suppression of the carrier capture at the heterointerface. The design of APD structure was verified using the semiconductor
device simulation software APSYS. SACM avalanche photodiodes were characterized by measuring current-voltage and
capacitance-voltage curves, the speed of response and by photocurrent spectroscopy. The designed SACM APD shows
responsivity of 0.85 - 0.9 A/W at 1310 nm for reverse bias voltage 15 V and avalanche gain up to 8 near the breakdown

voltage.
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1 INTRODUCTION

For long-haul and high bit rate optical communication
systems (OCS) [1] the avalanche photodiodes (APDs)
are preferred since they offer an improvement of the re-
ceiver sensitivity by several decibels [2, 3]. The most ad-
vanced APD structure enhances carrier multiplication in
the InP layer while the absorbing ternary layer is sepa-
rated from the binary layer by an intermediate bandgap
or a graded InGaAsP layer [4]. Separation of these two
layers leads to lowering of the dark current [5]. This struc-
ture is known as separate absorption and multiplication
(SAM) or separate absorption, grading and multiplication
(SAGM) APD [6, 7]. The APD structure with multiplica-
tion region thickness in submicron scaling results in low
multiplication noise and high gain-bandwidth products.
Best performances were achieved with separated absorp-
tion, grading, charge and multiplication (SAGCM) layers
in APD structure [8], where only single type of carriers
are transported into the multiplication region, which re-
duces the multiplication noise. For the modern OCS and
other applications, design of new APD structures with a
high gain-bandwidth product and low breakdown voltage
is required [9, 10].

Our study was focused on design and properties of the
separated absorption, charge and multiplication (SACM)
layer APD structure based on InGaAs/InGaAsP /InP ma-
terial system. The InGaAsP charge layer provides a suffi-
cient electric field drop between the absorption and mul-
tiplication layers to secure effective avalanche multiplica-
tion. The low breakdown voltage SACM APD was de-
signed containing a 500 nm thin InP multiplication layer
and InGaAsP charge layer between InGaAs absorption

and InP multiplication layers. The electrical and optical
properties of realized SACM APD were investigated.

2 STRUCTURE DESIGN AND FABRICATION

For simulation of SACM APD structure properties,
the APSYS software was used to investigate the electrical
field distribution, carrier concentration, thickness of lay-
ers and current-voltage characteristics. In the APD struc-
ture design, the electric field higher than 4.5105 V/cm
is desirable for achieving an efficient carrier avalanche
multiplication in n—InP multiplication layer. In the
n—InGaAs absorption layer the electric field should be
lower than 1.5x10° V/cm because of tunnelling and re-
duction of the carrier capture at the heterointerface. A
sufficient electric field drop in the APD structure between
the multiplication and absorption layers and bandgap
variation reduction are provided by an n—InGaAsP
charge layer with appropriate thickness and carrier con-
centration. The simulation software does not contain tun-
nelling and avalanche process simulation in the structure
near the breakdown, therefore optimization of structure
properties was estimated only up to the punch-through
voltage.

The cross-sectional view of the designed, fabricated
and tested SACM APD structure with an InGaAsP
charge layer is depicted in Fig. 1. The APD structure
consists of five layers grown on n™—InP substrate. In
our design 300 nm thick n*—InP (1 x 107cm™3) buffer
layer, 1000 nm thick n—InGaAs ((1 x 10¥%cm~3) ab-
sorption layer followed by 150 nm thick n*—InGaAsP
(1 x 10em=2) charge layer and 500 nm thick n—InP
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Fig. 1. Cross-sectional view of InGaAs/InGaAsP/InP SACM APD
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Fig. 2. Simulated band diagram of InGaAs/InGaAsP/InP SACM
structure at Vg =0V
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Fig. 3. Simulated electrical field distribution at different reverse
bias voltage Vg in InGaAs/InGaAsP/InP SACM structure

(1 x 10%cm™=3) multiplication layer, covered by 1000
nm thick p¥—InP (1 x 108cm™3) contact layer have
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been used. The band diagram of the designed structure
at zero reverse bias is shown in Fig. 2, where the bandgap
variation is reduced by inserting nt—InGaAsP layer be-
tweeen InGaAs absorption and InP multiplication layer.
The electrical field distribution in the structure at dif-
ferent reverse bias voltages for designed SACM APD is
depicted in Fig. 3.

The lowest value of the electrical field correspond to
zero reverse bias and the highest value to the reverse bias
of Vg = 15 V. If the reverse bias increases over 15 V, the
electrical field extends into the absorption layer and this
value correspond to the punch-through voltage. The com-
parison between simulated and measured current-voltage
(I — V) characteristics of the designed SACM APD up
to the punch-through voltage is shown in Fig. 4. The
measured I — V' characteristic shows a slightly increased
leakage current and punch-through voltage in compar-
ison with the simulated characteristic. For the reverse
bias above the punch-through voltage the dark current
increases due to the increased electric field in central ac-
tive region with simultaneous extension of the reduced
electrical field into the absorption layer.

SACM APD structure was grown by MOCVD in a sin-
gle step and photodiodes were fabricated using standard
photolithography, wet chemical etching and lift-off ohmic
contacts processing. Contact metallization consist of 15
nm sputtered Pt followed by sequential evaporation of 200
nm AuBe alloy onto p type InP cap layer. The bottom
contact metallization was formed by evaporation of 200
nm AuGeNi alloy onto InP substrate (Fig. 1) followed by
annealing at 400 °C.

3 RESULTS AND DISCUSSION

On the selected SACM APD devices with 0.007 mm?
active area the electrical and optical characteristics were
measured and analyzed. I — V' dark current and pho-
tocurrent characteristics under 1310 nm calibrated source
illumination are shown in Fig. 5. The current steps on the
I—V characteristic near 16 V correspond to the extension
of the electrical field into the absorption layer. Within
this mode of operation, the entire charge sheet and ab-
sorption layer are depleted. The photocurrent is flat just
above the punch-through, indicating that the device is
operating near unity gain in this regime.

By increasing the bias voltage over 25 V the carriers
generated within the InGaAs absorption layer can drift
into the multiplication region with a high electric field
thus providing an avalanche gain. The breakdown volt-
age was estimated near 35 V and avalanche gain up to
8 was reached for mesa shaped devices. The measured
photoresponsivity of the photodiodes without antireflec-
tion coating at 1310 nm was evaluated in the range of
0.85 - 0.9 A/W at a reverse bias voltage of 20 V. Fig-
ure 6 shows the capacitance-voltage characteristic, where
the ripples on the curve fit to the extension of the elec-
tric field through heterointerfaces in the structure equally
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4. InGaAs/InGaAsP/InP SACM structure I-V characteristics,
simulated and measured
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Fig. 6. InGaAs/InGaAsP/InP SACM APD capacitance-voltage
characteristics

to the measured I-V characteristics (Fig. 5). The capac-
itance 0.65 pF for the bias voltage near the breakdown
of APD was measured. The speed of response of SACM
APD is shown in Fig. 7 in dependence on bias voltages at
1310 nm illumination. The measured rise time at break-
down was determined as 0.29 ns and fall time as 0.30 ns.
The avalanche gain up to 8 was estimated from the speed
of response amplitudes at the breakdown voltage. Modu-
lation frequency bandwidth at low gain was measured as
4 GHz and gain-bandwidth product as high as 30 GHz
by a microwave spectral analyzer.

4 CONCLUSION

A novel InGaAs/InGaAsP /InP structure SACM APD
including a 500 nm thick InP multiplication layer and a
150 nm thick InGaAsP charge layer was simulated, fab-
ricated and characterized. In simulations, an effective de-
crease of the electrical field from multiplication to ab-
sorption layer was achieved by employing an InGaAsP
charge layer. The simulated and measured properties of
the designed SACM APD structure exhibit good agree-
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5. Current-voltage characteristics of InGaAs/InGaAsP/InP
SACM APD
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Fig. 7. Speed of response characteristics of InGaAs/InGaAsP /InP
SACM APD

ment up to the punch-through voltage. For tested mesa
etched avalanche photodiodes with 120 ym diameter, the
breakdown voltage near 35 V and avalanche gain up to
8 under 1310 nm calibrated illumination were achieved.
The measured results revealed that the InGaAsP charge
layer could be used to control the electric field profile in
the SACM APD structure.
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