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InAlAs/InGaAs avalanche photodiode with an optimized multiplication layer
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Abstract: In this paper, the trade-off between gain-bandwidth product (GBP) and dark current of an InAlAs/In-
GaAs avalanche photodiode (APD) was studied by optimizing multiplication layer. An optimized multiplication
layer with 200 nm was proposed to improve the GBP and reduce the dark current. The fabricated InAlAs/InGaAs
APD shows an excellent performance which is consistent with the calculated results. A high responsivity of 0. 85
A/W (M=1) at 1. 55 pwm and a high GBP of 155 GHz was achieved, whereas the dark current is as low as 19 nA
at 0. 9 V. This study is significant to the future high-speed transmission application of the avalanche photodiodes.
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Introduction

Over the past decades, avalanche photodiodes (AP-
Ds) have been widely used for commercial , military and
scientific research'”’. The application of optical commu-
nications *', imaging "*' and single photo detection **
has always been the main driving force for the sustainable
development of APD. APD with InP as the multiplication
layer and In, ;,Ga, ,As (InGaAs) as the absorption layer
has been studied for a long time”™. In contrast to InP,
InAlAs has a better ionization coefficient ratio (k=0. 15~
0.3 ") than that of InP (k=0. 4~0.5 "), which leads

to both higher sensitivity and lower noise. Moreover, the
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band gap of InAlAs is slightly larger than that of InP, the
tunnel current is expected to be smaller.

Gain-bandwidth product (GBP) is an important
characteristic of APDs for application in high-speed
transmission, however, a device with high GBP often re-
sults in a high dark current, which is closely related to
the thickness of the multiplication layer. M. Nada et al.
reported that an APD device with a higher bandwidth in
the case of a thinner multiplication layer was obtained.
However, the dark current of the device will also in-
crease with decreasing multiplication layer """, This phe-
nomenon lies in the fact that when the avalanche occurs
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in the thin multiplication layer, the electric field in the
multiplication layer is very high, resulting in a large tun-
neling dark current. On the contrary, Ferraro et al.
found that when the thickness of the multiplication layer
reaches 400 nm, the dark current is about 10 nA, but
the bandwidth is only about 1 GHz "*". Aims to obtain
high bandwidth and low dark current at the same time,
we need to adopt the appropriate thickness of the multi-
plication layer. However, too many parameters in the
complicated device make the experiment more difficult.
The main motivation of this work is to establish a quanti-
tative and predictive physical model for the operation of
APD device. On the basis of the model, a less experi-
mental work will be good enough to obtain a better device
performance.

In this paper, we designed a mesa InAlAs/InGaAs
APD with an optimized 200 nm InAlAs multiplication lay-
er. The electric field distribution, current-voltage (1-V)
characteristics, capacitance-voltage (C-V) characteris-
tics, gain characteristics and frequency characteristic are
calculated by Silvaco Atlas tool. The fabricated InGaAs/
InAlAs APD with a diameter of 30 wm exhibits low dark
current of 19 nA at 0. 9 V, and high gain-bandwidth prod-
uct about 155 GHz. The experiment results show a good
agreement with the calculation.

1 Device design and calculation

A two-dimensional model of InAlAs/InGaAs sepa-
rate absorption, grading, charge and multiplication
(SAGCM) APD is established on the basis of the calcula-
tion of the device by using the Atlas Silvaco. The calcula-
tion is based on the drift-diffusion model, the Poisson
equation and carrier continuity equation to calculate the
electrical and optical performance. In order to make the
device calculation results closer to the actual operating
mode, the calculation process follows assumptions and
simplifications "' ;

1. P’-N is an abrupt junction

2. The multiplication, charge, grading and absorp-
tion layers are uniform doping

3. The absorption layer is completely depleted at
punch-through voltage

The physical models used in the calculation includ-
ing the Shockley-Read-Hall Recombination (SRH), Au-
ger Recombination (AUGER) , Optical Radiative Re-
combination (OPTR) and Impact lonization Model (IM-
PACT). In addition, the Fermi-Dirac model is used for
the static characteristics of the carrier, and the high field
saturation model is used to consider the effect of mobility
reduction under high electric field. Ray tracing model is
utilized for calculating optical characteristic. Newton's
numerical iterative analysis method is used to derive the
solutions of Poisson equation and continuity equation.
Specific model information can refer to the following liter-
atures ', Table 1 lists some of the material parameters
used in the calculation """,

Figure 1 shows the cross-sectional view of the InA-
1As/InGaAs (SAGCM) APD. The semi-insulating InP
substrate is followed by an N-type doped InP buffer layer

Table 1 Material parameters used in SILVACO physi-
cal modeling

%1 SILVACOEF RAZINMPSE

Parameters Units InGaAs InAlAs
Band gap eV 0.75 1.42
Align 0.36 0.36
Permittivity 13.9 12.2

Electron SRH lifetime B 4x107 1x107"*

Hole SRH lifetime s 4x10° 1x107*
Electron mobility em’/Ves 10 000 3000
Hole mobility em’/V+s 150 250

Radiative recombination coefficient ~ cm’s ~ 9.6x10"  1.2x107°

and an N-type In, ,,Al, As layer. The intrinsic multipli-
cation layer In, Al 4As is under the P-type doped
In, ,Al, 4As charge layer, and the P-type doped
In, 5,Al, 4As charge layer has a doping concentration of
4x10". The thickness of the multiplication layer is opti-
mized to maximize the gain bandwidth product and re-
duce the dark current. The function of the charge layer is
to adjust the electric field distribution of the device. The
undoped InAlGaAs grading layer which is used to pre-
vent carrier pile up at the heterointerface between In-
GaAs and InAlAs. The bandwidth will also be degraded
by carrier accumulation at the heterojunction inter-
face'™. Between the intrinsic In,.,Ga, ,As absorption
layer (1.2 pm) and the p-doped InP window layer (1.0
pwm), a p-doped InGaAsP grading layer was added. The
role of this layer is the same as the InAlGaAs grading lay-
er. Finally a heavily doped P+-In, ,,Ga, ,,As contact layer
helps to reduce the series resistance and to improve the
frequency response characteristics of the device.

Metal contact

InGaAs 100nm P

InP 1000nm P

BCB

InGaAsP 30nm P
InGaAs 1200nm i
InAlGaAs 20nm P
InAlAs 100nm P
InAlAs 200nm i
InAlAs 200nm N
InP 1500nm N

Metal contact

S.IInP Substrate

Fig. 1 Structure of InAlAs/InGaAs APD
K1 InAlAs/InGaAs APD [ 45 [

In APDs, the bandwidth can be expressed as Eq. 1:
1 1
fs - = = s (1 )

2T om /i + 7+ T
where 7 is the response time, 7,.is the RC time con-
stant, 7,is the carrier transit time, 7,is the avalanche
build-up time.
The RC time constant is determined by the deple-
tion region capacitance C, the device series resistance
and the load resistance R. As we can see from the Eq. 2:
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7w = RC =R v , (2)
where R is total resistance of the device, C is the deple-
tion region capacitance C, & is the dielectric constant, A
is the PN junction area, W is the width of depletion re-
gion.

The transit time includes the following processes:
The photo-induced carriers separate in the InGaAs ab-
sorption layer and the electrons drift to the InAlAs multi-
plication layer under the external electric field. Then
electron-hole pairs are produced by impact ionization.
The electrons transfer to the N metal and the holes trans-
fer to the P metal.

The avalanche build-up time increases when the
thickness of multiplication layer decreases. Compared
with carry drift time and RC time constant, avalanche
multiplication time is dominant. So the thickness of other
layers has little effect on GBP because of high gain of AP-
Ds. It is very important to design a reasonable thickness
of multiplication layer.

The calculated 3-dB bandwidth is shown in Fig. 2,
where the inset presents the GBP as a function of the mul-
tiplication layer thickness. As the multiplication layer
thickness increases, the increased carrier transit time
will lead to a low bandwidth and therefore a small GBP.
However, the carrier need more time to attain the thresh-
old energy for the impact ionization process when the
multiplication layer decreases. This also results in a re-
duced bandwidth and GBP. According to the above anal-
ysis, the optimized multiplication layer thickness is
around 0. 2 pm.
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Fig. 2 (a) The 3-dB bandwidth vs multiplication factor with
different multiplication layer thickness, and (b) the gain-band-
width product vs multiplication layer thickness
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The tunneling current is a dominant component of
the leakage current at high fields. Tunneling processes
include direct band-to-band tunneling (BBT) and trap-
assisted tunneling (TAT) "', TAT dark current can be
neglected when multiplication layer is intrinsic”"’. The
BBT dark current density can be expressed as Eq. 3:

V2m* ¢ E*W 4V 2m* E?
Jo = exp| — —1. (3)
4 JE, 3qER

where E is the electric field, E, is the bandgap, m* is
the effective mass and f is the Planck’s constant. Tt can
be seen from Eq. 3 that BBT dark current dependents on
electric field strength strongly.

Figure 3 shows the calculated electric field distribu-
tion with different thicknesses of the multiplication layer.
In order to compare the effects of BBT dark currents with
different multiplication thickness, the thickness of the
other layers remains unchanged except the change of
thickness of the multiplication layer. It can be observed
that with the increasing thickness of the multiplication
layer, the electric filed in the multiplication layer de-
creases. According to the formula 3, the BBT dark cur-
rent will decrease. However, with the increase of the
multiplication layer thickness, the transit time of the de-
vice also increases according to the above analysis,
which results in a reduced bandwidth and corresponding-
ly a low gain-bandwidth product. The multiplication lay-
er takes 0. 2 wm according to the above analysis.

800
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Electric field/(KV/cm)
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Fig. 3 Distribution of electric field as a function of multiplica-
tion layer thickness
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2 Device fabrication

The device was grown by using Molecular Beam Epi-
taxy (MBE) on a 350 pm semi-insulating InP substrate.
Silicon and beryllium are used as n- and p-doping sourc-
es. All epitaxial layers are lattice matched to InP (001)
substrate without off-orientation. The growth temperature
is 480 °C, which is monitored by pyrometer. The growth
rate is lum/h. A typical 2X1 reflective high-energy elec-
tron diffraction (RHEED) pattern is observed for InGaAs
and InGaAsP growth and a 2x4 pattern for InP growth.
Doping level in film is confirmed by Hall measurement.
The mole fraction is calibrated by beam flux pressure
(BEP) and X-ray diffraction (XRD). The actual epitaxi-
al structure is as same as the calculated one. A 1.5 pum
n-doped InP buffer layer is followed by a n-doped InAlAs
layer. An intrinsic InAlAs multiplication layer (0.2
pwm), a p-doped InAlAs charge layer (0.1 wm), a 0. 02
pm InAlGaAs grading layer, a 1.2 pwm intrinsic absorp-
tion layer, a p-doped InGaAsP grading layer (0. 03
wm) , a p-doped InP layer (1.0 um) and a 0.1 pm p*
doped contact layer.

The mesa type APD is fabricated using standard
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photolithography, lift-off, wet chemical etching and sty-
rene-acrylic cyclobutene (BCB) passivation. Compared
with dry etching, wet etching has less damage to the sur-
face of the device and can reduce surface leakage of the
device. Then BCB was coated on the surface of the de-
vice and cured at 250 °C for 1 h to form passivation pro-
tection on the sidewall of the device. SiNx is selected as
the antireflection film, and the active region is formed by
lithographically. Finally, the metal is deposited on the
anode and cathode.

3 Results and discussion

The measured and calculated dark and photocurrent
are shown in Fig. 4 (a). In order to verify the rationality
and performance of the device structure, we combined
the calculated results and actual test results for analysis.
Due to the uncertain factors introduced in the fabrication
process, there is a little difference between calculated
and actual performance, but both meet the performance
requirements. The calculated results have a guiding role
in the design and fabrication of the device.

The most important phenomenon to be considered in
the calculation of dark current (I,) is the avalanche pro-
cess, which is expressed as Eq. 4:

I, = 1M + [*M" + 1, . (4)
among them, /, is the total dark current, I is the genera-
tion-recombination current, /, is the tunneling current
which is decided by the electrical field and band gap. I,
is the non-multiplied dark current, which is mainly from
the surface of the device. M is the multiplication factor of
the APD, M’ is the avalanche gain of tunneling dark cur-
rent.

The calculation of photocurrent (/) should consider
the generation of electron-hole pairs in the absorption lay-
er and the distribution of electric field both in the charge
layer and the multiplication layer. The generation rate of
electron-hole pairs produced by impact ionization carri-
ers uses Eq. 5:

G=alll, +alll, , (3)
where G is the generation rate of electron-hole pairs, «,
and a, are the impact ionization coefficients of electrons
and holes, respectively. J, and J, are the current densi-
ties of electrons and holes.

The gain of the device is obtained according to the
Eq. 6:

el )
Ly = 1y
M is the multiplication factor , where I, and I, are the
photocurrent and dark current of the APD, and [, and I,
are the photocurrent and dark current of the device when
M=1.

Under dark condition, no electron-hole pairs are
generated and no electrons are injected into the multipli-
cation area. Therefore, the dark current changes little
before and after the punch-through voltage (V,). When
the voltage is less than V,, the photocurrent is close to
the dark current. The impact ionization occurs due to car-
riers are injected into the multiplication layer when bias
voltage reaches V , which lead to the photocurrent rises.

When bias voltage approaches the breakdown voltage (V,
= 28.6 V), the photocurrent rapidly increases to 0. 1
mA. In Fig. 4 (a), the calaculated breakdown voltage V,
=-33.6 V (when current reaches 0. ImA) , and the actu-
al device breakdown voltage V =28.6 V. A high gain of
more than 90 can be achieved, and the responsivity at
unity gain at 1.55 pm wavelength is 0.85 A/W. The
dark current measured at room temperature is 19 nA at
0.9 V,. The actual measured results of the device are
consistent with the calculation trend. No accidental
breakdown, such as edge breakdown occurs indicates
that our device structure design and fabrication process
are reliable. The electric field is effectively limited to the
central area. The low surface leakage current can satisfy
the applications such as sensitivity receivers. Figure 4
(b) shows the change of gain with reverse bias voltage.
After V , the gain increases with increasing bias voltage.
Under 90% V,, APD can provide a M>10.

The capacitance-voltage (C-V) characteristic is also
particularly important for device structure design and per-
formance evaluation. The actual total capacitance of the
SAGCM APD device includes junction capacitance and
parasitic capacitance. The parasitic capacitance mainly
comes from the metal electrode. The effect of parasitic
capacitance is not considered in the calculation process,
so the calculated result is smaller than the actual capaci-
tance. The C-V characteristic curve of the device is
shown in Fig. 4 (¢).

It can be seen from Fig. 4 (c) that the capacitance
of the device decreases with the increase of the reverse bi-
as voltage. After reaching the V , the capacitance value
gradually stabilizes. This indicates that the width of the
depletion region of the device becomes wider with the in-
crease of the reverse bias voltage. It can be seen from the
Eq. 7:

g;A

C = v (7)

The width of the depletion region does not change
with the reverse bias voltage when the bias voltage great-
er than V , that is, the device is in a completely depleted
state. The actual capacitance of the device is 68.7 pF.
It can be seen that the calculated and actual V, are
11. 8V and 12. 2V respectively, which matches well with
value obtained from the I-V characteristics. The band-
width of the APD detector is closely related to the RC
time constant, and the response speed and bandwidth of
the device can be improved by reducing the capacitance
of the APD.

The frequency response test was analyzed by using a
nonlinear vector network analyzer. We measured its fre-
quency response from 20 MHz to 15 GHz at 1550 nm. In
order to obtain the theoretical maximum bandwidth, we
calculated the 3-dB bandwidth at different voltage. As
we can see from Fig. 5, 3-dB bandwidth reaches the
maximum value when the bias is -15 V. When the bias
voltage is less than 10 V, the 3-dB bandwidth is almost
zero. When the bias voltage reaches V,, the field
strength is not high and the carrier drift speed is low
which leads to small bandwidth. When the bias voltage
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reaches the V,, the 3-dB bandwidth becomes lower due — Measured
to the limitation of gain bandwidth. It can be seen from 15 —O— Simulated
Fig. 6 (a) that the actual measured maximum 3-dB o oog
bandwidth is 7.6 GHz. The calculated 3-dB bandwidth - o Q’%
is 8. 2 GHz. The difference may results from the fact that 3 ~ 10F “q
the parasitic capacitance and resistance are not be con- g E %
sidered in the calculation. Figure. 6 (b) shows the 3-dB 3 K GBP=155GHz
bandwidth against multiplication gain of the fabricated 5 %
APD. The GBP can reach 155 GHz, which is consistent h
with the calculated results. 30 ‘ J . ) ‘
0 5 10 15 1 10
Frequency/GHz Multiplication Gain
1E-04 (a) (a) (b)
1E-05 l\ Photocurrent Fig. 6 (a) Measured and Calculated frequency characteristic,
g 1E-06 , N and (b) 3-dB bandwidth vs multiplication gain of fabricated InA-
é’ 1E-07F 1As/InGaAs APD ) ‘
S - K6 (a) SEPRANTFIE AR N REPE L, (b) & 8800 3-
E-08p T - dB 7 58 A 4 5K A 2k
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sol (b) physical model with the operation of the device was estab-
g —— Mearsued lished. The fabricated device bandwidth was 7.6 GHz
= T Simulated and the GBP reached 155 GHz while the dark current
£ 401 was only 19 nA (at 90% V,). However, since the param-
:ié_ 20l eters adopted in the simulation are too ideal and the ef-
El fect of the process of device fabrication on the device per-
= 0F . . .
. s . s . formance is not considered, the simulated results are far
150 - away from the experimental results. A real material pa-
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4 Conclusion
In this paper, an InAlAs/InGaAs APD with SAGCM

structure was designed. The quantitative and predictive

rameter as well as a less effect of the device fabrication is
needed in the following work. This study is significant to
the future high-speed transmission application of the ava-
lanche photodiodes.
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