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High-speed Planar InP/InGaAs Avalanche photodiodes
with Optimized Electric Field Profile
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We confirmed in experiments that the avalanche in InGaAs diminishes
!!e_g3in-bandwidth (GB) product of the InP/InGaAs avalanche photodiode
(APD). GB product measurements agreed well with the calculated GB
products, taking into cons_ideration the ionization in InP and InGaAs. By
suppresting - !tt.t ternary layer_ avalanche and heterointerface pileup, wo
fabricated a high-perform_ance APD with a large GB product of 95'GH; and a
wide bandwidth of 8.5 GHz.

1. INTRODUCTION

InP/InGaAs avalanche photodiodes
(APDs ) are key devices in optical
communication systems in the 1.55-pm
wavelength range. Gain-bandwidth (GB)
products must be improved to fabricate high-
speed APDs1,2) operating at about 10 Gbit/s.
Previous studies have shown that the
avalanche in the InGaAs absorption layer
would prevent generation of a large GB
product3,4, 5). However, to date there has been
little rigorous discussion comparing
experiments and theory. We have calculated
the effect of the avalanche in InGaAs on the
GB product, taking into consideration the
ionization in InP and InGaAs, and have
shown the GB product to be a function of InP
multiplication layer thickness6). In this work,
we studied the effect of the avalanche in the
ternary layer. GB product measurements
deteriorated as the electric field in the InGaAs
layer rose and agreed well with calculations.
We confirmed that the avalanche in InGaAs
diminishes the GB product.

If the electric field in InGaAs is
decreased to suppress the avalanche in the
ternary layer, the 3-dB bandwidth deteriorates
due to hole trappingT) at the heterointerface.
There is a tradeoff between the GB product
and the 3-dB bandwidth for the electric field
at the heterointerface.

In the optimized diode, suppressing the
ternary layer avalanche and heterointerface
pileup yield a high-performance APD having
both a large GB product and a wide 3-dB
bandwidth.
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2. CALCULATION MODEL

Figure L shows the electric field of the
calculated InP/InGaAs APD with a low (n)-
high(n+)-1ow (n-) doping profile. The n--
InGaAs absorption layer thickness has been
selected to be 1.5 pm to get a high-speed
response and a quantum efficiency of 70Vo.
The n+-InP layer has been intended to
decrease the electric field in the InGaAs layer
and its thickness has been ignored. The
electric field of the InP multiplication layer
and the InGaAs absorption layer have been
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FiS. 1 Electric field profrle model
of calculated APD.
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as sumed constant. These electric fields are
determined by the InP multiplication layer
thickness, la, and a difference of the electric
field value between the absorption layer and
the multiplication layer, Ed. The GB product
has been calculated changing la and Ed by
considering ionization both in InP and
InG aAs .

3. FABRICATION

Figure 2 shows each layer of the
fabricated APD. According to our calculation,
the n--InGaAs absorption layer (n = 2 x 1015

cm-3) was 1.5 pm thick. The n+-InP layer (n >
5 x 1017 cm-3) causing of decreasing the
electric field in- the InGaAs layer was thinned
to about 600 A to reduce th; carrier transit
time. Ed is determined by the total charge in
this layer. Therefore, Ed can be selected to be

3.5 x 105 V/cm, 4.5 x 105 V/cm, and 5.5 x
105 V/cm by changing the thickness and
carrier concentration in this layer. The n--InP
window layer (n = 2 x 1015 c--3) having 1.5
pm thick was grown at the top. To make a
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FiS. 3 Dark current and multiplication
factor versus bias voltage. A step at
about 14 V of M-V characteristic shows
a voltage when the depletion region
reaches the absorption layers.

the electric field. The dark current was about
40 nA at a gAVo breakdown voltage. The
origin of multiplication (M = 1) was
determined by compared with the calculated
M-V characteristic. The maximum
multiplication factor was 50 at the breakdown
voltage. Quantum efficiency was more than
7.07o 

-at a wavelength of 1.55 lrm and agreed
with calculations.

The M-V characteristic was observed
increasing a step at about 14 V. This voltage
indicates when the depletion region under the
pn junction reaches the InGaAs absorption
layer. The multiplication layer thicknesses
were calculated using this voltage for each
APD chips.

Figure 4 shows GB Product as a

function of the multiplication layer thicknes s

at each Ed. The calculated GB products (solid
lines) deteriorate with increasing avalanche
buildup time in the wider la region. In the
narrower la region, the overall electric field in
the diode becomes high, and the GB product
is degraded due to the onset of the avalanche
in the ternary layer. The optimum la exists to
obtain the maximum GB product. The
maximum GB product can increase as Ed
increases. GB product measurements (data
points) agreed well with the calculations. We
confirmed that the ionization in InG aAs
diminishes the GB product.

Figure 5 shows the 3-dB bandwidth
versus multiplication factor at a Ed of 5.5 x
105 V/cm and a la of 0. 19 pm. By optimizing
the electric field profile to suppress the
avalanche in the ternary layer, we obtained a
large GB product of 95 GHz in a high
multiplication region of more than 10. A wide
bandwidth ceiling of 8.5 GHz determined by
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Fig. 2 APD epitaxial structures.

planar junction, wo forme_d a Pl region and a
.guard iing by selective Cd diffusion and Be
ion implantation. The n-InP multiplication
layer th-ickness was controlled_by_the depth of
CA diffusion. Three undoped InGaAsP layers
were introduced in the heterointerface to
prevent hole pileup. To prevent increasing the-carrier transit time for adding t"hese layers,
each layer was thinned to 500 A. The band
gaps were, from the top, 1.10 eV, 0.95 eV,
and 0. 80 eV.

4. RESULT AND DISCUSSION

Figure 3 shows the dark current and
multiplication factor versus the bias voltage
(I-V and M-V characteristics) of the fabricated
APD. The breakdown voltage was less than 30
V because of the thin n+-InP layer reducing
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r. 5.5 x 10o V/cm

3.5 x 10s V/cm

4.5 x los V/cm

the transit time was obtained by suppressing
hole pileup.

5. CONCLUSION

We confirmed that the gain-bandwidth
product of InP/InGaAs APDs dleteriorates due
to ionization in the InGaAs. Optim izing the
electric field profile and h^eterointe-rface
produced- utt- InP/InGaAs APD with a large
gain-bandwidth product of 95 GHz and a wiiie
bandwidth of 8.5 GHz.
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Fig. 4 Gain-bandwidth product versus
InP multiplication layer thickness. The
solid lines are calculated GB products
and the data points are measured GB
products.
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Iig. S Baqdwi_dth versus multiplication
factor. The dashed line shorirs a GB
product of 80 GHz.
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