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Characteristics of a Planar InP/InGaAs Avalanche Photodiode
with a Thin Multiplication Layer
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We present a simple fabrication method for and the characteristics of a high speed InGaAs/InP
avalanche photodiode (APD) with one floating guard ring. The APD structure that we propose
consists of InP multiplication layer with a greatly reduced width and a highly doped electric field
buffer layer, We also adopted a floating guard ring and a shaped main junction with recess etching
for reliable operation of the APD. A long lifetime, exceeding ∼109 hours, was estimated from
accelerated life tests. Also, reliable operation in the device center region was examined by measuring
the two-dimensional gain. The gain and bandwidth product of the APDs was measured to be as
high as 80 GHz.
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I. INTRODUCTION

The use of avalanche photodiodes (APDs) in 10 Gbps
systems is promising to satisfy the increasing demand for
high-performance optical transmission systems. How-
ever, several problems remain to be resolved for their
use as high-speed optical detectors, including low re-
liability and narrow structural margins for very high-
speed responses. Many researches have focused on im-
proving their performances via techniques such as band
gap engineering and optimization of device structures in
III-V compound semiconductors. Various APD struc-
tures have been developed such as the InP/InGaAs sep-
arated absorption, grading, charge, and multiplication
(SAGCM) structure [1], the δ-doped SAGM structure
[2], the InAlAs/InGaAs super-lattice structure [3,4], and
the floating guard ring (FGR) structure [5–7]. Although
these structures have offered large gain-bandwidth prod-
ucts and high performances at 1.3 and 1.55 µm wave-
lengths, their merits are greatly affected by variations
in the fabrication parameters. Hyun et al. studied the
breakdown characteristics of an InP/InGaAs APD with
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a p-i-n multiplication layer, and Park et al. calculated
the effective thickness of the multiplication layer width
in an APD [8,9]. Yuan et al. reported on the impact ion-
ization characteristics of III-V semiconductors for a wide
range of thicknesses in the multiplication region [10].

In this paper, we propose a simple fabrication method
for a floating guard ring APD and demonstrate its char-
acteristics. We report on the first achievement of In-
GaAs/InP avalanche photodiode (APD) with a simple
fabrication method and good performance, related to
thin multiplication layer width. The APD with a shaped
main p-junction and one floating guard ring was achieved
through a finely controlled recess depth/width etching
and one-step sealed-ampoule diffusion method. The fab-
rication parameters of recess etching depth and diffusion
time were varied to observe the electrical and the opti-
cal characteristics in APD. As a detector, APDs should
have a low dark current, less than 1 nA, good photocur-
rent gain characteristics, long lifetimes of more than 105

hours, and a speed specification. Thin multiplication
layer (about ∼ 0.3 µm) is crucial to satisfy these require-
ments. However, a thin multiplication layer is difficult to
obtain in the fabrication process for a planar structured
APD. Even if it were obtained, suppression of the high
electric field around the peripheral region while main-
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Fig. 1. Schematic diagram of an SAGCM APD with one
floating guard ring.

taining a high electric field in the thin multiplication
region would be required to serve long-term reliability.
The primary concern in the design and operation of an
APD to be used as an optical receiver is high-speed per-
formance and long-term reliability.

For the above purpose, we measured the two dimen-
sional gain characteristics and conducted accelerated life
tests by monitoring the dark current and the breakdown
voltage. We review a range of issues concerning the op-
timal design of a high speed APD by varying the very
thin multiplication layer. Discussions include the char-
acteristics of the dark and the photo current - voltage,
the two-dimensional gain profile, and the frequency re-
sponses of APD with one floating guard ring and its sim-
ple fabrication using a single diffusion process.

II. EXPERIMENTS AND DISCUSSIONS

1. APD Structure and Fabrication

Figure 1 shows a schematic diagram of our proposed
APD, which is based on the SAGCM structure. A
schematic cross-sectional view of an InP/InGaAs APD
with recess etching is also shown in Fig. 1. The epitaxial
structure is grown by using the metalorganic chemical-
vapor deposition (MOCVD) method. The u-InP layer
was designed to be 3.5 µm thick, and the thickness of
the absorption layer was reduced to 0.8 µm to shorten
the transition time. Especially, the density for the charge
sheet was designed to be about 3.5 × 1012/cm2 to main-
tain a high electric field in the multiplication region. The
backside illumination structure was intended to lower the
device capacitance by reducing the contact-pad area. In
the case of front illumination, a contact pad should be
appended to a device. For a n+- InP substrate, the ap-
pended contact pad entirely contributes to the capaci-
tance increase. For backside illumination, an appended
contact pad was not required. However, the device needs
a flip-chip bonding process to be used as a detector. In

addition, the device needs to be designed to compensate
for the optical loss, owing to the thin absorption layer,
through the re-absorption of the reflected light beams at
the p-metal contact.

For a shaped p-junction, a thin layer of 3000 Å is
etched away at the central region of the main p-junction
as shown in Fig. 1. The shaped p-type junction finally
results in a multiplication layer width (MLW) difference
between the main junction and the floating guard ring
region. Subsequently, only one sealed ampoule diffusion
process was used to construct an abrupt p-n junction and
floating guard ring in the APD. The MLW was controlled
by the Zn diffusion depth, ∼2.9 µm in this work, and
the recess etching thickness of the central region. After
Zn diffusion, we designed the distance between the main
junction and the floating guard ring to be 2.5 µm. In
addition, three 0.05-µm-thick InGaAsP grading layers
were used, and p-metallization was achieved by using an
alloyed Ti/Pt/Au contact.

In order to form the abrupt p-n junctions of the APDs,
we used the sealed ampoule diffusion process, which is
generally accepted as the preferred technique. Then, the
multiplication layer thickness was controlled by the Zn
diffusion depth and the reactive ion etching depth of the
central region. To reduce the amount of diffusion and to
efficiently control the MLW (multiplication layer width),
we used recess etching. This structure has the advantage
of ease of dense fabrication and reliability maintenance.
The backside aperture was coated with anti-reflecting
SiNx to eliminate the reflection from the air-InP inter-
face. The outside region of the aperture was capped with
Cr/Au for the n-electrode contact by using photolitho-
graphic lift off, which also protected against stray light
illumination. A thin multiplication layer width (MLW) is
essential to reduce the avalanche build up time to achieve
a high gain bandwidth product [8,11]. It also has many
other good effects on high-speed operations [12]. There-
fore, we must carefully control the diffusion depth to the
range of sub micrometers. To reduce the pre-breakdown
at the curved junction region, we designed a shaped main
junction and one floating guard ring, as shown in Fig. 1.

2. I-V and C-V Characteristics of APDs

Figure 2 shows the dark current and the 1.55 µm light
illuminated photocurrent as a function of reverse bias for
a 20 µm-diameter active area APD device as measured
by using an HP 4145. The dark current has some noise
currents induced by the measurement system. However,
all the measured dark currents remain below several nA’s
at the operating voltage, which are low enough to op-
erate as a photodetector. The punchthrough voltages
(Vp) are between 11 V to 20 V according to the diffusion
depth variation, i.e., MLW variation. However, the mea-
sured breakdown voltages are in the range of 25 ∼ 29 V,
which are not as significantly varied as to the Vp. The
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Fig. 2. Measured dark and photocurrent as functions of
the reverse bias for a 20-µm-diameter APD.

breakdown voltages are defined as the voltage where the
photocurrents exceed 100 µA.

For 1.55-µm illumination, the photocarriers are gen-
erated only in InGaAs absorption layer. When the ap-
plied voltages are less than punchthrough voltages (Vp),
the photocarriers cannot get out of the layer. The
punchthrough voltage is defined as that at which all the
layers begin to be depleted. Around Vp, the photocurrent
sharply increases as shown in Fig. 2. The photocurrent
slightly increases as the reverse bias is increased due to
a multiplication process in the InP multiplication layer.
More bias voltage leads to high gain and finally results
in avalanche breakdown, as shown in Fig. 2.

Reducing the transition time and the multiplication
build-up time is required to enhance the speed of the
APD. Thus, the widths of the designed multiplication
layers are expected to be between 0.25 ∼ 0.35 µm, con-
sidering the charge sheet density and the InGaAs ab-
sorption layer thickness. Previously reported results [8,
9] suggest that for a given charge-sheet density a min-
imum breakdown voltage exists as MLW increased. At
the minimum MLW, the transition time is shortened, so
the best gain-bandwidth products are expected for given
epitaxial structures.

To investigate the MLW of fabricated APDs, we ana-
lyzed punchthrough voltage (Vp) and breakdown voltage
(VB) since the MLW cannot be measured directly. Vp
is simply a function of MLW, that is, a smaller Vp cor-
responds to a thinner MLW. The wide scattering of Vp
seen in Fig. 3, which is due to MLW variations, while
VB varied less. The breakdown voltage was determined
by a product of β and MLW, where β is a multiplica-
tion factor which increases with the electric field. For
a thin MLW device, a higher electric field is maintained
compared with a thick MLW device for a certain applied
bias voltage. This is the reason VB does not significantly
change compared with Vp. Through the line that is a
guide to the eye, it is confirmed that the multiplication
layer thickness of the fabricated APD is in the range of

Fig. 3. Measured breakdown voltage (VB) versus
punchthrough voltage (Vp) of fabricated APDs. The solid
line is a guide to the eye.

Fig. 4. Measured capacitance versus reverse bias voltage
of APDs with a 20-µm-diameter light-receiving area.

the minimum MLW.
One of the most important characteristics considered

in high-speed detectors is the junction capacitance (Cj)
of a device. Figure 4 depicts the measured junction ca-
pacitance of an APD chip, which was designed to have
a 20 µm diameter light-receiving area. The measured
junction capacitance is 0.27 pF at zero bias, which is re-
duced below 0.13 pF after the punchthrough voltage, 17
V. The detector bandwidth is usually measured with a
50-Ω load resistance. If the RCj time constant alone is
considered, the 3-dB bandwidth of the device is 24 GHz.
From this result, the Cj is low enough for the APD chip
to be operated up to 10 GHz.
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Fig. 5. Two-dimensional photocurrent characteristics ac-
cording to the x− y position of a focused beam on the APD.
An abrupt decrease of the photocurrent is caused by no light
illumination on the 4 µm-wide p-metal ring contact region.
The diameter of the light-receiving aperture is 25 µm in a
front-illuminated-type APD.

3. Two-dimensional Gain Profiles and Reliabil-
ity Experiments

To investigate the gain suppression at the pheripheral
region of the light-receving area, we measured the two
dimensional photocurent characteristics of the APD. If
a focused beam illluminates a tiny part of the device,
the photocurrent originating from only the illuminated
part of the device can be detected. The focused beam
was scanned in x- and y-directions on the APD surface,
and then the the spatial distribution of the photocurrent
was obtained. Figure 5 shows the two-dimensional pho-
tocurrent characteristics of an APD at 90 % breakdown
voltage; APDs are usually operated at that voltage in
10 Gbps operation. The number on the x-y plane rep-
resents the real distance between the device center and
the measured points. We used the same APD structure
as we used in the gain and bandwith measurements, ex-
cept for the light illumination direction. Because focused
light cannot come into the curved region of the main
junction in a backside-illumination-type APD, as shown
in Fig. 1, we made the same structure with a front-
illumination-type APD for two-dimensional photocurent
measurement. In the front-illumination-type APD, only
a 4-µm metal ring on the main junction prevented light
illumination. The photocurrent suddenly decreased as
shown in Fig. 5.

The diameter of the light-receiving area was 25 um, as
shown in Fig. 5, and the z- axis shows the photocurrent
obtained from the focused light beam diameter of∼2 µm.
We can observe that the photocurrent at the curved re-
gion of the main junction is clearly decreased. In other
words, the gain is successfully supressed at outside re-
gion of the active area, including the floating guard ring
region, as the photocurrent is proportional to the gain
in the APD. These results suggest that the shaped main

Fig. 6. Temperature dependence of the dark current at 0.9
VB .

Fig. 7. Lognormal projection of time-to-failure versus per-
cent of cumulative failures for APDs after life testing at 200
and 250 ◦C.

junction with one floating guard ring worked very well
in this APD structure. Shining light onto the backside-
illumination-type APD, we could measure only the pho-
tocurrent on the main junction; then, the distribution of
the photocurrent appeared as a gradually rounded shape,
as shown in Fig. 5.

Figure 6 shows the temperature dependence of the
dark current. As the temperature was varied from the
room temperature to 200 ◦C, the dark current was mea-
sured to be within 10 ∼ 300 nA under 0.9 VB bias con-
ditions. We observed that no excessive dark-current in-
crease existed. The increased current originated only
from an increase of intrinsic carriers. However, the value
of the dark current significantly increased to over 2 µA at
250 ◦C, indicating that this condition could be regarded
as a relatively high stress condition. The accelerated life
tests measured the failure rate under stressful operating
conditions.

Figure 7 depicts the percent of cumulative failures ver-
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Fig. 8. Arrhenius plot of the median APD lifetime as a
function of the reciprocal aging temperature.

sus the lognormal projection of the device time-to-failure
after accelerated life testing. Although the sample size is
small, the data appears linear, which indicates that the
failure mode is a wear-out type failure. Failures obey
the lognormal distribution relatively well. The median
lifetimes for the devices at 200 and 250 ◦C were esti-
mated to be each time. The activation energy for the
failure mechanism and the average device lifetime were
subsequently computed. It was assumed that the tem-
perature dependence of the device failure rate (R) obeys
the following Arrhenius law:

R = R0 exp
(
−Ea
kT

)
where R0 is a temperature-independent pre-exponential
failure acceleration factor, Ea is the activation energy, T
is the absolute temperature, and k is Boltzmann’s con-
stant. The Arrhenius plot of median lifetimes as a func-
tion of reciprocal aging temperature is shown in Fig. 8.
From this plot, the thermal activation energy (Ea) of the
device aging process is computed to be 0.95 eV. Using
this activation energy level, the median APD lifetime un-
der an operating bias voltage of 0.9 VB was estimated to
be 3.9 × 109 hours at room temperature.

4. Frequency Response of the APD Chip

The frequency response of the APD was measured by
varying the applied reverse bias voltages, which means
under different gain conditions. Figure 9 illustrates the
gain and frequency response. The APD was mounted on
a metalized substrate with 150-µm holes for back illu-
mination, and a ground-signal-ground probe with bias-T
was used for the RF output and the DC bias input. An
externally modulated tunable 1.55-µm LD was used as a
light source, and frequency responses were measured by

Fig. 9. Measured −3 dB bandwidth of an APD as a func-
tion of the gain factor.

using an RF spectrum analyzer. Prior to the measure-
ment, all the components were measured and calibrated
to meet the purpose of our APD frequency measurement.
The −3 dB bandwidths as measured by varying the re-
verse bias voltage from 20 V to 27.5 V are represented in
Fig. 9. Finally, we achieved a gain and -3dB bandwidth
product as high as 80 GHz by using the dotted line.

III. SUMMARY

We successfully demonstrated that our APD operated
well to a gain-bandwidth product of over 80 GHz with
good reliability. The APD fabrication process was very
simple, adopting one step diffusion, and the result of
the two-dimensional photocurrent supports highly reli-
able operation of the device. We also believe that an
APD with a narrow MLW will have a lower avalanche
build up time and more enhanced ionization coefficients
ratios than a thick MLW InP/InGaAs APD. All of the
above results support that this APD structure that we
have developed yielded device characteristics that are
sufficiently good for practical optical receiver modules
operating normally up to 10 Gb/s.

ACKNOWLEDGMENTS

This work was supported by grant No. R04-2001-000-
00155-0(2003) from the Korea Science & Engineering
Foundation.

REFERENCES

[1] L. E. Tarof, D. G. Knight, K. E. Fox, C. J. Miner, N.
Puetz and H. B. Kim, Appl. Phys. Lett. 57, 670 (1990).



-L784- Journal of the Korean Physical Society, Vol. 44, No. 4, April 2004

[2] R. Kuchibhotla, J. C. Campbell, C. Tsai, W. T. Tsang
and F. S. Choa, IEEE Trans. Electron Dev. 38, 2705
(1991).

[3] I. Watanabe, S. Sugou, H. Ishikawa, T. Anan, K. Makita,
M. Tsuji and K. Taguchi, IEEE Photonics Tech. Lett. 5,
675 (1993).

[4] H. S. Kim, J. H. Choi, H. M. Bang, J. Burm, Y. Jee, S.
W. Yun, M. D. Kim and A. G. Choo, J. Korean Phys.
Soc. 39, 28 (2001).

[5] Y. Liu, S. R. Forrest, J. Hladky, M. J. Lange, G. H. Olsen
and D. E. Ackley, IEEE J. Lightwave Technol. 10, 182
(1992).

[6] D. E. Ackley, J. Hladky, M. J. Lange, S. Mason, G. Er-
ickson, G. H. Olsen, V. S. Ban, Y. Liu and S. R. Forrest,
IEEE Photonics Tech. Lett. 2, 571 (1990).

[7] S. R. Cho, S. K. Yang, J. S. Ma, J. S. Yu, S. D. Lee, A.

G. Choo and T. I. Kim, J. Korean Phys. Soc. 38, 182
(2001).

[8] K.-S. Hyun and C.-Y. Park, J. Appl. Phys. 81, 974
(1997).

[9] C.-Y. Park, K.-S. Hyun, S.-G.. Kang and H.-M. Kim, J.
Appl. Phys. 67, 3789 (1995).

[10] P. Yuan, C. C. Hansing, K. A. Anselm, C. V. Lenox,
H. Nie, A. L. Holmes, Jr., B. G. Streetman and J. C.
Campbell, IEEE Quantum Electronics 36, 198 (2000).

[11] K. A. Anselm, H. Nie, C. Hu, C. Lenox, P. Yuan, G.
Kinsey, J. C. Campbell and B. G. Streetman, IEEE J.
Quantum Electronics 34, 482 (1998).

[12] M. M Hayat, O.-H. Kwon, Y. Pan, P. Sotirelis, J. C.
Campbell, E. A. Saleh and M. C. Teich, IEEE Trans.
Electron Dev. 49, 770 (2002).


