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Experimental Demonstration of the Impact of the
Parameters of Floating Guard Ring on Planar
InP/InGaAs-Based Avalanche Photodiodes’
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and Zhen Deng

Abstract—Suppression pre-breakdown in planar separated ab-
sorption, grading, charge and multiplication (SAGCM) avalanche
photodiodes (APDs) with the help of Floating Guard Ring (FGR)
is still a research hotspot. In this paper, a lattice-matched
InP/InGaAs-based SAGCM structure is grown by Metal-Organic
Chemical Vapor Deposition and thus the planar 50 µm photo-
sensitive area APDs with different FGR structures are fabricated
using zinc diffusion process. The effects of the different lengths of
FGR (4 µm, 8 µm, 12 µm, 16 µm), and the different distances
between FGR and the Zn diffused p+ region (4 µm, 6 µm, 8 µm,
10µm) on the optoelectrical characteristics are deeply studied. The
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results from optical microscope, scanning electron microscope and
current-voltage curves reveal that there is an optimal length and
distance for the punch-through and breakdown voltage. Further-
more, the nA-level dark current, gain (M) of up to 10 at breakdown
voltage, responsibility as high as 9.01 A/W at M = 10 and quantum
efficiency equaling to 72% are also tested and calculated, proving
the good performance of our devices. The optimized FGR param-
eters and related structure are expected to be helpful for obtaining
high-performance, small-size InP/InGaAs-based APDs.

Index Terms—Planar InP/InGaAs-based SAGCM APDs, FGR,
punch-through, breakdown.

I. INTRODUCTION

BOOSTING interests have been attracted to the research
of avalanche photodiodes (APDs). APDs are a kind of

detectors, which can transfer photons to electrons and multiply
electrons to achieve gains in reverse voltage. Compared to PIN
photodetectors, APDs have internal gain, higher sensitivity and
higher bandwidth [1]–[3], and thus they have been widely used in
many fields, such as lidar, sensing weak optical signal, imaging,
single-photon counting and so on [4]–[7]. One of the important
branches of APDs is InP/InGaAs-based APDs, which can of-
fer high performance in the range of 0.9–1.6 μm wavelengths
(especially in the two important communication band-1310 nm
and 1550 nm) [8], [9].

At first, the InP/InGaAs-based APDs utilize the separated
absorption and multiplication (SAM) structure [10]–[12]. Un-
fortunately, SAM APDs have slow speed of response, which is
limited by the charge (mainly for holes) accumulation between
the InGaAs/InP heterointerface due to the big valence-band dis-
continuity [13]. Therefore, to suppress above shortage, InGaAsP
grading layers are introduced to be sandwiched between InP and
InGaAs. Furthermore, to improve the gain-bandwidth product, a
thin charge InP layer with high carrier concentrations is inserted
between the InP absorption layer and the InGaAsP grading
layers. Due to the advantages of high responsivity, high speed
and high gain-bandwidth products, many studies of the structure
designs (including the concentration and thickness of each layer,
comparison between the planar and the mesa structure), the
epitaxial growth (the quality of the interface improvement) and
the device fabrication have been deeply studied. Nowadays, the
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Fig. 1. The cross section of the epitaxial structure and the process flow diagram of the planar InP/InGaAs-based SAGCM APD. (a) The epitaxial structure, and
the insert schematic is the specific formation of grading layer, which consists of three band-gap grading InGaAsP layers and one InGaAs layer; (b) the SiNx hard
mask deposition process by ICP-PECVD, the diffusion trench openings process for diffusion regions by RIE and the single zinc diffusion process by MOCVD to
form a heavily doped p+ region and FGR; (c) the SiNx antireflection and isolation layer deposition process by ICP-PECVD and the top p electrode trench opening
process for ohmic contact by RIE; (d) the deposition process of top p electrode and p electrode pad by EBE; (e) the back surface’s grinding and polishing process,
and the deposition process of bottom n electrode.

planar InP/InGaAs-based SAGCM APDs are the mainstream
in commercial APDs due to its suppression of surface leakage
current efficiently in comparison with the mesa structure [14].

For the planar technical roadmap, the diffusion process to
form a p+ region is an important step. After the diffusion
process, the edge of the diffused p+ region is not a rectangle,
but a circle, which has a radius of curvature and thus cause the
pre-breakdown in the junction edge [15], [16]. Therefore, the
concept of floating guard ring (FGR) structure is performed to
overcome this limitation by providing a p+ region in close to
the main junction, surrounding it from all sides but separated
from it to share the electric field on the main junction [17].
Currently, some different FGR structures have been come up
with, including single FGR [18], double FGRs [19], deep FGR
[20], etc. The impact of FGR’s size and location have been
widely discussed [21], [22], but most of the conclusions are
based on the theoretical calculations and simulations, not the
experimental verifications. Meanwhile, the APD structures are
developing towards smaller sizes. As a result, it is necessary to
experimentally study the impact of the size and the location of
FGR on small-size APDs’ performance.

In this paper, we designed and fabricated sixteen 50 μm
photosensitive area planar InP/InGaAs-based SAGCM APD
devices with different single FGR structures (size and location),
whose dark current was in the nA level. The effects of different
FGR structures on the punch-through voltage and breakdown

voltage were investigated, which demonstrated that there was
an optimal FGR diameter and distance between FGR and the
diffused p+ region in APD with a 50 μm photosensitive area.
Furthermore, the dark currents, gains and photo responsibility
were also measured and discussed, revealing the relatively good
performance.

II. EXPERIMENTS

A. Material Epitaxy

The cross-section diagram of the planar InP/InGaAs-based
SAGCM APD device designed in this paper was shown in
Fig. 1(a). The epitaxial structure was grown on a 2-inch n-
InP substrate by Metal-Organic Chemical Vapor Deposition
(MOCVD). Firstly, a 500 nm heavily doped n+-InP buffer layer
was deposited with the concentration of 2×1018 cm−3 to get a
smooth surface. In order to suppress the band difference between
n+-InP/InGaAs heterointerface, an unintentionally doped InP
layer with the thickness of 500 nm was epitaxied before a
2.5μm-thick undoped In0.53Ga0.47As absorption layer. The next
layers were a 10 nm-thick, 1×1017 cm−3-doped n-InGaAs layer
and a 90 nm-thick, 2×1016 cm−3-doped n-In0.53Ga0.47AsyP1-y

compositionally gradient layer, respectively, which could re-
duce the valence band difference and hole barrier between
the InP/InGaAs interface [23]. Subsequently, a thin and highly
doped InP charge layer was sandwiched between the InGaAsP
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TABLE I
THE DESIGNED THICKNESS AND CARRIER CONCENTRATION OF EACH LAYER

grading layer and the 3.6 μm-thick undoped i-InP layer, to avoid
the high field ionization in the undoped InGaAs absorption layer
[24]. The doping concentration and the thickness of the charge
layer is 4.8×1017 cm−3 and 65 nm, respectively. On the top,
there was a 120 nm i-In0.53Ga0.47AsyP1-y with the bandgap
between 1.13 eV and 1.24 eV to make a better ohmic contact
after diffusion. The specific thickness and concentration of each
layer are listed in Table I.

B. Device Fabrication

After the wafer epitaxy, the corresponding device fabrica-
tion process was shown in Fig. 1(b)–(d). The SiNx film was
grown by ICP-PECVD under a low temperature to regard as
the passivation layer and the hard mask of diffusion process at
the same time. A first lithography process formed the diffusion
trench openings for diffusion regions. Whereafter, part of the
SiNx was etched by RIE technology. The formation of the
heavily doped p+-InP region and the FGR region that suppress
edge-breakdown were achieved by single MOCVD diffusion
of zinc simultaneously. After that, another thinner SiNx film
was deposited by ICP-PECVD to form the antireflection layer
and isolation layer between the p+-InP and FGR. SiNx was
selectively etched by RIE to exposure partial p+-InP, for conve-
nience of forming metal contact in the next steps. Then, the top
p-electrode and the electrode pad were deposited using electron
beam evaporation (EBE) technology in one step. Finally, with the
purpose of getting a new, clean and flat back surface, the devices
were treated by well-controlled grinding and polishing. The

Fig. 2. Schematic diagram of the self-built dark and light current test equip-
ment.

bottom n-electrode was deposited on the treated back surface by
EBE in hot pursuit. The ohmic contacts were formed by rapidly
annealing in a nitrogen atmosphere.

III. CHARACTERZATION

The design of devices and the surface topography were mea-
sured by optical microscope (OM). Scanning electron micro-
scope (SEM) technology was carried out to confirm the exact
thickness of the diffusion layer. The current-voltage (I-V) char-
acteristic of the devices was measured in dark and light condition
by a self-built test equipment and Keithley 4200 semiconductor
analyzer (Keithley 4200-SCS), as seen in Fig. 2. To obtain the
device responsivity, a monomode optical fiber was setup with
laser (1.9 μW, 1550 nm) and the laser spot size on the devices
was fixed at 10 μm in diameter. Exposing the devices directly
below the optical outlet of the fiber to make sure that the 1550 nm
incident light could reach the center of the photosensitive sur-
face of the devices vertically during the I-V test. Subsequently,
Keithley 4200-SCS was adopted to obtain the I-V characteristic
curves under dark and light condition, respectively. Notice that
all the tests in this paper were carried out at room temperature.

IV. RESULTS AND DISCUSSIONS

A. OM and SEM

Fig. 3(a) shows the designed top-view illustration, where L1

is the diameter of the FGR region, and L2 is the distance between
the diffused p+ region and FGR, respectively. After the device
fabrication, Fig. 3(b) shows the top-view OM image of the 50μm
photosensitive-area APD, while Fig. 3(c) shows the top-view
SEM image of the same device. From the Fig. 3(b) and 3(c), it can
be seen that the L1 values are 4.29μm and 4.39μm, respectively;
while the L2 values are 3.51 μm and 3.54 μm, respectively. The
experimental values of L1, L2 are roughly consistent with the
designed value 4 μm. L1 is slightly larger than the design value,
while L2 is slightly smaller, which benefits from the existence
of lateral diffusion during the diffusion process.

The top-view and cross-sectional SEM images are performed
to analyze the distance, thickness, and diffusion depth, as shown
in Fig. 4(a)–(c). And for convenience, the rule of numbering of
devices is based on (photosensitive diameter inμm, L1 (μm)- L2
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Fig. 3. (a) The specific definition diagram of the photosensitive area, L1 and L2; (b) the enlarged top-view OM image and (c) the enlarged top-view SEM image
of the 50 µm photosensitive area APD device.

Fig. 4. (a) The top-view of SEM image of the devices with 50 µm photosensitive area; (b) the cross-section diagram of a 50 µm photosensitive area APD device;
(c) the cross-section image of the L2-region of a 50 µm photosensitive area APD device.

(μm)) in this paper. For instance, the device circled in Fig. 4(a) is
named (50, 4–4). Fig. 4(b) is the cross-section diagram contains
both the L1-region and the L2-region of a 50 μm photosensitive
area APD device. While Fig. 4(c) is the cross-section image of
the L1-region of the same APD device with a larger magnifi-
cation. In Fig. 4(b), both in the edge of FGR and the edge of
p+ region, the curved edges can be seen clearly, implying that
the measured thickness of the diffused p+-InP layer is 2.22 μm.
Considering the unexpected inclination of samples and the rough
cleavage cross-section, the actual thickness is slightly larger than
above value, which roughly meets our design and accordance
with other studies [25], [26].

B. I-V Characteristics

The key parameters, such as the punch-through voltage (Vpt),
breakdown voltage (Vbr), dark current (Id), etc., are extracted
from the I-V curves directly. Following are the definitions of
above parameters:

1. Punch-through Voltage (Vpt): the reverse voltage applied
on the devices when the depletion region diffuses into
InGaAs absorption layer.

2. Breakdown Voltage (Vbr): because the magnitude of dark
current before breakdown is nA, the Vbr is defined as the
bias voltage when the dark current reaches 1 μA [27].

3. Dark Current (Id): the current when the bias voltage is
equal to 0.95 Vbr under the dark condition.

4. Light Current (IL): the current when the bias voltage is
equal to 0.95 Vbr under the light condition.

5. Photocurrent (Ip): the difference between the IL and Id,
namely Ip = IL − Id.

All the APDs exhibit typical I-V characteristics, and the I-V
curve under the dark and light condition for the sample (50,
12–8) is plotted in Fig. 5(a). From the I-V plot, the Vpt, Vbr, Id
and IL, can be extracted, and their values are 14.6 V, 32.7 V, 1.1
nA and 3.9 μA, respectively. Similarly, above parameters for all
the samples could be extracted and plotted in Fig. 5(b)–(d).

Fig. 5(c) shows that the dark currents of all devices are on the
level of nA. The relationship between the Vbr and L1, L2 of the
50 μm photosensitive area samples is plotted in Fig. 5(b), and
the Vbr values for all devices are around 35 V, which means
the effect of L1 and L2 on the Vbr is weak. Fig. 5(b) also
shows the relationship between the Vpt and L1 and L2, and
it can be seen surprisingly that every time L1 and L2 vary,
the punch-through voltage varies a lot, which can reveal the
suppression of edge breakdown to some extent. As we know,
when the depletion region reaches InGaAs absorption layer, the
APD device begins to punch through, and the photogenerated
carriers in the absorption layer start to conduct as a photocurrent
[28], [29]. By solving the Poisson equation, the ideal expression
of the punch-through voltage is [29]:

Vpt =
qNm

2εInP ε0
d2em +

1

2
(2dem + dc)

qNc

2εInP ε0
dc

+
1

2
(2dem + 2dc + dg)

qNg

2εInGaAsP ε0
dg. (1)

Where, Nm, dem is the carrier concentration and efficient
thickness of i-InP multiplication layer, respectively;Nc, dc is the
carrier concentration and thickness of n-InP charge layer, respec-
tively; Ng , dg is the carrier concentration and the thickness of n-
InGaAsP grading layer, respectively; εInP = 12.5 is the relative
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Fig. 5. (a) The I-V characteristic curve of the (50, 12–8) device; (b) the diagram of the punch-through voltage (Vpt) and breakdown voltage (Vbr); (c) the dark
current curves; (d) the light current curves of the 50 µm photosensitive area samples; (e) the M-V and R-V characteristic curves of the (50, 12–8) device (The trend
line is just guide of eyes).

dielectric constant of InP; εInGaAs1−yPy
= 12.5 + 1.44y is the

relative dielectric constant of InGaAs1-yPy; ε0 = 8.85× 10−12

F/cm is the dielectric constant of vacuum.
Based on (1), it is clear that the larger the dm is, the larger the

Vpt is. And dem satisfies the following formula:

dem = dm −W. (2)

Where, dm is the designed thickness of i-InP, W =√
2εInPEm

Np
is the depletion width of p-i InP junction [30].

Hence, the higher the maximum electric field Em is, the smaller
the dem is, which means the higher punch-through voltage rep-
resents the lower Em, and thus represents the weaker edge field.
From all above results and discussions, it can be concluded that
the optimized values of L1 and L2 for the 50 μm photosensitive
area APDs are 12 μm and 8 μm, respectively.

The principle of the FGR structure that can prevent edge
breakdown is that the junction between the heavily doping FGR
and multiplication i-region can share and reduce the potential
drop on the main junction to some extent [16]. With L1 and
L2 increasing, the efficiency junction area of APD gradually
increases, because the junction of p+-InP is overlapped with that
of FGR in both sides. But if L2 reaches a critical value (8 μm
in this paper) when the depletion region of the p+ junction and
FGR separate in spatial terms, the FGR deservedly doesn’t make
sense. Therefore, there is a trade-off value for L1 and L2, and
thus a high-performance APD device can be obtained.

Furthermore, the gain and the responsibility of (50, 12–8)
device are also investigated. The gain-voltage (M-V) curves
and responsibility-voltage (R-V) curves are shown in Fig.5(e).
Defining that the voltage for unity gain V(M = 1) is the voltage
where the second derivative of the photo current with respect to
the voltage �2Ip/�V2 tends to zero [31]. Usually, the formula to

calculate gain (M) is simplified as [4], [32]:

M (V ) =
IL (V )− Id (V )

IL (M = 1)− Id (M = 1)
(3)

Where, IL(V ) and Id(V ) is the light current and dark cur-
rent under reverse bias voltage, respectively. IL(M = 1) and
Id(M = 1) is the light current and dark current when M =
1. The gain can be up to 10 until the device breaks down. The
lower gain in this paper is mainly attributed to the design of our
epitaxial structure [26], [33], which we are going to improve
in the future. Also, the devices’ responsibility at M = 10 is
calculated as following [34], [35]:

R =
Ip
Pin

=
ηqλ

hc
M. (4)

Where, Ip = IL − Id , is the photocurrent; Pin = 1.9 μW,
is the incident light power, h is the Plank constant, λ = 1550 nm
is the wavelength of the incident light, c is the speed of light in
vacuum, and η is the symbol of quantum efficiency. The R and
η of (50, 12–8) device is calculated to be about 9.01 A/W when
M = 10 and 72%, respectively.

V. CONCLUSION

In conclusion, the planar SAGCM APDs with kinds of FGRs
are fabricated and characterized with 50 μm photosensitive area
in this paper. Comparing the breakdown voltage and punch-
through voltage of these devices, there are optimal target values
for the FGR parameters L1 and L2, which result in the best
suppression of the pre-breakdown in the edge junction. The
optimized parameters and related device with relatively low
dark current (nA-level), high responsibility (9.01 A/W at M =
10), high quantum efficiency (72%) and pre-breakdown suppres-
sion, can guide future design to improve APDs’ performance.
However, our epitaxial structure still needs to be ameliorated.
More information about these APD devices’ noise and dynamic
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characteristics also needs further study. And thus, it could be
expected to be applied in the short-wave optical communication
system.
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