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Abstract—Large-area (500- m diameter) mesa-structure
In0 53Ga0 47As–In0 52Al0 48As avalanche photodiodes (APDs)
are reported. The dark current density was 2.5 10 2 nA m2

at 90% of breakdown; low surface leakage current density
( 4.2 pA/ m) was achieved with wet chemical etching and SiO2

passivation. An 18 18 APD array with uniform distributions
of breakdown voltage, dark current, and multiplication gain has
also been demonstrated. The APDs in the array achieved 3-dB
bandwidth of 8 GHz at low gain and a gain-bandwidth product
of 120 GHz.

Index Terms—Avalanche multiplication, avalanche photodiodes,
excess noise factor, impact ionization, ionization coefficient, pho-
todetectors, photodiode.

I. INTRODUCTION

THE In Ga As–In Al As avalanche photodi-
odes (APDs) have been widely studied for wide-band

optical communication applications. Much of the research on
these APDs has focused on achieving higher gain-bandwidth
products to accommodate the ever-increasing bit rates of
fiber-optic systems. For this application, small device size is
preferred in order to reduce the time constant. On the other
hand, emerging optical measurement systems that operate in the
eye-safety wavelength range 1.5 m require long-wave-
length, high-sensitivity photodiodes with large detection area.
For many applications of this type an APD is preferable to a
p-i-n photodiode since the internal gain of the APD affords
higher sensitivity. Good material uniformity is required by
three-dimensional infrared imaging systems, which utilize APD
arrays that operate in the short-wavelength infrared (SWIR)
range (0.8 m 2.2 m and have gigahertz bandwidths
[1]. Both applications present stringent challenges to the quality
and uniformity of the epitaxial layers from which the APDs are
fabricated. In addition, passivation of the InP-based material
is critical. If large defect densities are created during material
growth (MBE or MOCVD), the bulk leakage current will be
high, severe microplasma-induced speed degradation will result
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Fig. 1. Device structure for large-area APDs and arrays.

[2], and the device reliability for large-area APDs and arrays
will suffer [3]. From a processing point of view, the quality
of device passivation is critical if low dark currents are to be
achieved [4]. Previously, a 100- m-diameter InAlGaAs-In-
AlAs super-lattice APD integrated with a 200- m diameter
microlens has been reported for eye-safe optical measurements
[5]. In this paper, we report In Ga As–In Al As
long-wavelength APDs with mesa diameter up to 500 m. The
multiplied dark current density was 2.5 10 nA m
at 90% of breakdown. An 18 18 APD array has also been
demonstrated with the same InP-based material. This APD
array exhibited uniform distributions of breakdown voltage,
dark current, and multiplication gain. The APDs in the array
demonstrated bandwidth of 8 GHz at low gains and a
gain-bandwidth product of 120 GHz.

II. EXPERIMENT

The separate absorption, charge, and multiplication (SACM)
structure that was utilized for the large-area APDs and APD ar-
rays is shown in Fig. 1. This type of device structure typically
exhibits low dark current, low multiplication noise, and broad
bandwidth if the electric field profile in the entire depleted re-
gion is adequately optimized [6]–[10]. A previous report on an
In Ga As–In Al As 12 12 APD array has demon-
strated that long-wavelength APD arrays are achievable based
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Fig. 2. I–V curves for a 500-�m-mesa-diameter APD.

on state-of-the-art MBE epitaxial technology, but the speed per-
formance of the 12 12 APD array was not satisfactory due
to carrier multiplication in the In Ga As absorber [11].
This can be alleviated, to a great extent, by reducing the electric
field in the In Ga As absorber. This will also provide the
added benefit of reducing the generation-recombination compo-
nent of the dark current in the absorber, which is the dominant
dark current mechanism. In this paper, the charge layer doping
has been adjusted to reduce the field in the absorption layer to

150 kV/cm. The improved APD wafer structure, as shown in
Fig. 1, was grown by molecular beam epitaxy on n-type InP
substrates. Detailed material growth conditions and device pro-
cessing procedures can be found in the previous paper [11].

III. RESULTS AND DISCUSSION

A. Large-Area InGaAs–InAlAs APDs

The typical photoresponse and dark current curves of a
500- m-diameter APD are shown in Fig. 2. The punch-through
voltage was 15.0 V and the breakdown voltage was 39.2 V.
The photocurrent was not flat above the punch-through
voltage, an indication that gain has been achieved prior to
punch-through [2]. In order to estimate the gain, the external
quantum efficiency was measured [11] at different biases above
punch-through. Fig. 3 shows the quantum efficiency versus
wavelength at bias voltages of = 16.0 and 17.0 V. For bias
voltage of 16.0 V, the APD is clearly beyond punch-through and
the external quantum efficiency was 85% at the wavelength of
1.55 m, which is much higher than that of previous APD array
devices [11], where the unity-gain external quantum efficiency
was 45% at 1.55 m. The only difference between these de-
vice structures was the charge layer doping level; the large-area
APD device has 1.85 times higher doping concentration
in the charge layer. This APD array result can be utilized as a
reliable reference for unity-gain quantum efficiency since the
APD array device in [11] exhibited very flat photoresponse

Fig. 3. External quantum efficiency versus wavelength at bias levels
of 16.0 and 17.0 V.

after punch-through and no obvious gain-enhanced quantum
efficiency was observed. Based on this reference the gain at bias
voltage of 16.0 V can be estimated as 1.8. The assertion of
gain at punch-through can be also corroborated by an estimate
of the electric field intensity. At a reverse bias of 16.0 V, the
electric field in the In Al As multiplication region is

580 kV/cm, assuming a 200-nm In Al As undoped
multiplication region and a 150-nm p-type (6 10 cm )
In Al As charge region. This value of electric field is
consistent with measurements on In Al As homojunction
APDs [12], from which it was found that the electric field
in a 200-nm-thick multiplication region at gain of 1.8 was

560 kV/cm.
The gain of the APD versus voltage was determined using the

expression

(1)

where is the gain factor determined from the quantum
efficiency measurement , and are the pho-
tocurrent and dark current for bias values above the reference
voltage (16 V in this case), and are the primary
photocurrent and dark current at the reference voltage, is
the gain from the – measurement, and is the estimated
gain of the APD. The gain curve of a 500- m-diameter APD is
plotted in Fig. 2. APDs having a wide range of mesa diameter
(from 20 to 500 m) exhibited gain values above 40.

The dark current versus voltage curves for APDs with mesa
diameters in the range from 20 to 500 m are shown in Fig. 4.
The dark current of the 30- m-diameter APD was 26.7 nA
at bias voltage of 35.2 V (90% of the breakdown where gain

10). This compares favorably with SiN -passivated APDs:
0.7 A 30 m by Kagawa et al. [13], 0.41 A 30 m
by Kim et al. [3], 0.4 A 80 m by Makita et al. [14],
and the polyimide-passivated APDs (67 nA/30 m) and the
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Fig. 4. Dark current versus voltage for APDs with mesa diameters in the range
20–500 �m.

BCB-passivated APDs (38 nA/30 m) reported by Kim et al.
[3].

The APD dark current consists of the bulk leakage current,
which is proportional to the mesa area, and the sidewall leakage
current, which is only proportional to the mesa perimeter. The
total dark current can be expressed as

(2)

where is the sidewall leakage current density (A/m) and
is the bulk leakage current density Am . The measured

dark currents at bias voltage of 35.2 V (90% of breakdown)
are plotted in Fig. 5(a) versus mesa diameter. The solid line is a
quadratic fit, which shows that the bulk component of the dark
current is dominant. From the fit, the surface dark current den-
sity, , was 0.19 nA m and the bulk dark current den-
sity was 0.023 nA m . The total dark current can also be ex-
pressed in terms of the multiplied dark current and unmultiplied
dark current using the relation

(3)

In Fig. 5(b), (3) was fitted to the dark current of a 100- m
-diameter APD. The unmultiplied dark current (density) was

1.32 nA (4.2 pA m) and the multiplied dark current was
1.54 nA. The dependence of dark current on gain remains

linear to gain values 50. The low value of the unmultiplied
dark current (density) is an indication of good material quality
and surface passivation; it can be neglected for APDs biased at
high gains.

The spatial photoresponse profile of the large-mesa-area
APD was measured by the raster-scanning technique. A
1.5- m-wavelength He–Ne laser beam with a beam-waist

5- m was scanned across a 500- m-diameter APD at bias
voltage of 36.8 V ( 20). A flat, uniform photoresponse

Fig. 5. (a) Dark current and quadratic fit as a function of mesa diameter.
(b) Dark current and quadratic fit as a function of gain for a 100-�m device.

profile was obtained across the whole mesa area, as shown in
Fig. 6. No spikes in the interior or edge peaks were observed.

B. InGaAs–InAlAs APD Arrays

The photocurrent, dark current, and gain of each device in an
18 18 array of 50- m-diameter APDs were measured. Three
devices on the array failed due to improper probing. Statistical
analysis of the dark current for the other 321 devices exhibited
a mean value of 4.4 nA and a standard deviation of 1.5 nA at a
bias voltage of 16.0 V (gain 1.8). The dark current distribution
at 90% of the breakdown exhibited a mean value of 71 nA
and a standard deviation of 13 nA. The higher fractional spread
at higher bias was due to poor sidewall passivation on several
devices. Uniform photocurrent was consistently observed across
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Fig. 6. Spatial photo-response of a 500-�m APD at bias voltage of 38.6 V
(M � 20).

Fig. 7. C–V characteristics of a 50-�m APD array device and a 500-�m
large-area APD (shown in the inset).

the array. As described above, the gain was calculated using (1).
The mean value of gain was 10.9, 16.1, 22.1, and 43.4 at reverse
bias voltages of 35.0, 36.4, 37.2, and 38.2 V, respectively. The
standard deviations of the gain distribution at each of the above
reverse bias conditions were 0.9, 1.4, 2.1, and 5.6, respectively.
These results agree very well with previous 12 12 APD array
results [11], especially for the high-gain regime.

The bandwidth of the array devices was measured with a
HP8703A lightwave component analyzer at the wavelength
of 1.3 m. The bandwidth versus gain is plotted in Fig. 7.
The low-gain bandwidth of a typical 50- m-diameter APD
device was 8 GHz. The bandwidth at low gain was limited
by the transit time through the long carrier transport path

3.9 m associated with the depleted absorption, charge,
and multiplication regions. To verify this, the capacitance
of an APD array device was measured versus voltage. For a
50- m-diameter APD, the measured capacitance was 125

Fig. 8. Bandwidth versus gain for a 50-�m APD array device.

fF 6.4 10 fF m at low frequency (1 MHz) and
at bias voltage of 16.0 V, as plotted in Fig. 8. A capacitance
of 13 pF 6.6 10 fF m at bias voltage of 16.0 V
was also obtained for a 500- m-diameter device, as shown
in the inset of Fig. 8. These measured results are consistent
with the calculated capacitance value (6.3 10 fF m ),
and the capacitance was found to be scalable to the mesa area
for large-area APDs. The capacitance curve exhibited a sharp
decrease before punch-through, but only a slight change was
observed after punch-through owing to total depletion of the
absorption, charge, and multiplication regions. The capacitance
and resistance were also measured with a HP8703A network
analyzer with RF calibration frequency up to 10 GHz. The mea-
sured capacitance was 100 fF and total load resistance was

contact resistance terminal resistance .
The 3-dB -bandwidth was estimated to be 20 GHz
using these measured values. The slight discrepancy between
the high frequency RF measurement and the low frequency

– measurement can, at least in part, be attributed to the
frequency dependence of the dielectric constant. At higher
gains a gain-bandwidth product of 120 GHz was observed. In
comparison with previous results [11], the gain-band-width
increased 5 times due to an improved electric field pro-
file, which reduced the field intensity in the 1500 nm-thick
In Ga As absorption region. By increasing the charge
layer doping, the electric field strength in the In Ga As
absorber decreased from 250 kV/cm to 150 kV/cm at bias
voltages close to breakdown.

IV. CONCLUSION

Large-area mesa In Ga As–In Al As APDs have
been demonstrated. APDs with mesa diameter of 500 m
exhibited low dark current density of 2.5 10 nA m
at 90% of the breakdown. Low surface leakage current density
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4.2 pA m was achieved with wet chemical etching
and SiO passivation. An 18 18 APD array has also been
demonstrated based on the same material and device structure.
This APD array exhibited uniform distributions of breakdown
voltage, dark current, and multiplication gain. A bandwidth
of 8 GHz at low gains and a gain-bandwidth product of

120 GHz were achieved.
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