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We demonstrate two short-wavelength infrared avalanche photodiodes based on InAs/GaSb superlattice grown by
metal-organic chemical vapor deposition. The difference between the two devices, namely, p*n~n™ and p™nn~n™, is that
the p™nn~n™ device possesses an additional middle-doped layer to separate the multiplication region from the absorption
region. By properly controlling the electric field distribution in the p*nn~n™ device, an electric field of 906 kV/cm has
been achieved, which is 2.6 times higher than that in the p"n~n™ device. At a reverse bias of —0.1 V at 77 K, both
devices show a 100% cut-off wavelength of 2.25 um. The p™n™n™ and p™nn~n™ show a dark current density of 1.5x
10~7 A/em? and 1.8x 1078 A/cm?2, and a peak responsivity about 0.35 A/W and 0.40 A/W at 1.5 um, respectively. A
maximum multiplication gain of 55 is achieved in the p*nn~n™ device while the value is only less than 2 in the p™n™n™
device. Exponential nature of the gain characteristic as a function of reverse bias confirms a single carrier hole dominated

impact ionization.

Keywords: short-wavelength infrared, InAs/GaSb superlattice, avalanche photodiodes, metal-organic chemi-

cal vapor deposition
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1. Introduction

Infrared avalanche photodiodes (APDs) have been widely
used in long range military and astronomical applications. It
owns a unique virtue of amplification of weak signals without
increasing the complexity of detector circuitry. Traditionally,
mercury cadmium telluride (HgCdTe) has been adopted as the
material for infrared APD applications. However, with the
continuous improvement of device performances, InAs/GaSb
strain layer superlattices (SLs) have drawn lots of attention due
to the advantages of high material uniformity,''! comparable
absorption coefficient,?! and large effective masses,*! com-
pared with HgCdTe detectors. In addition, with InAs/GaSb
SLs detectors we are able to not only tune the bandgap to
a desired infrared wavelength but also tailor the band struc-
ture to achieve electron-dominated APDs (e-APDs) or hole-
dominated APDs (h-APDs).[*! Until now, both e-APDs and h-
APDs based on InAs/GaSb SLs have been reported.>®! These
devices are all mid-wavelength infrared (MWIR) APDs with
homojunction pin structures grown by molecular beam epitaxy
(MBE). Although attractive gain characteristics have been ob-
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tained in these devices, high dark current at large bias is still
the major limiting factor for further performance improve-
ment. In order to achieve sufficient impact ionization and opti-
mal multiplication, it is necessary to create high electric fields.
However, in a pin device, a high electric field can also lead to
a high dark current. This dilemma becomes more severe in
narrower bandgap materials. Therefore, to control the elec-
tric field across the device structure is of critical importance
in APD devices. In this work, we evaluate the InAs/GaSb
SLs short-wavelength infrared (SWIR) APDs grown by metal-
organic chemical vapor deposition (MOCVD). The electrical
field is manipulated by separating the multiplication region
and absorption region. This is the first report, to the best
of our knowledge, on the design, growth, and fabrication of
InAs/GaSb SLs SWIR APDs by MOCVD.

2. Design and experiments

Two device structures, namely, p*n~n* and ptnnn™,
were designed to have hole dominated avalanche photodiodes
(h-APDs), as shown in Figs. 1(a) and 1(b). In Fig. 1(a), the
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pn nT device was a baseline structure consisting of a 20 nm
thick p-type GaSb cap doped with Zn (p =2.0 x 10!8 cm™3), a
200 nm thick p-type SWIR SL (p*-SWSL) contact doped with
Zn (p=1.0x10"8 cm™3), a 1.5 um thick lightly n-type SWIR
SL (n~-SWSL) absorber doped with Si (n = 2.0 x 10'® cm—?),
and a 200 nm thick n-type SWIR SL (n*t-SWSL) contact
doped with Si (n = 1.0 x 10'® cm~3) from top to bottom. Com-
pared with the p™n~n™ device, in the p*nn~n™ structure, an
additional 200 nm thick n-type SWIR SL (n-SWSL) multipli-
cation layer doped with Si (n = 5.0 x 10'7 cm™3) was inserted
between pT-SWSL and n~-SWSL, as shown in Fig. 1(b). For
the two devices, the p"n~n* device adopted a conventional
pin structure without electric field control, while the p*nn~n™
device was developed with an elaborate electrical field design.
Figure 1(c) shows the electrical field distribution simulation
of both devices using Silvaco Atlas program. Compared to the
pTn nT device, the ptnn~n™ device was designed in a way
that the n-SWSL multiplication layer was completely depleted
at —10 V and the electric field was completely confined in
the n-SWSL multiplication layer.!”-3! In this case, generation-
recombination (G-R) current can be definitely suppressed due
to a thinner depletion region,>!?! but tunneling current may
increase at the same time. More importantly, the peak electric
field in the ptnn~n™ device was as high as 906 kV/cm, which
will facilitate hole initiated avalanching in the pT™nn~n™ de-
vice, while in the ptn~n* device it was only 347 kV/cm.
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Fig. 1. The schematic cross-section of (a) ptn~n™ device and (b)
pnnn* device. (c) Simulation of electric field distribution and in-
tensity of corresponding two devices.

The two devices were grown by MOCVD on InAs (001)
substrate at 530 °C. Details of the growth conditions can be

found elsewhere.!'!! The SWSL was comprised of 2 mono-
layer InAs/8 monolayer GaSb (2 ML/8 ML) in the two de-
vices designed for a cut-off wavelength around 2.3 pm.!"?! For
device fabrication, mesas were defined using standard pho-
tolithography and chlorine-based inductively coupled plasma
(ICP) dry etching. SiO, grown by plasma enhanced chemical
vapor deposition (PECVD) was used as the passivation layer.
Ti/Pt/Au metal stacks were deposited as the top and bottom
contacts. The junction area of the devices had a diameter of
300 pm.

The fabricated devices were characterized in a temper-
ature and ambient controlled probe station. Current—voltage
characteristics were measured by Agilent B1500 A precision
semiconductor parameter analyzer. The photocurrent and gain
of APDs were measured with the help of a 1550 nm laser with
an incident power of 2 mW. For the gain calculation, the differ-
ence between the total currents with and without illumination
at a particular bias was normalized with the unity-gain pho-
tocurrent. The difference between the total currents at zero
bias was used as the reference for unity-gain photocurrent.

3. Results and discussion

The electrical performance was examined by obtaining
the diode characteristics in the voltage range from —1.0 V to
1.0 V at 77 K. As shown in Fig. 2, bothptn™n™ and p"nn n™
devices have exhibited a low dark current density, which is
1.5x 1077 A/em? and 1.8 x 1078 A/cm? at —0.1 V, respec-
tively. Furthermore, although the dark current density of the
pTnn~n™ device is nearly one order of magnitude lower than
that of the p*n~n* device from 0 to —1.0 V, its dark current
density increases dramatically in the voltage range from 0 V
to —0.1 V. Fortunately, for reverse bias range from —0.1 V to
—1.0V, the dark current density of the pt*n™n™ and p*nn~n™
devices shows a slight dependency on the applied reverse bias.
It is worth noting that in positive bias condition the dark cur-
rent curvilinear shape of the p™n™n™ device is relative ideal.
However, the p"nn~n" device exhibits a turn-on characteris-
tic, which is possibly related to the poor Ohmic contact during
processing.

Figure 3 shows the spectral response and the correspond-
ing quantum efficiency of the two devices measured by Nicolet
IS50 FTIR system, calibrated by a 1000 K blackbody source
with single pass configuration. It is clear that the two devices
exhibit a same 100% cut-off wavelength of 2.25 pum at 77 K.
Although 50% cut-off wavelength cannot be determined pre-
cisely, we estimate 50% cut-off wavelength of the two sam-
ples to be around 2.03 um. The cut-off wavelength is mea-
sured to be shorter than the design of 2 ML/8 ML presumably
due to growth variation or relatively thin absorber layer. At
a reverse bias of —0.1 V at 77 K, the ptn~n* and ptnn~n*
devices demonstrate a peak responsivity about 0.35 A/W and
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0.40 A/W at 1.5 um, corresponding to a quantum efficiency
of 29% and 32.4%, respectively. The peak specific detectiv-
ities are then calculated to be 1.58 x 10'2 cm-Hz'/%/W and
4.9 x10'? cm-Hz!/%/W at 1.5 pm, respectively.
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Fig. 2. The dark current density as a function of applied bias for the
p™n n" and p"nn~n* devices measured under 77 K.
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Fig. 3. The comparison of (a) spectral responsivity and (b) quantum
efficiency for p*n~n™ and p*nn~n™ devices.

Figure 4 shows the typical breakdown and gain charac-
teristics of the h-APDs. For the p™n~n" device in Fig. 4(a),
a maximum multiplication gain of less than 2 was achieved
at a reverse bias of —15 V at 77 K. In contrast, an im-
proved gain characteristic was observed in the p*nn~n* de-
vice. In Fig. 4(b), a maximum multiplication gain about 55
was achieved at a reverse bias of —15 V at 77 K. The multi-
plication gain of the p™nn~n™ device is much higher than that
of the p"n~n™ device, which can be attributed to the higher
electric field in the pT™nn~n™ device. However, it also leads to
an earlier tunneling and a higher dark current at a bias voltage

higher than —4 V, and thus degraded device performance, as
shown in Fig. 4(b). As a result, the excess noise factor could
not be measured due to the high current. Nevertheless, the
exponential nature of the gain characteristic indicates a single
carrier dominated avalanche mechanism as reported by other
works.!137131 Tt is obviously that the p*nn~n™ device has at-
tained exponential multiplication gain behavior and demon-

strated the single carrier dominated h-APDs operation.
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Fig. 4. Total current with illumination, dark current, and corresponding
multiplication gain vs. applied reverse bias for the (a) pn n* device,
and (b) p"nn~n* device at 77 K.

As mentioned above, two homojunction SWIR h-APDs
have been designed and fabricated. Although the p™nn~n*
device has realized a high multiplication gain performance, it
still faces the detrimental effect of increasing tunneling cur-
rent. To solve this problem, a heterojunction design with a
wider-bandgap multiplication layer will be helpful to lower
the tunneling current. Further work is currently going on
to explore the effectiveness of the heterojunction design in

InAs/GaSb SLs h-APDs.

4. Conclusion

We have demonstrated two homojunction SWIR h-APDs
based on InAs/GaSb SLs grown by MOCVD on InAs sub-
strate. Comparing with the baseline p™n n" device, the
pnn~n* device with elaborate and precise electric field dis-
tribution control showed an improved device performance. At
areverse bias of —0.1 V at 77 K, the 100% cut-off wavelength
and 50% cut-off wavelength were 2.25 um and 2.03 pum for
both devices, respectively. The ptn~n™ and ptnn—n™ devices

showed a dark current density as low as 1.5 x 1077 A/cm?
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and 1.8 x 1078 A/cm?, and a specific detectivity of 1.58 x
102 cm-Hz'/2/W and 4.9 x 10'2 cm-Hz!/%/W, respectively.
Moreover, the p*nn~n™ device exhibited a maximum multi-

plication gain of 55 while the ptn~n™ device attained a max-

imum multiplication gain of less than 2. These results have
demonstrated the feasibility of InAs/GaSb SLs SWIR h-APDs
grown by MOCVD. Further improvement of device perfor-

mance can be expected by adopting a heterojunction structure

and suppressing the tunneling current.
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