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Demonstration of a Room-Temperature InP-Based
Photodetector Operating Beyond 3 pm

Baile Chen, W. Y. Jiang, Jinrong Yuan, Archie L. Holmes, Jr, and Bora. M. Onat

Abstract—An InP-based p-i-n photodiode with optical response
out to 3.4 um was designed and grown by molecular beam epi-
taxy (MBE). One hundred pairs of 7-nm Ing,34Gag.¢s As/5-nm
GaAsp.25Sbg .75 quantum wells strain compensated to InP were
used as the absorption region. The device showed a dark current
density of 9.6 mA/cm? under —0.5-V reverse bias, a responsivity
of 0.03 A/W, and a detectivity of 2.0 x 10® ¢cm - Hz'/? . W~ at
3 pm at 290 K.

Index Terms—Detectivity, GaAsSb, InGaAs, mid-wavelength
infrared (MWIR), photodiode, type-II multiple quantum wells
(MQWs).

1. INTRODUCTION

ID-WAVE infrared (MWIR) wavelengths photodetec-
M tors have applications in areas such as chemical sensing,
gas monitoring, medical diagnostics, and free-space communi-
cations. Mercury Cadmium Telluride (HgCdTe) is the predom-
inant material system used in MWIR and long-wave infrared
(LWIR) applications [1]. However, HgCdTe often suffers from
poor material uniformity and low yield [2], due to the lack of
a lattice-matched, high quality substrates [3] and difficulties in
controlling the stoichiometry and composition of the grown ma-
terial [4]. Comparable performance has been achieved on high
quality InAs/GaSb strained-layer superlattices grown on GaSb
substrates, however, significant cooling is required [5].
InP-based materials have long been used to make high per-
formance photonics devices in the 1.1 yum—1.6 ym wavelength
range. These devices enjoy mature InP substrate fabrication
and epitaxial growth technology developed for telecommuni-
cation applications that can be manufactured in large diameter
(4-inch) with very low etch pit densities (< 100 defects/cm?).
Using a direct bandgap (type-I) absorber, Ings53Gag 47AS
lattice matched to InP has a cutoff wavelength of 1.65 um,
with a very low dark current density of 1.4 nA/cm?® at room
temperature [6]. Different technologies have been investi-
gated to extend the detection wavelength beyond that of
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lattice matched Ing 53Gag 47As. Even though highly strained
In,Ga; _,As(z > 0.53) quantum wells were used for longer
wavelength detection with cut-off wavelength around 2 pm [7],
it is difficult to further extend the detection wavelength using
this approach. Additionally, longer wavelength absorption, up
to 2.9 um is designed by using mismatched InGaAs on relaxed
buffer layers [8]. However, these devices suffer from dislocation
defects that propagate into the active region which cause high
dark current. Rubin Sidhu et al. [9] demonstrated an InP-based
p-i-n photodiode using lattice matched InGaAs/GaAsSb type-II
multiple quantum wells (MQWs) as the absorption region. The
cut-off wavelength for these detectors was 2.39 pm, and the
dark current density was 5 mA/cm? at room temperature. In
the InGaAs-GaAsSb type-II quantum well structure, electrons
are confined in the conduction band of the InGaAs layer, while
holes are confined in the valence band of GaAsSb layer. This
enables spatially indirect tunnelling-assisted electron-hole
recombination or generation to occur. And this type-II band
lineup will lead to a narrower effective bandgap and longer
wavelength operation. In this letter, we demonstrate a room
temperature p-i-n photodiode using a strain compensated
InGaAs/GaAsSb type-II QWs absorption region, which has
optical response out to 3.4 pm.

II. PHOTODIODE DESIGN AND FABRICATION

In order to achieve long wavelength detection, a p-i-n pho-
todiode is designed using a strain compensated absorption
region. In modelling absorption regions using InGaAs/GaAsSb
type-II quantum wells, it is found that longer wavelength can
be achieved with compressively strained GaAsSb and tensile
strained InGaAs [10]. The device cross section is shown in
Fig. 1. The absorption region comprises of one hundred pairs
of 7 nm Ing 34Gag s As/5 nm GaAsg 25Sbg.75. The thickness
of the GaAsSb layer is designed to be smaller than that of
InGaAs, which increases the wave function overlap without
significantly reducing the detection wavelength [10]. Material
composition and thickness of layers were verified using high
resolution X-ray diffraction. Based on this design, transitions
between the lowest energy states in the InGaAs and GaAsSb
are expected to occur around 3.24 pm.

Top-illuminated mesa devices were fabricated by using con-
ventional photolithography and lift-off techniques. The circular
device mesa (180 pm in diameter) was etched with 3% Br :
CH30H and H3PO4 : H202 : H20(1 N 10) 200 nm
of plasma-enhanced chemical vapor deposition (PECVD) SiO,
was used as a passivation layer and Cr (40 nm)-Au (100 nm)
were deposited by e-beam evaporator to form the n- and p-con-
tacts.
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Fig. 1. Schematic of the p-i-n device structure with type-II 7-nm
Ing 34Gag 66 As/S-nm GaAsg 25Sbg 75 MQWSs as absorption layer.
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Fig. 2. Dark current versus voltage for a 180-pm diameter device measured at
290 K.

III. EXPERIMENTAL RESULTS

The dark current-voltage (I-V) characteristics are shown in
Fig. 2. At 290 K, the dark current at —0.5 V is 2.46 pA for the
180 pm diameter device, corresponding to a dark current density
of 9.6 mA/cm?. It is slightly larger than the dark current density
of the devices using lattice matched InGaAs/GaAsSb quantum
wells as the absorption region [9]. This higher dark current may
be due to the fact that there are more thermal generation carriers
which may in turn be caused by a smaller effective bandgap.
An important figure of merit for infrared photodiodes, RgA, is
measured to be 137 €2 - cm at room temperature, which is much
larger than that of other detectors [8], [11], [12].

The dark current at 200 K was measured for 4 180 pym di-
ameter devices. All of them had very similar characteristics.
One of these devices was selected was wire bonded for mea-
surement of its responsivity and dark current noise. A Nichlet
Magna-II Fourier transform infrared (FTIR) spectrometer with a
low-noise current preamplifier was used to measure the relative
spectral response. The absolute responsivity of this device was
calibrated using a blackbody source maintained at 700°C with a
chopper at a modulation frequency of 150 Hz, a current pream-
plifier, and a Fast Fourier Transform (FFT) spectrum analyzer.
An 1800-nm long pass filter was placed between the blackbody
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Fig. 3. Normal incident photo response of the device under different reverse
biases, at T = 290 K.

source and the device to eliminate the contribution to the respon-
sivity from spatially direct absorption.

The normal incident photo response spectra measured at dif-
ferent reverse biases and 290 K is shown in Fig. 3. The type-II
(spatially indirect) response was observed from wavelength of
around 1.8 pm to around 3.4 pum. In Fig. 3, it is evident that
responsivity increases with reverse bias, since the higher elec-
trical field from increased reverse bias will sweep out the elec-
tron and hole pairs within the depletion region more efficiently
before they recombine.

The dark current noise of the device was measured using the
similar procedure as the responsivity. The device was mounted
on a cold finger inside a cryostat and the cryostat chamber was
covered to eliminate stray light to shine on the device. The noise
current from the device was amplified using a preamplifier. An
FFT spectrum analyzer was used to view the noise spectrum.
The noise under —0.5 V is 2.43 x 10~'2 A/cm - Hz'/? and will
increase to 4.14 x 10712 A/em - Hz'/? when the reverse bias
increases to —2 V, which is comparable with the noise of p-i-n
with lattice matched InGaAs/GaAsSb MQWs [13].

The D* versus wavelength at 290 K under different reverse
bias is shown in the Fig. 4. The device’s specific detectivity
(D*) as a function of wavelength was calculated from the re-
sponsivity and noise with the following formula [14]:

. R.\/Ad

D*
Sn

ey
where R is the responsivity, A, is the diode area, S, is the
noise spectrum density. From Fig. 4, the detectivity of the device
under —0.5 V bias is 2.0x 10® cm-Hz'/2- W~ at A = 3.0 pm at
290 K. The optimum performance for these devices is achieved
at a reverse bias of —0.5 V. Beyond this voltage, the noise of
the device increases faster than responsivity increases for the
device.

The Johnson noise and shot noise limited detectivity can be
calculated with the following formula [15]:

V2qI + 4kT/R,
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Fig. 4. Detectivity of the device under different reverse biases, at ' = 290 K.
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Fig. 5. Johnson noise and shot noise limited detectivity of the device under
—0.5V, at T = 290 K compared with the measured detectivity.

where I is the dark current density, and R is the dynamic resis-
tance, which is defined as Ry = (dI/dV|y—¢)~!. Fig. 5 shows
a comparison between the measured detectivity and the Johnson
noise and shot noise limited value. In Fig. 5, the Johnson noise
and shot noise limited detectivity is larger than the measured
value. That is due to the fact that the total Johnson noise and
shot noise calculated is lower than the actual noise measured.
The reason behind this needs to be further investigated. Under
—0.5 V, the total Johnson noise and shot noise calculated is
8.84 x 1073 A/cm - Hz'/2. In comparison, it is much lower
than that of InAs/GaSb type-II QWs based devices [15].

IV. CONCLUSION

In summary, we have demonstrated an InP-based photo-
diode with response up to 3.4 pm, using 100 pairs of 7 nm
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Ing.34Gag g As/5 nm GaAsg.25Sbg.75 type-II quantum wells
as absorption region. The device has also shown a detectivity
of 2.0 x 108 cm - Hz'/? - W=! for A = 3.0 pum at 290 K.
Future work is focused on improving the design of the In-
GaAs/GaAsSb type-II quantum well absorption region to
improve the responsivity without significantly increasing the
dark current or dark current noise.
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