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Abstract

This work presents the results of investigation of low bias mid-IR photoconductive cell (PCC) with
quantum dots. Self-assembled InAsSbP nanostructures were grown on InAs(100) substrate by
modified liquid phase epitaxy. Hysteresis with remnant capacitance of 0.483 pF and contra-directional
oscillations on the PCC’s capacitance—voltage characteristic at 78 K were observed. Additionally,
peaks at 3.48 ym, 3.68 ym and 3.89 um on room temperature photoresponse spectrum of quantum
dot photoconductive cell were detected. Room temperature photo-sensing properties were
investigated under monochromatic irradiation of 3.39 um as well. At irradiation power density of
0.07 W/cm? the surface resistance of the PCC was reduced up to 10 %. In the case of 8 mV applied
voltage, the current responsivity of 0.2 mA/W was measured.
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1. Introduction

The importance of the mid-IR range attributes
to the transmission window of the atmosphere,
absorption spectra of some industrial gases,
etc. To satisfy the demands of state-of-the-art
infrared photodetectors, quantum well infrared
photodetectors (QWIP) and quantum dot
infrared photodetectors (QDIP) are of great
interest. QDIPs are predicted to have superior
performances compared to QWIPs [1-2] such
as sensitivity to normal incidence infrared
radiation, low dark current, high responsivity
and detectivity. Many semiconductor material
systems, such as InGaAs/GaAs, InAsSb/GaAs,
InAs/GaAs, etc., were investigated for QDIPs
[3-5]. HgCdTe (MCT) is a well-established solid
solution, which has been the dominant system
for mid- and long-infrared photodetectors.
However, MCT suffers from instability and non-
uniformity problems over larger area due to the
high Hg vapor pressure. Theoretical studies
predicted that only type-ll  superlattice
photodiodes and QDIPs are expected to
compete with HgCdTe photodiodes [6]. InAs-
InSb-InP system could be discussed as an
alternative  material system for mid-IR
applications. InAsSbP quaternary alloy was
also successfully applied for nucleation of
quantum dots (QDs). In the first experiment to
grow nanostructures, GaAs was used as a
substrate [7]. QDs were characterized by
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photoluminescence measurements at 4K
temperature. Due to QDs, photoluminescence
peak at 1.65um was observed. Recently,
INAsSbP QDs were successfully grown also on
InAs substrates [8-12].

In this paper we report our efforts to grow
INAsSbP QDs for mid-IR applications. Quantum
dot mid-IR photodetectors are fabricated in the
form of photoconductive cells (PCC) made of
InAs(100) substrate and QDs grown on it.
Electrophysical and optoelectronic properties of
the photodetectors are presented.

2. Experiment

To grow QDs, a modified liquid phase epitaxy
(MLPE) was used. In our LPE process melted
In (7N) was used as a solvent, InAs, InP and Sb
(6N) were used as solutes. Lattice mismatch of
2% Dbetween n-InAs(100) substrate with
thickness of 400 ym and wetting layer was
chosen to provide the growth of InAsSbP
nanostructures in Stranski-Krastanov mode [13,
14]. An atomic force microscope (AFM-Asylum
Research MFP-3D) was employed to
investigate the surface morphology, size
distribution and density of quantum dots. Au/Cr
evaporation was performed to obtain contacts
on the surface of the nanostructures. Actually,
fabricated photoconductive cell (PCC) consists
of InAs substrate, unencapsulated InAsSbP
QDs and contacts (Fig. 1). The active area of
the photoconductive cell is 0.83 mm?Z
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Capacitance-voltage (C-V) characteristics were
investigated using high precision capacitance
spectrometry (QuadTech-1920 precision LCR
meter). Mid-IR photoresponse spectra were
measured by IRS-21 spectrometer. He-Ne laser
was used as a source of 3.39 um irradiation.

InAsSbP QDs

InAs

Fig. 1. Schematic of the photoconductive cell with
QDs.

3. Results and discussion

The AFM image of grown InAsSbP quantum
dots obtained by AFM is presented in Fig. 2.
The average surface density of QDs was found
to be 7x10° cm™. The heights of QDs ranges
from 5 nm to 23 nm and widths from 10 nm to
50 nm.
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Fig. 2. AFM images of unencapsulated InAsSbP
QDs grown on InAs(100): A - plane view, B - oblique
view.

Figure 3 shows the dark current—voltage (I-V)
characteristic of the PCC. Nonlinear behavior is
found at around ~60 mV voltage. The results of
the C-V characterization performed at 78 K and
10° Hz frequency is presented in Fig. 4. The
measurements were performed by increasing
signal voltage from 0 V up to 0.9 V with further
decreasing back to 0 V as denoted by arrows in
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Fig. 3. Dark current density of the PCC versus bias
voltage.

the Fig. 4. Also, it can be seen that oscillations
on C-V curve are observed. Oscillations
observed during increasing voltage are
opposite-directed to the oscillations observed
during further decreasing of the voltage.
Additionally, as we can see from Fig. 4,
capacitance hysteresis with remnant
capacitance of AC=0.483 pF is observed. We
assume that opposite—directed oscillations
revealed on C-V curve occur due to the
structure’s total charge oscillations, which
cause by the depletion and occupation of the
QDs energy levels. Detected hysteresis can be
explained by the remnant polarization in the
structure due to spatial separation of the charge
carriers in type-ll InAsSbP QDs [8], which
conserved after shut off the applied voltage.
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Fig. 4. Capacitance—voltage characteristic of the
PCC.

For photoresponse measurements a testing
infrared photodetector (TIP) was fabricated and
used. The TIP is a traditional photoconductive
cell made of InAs bulk crystal (without QDs).
The photoresponse spectra of the samples at
room temperature were investigated applying
2 mV bias. For TIP only one peak at 3.48 um
due to band-to-band transitions in InAs
(Eg=0.355 eV) was observed (Fig. 5). It can be
obviously seen that the sample with QDs (PCC)
in comparison with the sample without QDs has
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photoresponse spectrum extended to longer
wavelengths up to 4 ym with a narrow peak at
3.48 pm. Also, additional two peaks observed at
3.68 pym and 3.89 um longer wavelengths.
These last mentioned peaks are attributed to
the transitions in sub-bandgap levels created by
QDs.
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Fig. 5. Photoresponse spectra of the TIP and PCC at
room temperature.

The surface resistance of the samples was also
investigated under irradiation with wavelength
of 3.39 um. The relative surface resistance
change of the PCC versus power density is
plotted in Fig.6. At power density of
0.07 W/cm? the resistance of the PCC was
reduced by 7 %.
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Fig. 6. Surface resistance change vs power density.
Ry is the dark resistance and Rj is the resistance
under irradiation.

Meanwhile, the surface the TIP at the same
density was reduced by resistance of 2%. So,
due to the growth of InAsSbP QDs, the
resistance change sensitivity of the PCC is
increased by 3.5 times. The current responsivity
of the PCC was investigated at power density of
0.05 W/cm? (Fig. 7). Current responsivity of
0.2 mA/W was achieved at low bias of 8 mV,
which exceeds the responsivity of the TIP by 20
times at the same power density and bias. So,
fabricated photoconductive cells with InAsSbP
quantum dots are important for low bias
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operation at mid-IR range. Reported results
could be important to develop the idea of
photoconductive cells with quantum dots for
next generation infrared devices.
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Fig. 7. Current responsivity of the PCC as a function
of bias.

4. Conclusion

A low bias mid-IR photoconductive cell with
INAsSbP QDs was fabricated. Nonlinear
current-voltage behavior was found at room
temperature. The sample was investigated by
C-V characterization as well. In result, specific
opposite-directed oscillations and hysteresis
with remnant capacitance of AC=0.483 pF were
observed at 78 K temperature. PCC’s room
temperature  photoresponse  spectrum s
extended to longer wavelengths up to 4 pym.
Besides red shift, two additional peaks were
observed at 3.68 pm and 3.89 ym wavelengths.
It was shown that under irradiation of 3.39 ym,
PCC'’s resistance changes 3.5 times more than
that of TIP. Applying 8 mV bias, current
responsivity of 0.2mA/W for PCC was
measured. This value exceeds the TIP’s
responsivity by 20 times. Thus, the
photodetector with InAsSbP QDs is considered
to be operating in mid-IR range at low bias.
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