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We have investigated optical properties and device performance of sub-monolayer quantum dots
infrared photodetector with confinement enhancing (CE) barrier and compared with conventional
Stranski-Krastanov quantum dots with a similar design. This quantum dots-in-a-well structure with
CE barrier enables higher quantum confinement and increased absorption efficiency due to stronger
overlap of wavefunctions between the ground state and the excited state. Normal incidence
photoresponse peak is obtained at 7.5 um with a detectivity of 1.2 x 10" cm Hz"> W' and
responsivity of 0.5 A/W (77K, 0.4V, f/2 optics). Using photoluminescence and spectral response
measurements, the bandstructure of the samples were deduced semi-empirically. © 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4711214]

In the recent past, quantum dots (QD) infrared photode-
tectors (QDIP) based on Stranski-Krastanov (SK) QD have
been extensively researched due to the advantages of the
three dimensional confinement of carriers which provide
intrinsic sensitivity to normal incidence radiation,! lower
dark current,2 and long excited state lifetime.® Several
groups have contributed to the drastic improvement of QDIP
by introducing different material compositions and novel
architectures like quantum dots in-a-well (DWELL),*> quan-
tum dots in double well (DDWELL),%’ and successfully
demonstrated high performance devices.> ' A typical
DWELL structure, where InAs quantum dots are confined
inside a InGaAs-GaAs quantum well (QW) offers the
advantage of tuning the detection peak wavelength,'' while
providing lower dark current’ and higher operating tempera-
ture.'? In order to increase the absorption quantum efficiency
(QE) and confinement of electron wave-function, confine-
ment enhancing (CE) barriers surrounding the dots have
been introduced recently.'® Barve er al. suggest a different
architecture, where a 2 nm thick Alg,,Gag 73 CE barriers are
employed around the entire DWELL structure.'* Presence of
such blocking layers in the transport direction reduces the
dark current significantly while providing the advantages of
enhanced absorption coefficient and high escape probability.

While a considerable effort has been made to improve
the barrier design, very few studies have been done beyond
the idea of SK QD. Due to the nature of formation, SK dots
always have an InAs wetting layer, which actually reduces
the degree of confinement of carriers and does not contribute
to the normal incidence absorption. Sub-monolayer (SML)
QD based design has emerged as a promising solution of this
problem.’>™"® SML QD structure is typically grown by
depositing fraction of a monolayer of InAs in a GaAs or
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FIG. 1. (a) Schematic of SML CE DWELL heterostructure. Four stacks of
InAs are deposited in InGaAs matrix. InAs/InGaAs structure is embedded
in GaAs quantum well and surrounded by Alj,,Gag73As CE barrier. (b)
Comparison of normalized PL spectra of SML CE DWELL QD and SK
CE DWELL QD. The ground state of SML QD shifts towards shorter
wavelength compared to SK QD due reduced size of dots. Note that the
ground state of SML QD coincides with 1st excited state of SK QD.

© 2012 American Institute of Physics
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InGaAs QW. In this way, the formation of any wetting layer
is avoided which causes better quantum confinement and
increased carrier wave-function overlap. Moreover, such
SML QD offers higher density of dots due to smaller
(~5nm) lateral size and narrow average lateral spacing
(~2nm) between two dots which leads to a higher absorp-
tion efﬁciency.lg’20 Several reports of SML QD based lasers
can be found in the literature, but there are only a few reports
on a SML QD infrared photodetector.'®!'? The typical oper-
ating bias for SML QD detector, which is less than 1V, is
suitable for focal plane array (FPA) applications. Perform-
ance of SML QD based device can be further improved by
planting the dots into a CE DWELL structure to reduce the
operating bias while maintaining good absorption quantum
efficiency. In this paper, we report on a SML QD in a con-
finement enhanced DWELL structure operating at 77 K with
a detection peak wavelength of 7.5 um with a high detectiv-
ity of 1.2 x 10" ecm Hz"?> W' at only 0.4 V operating bias.
Absorption quantum efficiency is measured to be 7.0% at the
same applied bias. We have also compared the performance
of the above mentioned device with a device based on SK
QD with the similar heterostructure.

The sample under consideration is grown by molecular
beam epitaxy (MBE) equipped with As, cracker source on a
semi-insulating GaAs (0 0 1) substrate. We have performed
a systematic study on InAs SML, including optimization of
different growth parameters like the flux ratio, growth tem-

perature, thickness of InAs deposition, and variations using
different material compositions. The active region of the
sample, as shown in Fig. 1(a), consists of four vertically
stacked 0.3ML InAs layers inside a 4.3nm thick
Ing.15Gag gsAs QW, surrounded by 1 nm GaAs QW—2nm
Aly-,Gag 7gAs CE barrier—48 nm Al o7Gag 93As barrier.
This stack is repeated 10 times. Initially, the 50nm
Alg7Gago3As barrier and CE barrier were grown and
capped with 1 nm GaAs layer at 590 °C. Then the substrate
temperature was reduced to 500°C to grow InGaAs QW
with Si doped InAs SML QD with 10s interruption time
before and after each InGaAs and InAs deposition. Then, the
structure was covered with 1 nm GaAs layer and the temper-
ature was raised to 590 °C with interruption of 180s. The CE
barrier is designed such that the excited energy level in the
QW is close to the continuum energy level, which provides
high absorption efficiency, high escape probability, and low
bias operation. We have chosen another sample with same
design with conventional SK QD instead of SML dots to
compare the optical property and device performance.'*

To obtain information about the bandstructure of our
samples, we have performed room temperature photolumi-
nescence (PL) measurements. The experiment was done
using Ar" laser with power of 2W and InGaAs detector.
Fig. 1(b) depicts normalized PL spectra obtained from the
SML QD and SK QD samples. For SK QD, the ground state
emission peak is at 1.12eV while the ground state emission
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peak for SML QD is observed at 1.28 eV. The observed blue
shift in the ground state PL peak is possibly due to lesser
Indium in the SML QD (~1.2ML) compared to the SK
QDs (2-2.4ML). The narrower full-width-half-maximum
(FWHM) of PL spectrum of SML QD suggests high uni-
formity of the QD size distribution. Fluence dependent PL
experiment confirms the existence of the 1st excited state in
SK QD which appears at 1.27 eV. It should be noted that the
ground state energy level of SML QD is close to the energy
level of 1st excited state of SK QD.

Devices were processed into 410 x 410 um? square
detectors using a standard method of optical lithography,
plasma etching, and contact metallization. A liquid nitrogen
cooled cryostat and Nicholet 550 Fourier transform infrared
spectrometer were used to measure the spectral response at
77K. Fig. 2(a) depicts the comparison of spectral response
from SK dots and SML dots in the CE DWELL architecture.
While the photocurrent response from the SK QD shows two
main peaks at 6.5um and 7.5 um, the SML QD sample
shows response at 7.5 um only. The detailed analysis of SK
dots in CE DWELL is reported elsewhere.'* The photocur-
rent peak of SML QD shows a symmetric behavior for the
both polarities of applied bias voltage. The peak at 7.5 um
for SK QD is identified as the transition between the excited
state of the QD (E,) to the excited state in the QW. The ori-
gin of 7.5 um in SML QD is due to the transition between
the ground state of the QD (E) to the excited state in the
QW. Appearance of photocurrent response peak at 7.5 um
for both samples supports our conclusions from PL measure-
ment. Combining the information from PL experiment and
spectral response measurement, we have semi-empirically
reconstructed the bandstructures of heterostructures which
are shown in Fig. 2(b).

Radiometric measurements were carried out by using a
blackbody source calibrated at 900 K to measure detectivity
(D*) and responsivity (R) of the devices at 77 K. The D* and
R are calculated using the following equations:

D* = R(AAf)?/i, and R = egn/(hv), (1)

where A is area of the detector, Af is band-width, i, is noise
current, e is electronic charge, g is photoconductive (PC)
gain, 1 is absorption quantum efficiency, and hv is photoex-
citation energy. By comparing the measured photocurrent
with the dark current, both the devices were found to be
background limited infrared photodetector (BLIP) at 77 K. In
Fig. 3(a), results of D* measurement are shown. The highest
D* for SML QD is found to be 1.2 x 10" em Hz'?> W' at
0.4V bias voltage, which is higher than previously reported
results for SML QD although at a lower operating bias.'®
The recorded D* for SML QD is found as a factor of two
higher than the SK QD device. Fig. 3(b) compares the
responsivity of two devices, which shows a significant
improvement of R over the whole bias range. As the detec-
tion peak is due to the transition between bound state in QD
and excited energy in the QW, which is close to the contin-
uum energy level, the escape probability of photocarriers is
higher. This results low value of operational bias and high
responsivity. High responsivity also indicates high value of
absorption QE. The noteworthy low operating bias voltage

Appl. Phys. Lett. 100, 191111 (2012)

1012
- —=— SK CE DWELL 77K, /2 optics
s —=— SML CE DWELL

Q\
‘_N
:E. 1011 L
£
L
)
=
O 410
§ 10
[0
a
-2 -1 -0 1 2
Bias (V)
(a
—=— SK CE DWELL 77K, /2 optics
—=— SML CE DWELL

S0

10°F
<
2
>
D
5 10 F
[oN
(%2}
[0
nd

107

-2 -1 0 1 2
Bias (V)

(b)

FIG. 3. (a) Comparison of detectivity measurements between SML CE
DWELL QD and SK CE DWELL QD (77K, f/2 optics), showing an
improvement in D* value for SML CE DWELL QD device. (b) Responsiv-
ity measurements of SML. CE DWELL QD and SK CE DWELL QD sam-
ples (77K, f72 optics). Responsivity of SML QD is found to be more than 4
times higher than that of SK QD at a same bias.

indicates its feasibility for fabrication of FPA using commer-
cially available silicon read-out circuits.

To understand the transport mechanism inside the SML
QD device we measured the photoconductive gain to esti-
mate absorption QE of SML QD device. The device was
irradiated by a blackbody source at 900 K during the mea-
surement of the PC gain to ensure the device was photon
noise limited. The PC gain is calculated using the following
equation

Gpn = i2/(4eAfL,y,), (2)

where i, e, Af, and I;h are noise current, electronic charge,
noise band-width, and photocurrent, respectively. Fig. 4(a)
shows the results of PC gain and absorption quantum effi-
ciency at 77 K. The PC gain is found to be lower than unity
at operating bias region. Due to probable existence of excited
states in QW, the capture probability is high which justifies
such low value of PC gain. The absorption efficiency reaches
to around 7.0% at the operating bias and increases up to
11.5% as bias is increased further. Such high value of
absorption QE is attributed to strong overlap of electronic
wavefunction inside the dots. In addition to the presence of
AlGaAs layer, the smaller size of the dots is responsible for
the better wavefunction coupling which enhances the
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FIG. 4. (a) Results of photoconductive gain and absorption efficiency mea-
surement of SML CE DWELL is shown. Such high value of absorption effi-
ciency is attributed to strong coupling of wavefunctions of the carriers. (b)
Comparison of absorption efficiency measurement of SML CE DWELL QD
and SK CE DWELL QD. A notable enhancement is found in absorption effi-
ciency for SML CE DWELL.

absorption strength of ground state electrons. Fig. 4(b)
clearly indicates a considerable enhancement in absorption
QE for SML CE DWELL compared to its SK counterpart.
High values of detectivity, PC gain, and absorption QE are
obtained even at zero bias. This is due to the limitation of
measurement setup during noise measurement and hence
those results are ignored.

In conclusion, infrared photodetector based on SML QD
has been presented and compared with traditional SK QD in
CE DWELL architecture. Our design of SML QD exhibits
better performance compared to previously recorded cita-
tions. We have also investigated the optical properties of
SML QD to understand the structure of different energy lev-
els. The device characterization results ensure high perform-

Appl. Phys. Lett. 100, 191111 (2012)

ance at low operating bias at 77 K. Higher confinement and
better overlap of wavefunctions between the ground state of
the quantum dot and excited state of the quantum well are
achieved owing to the presence of CE barrier and smaller
size of dots. Detectivity of the SML based device is meas-
ured as 1.2 x 10" ecm Hz"> W' with responsivity reaching
up to 0.5 A/W (77K, 0.4V, 7.5 um, f/2 optics).
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