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We report on the design and performance of multi-stack InAs/InGaAs sub-monolayer (SML)
quantum dots (QD) based infrared photodetectors (SML-QDIP). SML-QDIPs are grown with the
number of stacks varied from 2 to 6. From detailed radiometric characterization, it is determined
that the sample with 4 SML stacks has the best performance. The s-to-p (s/p) polarized spectral
response ratio of this device is measured to be 21.7%, which is significantly higher than
conventional Stranski-Krastanov quantum dots (~13%) and quantum wells (~2.8%). This result
makes the SML-QDIP an attractive candidate in applications that require normal incidence. © 2073
American Institute of Physics. [http://dx.doi.org/10.1063/1.4774383]

Quantum dot (QD) systems have attracted a lot of inter-
est not only in the exploration of basic properties’ but also in
applications of optoelectronic devices, such as QD-based
laser diodes,” infrared photodetectors,*” single photon
emitters,® and single-electron devices.” Various techniques
have been used for the growth of QD structures. These
include the formation of self-assembled QD, for example,
Stranski-Krastanov (SK) growth mode,*® atomic layer epi-
taxy (ALE) growth mode,'*'" and droplet epitaxy growth
mode.'? The sub-monolayer-quantum dots (SML-QD) sys-
tem is one of the few technologies that may provide an
attractive alternative to the formation of QD using self-
assembly techniques. The absence of a wetting layer can
improve confinement in SML-QD and the reduction in the
amount of InAs used per layer of QD can help stack more
layers in a 3-dimensional QD structure. Several groups have
reported using SML QD in vertical cavity surface-emitting
lasers'® and disk lasers."*

Quantum dot infrared photodetectors (QDIPs) based on
SK-QD have been widely researched in recent years and
have been used to fabricate focal plane arrays. Many
research groups have been working on methods to improve
the QDIP device performance by changing the composition
of the QD (e.g., InAs, InGaAs, InAlGaAs) and by changing
the design of the structure (e.g., quantum dots in-a-well:
DWELL,IS’16 quantum dots in double well: DDWELL,"
quantum dot in-a-well with confinement enhancing (CE) bar-
riers: CE DWELL'® and resonant tunneling heterostruc-
ture'”). SK-QDIPs have been demonstrated at high operating
temperature in imaging application for the mid-infrared re-
gime. However, compared to the number of dopants in the
active regions of quantum well (QW) infrared photodetectors
(QWIP), size variation in dot structures and low QD density
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in QDIPs fabricated using SK growth mode, limit the absorp-
tion quantum efficiency (QE). Therefore, improving QD uni-
formity and density is a key to increasing absorption QE and
normal incidence absorption, thereby improving the overall
device performance. Recently, Ting et al. reported promising
results for a 1024 x 1024 pixels SML-QDIP focal plane
array camera used to acquire an infrared image at 80 K.?°

SML-QDs have several advantages over SK-QDs
including smaller base diameter (5—10 nm), better 3D quan-
tum confinement, higher dot density (~5 X 10" cmfz), ad-
justable height of the dot geometry, and no wetting layer
needed.”' The absence of a wetting layer, which does not
contribute to the normal incidence absorption, and smaller
base diameter lead to stronger in-plane quantum confinement
when compared to SK-QDs. Typically, InAs SML-QD con-
sists of a stacked deposition of the QD materials with a nor-
mal thickness below one monolayer (1 ML) in a (In)GaAs
QW.2

In this letter, we present results for SML-QD based
QDIP devices fabricated using a multi-stack growth tech-
nique. Device characteristics, including spectral response,
detectivity, and absorption quantum efficiency of five types
of devices with different SML-QD stacks are analyzed and
compared to those of SK-QD. We also compare the s-to-p
(s/p) polarized spectral response with devices based on SK-
QD, SML-QD, and QW, as measured with the ratio of 13%,
22%, and 2.8%, respectively.

The devices were grown using molecular beam epitaxy
(MBE) with As, cracker source on a semi-insulating GaAs
[0 O 1] substrate. The active region has a single period that
consists of a multiple stacks of 0.3 ML InAs SML-QDs em-
bedded in Ing ;5GaggsAs QW (5.3 nm thick) surrounded by
GaAs (1nm thick), Aly,,Gag7sAs confinement enhancing
barrier (2nm thick), and Al y;Gago3As barriers (48 nm
thick) as shown in Fig. 1. This CE DWELL structure has
been previously reported by our group'® using 2.0 ML

© 2013 American Institute of Physics
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SK-QDs instead of SML-QDs. A 200nm buffer layer,
600 nm bottom contact layer, 48 nm Al (;Gago3As barrier,
and 2nm Al ,,Gag73As CE barrier were grown and capped
with 1 nm GaAs layer at 590 °C. The substrate temperature
was then cooled to 500 °C to grow the InGaAs QW and 2-6
stacks SML-QDs doped with Si. The As interruption time
was 10s before and after each of 0.3 ML InAs layer deposi-
tion during the formation of the SML-QD stack. The QW
layer was capped with 1 nm GaAs before changing the sub-
strate temperature at 590 °C. The devices were processed in
410 x 410 um* mesas using inductively coupled plasma
etching, followed by the contact metal deposition. The devi-
ces had a circular aperture of 300 um in each mesa.

Figure 2(a) shows the data comparison for normal inci-
dence spectral response measured for SK-QDIP and five
SML-QDIPs, where the number of stacks was varied from 2
to 6. The control sample using conventional SK growth
mode had two peaks in the spectral response at 6.5 yum and
7.5 pm. As indicated in the inset of Fig. 2(a), the first peak
(6.5 um) can be attributed to an intersubband transition from
the ground state and the second peak (7.5 um) can result
from a transition from the excited state of the QDs to the
excited state of the QW.'"® As shown in Fig. 2(b), SML-
QDIP consisting of 4-6 stacks of SML-QDs exhibit a peak at
7.5 ym due to transition between the ground state of SML-
QD and the excited state of QW (bound to bound transition:
B-B transition), resulting in narrow spectral response. The

Appl. Phys. Lett. 102, 011131 (2013)
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FIG. 1. Heterostructure  schematic  of
multiple stacked SML-QD. 0.3 ML InAs
SML-QDs with 2-6 stacks embedded in a

5stacks SML- QD 5.3nm Ing ;5Gag gsAs QW.
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single peak of spectral response can be related to the size
and uniformity of QDs. SK-QDs have both a ground state
and an excited state, while SML-QDs have only the ground
state due to smaller QD size than SK-QDs. The devices con-
sisting of 2-3 stacks of SML-QDs show a red-shift and broad
spectral response as compared to devices consisting of 4-6
stacks of SML-QDs. The broad spectral response of 2-3
stack devices is a result of bound to quasi-bound (B-Q) tran-
sition since the excited state of QW is close to the continuum
energy level, as shown in Fig. 2(b). For 2 stacks SML-QDs,
indicated by a blue-shift in photoluminescence (PL) by
~100meV as compared to the 6 stacks SML-QDs (not
shown here), both QD’s ground state energy and the QW’s
excited state energy are higher. This B-Q transitions result in
a red-shift in spectral response. Note that the schematic of
conduction band diagram of SML-QDIPs is not based on
simulation, but is based on semi-empirical estimates from
the PL measurements.

The detectivity (D*) as a function of bias voltage for
each device at 77K was also compared (see Fig. 3(a)). For
SML-QDIP, the highest D* value measured was
1.2 x 10" em-Hz"> W~! (at 77K, 0.4V, 7.5 um, f/2) for the
4 stacks SML-QDIP device. The results of D* show that as
the number of SML-QD stacks increases, the value of D*
increases up to 4 stacks. The value shows a decreasing trend
as the number of SML stacks is increased beyond 4. The
dark current in 2-3 stack devices is much higher as
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FIG. 3. (a) Comparison of measured detectivity between the SML-QDIP
and the SK-QDIP device at 77 K (f/2 optics), showing the highest value for
4 stacks SML-QDIP. Inset shows the dark current at 77 K. (b) Absorption
quantum efficiency of each device is shown.

compared to the 4-6 stack devices, as shown in the inset of
Fig. 3(a). The lower dark current of 4-6 stacks SML-QDIP
could be owing to the improved crystal quality and better
quantum confinement. We believe that the crystal quality of
SML-QD is associated with the thickness of spacer between
stack and stack due to the vertical coupling of each stack
QD. Therefore, the thickness of InGaAs QW between stacks
is expected to depend on stack numbers for better device per-
formance. Specifically, decreasing (increasing) the spacer
thickness in 2, 3 stacks (5, 6 stacks) would result in better
performance. For SK-QDIP, D* measured was 6.5 X 10'°
em-Hz? W™! (at 77K, 0.6 V, 7.5 um, f/2). The dark current
of the SK-QDIP was similar to that of the SML-QDIP oper-
ated at a bias of 0.4-0.6 V. The responsivity of SK-QDIP
was measured to be ~0.1 A/W and values of 2-6 stacks of
SML-QDIP had responsivity values of ~0.1 A/W, ~0.08 A/W,
~0.45 A/W ~0.3 A/W, ~0.1 A/W, respectively. It should be
noted that a direct comparison of the value of D* cannot be
made between the SK-QDIP and SML-QDIPs because the
number of periods of active region is not identical in the two
cases. Number of periods in the active region was 7 in the

Appl. Phys. Lett. 102, 011131 (2013)

case of the SK-QDIP and 10 for the SML-QDIP. The SML-
QD device was operated at a lower bias compared to the SK-
QD device. The absorption QE, plotted in Fig. 3(b), was
calculated from the measured responsitivity, and the theoreti-
cally calculated values of photoconductive gain using the
following equation: # = hcR a1/ §G 2 pear; Where R . is the
responsivity and A,.. is the wavelength corresponding to the
peak spectral response, and g is the photoconductive gain.
The absorption QE of the 2—6 stacks SML-QDIP attains val-
ues of 0.3%, 1.1%, 10%, 5%, and 2.3%, respectively. The
QDIP consisting of 4 SML-QD stacks has the highest
absorption QE, due to the strongest overlap of wave func-
tions between the two states. This measurement did not
account for the substrate scattering, which can increase the
absorption QE.

In order to demonstrate the effect of SML-QDs, SK-
QDIP and QWIP were compared using the s-to-p polarized
spectral response (see Fig. 4). We obtain the best device per-
formance with the 4 stacks SML-QDIP. The devices were pol-
ished with 45° side facet geometry, mounted on the 45° facet
holder, and wire-bonded on the pins of a leadless chip carrier
(LCC). The LCC was loaded in a cryostat with a KBr window
and cooled to 77 K using liquid nitrogen. The wedge coupling
geometry is shown in the inset of Fig. 4. For the conventional
QWIP, no s-polarized spectral response was observed since
the QW has no in-plane confinement but the s/p polarized
spectral response ratio of the GaAs/AlGaAs QWIP device
was measured to be 2.8% which can be explained by the scat-
tering caused by the edge of the device and the SI-GaAs sub-
strate. The s/p ratio of 4 stacks SML-QDIP was measured to
be 21.7%. which is significantly higher than SK-QDIP (13%),
rendering the scattering effect negligible. The s- and
p-polarized spectral responses are indicators of the infrared
absorption and quantum confinement of the QD in the hori-
zontal and vertical directions. The improved s/p ratio of SML-
QDIP indicates that decreasing the base width of the dots and
increasing the height of the dots improve the in-plane (TE)
quantum confinement and infrared absorption. These results
suggest that SML-QDIP have enhanced normal incidence
absorption due to smaller QD size.

In conclusion, a comparative study of the performance
of infrared photodetectors based on multiple stacked SML-

—— 4stacks, SML-QDIP
r —— SK-QDIP
— QWIP
F77K
slp ratio
I SML-QDIP : 21.7%
SK-QDIP : 13%
L QWIP : 2.8%

Polarized spectral Response(a.u.)

3 4 5 6 7 8 9 10 11 12 13
Wavelength (um)

FIG. 4. Comparison of s-to-p polarized spectral response between 4 stacks
SML-QDIP, SK-QDIP, and QWIP at 77 K.
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QD and SK-QD is presented and also compared to results
obtained with QW based detectors. The best results for
detectivity and ratio of s/p polarized spectral response are
obtained with the 4 stacks SML-QD device with values of
1.2 x 10" em-Hz"? W' (at 77K, 0.4V, 7.5 um, f/2 optics)
and 21.7%, respectively. We also investigate the quantum ef-
ficiency of SML-QDIP and SK-QDIP. The multiple stacked
SML-QDIPs show better performance compared to the SK
QDIP with respect to the higher s/p ratio and QE due to the
smaller base width of SML QD and better quantum confine-
ment. The optical and device performance characteristics
show promise in use of such devices to improve the perform-
ance of infrared focal plane arrays in the future.
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