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LWIR InAs/Al0.3Ga0.7As/In0.15Ga0.85As confinement-enhanced DWELL (CE-DWELL) QDIPs with operation
temperatures higher than 200 K are reported. A thin Al0.3Ga0.7As barrier layer was inserted above the InAs
QDs to improve the confinement of QD states in the In0.15Ga0.85As DWELL structure and the device per-
formance. The better confinement of the electronic states increases the oscillator strength of the infrared
absorption. The higher excited state energy also improves the escape probability of the photoelectrons.
Compared with the conventional DWELL QDIPs, the quantum efficiency increases for more than 20 times
and the detectivity is an order of magnitude higher at 77 K. With better device parameters of CE-DWELL,
it is possible to achieve high quantum efficiency, high operating temperature and long wavelength detec-
tion at the same time.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction rent because the ground state energy is usually lower. In particular,
Long wavelength infrared (LWIR, 8–12 lm) detectors are essen-
tial to the thermal radiation detection of room temperature ob-
jects. With such long detection wavelengths, traditional high
quality detectors require low operating temperature which is
undesirable from commercial point of view. Quantum dot infrared
photodetectors (QDIPs) utilizing intersubband transitions inside
quantum dots (QDs) are widely known to be of great potential
for the thermal imaging with high operation temperature. The
three dimensional carrier confinement of the QD induces the pho-
non bottleneck which suppresses the interaction between elec-
trons and phonons [1]. With low defect S-K growth mode QDs,
several encouraging results have been demonstrated with opera-
tion temperatures over 200 K [2,3] and even up to room tempera-
ture [4,5]. However, the detection wavelengths of these devices are
out of the LWIR atmospheric transmission window.

In order to fit the detection band into the LWIR window, many
efforts have been focused on the dots-in-a-well (DWELL) structure
[6–10]. The additional quantum well relaxes the limitation due to
the QD formation process and provides the possibility to tailor the
detection wavelength. More than that, the QDIPs made with the
DWELL structures have an additional advantage of lower dark cur-
ll rights reserved.
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ng).
640 � 512 large format LWIR DWELL QDIP focal plane arrays have
been demonstrated recently [11]. Nevertheless, conventional
DWELL QDIPs suffer from their inherently lower quantum effi-
ciency. This is a primary drawback since the poor quantum effi-
ciency of QDIPs has always been a concern during the
development of the device. With the introduced InGaAs quantum
well, the excited state wavefunction spreads out to the well region
so that the oscillator strength of the infrared response is reduced.
Besides, the photoexcited electrons in the DWELL QDIPs have low-
er energy relative to the GaAs barrier, making the extraction of
photoelectrons more difficult.

In order to solve these problems, in this paper, we propose a
modified DWELL structure to enhance both the oscillator strength
and the escape probability of the electrons. A thin Al0.3Ga0.7As
layer is inserted on top of the InAs QDs in the DWELL structure
to provide better confinement for the excited state wavefunction
in the QD region and also elevates the excited state energy. The
overall quantum efficiency is therefore improved. Furthermore,
two samples with different thicknesses of the AlGaAs insertion
layers were further compared at different temperatures. Despite
the dramatic difference in the device characteristics, both con-
finement-enhanced DWELL QDIPs can be operated at tempera-
tures higher than 200 K with peak wavelengths at around 8 lm.
Thick AlGaAs layers can elevate the dark current activation en-
ergy so that the device, although unfavorable for low temperature
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operations, shows much better performance at higher
temperatures.
Fig. 1. The schematic diagram of the CE-DWELL QDIPs and the comparison of
device parameters between samples.

Fig. 2. The cross-sectional TEM image of the CE-DWELL structure.
2. Experiments

Four QDIP samples were used in this study. They were prepared
by a Veeco GEN-II molecular beam epitaxy system on (0 0 1) semi-
insulating GaAs substrates. Each sample contained ten layers of
QDs separated by GaAs barrier layers as the active region, which
was then sandwiched between two 500 nm n+GaAs contact layers.
A surface QD layer with the same growth condition as the imbed-
ded QD layers was also deposited for AFM measurement. The first
two samples were prepared to compare the confinement-enhanced
DWELL (CE-DWELL) structure (sample A) with the conventional
DWELL structure (sample B). In both samples the GaAs barrier lay-
ers are 51 nm. For the CE-DWELL structure, 2.2 MLs of InAs QDs
were deposited on a 2 nm In0.15Ga0.85As layer and then followed
by a 2.5 nm Al0.3Ga0.7As confinement layer and a 4.5 nm
In0.15Ga0.85As well layer. As for the conventional DWELL sample,
the Al0.3Ga0.7As layer was replaced by In0.15Ga0.85As while all other
growth parameters were kept the same. Similar QD densities were
shown in both samples to be about 2.1 � 1010 cm�2. The other two
samples were grown to investigate the CE-DWELL structures with
thin AlGaAs layers (sample C) and thick AlGaAs layers (sample D).
Compared with the previous two samples, thicker GaAs barrier lay-
ers (72 nm) were purposely grown. The thicker GaAs barriers can
provide longer acceleration path for conductive carriers to enhance
the current gain and thereby the responsivity [3]. Besides, the
strain energy accumulated in the active region due to In(Ga)As lay-
ers is reduced which is favorable for a better epitaxial quality. 2.4
MLs of InAs QDs were deposited on a 2 nm In0.15Ga0.85As layer and
covered by Al0.3Ga0.7As/In0.15Ga0.85As structure to comprise the CE-
DWELL unit. The total thickness of the CE-DWELL structure was
kept at 8 nm. For sample C, 2 nm of Al0.3Ga0.7As confinement
enhancing layer was used, while the deposition thickness of the
Al0.3Ga0.7As layer is 3 nm in sample D. The QD densities in sample
C and D were determined by AFM to be around 2.6 � 1010 cm�2,
which was slightly higher than that in sample A and B due to the
increased InAs MLs. On the other hand, the dot sizes determined
by the AFM scan were similar for all the samples with the height
about 13–17 nm and the base length about 40–55 nm. The sche-
matic of the CE-DWELL sample structure and the device parameter
differences in sample A–D are shown in Fig. 1.

Due to the strain distribution, the deposited thin Al0.3Ga0.7As
layer was expected to aggregate in areas without QDs first. Such
a property is favored since with a proper AlGaAs thickness the
structure can provide barriers that enhance the confinement in
the lateral direction but do not deteriorate the carrier transport
through QDs in the vertical direction much. In order to confirm
this, the active layer structure of sample A was examined by the
cross-sectional TEM image shown in Fig. 2. It is clearly seen that
the AlGaAs layer is flat instead of conforming to the shape of the
InAs QDs. The confinement effect of the AlGaAs layer was then ver-
ified with the photoluminescence (PL) measurement. At 77 K, the
ground state energy measured for sample A, B, C and D is
1.090 eV, 1.028 eV, 1.092 eV and 1.119 eV respectively. Compared
with sample B, the inserted AlGaAs layers in other samples induce
enhanced confinement effect and therefore cause a blueshift for
the ground state energy. Such an enhancement in confinement ef-
fect is even stronger with thicker AlGaAs layers, so the ground state
energy of sample D is 27 meV higher than that of sample C. We
attribute the observed blueshift to arise from the enhanced con-
finement effect of the QDs rather than the composition change of
the dots which might result from different capped materials, for
it has been reported that capping the InAs QDs with an Al con-
tained layer should instead cause a redshift for the ground state
energy due to the suppression of the In segregation [12].

Standard processing techniques were then applied for the de-
vice fabrication. 260 � 370 lm2 mesas with AuGe contact rings
were formed to allow normal incidence measurement from the
mesa top. In all measurements, the bottom contact is referred as
ground. The photocurrent spectra were measured by a Fourier
transform infrared spectrometer and the absolute responsivity
was calibrated by a 1273 K blackbody radiation source with lock-
in techniques. A Ge wafer was inserted in the optical path to filter
out photons with wavelength shorter than 2 lm. While the optical
properties of the device at different temperatures were measured
using a close cycled helium cryostat, the dark I–V characteristic
and the noise level of the device at different temperatures were ob-
tained with a liquid helium dewar. The noise spectrum was mea-
sured by feeding the amplified dark current into a fast Fourier
transform spectrum analyzer.

3. Results and discussion

3.1. Comparison between the confinement-enhanced DWELL and the
conventional DWELL

Fig. 3 shows the photocurrent spectra and the bias dependent
responsivity curves for sample A and sample B at 77 K. The peak
wavelength of the CE-DWELL device (sample A) is around 8 lm
which is shorter than that of the conventional DEWLL device
(9.2 lm in sample B) as expected from the enhanced confinement



Fig. 3. The voltage dependence of the peak responsivity of the two samples at 77 K.
The insert shows the responsivity spectra of the two samples at �1 V and 77 K.
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effect due to the inserted AlGaAs wide bandgap layers. The rela-
tively narrow bandwidth (Dk/kp < 15%) of the spectrum suggests
that bound to bound transitions in the QDs are responsible for
the infrared absorption in sample. Comparing the responsivity
curves of the two samples, a clear increase of the responsivity in
sample A is shown over the whole bias region. The enhanced quan-
tum confinement greatly increases the responsivity of the device as
expected. At �1.2 V and 77 K, the responsivity for sample A is
0.54 A/W while it is only 0.023 A/W for sample B with the conven-
tional DWELL structure.

To further probe the origin of the increase of responsivity, the
device current gain was calculated assuming the G-R noise domi-
nates, and the quantum efficiency was then separated from the
responsivity [13]. Both the current gain and the quantum efficiency
are shown in Fig. 4 for comparison. The difference in responsivity is
primarily attributed to the difference of quantum efficiency. Com-
pared with the quantum efficiency of sample B, the quantum effi-
ciency of sample A is much higher over the measured bias range
and increases faster with the applied voltage. The highest quantum
efficiency in sample A is around 2% at �1 V, which is clearly supe-
rior to that in sample B (0.08% at �1.3 V). The inserted AlGaAs layer
confines the QD’s excited state wavefunction to be more localized,
so the absorption strength of the ground state electrons is en-
hanced due to the better wavefunction coupling. In addition, the
excited state energy in sample A is estimated to be �60 meV high-
er than that in sample B from the PL and photocurrent spectra. The
escape probability is thus higher and as a result the operation volt-
age is lower for sample A with the confinement-enhanced struc-
ture. On the other hand, the two samples have essentially similar
Fig. 4. The quantum efficiency (squares) and current gain (triangles) curves of the
two samples at 77 K.
current gain in the bias region of �1.3 to 1.25 V, so the carrier
transport property is preserved in the CE-DWELL structure even
though the wide bandgap AlGaAs layer was added. This is partly
due to the reduced InGaAs thickness and also because the AlGaAs
layer has such a thin thickness that the upper portion of the QD
is left uncovered to the flow path of carriers.

The higher ground state energy of the CE-DWELL sample could
generate higher dark current and it has been observed in the mea-
surement. The dark current density was 3.8 � 10�4 A/cm�2 at �1 V
at 77 K for sample A but it was only 3.3 � 10�5 A/cm�2 for sample B
under the same conditions. However, the increase of the quantum
efficiency overcomes the increased dark current. As a result, the
overall performance of CE-DWELL QDIPs is far more superior to
that of the conventional ones. At 77 K, the highest detectivity mea-
sured for sample A is 1 � 1010 cm Hz0.5/W (at �0.9 V), which is ten
times higher than that in sample B (1 � 109 cm Hz0.5/W at �1.2 V).

3.2. Comparison of the CE-DWELL QDIPs with thin and thick AlGaAs
layers

Fig. 5 shows the photocurrent spectra of sample C and sample D
as well as the bias dependent responsivity curves at 77 K and
200 K. Both CE-DWELL samples reveal suitable response band for
LWIR detection. The response peak of sample C is at 8.2 lm, while
that of sample D is slightly shorter, at about 8 lm. The thicker Al-
GaAs layer in sample D pushed the response peak toward short
wavelength as expected. Again, both of the spectra show small rel-
ative bandwidths (Dk/kp) of about 10% with the bound to bound
transitions. Comparing the responsivity of the two samples, sample
C shows higher reponsivity at both temperatures. At 200 K, it
reaches 0.37 A/W at 0.8 V. Although there is a stronger confine-
ment effect in sample D, because of thicker AlGaAs layers, the
responsivity instead degraded. However, the responsivity of sam-
ple D (37 m A/W at �1.6 V at 77 K) is still higher than that of the
sample without AlGaAs layers (23 m A/W for sample B under the
same electric field, i.e. �1.2 V).

To understand the origin of the inferior responsivity in the thick
AlGaAs device, the comparison of current gain for sample C and
sample D at 77 K and 200 K is shown in Fig. 6. Clear degradation
of current gain is shown in sample D due to the thicker AlGaAs lay-
ers. Furthermore, the two samples show distinct gain behaviors.
The current gain of sample D possesses a clear asymmetry between
the positive bias and the negative bias. Because of thicker AlGaAs
layers used, the quantum dots in sample D are virtually covered.
When positively biased, the photo-generated electrons have to
overcome the potential barrier of AlGaAs and pass through the
InGaAs well. The capture probability of the excited carriers into
Fig. 5. The voltage dependence of the peak responsivity of the two samples at 77 K
and 200 K. The insert shows the responsivity spectra of the two samples at �1.35 V
and 77 K.



Fig. 6. The current gain curves of the two samples at 77 K and 200 K.
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the adjacent InGaAs well is high when the bias is low. Higher po-
sitive voltages are needed to reach the same current gain as that
in the reverse bias. On the other hand, in sample C, because of thin-
ner AlGaAs layers, the current gain is more symmetric under differ-
ent bias polarities and it has a much higher gain than that of
sample D under the same positive bias. The current gain difference
of the two samples also depends on the device temperature. At
higher temperatures, because of the additional thermal energy,
the capture probability of electrons decreases in both bias polari-
ties. The gain increases in both samples and the asymmetry re-
duces in sample D. By the way, the current gain of sample C (3.7
at �15 kV/cm at 77 K) is higher than that of sample A (1.2 at
�15 kV/cm at 77 K) as expected, showing the advantage of thicker
GaAs barrier for QDIPs.

The AlGaAs layer in sample D, although is too thick from the
responsivity point of view, is effective to reduce the dark current.
This is especially true at high temperatures and low bias voltages.
The dark current density for sample D (thick AlGaAs) and sample C
(thin AlGaAs) are 1.4 � 10�8 A/cm2 and 4.1 � 10�6 A/cm2 respec-
tively at �1 V and 77 K. The AlGaAs layers in sample D effectively
block the low energy part of the dark current, so the detectivity of
sample D is not necessarily worse than that of sample C. Fig. 7
shows the specific detectivity of the two samples at different tem-
peratures. At 77 K, the highest measured detectivity for sample C is
3.6 � 1010 cm Hz0.5/W at 1.4 V. This shows the superior perfor-
mance of the CE-DWELL structure. However, as the temperature
increases, sample D starts to show better performance. At 220 K,
the highest detectivity measured for sample D is 4.85 �
107 cm Hz0.5/W at �0.15 V, which is about 2.4 times higher than
that of sample C. When the temperature is further raised to
Fig. 7. The specific detectivity curves of the two samples at 77 K, 120 K, 160 K and
220 K.
240 K, the detectivity reaches 1.4 � 107 cm Hz0.5/W at �0.1 V for
sample D, while for sample C the dark current is too high for the
measurement. Moreover, the BLIP temperature for sample D is
about 140 K within ±0.3 V which is 40 K higher than that of sample
C.

The comparison of sample C and sample D shows an important
factor for the high temperature operation. Sample C is a typical
high performance detector at 77 K with good carrier collection
capability. However, as the temperature increases, the superior
carrier transport property induces high dark current which is not
acceptable in real applications. On the other hand, although the
insertion of the thicker AlGaAs layer in sample D degrades the
responsivity, the dark current is suppressed even more especially
at small biases. As the temperature increases, the thermal energy
helps the photocarrier collection and provides a better perfor-
mance at higher temperatures. This indicates the importance of
the current suppression for the high operating temperature
devices.

4. Summary

We designed a confinement-enhanced DWELL (CE-DWELL)
structure for QDIPs. With this new design, LWIR QDIPs with oper-
ation temperatures higher than 200 K were demonstrated. A thin
AlGaAs layer was inserted on top of the InAs QDs in the DWELL
structure as the confinement enhancing layer. This enhanced con-
finement effect greatly enhanced both the absorption quantum
efficiency and the escape probability. At 77 K, the maximal quan-
tum efficiency was increased by about 25 times and the specific
detectivity was increased by about 10 times with a lower bias
voltage. Two different CE-DWELL structures were further studied.
With proper device parameters, both LWIR CE-DWELL QDIPs
achieve high temperature operations despite the dramatic differ-
ences in their device characteristics. The device with better per-
formance at lower temperatures does not necessarily have
better performance at elevated temperatures. Better suppression
of the dark current is the key to the high temperature operation
QDIPs.
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