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Abstract—Vertically coupled InAs-GaAs quantum-dot infrared
photodetectors (QDIPs) were studied in this letter. With vertically
coupled quantum dots (QDs), the QDs in the same column share
the same electronic states which remove the QD size variation ef-
fect in the growth direction and result in a narrow response band
and higher peak quantum efficiency. The coupled states increase
the capture probability and also facilitate the carrier flow among
QD layers. The frequency response of vertically coupled QDIPs is
much faster than that of the conventional ones.

Index Terms—Infrared detectors, photodetectors, quantum dots
(QDs), quantum effect semiconductor devices.

N THE past decade, quantum-dot infrared photodetectors

(QDIPs) have been widely investigated with different
structures and materials [1]-[5]. The three-dimensional car-
rier confinement of the quantum-dot (QD) structure provided
the possibility to suppress the electron phonon interaction
and relax the selection rule of intersubband transitions in the
quantum-well structure. QDIPs are thus of great potential to
overcome the drawbacks of the commercialized quantum-well
infrared photodetectors (QWIPs) and become low-cost and
high-temperature operation infrared detectors. With the self-as-
sembled In(Ga)As—GaAs QDs, encouraging results have been
demonstrated with operation temperatures over 200 K [3] and
even up to room temperature [4]. Furthermore, high-perfor-
mance 640 x 512 QDIPs imaging focal plane arrays have also
been demonstrated [5].

However, the performance of QDIPs is still limited by the
low quantum efficiency which is critical in most applications.
The density and uniformity of the QDs are essential for the im-
provement of the quantum efficiency. Unfortunately, the density
and uniformity of QDs are greatly limited by the self-assem-
bled growth process. In addition, poor frequency response of
the responsivity in QDIPs was also reported with the roll-off fre-
quency lower than 1 KHz, especially at lower temperatures [6].
Compared with QWIPs, the roll-off frequency is a few orders of
magnitude lower for QDIPs. The slow component of photocur-
rent originated from the recharging process of the electrons into
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the QDs deteriorates the frequency response [7]. This limits the
use of QDIPs in some military and space applications where
high-speed detection is demanded.

With thin spacer layers between QD layers, it has been
demonstrated that the vertically aligned QDs could be grown
and generate shared states among the QD layers [8], [9]. The
vertically coupled QD columns allow carriers to diffuse to
different QD layers easily. Narrower photoluminescence (PL)
spectral width of vertical coupled QDs has been deduced to be
from the coupled states which remove the size variation effect
in the growth direction [8]. In the past, the infrared absorption
of vertically coupled QDs has been reported [10]. In this
study, we demonstrated vertically coupled QDIPs (VC-QDIPs)
with narrower response spectra and higher response roll-off
frequencies.

Two samples were prepared by the Varian Gen-II MBE
system on (001) GaAs semi-insulating substrates. Different
active regions, sandwiched between two 500-nm silicon-doped
contact layers, were used in the two samples. Sample A is a
conventional QDIP with 10 periods of 2.6 ML InAs QDs and
50-nm barriers. Each barrier layer consists of a 47-nm GaAs
layer and a 3-nm Aly2Gag gAs current blocking layer [1].
Sample B is a VC-QDIP with seven periods of InAs QDs and
thin 10-nm GaAs spacers. The active region was not doped to
keep the low dark current. Due to the growth of the vertical
aligned process, the thin AlGaAs blocking layer structure in
sample A is not practical in sample B. A 50-nm Alg 27Gag 73As
current blocking layer was inserted on top of the bottom contact
layer instead. In order to control the stress in the active region to
avoid the generation of dislocations, only seven layers of QDs
were grown in sample B. The growth condition for barriers and
InAs QDs were kept the same for the two samples.

Sample B was first examined with the high-resolution cross-
sectional transmission electron microscopy (TEM) to check the
vertical alignment of the QDs. Fig. 1 shows the TEM image
of sample B with well-aligned QDs along the growth direc-
tion. The QD increases in radius but decreases in height as the
layer number increases [8]. The local strain relaxation facili-
tates the QD’s formation directly on the top of the QDs in the
previous layer. Such strain relaxation is expected to be reduced
with the increase of GaAs capping layer thickness. In sample
B, the 10-nm GaAs capping layers were thin enough so that the
QDs were aligned in the growth direction. On the other hand,
50-nm capping layers in sample A were too thick for the QDs
to be aligned. However, it should be mentioned that from the
TEM images, not all of the QD columns in sample B are per-
fectly aligned for all seven layers. Due to the nonuniform strain
distribution, some of the QDs are not well aligned along the QD
columns [9].
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Fig. 1. Cross-section TEM image of sample B.
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Fig. 2. Normalized photocurrent spectra of samples A and B at40 Kand 0.5 V.
The peak responsivity is 0.2 and 0.008 A/W for sample A and sample B, respec-
tively.

The thin GaAs barrier allows the electronic wave functions
of QDs in the same column to overlap so that the QDs with dif-
ferent sizes share the same quantum states [8]. The coupling
was confirmed by the PL. measurement. The 20 K PL spectrum
peaks are at 1.17 and 1.01 eV for samples A and B, respectively.
The clear redshift of the PL peak in sample B indicates the cou-
pling of the states between the QDs which decreases the lowest
ground state energy. In the PL spectrum of sample B, the signal
from the uncoupled QDs shown in the TEM result was also de-
tected as a small peak near 1.17 eV.

Individual devices were then produced by standard lithog-
raphy processes. All measurements were performed with
normal incident radiation from the mesa top and the bottom
contact was referred as the ground. Fig. 2 shows the normalized
photocurrent spectrum of samples A and B at 40 K. The re-
sponse peak of sample A was about 5.6 um with the full-width
at half-maximum (FWHM) of 1.4 um. On the other hand, two
absorption peaks were observed in sample B. The smaller peak
(B2) in sample B is consistent with the response spectrum
of sample A. It is associated with the uncoupled QDs. The
major signal (B1) was around 6.6 um and the FWHM was
only 0.4 pm(AX/A ~ 0.06). The FWHM of the photocurrent
spectrum of sample B is much narrower than that of sample
A. The shared states in the QD layers of sample B provide
common states for the intersubband absorption and reduce the
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Fig. 3. Noise current gain of samples A and B as a function of the average
electric field at 77 K.

FWHM which mainly comes from the size nonuniformity of the
QDs in sample A. Although the QDs have three-dimensional
confinements, the spectral width of QDIPs is dominated by the
size variation in the growth direction which has the smallest
physical size. The in-plane size variation still exists in the ver-
tical coupled QDs, but the reduction of the size variation effect
in the growth direction effectively reduces the spectral width of
the VC-QDIPs. In QWIPs, the devices with mini-bands usually
provide wider absorption band than the discrete quantum-well
devices due to the broadening of the mini-bands with more
than 100 periods of superlattices. In our case, since only seven
layers of QDs were used, the coupled states clearly reduced the
broadened absorption linewidth caused by the size fluctuation
of individual QDs, resulting in narrower absorption spectrum.
Noise measurement was also executed to extract the current
gain and the quantum efficiency of the devices. Assuming the
generation-recombination noise dominates, the noise current
gain of samples A and B at 77 K was shown as a function
of average electric field in Fig. 3. A dramatic decrease of the
current gain of sample B was clearly observed compared with
that of sample A. The gain was a few orders of magnitude
lower in sample B under the same electric field. This indicates
a major difference in the transport characteristics between the
two samples. It is known the noise current gain of QDIPs could
be expressed as [11]
1- £

_ 2
9= FNP.

where N is number of QD layers, P. is the capture probability,
and F is the filling factor. Since the two samples have a sim-
ilar filling factor, the capture probability was thus much higher
in sample B as the layer number is higher in sample A. The
extended electron wavefunction effectively increases the cross
section of the QDs and the capture probability of the carriers.
Also, it was proposed that the capture probability is connected
to the charge inside the QDs [12], [13]. The repulsive charge in
the QDs repels the carriers to be captured into the QDs and leads
to low capture probability. In sample B, the coupled states facil-
itate the carrier redistribution between the layers. The chance to
generate high repulsive coulomb potential was much lower than
that of the conventional QDIPs.
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Fig. 4. Normailized frequency response of photocurrent for samples A and B
at40 K and 0.5 V.

The higher capture probability is expected to accelerate the
recharging process of the QDs. This was examined by the fre-
quency dependence of the photocurrent. The response photocur-
rents of the two samples were measured with a standard lock-in
technique at different chopper frequencies. The measurement
was performed at 0.5 V and 40 K. The dark current density of
these two samples at this operation condition was quite close
(~ 1 x 1072 A/em?) to ensure similar carrier flow for the two
samples. Fig. 4 shows the normalized frequency response pho-
tocurrent of the two samples. The roll-off frequency was only
around 500 Hz of sample A but increased to about 8000 Hz
of sample B. As expected, the higher capture probability in
VC-QDIPs shortens the charging process and greatly increases
the roll-off frequency. The roll-off frequency for VC-QDIPs
was higher than the measurement limit at 30 KHz at 77 K. It
was close to the roll-off frequency of QWIPs.

With the current gain and responsivity measured, the quantum
efficiency of the two samples was also calculated. The peak
quantum efficiency at 77 K is 0.23% and 0.78% for sample
A and sample B, respectively. The narrower bandwidth of the
VC-QDIP enhances the quantum efficiency even though only
seven layers of QDs were used in sample B. However, the low
current gain in sample B counteracts the higher quantum effi-
ciency and leads to lower responsivity in sample B. The respon-
sivity in sample A was about 1 A/W at 0.7 V and 77 K, but
it was only 0.1 A/W under the same condition in sample B. At
0.6 V and 60 K, the detectivity for sample A was 1.9 x 10'° cm-
Hz% /W, which was slightly higher than that of sample B (1 x
10'% cm - Hz"®/W). As mentioned, in sample B, some QDs
are not well aligned and the layer number is not as high as in
sample A. More study on the vertical alignment of the QDs to
increase the layer numbers and to avoid the uncoupled QDs will

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 22, NO. 11, JUNE 1, 2010

further enhance the quantum efficiency and the performance of
the VC-QDIPs.

In summary, VC-QDIPs have been investigated in this study.
With the coupled states in QDs, the responsivity spectrum and
the roll-off frequency for QDIPs have been improved. The re-
sponsivity spectrum showed a fractional spectral width of only
6% which increased the peak quantum efficiency. The enhanced
capture probability also increased the roll-off frequency dra-
matically. The device provided a possible solution to enhance
the quantum efficiency and roll-off frequency at the same time.
More work to improve the vertical alignment condition of the
QDs will further enhance the performance of the VC-QDIPs.
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