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Abstract—A ten-period InAs-GaAs quantum-dot infrared
photodetector (QDIP) with 8-nm Ing 15Gag ssAs capping layer
grown after quantum-dot (QD) deposition is investigated. With
reduced InAs QD coverage down to 2.0 mono-layers, responses at
10.4 and 8.4 pum are observed for the device under positive and
negative biases, respectively. The phenomenon is attributed to the
large Stark effect resulted from the asymmetric band diagrams of
the device under different voltage polarities. The demonstration
of long-wavelength infrared detections with the simple structures
of the InGaAs-capped QDIP is advantageous for the development
of multicolor QDIP focal-plane arrays.

Index Terms—Quantum-dot infrared photodetectors (QDIPs).

1. INTRODUCTION

UCH effort has been devoted to the development of

quantum-dot infrared photodetectors (QDIPs) [1]-[4].
The influence of different device parameters on the performance
of QDIPs has been investigated. QDIPs with high responsivities
and high operation temperatures have been reported by inserting
AlGaAs barrier layers in the structures to depress dark current
[1]-[3]. The influence of quantum-dot (QD) doping density on
the operation voltage and normal-incident absorption of the de-
vices has been also reported [4]. The thermal images taken by
a 256 x 256 grating-less QDIP focal-plane array (FPA) oper-
ated at 135 K have been also demonstrated [5]. However, for
most of the QDIPs, the detection wavelengths are limited in the
midwavelength infrared [MWIR) 3—-5 pm] range. To improve
this disadvantage, reports with the InAs QDs embedded in In-
GaAs quantum-well structures (DWELL) have been proposed
[6]-[10]. The devices have exhibited the long-wavelength in-
frared [(LWIR) 8-12 pm] detection. Large-format FPAs based
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Fig. 1. AFM images of 2.5 and 2.0 ML InAs QDs.

on the devices have demonstrated enhanced wafer uniformity of
DWELL samples compared with QDIP samples.

However, for such devices, an additional InGaAs layer prior
the QD growth is always required to achieve longer detection
wavelengths [10]. With the more complicated structures, de-
vice parameter optimization such as underlying InGaAs thick-
ness and growth conditions would be required for high device
performances and long detection wavelengths. In this letter, a
ten-period InAs—GaAs QDIP with 8-nm Ing 15Gag s5As cap-
ping layer grown after QD deposition is investigated. With re-
duced InAs QD coverage down to 2.0 mono-layers (ML), re-
sponses at 10.4 pum are observed for the device. Due to the
smaller QD sizes resulted from the lower coverage, the QD
ground state is pushed closer to the quantum-well (QW) ground
state in the InGaAs capping layer. In this case, a reduced energy
difference between the two states is responsible for the LWIR re-
sponses of the device. Also observed for the device is the shorter
detection wavelength 8.4 ym under negative biases. The phe-
nomenon is attributed to the large Stark effect resulted from the
asymmetric band diagrams of the device.

II. EXPERIMENTS

The samples discussed in this letter are grown on (100)-ori-
ented semi-insulating GaAs substrates by using the Riber Com-
pact 21 solid-source molecular beam epitaxy system. A ten-
period InAs—GaAs QDIP with 8-nm Ing 15Gag g5As capping
layer grown after QD deposition is prepared. After the InGaAs
growth, 42-nm undoped GaAs layers are grown as the barriers.
The 600- and 300-nm GaAs layers with n = 2 x 10'® cm™3
are grown as the bottom and top contact layers. The InAs cov-
erage of the device is 2.0 ML, which is lower than conventional
QDIPs. The atomic-force-microscopy (AFM) images of the 2.5
and 2.0 ML InAs QDs are shown in Fig. 1. As show in the
figure, dot densities 3.4 x 10 cm™2 and 1.6 x 10'° cm~2
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Fig. 2. (a) The 10 K spectral response at 2.0 V and (b) the 10 K PLE spectrum
measured at the PL peak energy 1.151 eV of the ten-period InGaAs-capped
QDIP. A schematic band diagram of the device is also shown in the inset.

are observed for the 2.5 and 2.0 ML InAs QDs, respectively.
Reduced QD average heights from 6.9 to 4.4 nm are also ob-
served with reducing InAs coverage. Standard photolithography
and chemical wet etching were adopted to fabricate devices
with 100 x 100 zzm? mesas. Measured under an edge-coupling
scheme, the positive and negative biases of the measurements
were defined according to the voltages applied to the top contact
of the device. The measurement system for spectral response
consists of a Perkin Elmer Spectrum 100 Fourier transforma-
tion infrared spectroscopy coupling with a Janis cryostat and a
current preamplifier [4].

III. RESULTS AND DISCUSSION

The 2.0-V spectral response of the device is shown in
Fig. 2(a). As shown in the figure, peak responses at 10.4 pym
with high responsivity 1.2 A/W are observe, while a much
weaker peak is observed at 5.7 pm. A high detectivity
3 x 10° cm - Hz'/2 /W is also observed for the device at
2.0 V. The high performances of the device at 10.4 ym suggest
high crystalline quality of the sample. Compared with con-
ventional QDIPs, the detection wavelength of the device has
been successfully shifted from MWIR to LWIR range [1]-[4].
To explain the transition mechanisms of the device, the 10 K
photoluminescence excitation (PLE) spectrum of the sample
with its photoluminescence (PL) peak energy 1.151 eV as the

1333

1.6 T v T v T v T v T v

8 nmIn; ;GajgsAs

1.4

Responsivity (A/W)

4 6 8 10 12 14
‘Wavelength (1m)
(a)
L v L v L v L hd L) hd L] o
10K

4 nm Inj5GaggsAs

Normalized Responsivity (a.u.)

8
Wavelength (1m)
(®

Fig. 3. (a) The 10 K spectral response of the device with 8-nm Ing.15Gag.55 As
capping layer at —2.0 V and (b) the normalized 10 K spectral responses of the
device with 4-nm Ing 15Gag.55As capping layer at £1.6 V.

detection wavelength is shown in Fig. 2(b). A schematic band
diagram of the device is also shown in the inset. As shown in
the figure, four peaks are observed in the PLE spectrum, which
are the first excited state of the QDs Fqp,1, the QW ground
state in the InGaAs layer F1,gaas, the wetting layer state Fwyr,,
and the GaAs band edge absorption Eg,as. Therefore, the main
transitions responsible for the spectral response of the device
should be (a) Eqn,1 — Emgaas and (b) Eqp,1 — Ewr, transi-
tions. The energy differences for the two transitions are 0.122
and 0.214 eV (10.16 and 5.79 pm), respectively. As shown in
Fig. 2(a), both transitions are observed in the spectral responses
while the dominant one at 2.0 V is the Eqp,1 — Ermngaas
transition.

However, when the device is operated under —2.0 V, the
response peak would shift from 10.4 to 8.4 ym as shown in
Fig. 3(a). A similar phenomenon has also been observed for
the DWELL devices [9]. One possible mechanisms responsible
for this phenomenon is the large Stark shift as described in the
step QWs [11]. In that paper, blue (red) Stark shift of the ab-
sorption spectrum is observed for the step QWs under negative
(positive) biases with similar energy differences. In the case of
the current device, the energy difference of Eqp,1 — Etngaas
is 0.122 eV, as shown in Fig. 2(b). When the device is under
positive/negative biases, the detection wavelength of the device
is 10.4/8.4 pm, which is —2.8/25.6 meV shift from the energy
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Fig. 4. Schematic cross-sectional diagrams of the devices with 8- and 4-nm
Ing 15Gag 55 As capping layers.

difference Fqp,1 — Engaas of 0.122 eV. In this case, it seems
obvious that the Stark effect should be responsible for the
detection wavelength shift under different voltage polarities.
However, the other QDIP device with a thinner InGaAs capping
layer does not reveal similar results.

The normalized 10 K spectral responses at 1.6 V of the de-
vice with similar structure except for the thinner Ing 15Gag g5 As
down to 4 nm are shown in Fig. 3(b). As shown in the figure, a
shorter detection wavelength 6.7 um is observed for the device.
The phenomenon is attributed to the higher InGaAs QW ground
state resulted from the thinner QW thickness. In this case, larger
energy difference between the QD excited states and InGaAs
state would result in shorter detection wavelengths. Also ob-
served in the figure are the similar detection wavelengths of
the device under different voltage polarities. The phenomenon
is quite different from the performances of the device with the
8-nm Ing 15Gag g5As capping layer.

To explain the phenomenon, schematic cross-sectional dia-
grams of the two devices are shown in Fig. 4. As shown in the
figure, for the device with 8-nm Ing 15Gag g5 As capping layers,
the capping layer thickness would exceed the average QD
height of 4.4 nm. As for the device with 4-nm Ing 15Gag. g5AS
capping layers, the capping layer would barely cover the InAs
QDs. Since the dominate transition for the InGaAs-capped
QDIPs is the Eqp,1 — Fmagaas transition, the photo-excited
electrons would escape from the InAs QDs to the capping
layers. Therefore, for the device with thicker capping layers,
the photo-excited electrons would escape from the QDs to the
InGaAs layer right above the QD structures since the electrical
fields are applied vertically to the heterostructures. In this
case, the asymmetric band diagrams of the InGaAs capping
layer/InAs QDs embedded in GaAs barriers would result in
large Stark shifts. However, for the device with thinner capping
layers, the photo-excited electrons would escape from InAs
QDs to the neighboring InGaAs capping layers. For the InGaAs
layer surrounded the InAs QDs, the band diagrams are similar
with a symmetric InGaAs QW with GaAs barriers. In this
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case, no significant Stark effect would be observed such that
identical detection wavelengths are observed for the device
with 4-nm Ing 15Gag g5As capping layers under positive and
negative biases.

IV. CONCLUSION

A ten-period InAs—GaAs QDIP with 8-nm Ing 15Gag g5As
capping layer grown after QD deposition is investigated. With
reduced InAs QD coverage down to 2.0 ML, responses at 10.4
pm are observed for the device. Also observed for the device
is the shorter detection wavelength 8.4 ym under negative bi-
ases. Compared with the device with thinner capping layers,
the phenomenon is attributed to the large Stark effect resulted
from the asymmetric band diagrams of the over-capped InGaAs
layer over the 2.0 ML InAs QDs. The demonstration of LWIR
response with high performances by using the simple InGaAs-
capped QD structures would be advantageous for the applica-
tion of multicolor QDIP FPAs.
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