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Voltage-controllable multiwavelength InAs quantum-dot infrared
photodetectors for mid- and far-infrared detection
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We report a bias-controllable multiwavelength quantum dot infrared photodetector~QDIP!. The
active region of the QDIP consisted of five layers of InAs quantum dots with InGaAs cap layers.
Photoresponse peaks at 5.5, 5.9, 8.9, and 10.3–10.9mm were observed. The relative response of
these peaks could be controlled through the applied bias. For 5.9mm detection, a peak detectivity,
D* , of 5.83109 cm Hz1/2/W at 77 K and 0.3 V was achieved. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1504167#
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The quantum dot infrared photodetectors~QDIPs! have
recently been the subject of numerous research efforts1–8

owing to their potential for high responsivity and low da
current in the midwavelength infrared~MWIR! and long-
wavelength infrared~LWIR! spectral regions. By controlling
quantum dot~QD! size, and the characteristics of the barr
potential, QDIPs with a single photoresponse peak in
wavelength range from 3.5 to 13mm have been reported.2–8

QDIPs with bias-controllable spectral response are attrac
for multiwavelength applications such as temperature re
tration, solid-state spectrometers, target discrimination
identification, and chemical analysis. Previously, two-
three-color quantum well infrared photodetectors~QWIPs!
for mid, long, and very long infrared detection have be
reported. These QWIPS showed the peak detectivities
2.9631010 ~l–9 mm!, 8.731010 ~l–7.4mm!, 8.531012 ~l–
6.5 mm!, and 2.231012 cm Hz1/2/W ~l–7.4 mm! at 77, 70,
40, and 5 K, respectively.9–12 QDIPs have the potential fo
higher photoresponse to infrared radiation and higher t
perature operation than QWIPs, as a result of the long ca
capture and relaxation times in QDIPs. Most importantly,
three-dimensional confinement of electrons in the QD p
mits QDIPs to operate in the normal incidence mode, un
n-type QWIPs which are not sensitive to radiation that
incident perpendicular to the quantum wells.1 Recently,
we reported a bias-controllable dual-waveleng
photoresponse13,14 in a QDIP structure that incorporate
InAs QD layers with two different QD size distributions. I
this article we report on the photodetector characteristics
this structure. Although only five layers of QD were use
owing to its low dark current, this QDIP achieved high d
tectivity compared with published detectivity for QDIPs.2–8

The multiwavelength QDIP in this work was ann- i -n
structure. The samples have the same structure as report
Refs. 13 and 14. A cross-sectional transmission electron
croscope dark-field image of the QD structure, along with
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atomic force microscopy study on uncapped InAs pyramid
shaped QDs, show that QDs in the first three layers had
average height of 56 Å and dot density of;431010/cm2,
while the QDs in the fifth layers show an average height
30 Å and dot density of;131010/cm2. The bimodal distri-
bution of the QDs underlies the reported13,14dual wavelength
photoresponse and suggests the potential for two-color
eration of a QD photodetector.

Mesas having a diameter of 250mm and a height of
;1.4 mm were defined with an etch of H3PO4:H2O2:H2O
~8:1:1!. A 50 mm diameter top contact and the bottom conta
were formed by evaporation and lift-off of Au/Ni/AuGe. Th
contacts were then annealed at 430 °C for 20 s. In the
lowing discussion, ‘‘positive’’ bias means that a positiv
voltage was applied to the top contacts.

The normal-incidence photoresponse was measured
a Nicolet Magna-IR 570 Fourier-transform infrared~FTIR!
spectrometer and a SRS 570 low-noise current preampli
In order to rule out parallel propagation of light reflecte
from the mesa sidewall, we measured the spectral resp
of the QDIPs with metal defined opening on the top of t
mesa, whose diameter~220mm! was smaller than that of the
mesa ~250 mm!. By using this metal cover, the paralle
propagating light reflected off from the detector mesa si
wall was negligible. The sidewall of the sample was a
covered with opaque material. The spectral response dem
strated no significant change of the peak wavelength and
magnitude of the photocurrent, which suggested that the p
tocurrent arising from the light reflected off from the me
sidewall did not significantly affect the photoresponse a
the QDIP photocurrent arises from normally-incident rad
tion. Figure 1 shows the bias dependence of the phot
sponse spectra at 77 K. At negative bias, the sample exh
two main intraband photoresponse peaks, one at 5.5mm and
the other at 8.9mm with full width at half maximum of;0.7
and 1.0mm, respectively. For both peaks,Dl/l'12%. The
narrow spectral width suggests that the electron transiti
are intraband bound to bound. The nature of the final sta
involved is discussed in Refs. 14 and 15. Broadening of
1 © 2002 American Institute of Physics
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spectral width results from the nonuniformity of the QD
size. The increase in the photoresponse with bias is du
the fact that as the bias increases, the lowering of the ba
at the contact layers causes more electrons to occupy
lower states of the QDs and participate in photon indu
intraband transitions.

Figure 2 shows the spectral response and illustrates
bias-controllable multicolor characteristic. At low negati
bias, the main photoresponse peak occurred at 5.5mm. This
is due to the fact that the lower electron states in the lar
QDs, whose intraband transitions contribute to the photo
sponse of the 5.5mm peak,13,14 are partially occupied; the
small QDs, whose intraband transitions contribute to
photoresponse of the 8.9mm peak,13–15 are relatively unoc-
cupied. This results from the lower electron ground st
energy~measured with respect to the GaAs conduction b
edge! of larger QDs.13,14 With increasing bias, the dark cu
rent increases, which results in increasing occupation of
electron ground states of the small QDs. The photorespo
for the 8.9mm peak is observed when the applied bias
greater than60.2 V. We hypothesize that the gain of th
photoexcited electrons from the small QDs increases m
rapidly with bias than that of the large QDs.14 Therefore, the
amplitude of the 8.9mm peak increases much faster than th
of the 5.5mm peak. At; 20.8 V, the peak amplitudes of th
5.5 and 8.9mm peaks are comparable. With further increa
in bias, the intraband photocurrent of the small QDs exce
that of the large QDs. For a bias of21.2 V, the 8.9mm peak
dominates. The multiwavelength characteristic is also
served for positive bias. Both peaks exhibited a redshift re
tive to the negative bias case. The spectral response o
shorter wavelength peak shifts to 5.9mm, while two peaks
emerge in the 10.3–10.9mm region. We attribute the asym
metric behavior for negative and positive bias to the asy
metric potential caused by the pyramidal QD shape and
InGaAs capping layer before. Therefore, electrons in
QDs experience different potential profiles when they tra
toward the top contact or the bottom contact.

FIG. 1. Normal-incident photoresponse of the QDIP at 77 K. The photo
sponses of both peaks increase with increasing bias.
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The absolute spectral responsivity was calibrated wit
blackbody source at the temperature of 700 °C. For e
peak, filters with different bandpass wavelength were use
that the responsivity of each peak was calibrated indivi
ally. Figure 3 shows the peak spectral responsivity ver
bias at 77 K. With increase in bias, the responsivities of
four peaks increase four orders of magnitude from;1024

A/W at low bias to;1 A/W at 21.3 V. For negative bias, the
crossover of the responsivities of the two peaks occurs
;20.8 V, which is consistent with the FTIR measureme
The asymmetric responsivity curves for the positive a
negative bias results from the asymmetric band structure
gives rise to the redshift of the photoresponse at posi
bias.

Figure 4 shows darkI –V characteristics for the sampl
in a cold shield with temperature ranging from 20 to 296
The background-limited performance temperature, which
fers to the temperature at which the current from the ther
background radiation is equal to the dark current, is a
shown in the figure. At 77 K, the dark current density
1.331026 A/cm2 and 4.431023 A/cm2 at 20.3 and20.8 V,
respectively. With increasing temperature from 40 K to roo
temperature, the dark current density increases over se
orders of magnitude. At low bias andT.77 K, the dark
current increases exponentially by 106 with increasing tem-
perature, which suggests that in this temperature range
dark current originates from thermionic emission. For te
perature lower than 77 K, sequential resonant tunneling
phonon assisted tunneling are probably the dominant com
nents of the dark current. Asymmetric dark current dens
for positive and negative bias is observed, which is a
caused by the asymmetry of the band structure.

The thermal noise current can be expressed as,I th

5A4kT/R, wherek is Boltzmann’s constant,T is the abso-
lute temperature, andR is the differential resistance of th
device, which is calculated from the dark current measu
ment. At VB560.3 V, the calculated thermal noise curre
(1.1310214 A/Hz1/2) is very close to the measured nois
current (1.3310214 A/Hz1/2), which indicates that therma
noise is significant in the low bias region~Fig. 5!. As the bias

-
FIG. 2. Photoresponse at 0.4, 0.8, and 1.2 V;20.4, 20.8, and21.2 V.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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increases, the noise current increases much faster than
mal noise and the shot noise becomes dominant at hi
bias.

The responsivity and noise current were used to estim
the detectivity at 77 K using the relationD* 5RAAD f / i n ,
whereA is the device area,R is the responsivity,i n is the
noise current, andD f is the bandwidth. For the shorter wav
length peaks, the QDIP had the best performance at 0.
with a peak detectivity of 5.83109 cm Hz1/2/W for the 5.9
mm peak, and at20.3 V with a peak detectivity of 3.7
3109 cm Hz1/2/W for the 5.5mm peak. The correspondin
responsivities were 3.5 and 3.0 mA/W, respectively. For
longer wavelength peaks, the QDIP had the best performa
at 20.8 V with a peak detectivity of 7.33108 cm Hz1/2/W for
the 8.9mm peak, and at 0.5 V with a peak detectivity
7.33108 cm Hz1/2/W for the 10.3–10.9mm peaks. The cor-
responding responsivities were 200 and 1.9 mA/W, resp
tively. The relatively lower detectivities for the longer wav
length peaks reflect the rapid increase in noise w

FIG. 3. Peak responsivity of each peak at 77 K.

FIG. 4. Dark current density vs voltage for temperature in the ra
20–296 K.
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increasing bias. The detectivity of the two-color QDIP is s
lower than that of multiwavelength QWIPs, which is main
due to the lower responsivity as a result of the lower d
density and fewer quantum dot layers. QDIPs with more
tive layers may achieve higher responsivity if dot size a
density can be maintained.

In conclusion, we have demonstrated a bound-to-bo
InAs/InGaAs QDIP with multiwavelength response. By tu
ing the applied bias, the QDIP exhibited operation with ph
toresponse MWIR peaks centered at 5.5 and 5.9mm, and
LWIR response at 8.8 and 10.3–10.9mm. Low dark current
and noise current were achieved. The highest detectivity
D* 55.83109 cm Hz1/2/W andR53.5 mA/W at 0.3 V bias
and 77 K for the 5.9mm photoresponse peak.

This work was supported by AFOSR under the MU
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