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Voltage-controllable multiwavelength InAs quantum-dot infrared
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We report a bias-controllable multiwavelength quantum dot infrared photodetg@RiP). 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—4®.%vere observed. The relative response of
these peaks could be controlled through the applied bias. Fqurh.8etection, a peak detectivity,
D*, of 5.8x10° cmHZ%W at 77 K and 0.3 V was achieved. ®002 American Institute of
Physics. [DOI: 10.1063/1.1504167

The quantum dot infrared photodetectd@DIP9 have  atomic force microscopy study on uncapped InAs pyramidal-
recently been the subject of numerous research effofts, shaped QDs, show that QDs in the first three layers had an
owing to their potential for high responsivity and low dark average height of 56 A and dot density ef4x 10'%cn?,
current in the midwavelength infrare@WIR) and long-  while the QDs in the fifth layers show an average height of
wavelength infraredLWIR) spectral regions. By controlling 30 A and dot density of-1x 10'%cn?. The bimodal distri-
qguantum do{QD) size, and the characteristics of the barrierbution of the QDs underlies the repor’céﬂj“dual wavelength
potential, QDIPs with a single photoresponse peak in thg@hotoresponse and suggests the potential for two-color op-
wavelength range from 3.5 to 1@m have been reportéd®  eration of a QD photodetector.

QDIPs with bias-controllable spectral response are attractive Mesas having a diameter of 250m and a height of

for multiwavelength applications such as temperature regis=-1.4 um were defined with an etch ofR0O,:H,0,:H,0
tration, solid-state spectrometers, target discrimination an@:1:1). A 50 um diameter top contact and the bottom contact
identification, and chemical analysis. Previously, two- orwere formed by evaporation and lift-off of Au/Ni/AuGe. The
three-color quantum well infrared photodetecto@WIP9 contacts were then annealed at 430°C for 20 s. In the fol-
for mid, long, and very long infrared detection have beenlowing discussion, “positive” bias means that a positive
reported. These QWIPS showed the peak detectivities ofoltage was applied to the top contacts.

2.96x< 10" (\—9 um), 8.7X 10'° (\—7.4 um), 8.5x 10*? (\— The normal-incidence photoresponse was measured with
6.5 um), and 2. 102 cmHZ4W (A\—7.4 um) at 77, 70, a Nicolet Magna-IR 570 Fourier-transform infraré@TIR)

40, and 5 K, respectiveRz*? QDIPs have the potential for spectrometer and a SRS 570 low-noise current preamplifier.
higher photoresponse to infrared radiation and higher temin order to rule out parallel propagation of light reflected
perature operation than QWIPs, as a result of the long carridrom the mesa sidewall, we measured the spectral response
capture and relaxation times in QDIPs. Most importantly, theof the QDIPs with metal defined opening on the top of the
three-dimensional confinement of electrons in the QD permesa, whose diameté220 um) was smaller than that of the
mits QDIPs to operate in the normal incidence mode, unlikemesa (250 um). By using this metal cover, the parallel
n-type QWIPs which are not sensitive to radiation that ispropagating light reflected off from the detector mesa side-
incident perpendicular to the quantum wéllRecently, wall was negligible. The sidewall of the sample was also
we reported a bias-controllable  dual-wavelengthcovered with opaque material. The spectral response demon-
photoresponsé!* in a QDIP structure that incorporated strated no significant change of the peak wavelength and the
InAs QD layers with two different QD size distributions. In magnitude of the photocurrent, which suggested that the pho-
this article we report on the photodetector characteristics ofocurrent arising from the light reflected off from the mesa
this structure. Although only five layers of QD were used,sidewall did not significantly affect the photoresponse and
owing to its low dark current, this QDIP achieved high de-the QDIP photocurrent arises from normally-incident radia-
tectivity compared with published detectivity for QDIPS.  tion. Figure 1 shows the bias dependence of the photore-

The multiwvavelength QDIP in this work was ami-n  sponse spectra at 77 K. At negative bias, the sample exhibits
structure. The samples have the same structure as reportedtiiio main intraband photoresponse peaks, one agm5and
Refs. 13 and 14. A cross-sectional transmission electron mihe other at 8.um with full width at half maximum of~0.7
croscope dark-field image of the QD structure, along with arand 1.0um, respectively. For both peak&\/\~12%. The
narrow spectral width suggests that the electron transitions
aElectronic mail: zmye@mail.utexas.edu are intraband bound to bound. The nature of the final states
YElectronic mail: jcc@mail.utexas.edu involved is discussed in Refs. 14 and 15. Broadening of the
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FIG. 2. Photoresponse at 0.4, 0.8, and 1.2-\¢.4, —0.8, and—1.2 V.
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FIG. 1. Normal-incident photoresponse of the QDIP at 77 K. The photore-
sponses of both peaks increase with increasing bias.

The absolute spectral responsivity was calibrated with a
blackbody source at the temperature of 700°C. For each
spectral width results from the nonuniformity of the QDs peak, filters with different bandpass wavelength were used so
size. The increase in the photoresponse with bias is due tihat the responsivity of each peak was calibrated individu-
the fact that as the bias increases, the lowering of the barrieally. Figure 3 shows the peak spectral responsivity versus
at the contact layers causes more electrons to occupy thmas at 77 K. With increase in bias, the responsivities of all
lower states of the QDs and participate in photon inducedour peaks increase four orders of magnitude freri0
intraband transitions. A/W at low bias to~1 A/W at —1.3 V. For negative bias, the
Figure 2 shows the spectral response and illustrates therossover of the responsivities of the two peaks occurs at
bias-controllable multicolor characteristic. At low negative ~—0.8 V, which is consistent with the FTIR measurement.
bias, the main photoresponse peak occurred apf5This ~ The asymmetric responsivity curves for the positive and
is due to the fact that the lower electron states in the largenegative bias results from the asymmetric band structure that
QDs, whose intraband transitions contribute to the photoregives rise to the redshift of the photoresponse at positive
sponse of the 5.5:m peak**>!* are partially occupied; the bias.
small QDs, whose intraband transitions contribute to the Figure 4 shows dark—V characteristics for the sample
photoresponse of the 88m peak'>~*°are relatively unoc- in a cold shield with temperature ranging from 20 to 296 K.
cupied. This results from the lower electron ground stateThe background-limited performance temperature, which re-
energy(measured with respect to the GaAs conduction banders to the temperature at which the current from the thermal
edge of larger QDs**'*With increasing bias, the dark cur- background radiation is equal to the dark current, is also
rent increases, which results in increasing occupation of thehown in the figure. At 77 K, the dark current density is
electron ground states of the small QDs. The photoresponsk3x 10~ ® A/cm? and 4.4< 10~ 3 A/lcm? at —0.3 and—0.8 V,
for the 8.9 um peak is observed when the applied bias isrespectively. With increasing temperature from 40 K to room
greater than=0.2 V. We hypothesize that the gain of the temperature, the dark current density increases over seven
photoexcited electrons from the small QDs increases morerders of magnitude. At low bias anf>77 K, the dark
rapidly with bias than that of the large QBTherefore, the current increases exponentially by®1@ith increasing tem-
amplitude of the 8.um peak increases much faster than thatperature, which suggests that in this temperature range the
of the 5.5um peak. At~ —0.8 V, the peak amplitudes of the dark current originates from thermionic emission. For tem-
5.5 and 8.9um peaks are comparable. With further increaseperature lower than 77 K, sequential resonant tunneling and
in bias, the intraband photocurrent of the small QDs exceedghonon assisted tunneling are probably the dominant compo-
that of the large QDs. For a bias of1.2 V, the 8.9um peak nents of the dark current. Asymmetric dark current density
dominates. The multiwavelength characteristic is also obfor positive and negative bias is observed, which is also
served for positive bias. Both peaks exhibited a redshift relacaused by the asymmetry of the band structure.
tive to the negative bias case. The spectral response of the The thermal noise current can be expressed Igs,
shorter wavelength peak shifts to 58n, while two peaks =4kT/R, wherek is Boltzmann’s constanf is the abso-
emerge in the 10.3—10,8m region. We attribute the asym- lute temperature, an® is the differential resistance of the
metric behavior for negative and positive bias to the asymdevice, which is calculated from the dark current measure-
metric potential caused by the pyramidal QD shape and thement. AtVg=*=0.3 V, the calculated thermal noise current
InGaAs capping layer before. Therefore, electrons in thg1.1x10 ** A/Hz?) is very close to the measured noise
QDs experience different potential profiles when they traveturrent (1.3 10" ** A/Hz'?), which indicates that thermal
toward the top contact or the bottom contact. noise is significant in the low bias regidRig. 5). As the bias

Downloaded 21 Sep 2002 to 128.125.187.49. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 92, No. 7, 1 October 2002 Ye et al. 4143

101 107 -
T=77K —— themmal noise at77K
—_ o <——— 8.9 um peak 10 - ured no!se at77 K
5 10° | 10510 pm poak g,._ —v— measured noise at 100 K
< £
-1 k

_‘? 10 T <
.g \ E
o 10% |- 5.5 um peak 5.9 um peak g
g 3
o 10° o
x 0
5 o g
& 104} z

10 ] ] ] ! | ] ] 108 1 1 1 1 1

1.5 1.0 0.5 0.0 05 1.0 1.5 45 40 05 00 0.5 1.0 15
Bias (V) Bias (V)

FIG. 3. Peak responsivity of each peak at 77 K. FIG. 5. Measured noise current and calculated thermal noise current

at 77 K.

increases, the noise current increases much faster than thete e asing bias. The detectivity of the two-color QDIP s still
mal noise and the shot noise becomes dominant at highggyer than that of multiwavelength QWIPs, which is mainly
bias. o _ ~ due to the lower responsivity as a result of the lower dot
The responsivity and noise current were used to eSt'matSensity and fewer quantum dot layers. QDIPs with more ac-
>h . o )
the detectivity at 77 K using the relatidd* =RVAAf/in,  fiye layers may achieve higher responsivity if dot size and
where A is the device areaR is the responsivityj, is the density can be maintained.
noise current, and f is the bandwidth. For the shorter wave- In conclusion. we have demonstrated a bound-to-bound
length peaks, the QDIP had the best pe/zrformance at 0.3 Yyas/inGaAs QDIP with multiwavelength response. By tun-
with a peak detectivity of 5._8 10° cm HZ2wW f_or_ the 5.9 ing the applied bias, the QDIP exhibited operation with pho-
pm peak, ar/wzd at-0.3 V with a peak detectivity of 3.7 5response MWIR peaks centered at 5.5 and &8, and
x10° cmHZ/4W for the 5.5um peak. The corresponding | R response at 8.8 and 10.3—1Q:n. Low dark current
responsivities were 3.5 and 3.0 mA/W, respectively. For the,ng nojse current were achieved. The highest detectivity was

longer wavelength peaks, the QDIP had the best performangg* —5 g« 10° cm HA2W andR=3.5 mA/W at 0.3 V bias
at—0.8 V with a peak detectivity of 7:810° cmHZ4W for 4,4 77 K for the 5.9um photoresponse peak.

the 8.9 um peak, and at 0.5 V with a peak detectivity of

7.3x10° cm HZ"4W for the 10.3—-10.um peaks. The cor- This work was supported by AFOSR under the MURI
responding responsivities were 200 and 1.9 mA/W, respegrogram.
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