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High-detectivity, normal-incidence, mid-infrared (A~4 pm)InAs/GaAs
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Normal-incidence InAs/GaAs quantum-dot detectors have been grown, fabricated, and
characterized for mid-infrared detection in the temperature range from 78 to 150 K. Due to the
presence of an ALGa, -As current blocking layer in the heterostructure, the dark current is very
low, and atT=100K, | 4an=1.7 pA for V.= 0.1 V. The peak of the spectral response curve is at
A~4 pm, with AN/N=0.3 andV,;,=0.1V. At T=100K, for V= 0.3V, the peak detectivity,

D*, is 3x 10° cm HZ¥W, and the peak responsivitR,,, is 2 mA/W with a photoconductive gain

of g=18. © 2001 American Institute of Physic§DOI: 10.1063/1.1385584

Over the past few years, quantum-dot infrared photodedetection since the photogenerated carriers stay for a longer
tectors have been widely investigatetifor mid-infrared ap-  time in the excited states, increasing the probability of their
plications such as space based infrared imaging, thermograentribution to the photocurrent. Additionally, quantum-dot
phy for electrical and mechanical fault detection, Fourierdetectors are expected to demonstrate good performance at
transform infrared spectrosco@#TIR), and environmental elevated temperatures due to the increase of intersubband
and chemical process monitoring. Two of the major advan¥elaxation times with increasing temperattrévanget al.*?
tages quantum-dot infrared photodetect¢@DIP9 offer  have recently demonstrated reduced dark current in
over quantum well infrared photodetectors afi¢:normal-  quantum-dot detectors by covering the InAs quantum dots
incidence operation due to the absence of any polarizatiowith a 30 A Al, Gay ¢As layer, measuring &* value of
selection rules in quantum dots, afié) high-temperature 2.5x 10°cmHZ/4W at T=77K using a 45° polished facet.
operation due to the favorable carrier dynamics in quantunin this letter, we demonstrate a normal-incidence InAs/GaAs
dots® The normal-incidence operation eliminates the needluantum-dot detector with extremely low dark currén
for fabricating complicated gratings and optocouplers on top= 1.65 PA, Vyias=0.1V, T=100K), very high detectivity
of the detectors, and the high-temperature operation offer®* =3% 10° cm Hz/4W, T=100K), and reasonable per-
the highly desirable possibility of using cost effective Peltierformance for a temperature as high as 150 K, all of which are
and air-cooled systems. Moreover, since the quantum dot§'Portant milestones in the development of normal-
are based on the mature GaAs-based technology, they do n€idence vertical QDIPs. _
suffer from the large interface instabilities or etch-pit and ~ The quantum-dot detectors were grown @00 semi-

void defect densities that plague the mercury cadmium tellulnsulating GaAs substrates using a solid source Varian Gen-Il
ride detector§. molecular beam epitaxy system with an uncracked, As

High quality, defect-free quantum dots have been growrCUrce- The heterostructure and device schematic of the de-
by self-organized epitaxy and have been incorporated int(T)eCtgl';S %rf shown in Fig. (4. .A 0.5um GaAs(rl=2
many electronic and optoelectronic devices. Recently;‘we > 10%cm ) bottom contact was first grown at 620 °C, fol-
and several other group® have demonstrated normal- lowed by a 250 A undoped GaAs layer. The substrate tem-
incidence far-infrared detection in the range of 5—1m, perature was lowered to 500°C, and 2.2 ML of InAs dots

using intersubband transitions in self-organized quantumWere grown. The th fqrmanon process was monitored by
. . .. _observing the transition in the reflection high energy electron
dots. However, the large dark current in these devices limits;. . :
. . o iffraction pattern from a streaky to a spotty pattern, which
their operation to less than 80 K. This increased dark curren - .
occurred at~1.7 ML. Silicon was used to directly dope the

_could be attributed to the long mte_rsubband rt_'-zla>_<at|on t'medots with an electron concentration of 0.5x10%cm—2 in
in the quantum dots. Due to the increased lifetime of the

. S ) ) order to provide carriers for absorption. A 15 s pause was
excited states, a significant fraction of the carriers pOpmat‘ﬁqtroduced to enable the dot formation process. A 250 A

the excited states of the dots. Since the thermal activatio[]ndoped GaAs barrier was then grown, and the barrier and
barrier for the excited state is significantly lower than for thedot layers were repeated ten times. Thén the substrate tem-
ground state, there is a large thermionic contribution to th‘?)erature was ramped to 620 °C for the growth of a current
dark current. It is important to note, however, that this i”'blocking 400 A Ap-Ga,-As layer and a 0.Lm GaAsh
creased intersubband relaxation time also leads to efficienLZXlolscm—s) contact iayer.

Low-temperature  photoluminescence measurements
dElectronic mail: pkb@eecs.umich.edu were performed on the as-grown wafer and the ground state
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(b) FIG. 2. (a) Spectral response of the detectoffat 78 K for V;,s=0.1 V due

to bound-to-continuum transitions in the ddb) peak detectivity and re-

. . . sponsivity of the vertical QDIPs at 100 K.
FIG. 1. (a) The heterostructure and device schematic of a vertieain ponsvity vertical Q

InAs/GaAs quantum-dot detector with a current blocking /&8a, ;As layer.

The metal contacts are ring shapg) dark current measured for the .
quantum-dot detector at different temperatures. Thus, the barrier could be used not only to decrease the dark

current, but also to tune the position of the spectral response
interband transition was observed at 1.17 eVTat17K.  Peak. This is especially useful for two-color imaging appli-

Vertical quantum-dot detectors with ring contacts were fabCations where, in the same epitaxial sample, quantum-dot
ricated using standard photolithography and wet etching@Yers With the barrier could be used for mid-wavelength
techniques. Ni/Ge/Au/Ti/Au contacts were evaporated, and€tection and quantum-dot layers without the barrier could
the sample was annealed at 400 °C for 1 min. Dark currenp® used for long-wavelength detection.
measurements were performed at different temperatures us- - notocurrent measurements were performed for tem-
ing a HP 4145B semiconductor parameter analyzer. The daferatures in the range of 78 to 150 K using a calibrated 800
current at various temperatures is shown in Fin)1The K blackbody source and f3 optics. Radiation from the black-
dark current for this quantum-dot detector is extremely lowP0dy was normally incident on the detector. A germanium
(I gan= 1.7 PA, Vpia=0.1V, T=100K) compared to the filter (Ac~ 1.8um) was used to verify that the response was
dark current in a similar quantum well structufég,, "ot due to interband transitions. The photocurrent was am-
=10xA, Vypia=0.1V, T=60K) containing three periods of Plified using a Keithley 428 current amplifier, and an Ono-
doped 80 A I ,:Ga gAS/500 AGaAs quantum wellsn(  Sokki CF-360Z fast Fourier transform analyzer was used to
=1x10"cm 3) and two additional undoped 500 A GaAs obtain the frequency spectrum of the response. The detector
spacer layers between the quantum wells and the contagtgnal was obtained by averaging the response over a 50 Hz
layers'® There is also a distinct asymmetry in the dark cur-bandwidth centered around the chopper frequency, and the
rent curves, and this arises from the asymmetrically place@etector noise was obtained by averaging over a similar
Al, Ga, -As barrier. bandwidth in a signal-free part of the spectrum away from
The detectors were mounted on a leadless chip carrighe chopper frequency. After subtracting the amplifier noise
and inserted into an Oxford Instruments cryostat. The specnd accounting for the overlap of the blackbody spectrum
tral response was obtained using a FTIR spectrometer. Thaith the spectral response of the detecustained from the
normalized responsivity Spectrurth peqa=3.8um, AN/A FTIR measuremejtthe responsivities and detectivities were
=0.3) obtained aff=78K for V,;,c=0.1V is shown in Fig. calculated. Figure (B) shows the peak responsivity and the
2(a). The extremely low bias voltage is compatible with the peak detectivity as a function of bias &t=100K. Even
standard readout circuits used in focal plane arrays. Ththough the measureB* =3x10° cmHZ'YW at T=100K
broad nature of the responsAX/\>0.2) suggests that the is an extremely high value for normal-incidence vertical
transition could be due to a bound-to-continuum transitionguantum-dot detectors, the responsivity is still relatively low
as proposed by Pan, Towe, and KennéMye find that the (R,=2 mA/W). This is because the added AlGaAs layer de-
peak wavelength of the response spectrum is dependent gmnades the transport property of the carriers and decreases the
the composition and height of the AG&, ;As barrier layer.  photocurrent. Figure(8) shows the temperature dependence
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10 cially high due to the extremely low dark current. The re-

i duced gain in the reverse bias could be due to the decrease in
the mobility of the carriers caused by the presence of the
AlGaAs barrier. The sharp increase in the gain under forward
bias conditions suggests that the main contribution to the
gain could be from impact ionization.

In conclusion, we report a mid-infrared InAs/GaAs
quantum-dot detector containing a current blocking
{ Al Gay 7As layer with aX peq0f 4 um, a peak responsivity
108 ‘ N of 2 mA/W, and a very high peak detectivity of 3
75 100 125 150 X 10°cmHZ/YW at T=100K. The device exhibits very
Temperature (K) low dark current and operates until 150 K, improving the
(a) high-temperature performance of normal-incidence vertical
quantum-dot infrared photodetectors. We have also measured
100 a photoconductive gain aj=18 for V;,c=0.3V in these
T=100K detectors.
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