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Intersublevel transitions in INAs/GaAs quantum dots infrared photodetectors
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Thermal generation rate in quantum dé@D) can be significantly smaller than in quantum wells,
rendering a much improved signal to noise ratio. QDs infrared photodetectors were implemented,
composed of ten layers of self-assembled InAs dots grown on GaAs substrate. Low temperature
spectral response shows two peaks at low bias, and three at a high one, polarized differently. The
electronic level structure is determined, based on polarization, bias, and temperature dependence of
the transitions. Although absorbance was not observed, a photoconductive signal was recorded. This
may be attributed to a large photoconductive gain due to a relatively long lifetime, which indicates,

in turn, a reduced generation rate. I®98 American Institute of Physics.
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The research of quantum dot®Ds) was greatly ad- center by Si to a nominal donor concentration of 1-2
vanced by the rediscovering of the Stranski—Krastanovx 10 cm 2 The dot density is between 2 and 4
growth method. Using this relatively simple method, self- x 10'° cm 2. Because of the small spacing between the lay-
assembled QDs with a narrow size variance, and a high suers the QDs are stacked on top of each other along the
face coverage efficiency are grown using molecular beangrowth direction while their in-plane positions are random.
epitaxy, making use of the strain between lattice mismatche@he concentration of dots per layer is constant, and the pe-
semiconductor§:® riodicity of the structure along the growth direction is excel-

Several theoretical models of the electronic structure ident (+/— one monolayer These layers were sandwiched
QDs have been proposed to account for the observed in- between top and bottom AlAs/GaAs undoped superlattices.
tersublevel energie¥'>The agreement between theory and The dots are found to be lens shaped, with an average diam-
experiments still remains controversial. Indeed, the shapeter of 20 nm, and an average height of about 3hifhese
and sizes of the QDs which strongly affect the electronicdots can contain up to two electrons in theshell and four
levels, are not accurately determinéd. in their p shell. The doping concentration was set such that

Intersublevel transitions in the conduction band of QDsthe free electrons will partially fill the dots, without spilling
were first studied using a combination of capacitance an@Ver to the barriers, to avoid vertical conduction by free elec-
far-infrared (IR) spectroscopy®~*? transitions in both con- trons in the barrier layers.
duction and valence bands were observed. Mid IR photocon- Attémpts to measure infrared absorption were made us-
ductivity was observed in self organized InAs{AlGaAs  INg &45° wedge. The configuration of the incoming IR beam
clustersi Its interpretation, however, was difficult due to the IS Set either in the (electric field parallel to the layer plahe
complexity of the sample. The studies of both conduction®" P Polarization(perpendicular to the layer plapelransi-
and valence intersublevel transitions using photoinduced IFIONS Polarized both in the layer plane and perpendicular to it
spectroscopy on both undoped and doped samples hay be observed in the latter configurati@s 50% of the

greatly advanced the knowledge on the subject/ We have component of the electric field is along the growth axi¢o

recently reported preliminary results of implementing quan_absorptlon was obtained from the ratio between ghand

tum dot infrared photodetectdt.In this letter we report the the p-polarized signals. . :
. S . " : Two types of detectors were fabricated. One in a con-
investigation of intersublevel transitions in QDIPs. The pho- . .

. ) - ventional quantum well infrared photodetect@W!IP) con-
toconductive spectral response is analyzed, along with it

o ﬁguration, i.e., a mesa structure with vertical contacts, in the
polarization, voltage dependence, and temperature depeg'direction on bottom and top of the structuieset in Fig
dence. ' '

. . o . . The mesas were 26(R00um? with alloyed AuGe/
The structure investigated in this study is composed o ) o y

i/Au contacts. Typical detector resistances were(b &
ten layers of self assembled, InAs dots grown on a GaA?oom temperature and increased to 20 &t 13 K, quite

substrate. The InAs QDs [ayers were separateo! by 1_0 NBwer than the anticipated resistance for the nominal doping.
GaAs barriers. These barriers were deitaloped in their e high conductivity indicates either a much higher popu-
lation of the dots than designed, or electron tunneling due to
3Electronic mail: finkman@ee.technion.ac.il coupling of the dot layers through the narrow barriers. Lat-
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FIG. 1. QDIP responsivity as a function of photon energy at parallel polar-FIG. 2. QDIP responsivity as a function of temperature. Spectra are unpo-
ization (dotted ling and at 45%full line). Measurement taken at 13 K with  larized. Measurement taken with a bias of 4 V. The spectrum at 77 K is
4 and 10 V biases. Two insets on upper left show device geometries. Insénultiplied by eight.
on the right—responsivity of a lateral QDIP.
where p is the momentum operator for the corresponding
eral devices were also implemented using two contact on thigansition. Conceptually, treating the QD as a box with infi-
mesa top(Fig. 1) to investigate the possibility of observing nite confinement potentials, with a thickndss=L, and lat-
photoconductive signal with transport in the plain. It  eral dimensions ot,=L =L, the wave functions in the
should be emphasized that lateral detector structures canniotegral are three dimensional:
function in QWIPs, since the highly populated well layers
. . [ mngXy [ nyy ™N,Z
shorten the contacts. In QDs the electrons are confined in all 0= UnxWnyWns™ sm( sm( y ) 2
three dimensional(3D) therefore a lateral detector can be Ly Ly Ly
implemented. The 501000um? mesas were etched to the  The levels are represented schematically in Figth@
semi-insulator substrate. Typical resistance of the |atel‘3énergy scale in this figure is arbitraryrhe ground QD level
QDIPs was 1.5 K at 13 K. has the quantum numbens,n,,n,=1,1,1 and can contain
Photoconductive spectra were readily obtained using &vo electrons. The second level is 1,2,1 or 2,11 L)
Mattson Cygnus 25 Fourier-transform infrar@€r'IR). Spec-  with a degeneracy of 4, and so on. The integral defining the
tra taken for the vertical detector at 13 K, with bias of 4 andiransitions between levels has the form:
10 V, are presented in Fig. 1, for both polarizations. For the P
4V bias, two distinct lines are observed. One peaked at 85 e
meV with full width at half maximum(FWHM)=26 meV, f f f Yty iz IXk Viclrydrdxdydz ®
the other at 185 meV with FWHM37 meV. The 185 meV \yherex, =x,y,z. Polarization selection rules will be deter-
transition is almost completely polarized along the growthmined by the nonzero terms of this integral. Only transitions
direction(the allowed transition in QWIPsand the 85 meV
peak is observed in bothandp polarizations, indicating that . o o .
this line is polarized mainly parallel to the layers. The peak 2 F>~—FA e Pl e
energies are almost independent of applied bias. For the 10 V
bias a third line is observed at 120 meV with 4 j——" =& 4~ N N 122)212)
FWHM=25 meV polarized again parallel to the layers. The b -~ %QWE
intensities of the 85 and the 120 meV peaks increase gradu-
ally with bias. An inset in Fig. 1 shows the responsivity of a ) a N j/_\ 1
lateral device, indicating the same transition energies. Note i N N
that both normal and parallel polarizations are observed in 2 34>§ m 1
this configuration. 85 meV R
Temperature dependence of the spectra for the vertical 4 iélﬁ ] N 3/ \E azn,ei
device wih a 4 V bias is shown in Fig. 2. With increased il120mev L |185 mev
temperature, both lines shift to higher energies, the intensity
of the low energy line decreases, along with a decrease of the 2 ﬁ/_\g j/\g = am
high energy linewidth. There was no significant change in < > y - "
the maximum intensity of the 185 meV peak up to 65 K,
from there on it decreases rapidly. This decrease is attributeflG. 3. Schematic representation of the wave functions for the first energy

to artifacts associated with the fast drop in the sample resié(_evels in a quantum dot. Arrows represent the only allowed transitions from
. g the first and second levels. The allowed polarization is also indicated. The

tance, and a Saturat'on. of the a.m.pllfler. . notations at the right correspond to the associated quantum numbers

The optical absorption coefficient for the transition from (n,,n,,n,). The numbers at the left hand of the figure denote the level

sin
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leveli to f in a QD is proportional to the integral: degeneracy. The transitions observed in the experiment are denoted by their
) approximate energies. Energy values and the spacing are not to scale and are
| (unlplup P, ) ety _ _ .
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with An=1, from the first and second levels, are consideregroportional to the product of the absorption coefficient and
here, as these are by far the dominant dfiéhe presence the optical gain. The striking difference between measure-
of the derivative in the integrand implies that the allowedment of the photoconductive signal, which was easily at-
transitions are between energy levels in whith=1 only  tained, and the absence of absorption signal, indicates a rela-
in one direction. These allowed transitions are those marketively large gain. This may be compared to the situation in
with arrows in Fig. 3. Those designated wittare allowed QWIPs in which there is usually no photosignal where the
with in-plane polarization, and those withare allowed with  absorption is absent. The most plausible interpretation is that
polarization along the growth axis. the gain, which is proportional to the ratio of the lifetime to

As stated before, the geometry of our dots allows athe transit time, is much larger in QDIP than in QWIP, indi-
maximum of six electrons to occupy each. The chosen dopeating a large lifetime in QDIPs.
ing concentration was designed to fully populate the lower .
dot level, and partially populate the second one. Only tran-  1he authors would like to thank D. Schoenmann for de-
sitions from these levels are expected to be observed. WPted technical assistance. This research was partially sup-
tentativelyassigned three of the transitions in Fig. 3 with thePorted by the Israeli Ministry of Science and Technology.
appropriate peak energies of Fig. 1. This designation idwo of the authorgP.P. and \_].G.recelved financial support
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