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We report far-infrared absorption in directly doped self-organized InAs quantum dots.
Photoluminescence spectra demonstrate a blue shift in peak intensity for increasing doping in the
quantum dots. Far-infrared absorption measurements using a Fourier transform infrared
spectrometer show absorption in the range of 13ga8for quantum dots with Al:Ga, gsAs and

GaAs as the barrier material. @397 American Institute of PhysidsS0003-695(97)02541-2

There is currently a need for sources and detectors in th8ilicon was continually supplied during the InAs growth for
mid and far-infrared spectral regions for applications such agloping levels ranging from nominally undoped to=4
IR spectroscopy for chemical analysis, remote sensing, and 10® cm™3. A 5 s pause was then given to further allow
atmospheric communications. Semiconductor devices basdsland formation following InAs growth. GaAs or
on band-to-band transitions, in HJCdTe and similar materiAlg 1<Ga gsAS barrier layers were then grown at a substrate
als, have had some success in this regime, but are oftéemperature of 620 °C which was ramped at the beginning of
dominated by Auger recombination and need to be coolethe barrier layer growth. The schematic of a typical hetero-
below room temperature. For this reason, many have lookestructure is shown in Fig. 1. Similar samples with quantum
to semiconductor devices based on intersubband transitior§#9ts grown on the surface were examined with atomic force
in quantum confined structures. Quantum well devices suchlicroscopy(AFM) indicating an estimated base dimension
as intersubband detectdréand the quantum cascade I&der 0f 150 A, height of 70 A, and a dot density #0cm™2. The
have demonstrated much success in this regime. Quantuffpped samples were grown consecutively to avoid growth
dots provide two unique advantages for this application: thdluctuations in order to obtain reproducible dot formation.
intersubband relaxation timeéshich control detector noige The samples were first characterized by photolumines-
in this nanostructures are100 ps at room temperature due ce€nce(PL) measurements at a temperature of 18 K with a
to reduced electron-photon interacticand, unlike quantum HeNe(A\=632.8 nm laser, lock-in amplificatiopa 1 mspec-
wells, quantum dots are sensitive to normal incidence photofometer, and a cooled photomultiplier tube for detection.
excitation. With recent success in fabricating high qualityThe PL spectra for InAs/GaAs quantum dd@Ds) with
quantum dots through self-organized groftit is of im-  various doping levels under the same excitation power den-
mense interest to examine the intersubband absorption chailly demonstrate a blue shift in peak intensity with increasing
acteristics of these structures. Far-infrared absorption ha€oPing(Fig. 2), due likely to state filling effects in the quan-
been reported for charged InGaAs/GaAs quantumladms tum d_ot. This is cqntrary Fo a rece_nt report which '_shows ared
wavelengths>20 um. Midinfrared photoconductivity has Shift in PL with increasing doping for modulation doped

been reported for delta-doped InAs/AlGaAs quantum doténAS/ GaAs quarltum ths’ W,hiCh was attribgted to b"?‘”o.' gap
near 3um for subband to continuum transitioFsWe be- renormalizatiort? For increasing doping, an increase in line-

lieve this is the first report of far-infrared absorption in quan-WIdth and deprease n peak intensity is Qbserved, most likely
tum dots in the range of 10—2@m, important for spectros- due to the incorporation of nonradiative |mpur|t|e§. For
copy and image recognition. samples grown on Jh:Ga gAs, the PL peak |nten5|t.y is
Directly doped InAs quantum dots grown on GaAs andobserved at shorter wavelengths as compared to GEigys

Aly 1:Ga sAs were studied. The samples were grown On3) due to the increased barrier height. In all cases, only a
se?#i—insjlating GaAd00 substrates in a Varian Gen Il mo- single peak is observed in the PL spectra of the dots. With
lecular beam epitaxy(MBE) system. The GaAs or
Alg 1:Ga, gsAs barrier layers were first grown, following a

GaAs buffer layer, at a substrate temperature of 620 °C. The 02 pm Gaas

substrate temperature was then ramped to 500 °C during the 0.2 um GaAs or Al | Ga, _ As barrier
end of the barrier layer growth with a 10 s pause prior to the n-doped InAs Quantum Dots

InAs growth. A nominal thickness of 8.4 A of InAs was then —‘—L—LLL
grown at a rate of 0.3 A/s. Examination of the reflection 02 pm Gads or Al,(Ga, g As barrier
high-energy electron diffractioRHEED) spectrum during 0.2 pm GaAs buffer layer
growth showed a transition from streaked to spotty, indicat-

ing 3D island formation after about 18 s of growth in all 8 §.1. GaAs Substrate =

cases corresponding to a nominal thickness of 5.6 A of InAs.

FIG. 1. Schematic of MBE growth structure for photoluminescence and
Ipkb@eecs.umich.edu far-infrared absorption spectra measurements.
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FIG. 2. Photoluminescence spectra of InAs/GaAs quantum dots of varying '§
doping levels. z l Gads
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increasing excitation, a blue shift in PL peak intensity is
observed, but clearly defined peaks corresponding to excited
state transitions in the quantum dots are not observed.

AlGaAs
barrier

For far-infrared absorption measurements, a multireflec- 60 70 8}‘; 90 V1°° 10 120
tion waveguide geometry was used to increase net nergy (mev)
absorption”® as shown schematically in Fig. (a. ®)

Waveguides of dimensions 1.2 cm 1 cm were fabricated

with polished backsides and polished 45° facets for optimunf!G. 4. Schematic ofa) multireflection waveguide geometry used for FTIR
light input and output. Absorption measurements were madggtssomﬁncgizs:r:grxrg dmi';ﬂ;ﬁs;orbame spectra of InAs quantum
with a MATTSON Cygnus 100 Fourier transform infrared 157 '

(FTIR) system with a lamp source and a jNooled wide-

band HgCdTe detector. The resolution of the measurementsance are not from the GaAs substrate, a comparison was

taken is 2 cm? corresponding to 0.25 meV. Absorbance made to the absorbance of the GaAs substrate with respect to

was determined by air.
Se Measured absorbance spectra are shown in Fig. Bor
A= log _GaAs ) (1) the sample grown with GaAs barriers, a strong peak is
Ssample clearly observed at 70 meV which we believe is due to in-

where Sq;mpe @nd Sgaas are the single beam outputs of the tersubband absorption in the quantum dots. It should be
sample to be measured and a waveguide fabricated from theoted that the cutoff of the measurement sysigi@tector
same GaAs substrate as the grown structure, respectivelgnd beamsplittgris at 50 meV where the detected signal
Due to the spectral nature of extinction coefficients, twobecomes weak. Because of this, the peak observed is not of
waveguides of the same material differing only in lengthtrue shape or absorbance value, though a strong enough sig-
may also show spectral absorbance features when comparingl is detected to be certain that the peak is truly an absor-
the two. To be certain that the features observed in absobance peak from the sample. For the sample grown with
AlGaAs barriers, a peak at 89 meV is observed which we
believe to be due to intersubband absorption in the quantum
P, = 500 Wiem? dots. With the absence of distinguishable peaks in the PL
T=18K spectra corresponding to excited state transitions in the quan-
tum dots, it is not clear whether the far-infrared absorption is
due to subband-subband or subband-continuum transitions.
Additional peaks are observed which we will identify as fol-
lows. A sharp, but weak, peak is observed at 86 meV corre-
sponding to CQ absorption from differing levels of the
gases between measurements. A broad base-line peak is ob-
served between-75 and 100 meV, and a narrower peak at
97 meV are due to spectral features occurring from
waveguides of varying length, as confirmed by absorbance

1 '112' T3 L4 Ls spectra of GaAs as compared to air.

Energy (eV) In conclusion, we have examined the properties of di-

rectly Si-doped InAs/GaAs and InAs/Ga,gsAs self-

FIG. 3. Photoluminescence spectra of InAs/GaAs and InAsiSla, As ~ Organized quantum dots. A blue shift in PL spectra peak
quantum dotsf=2x 10" cm3). intensity is observed with increasing doping for InAs/GaAs
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