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Depolarization shift of the in-plane polarized interlevel resonance in a dense array
of quantum dots
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We have investigated experimentally the midinfrared normal-incidence response of holes confined in an
array of Ge/Si self-assembled quantum dots. The dots have a lateral size of about 15 nm and a density 3
x 10" cm 2. An in-plane polarized absorption in the 70—90 meV energy range is observed and attributed to
the transition between the first two states in the dots. As the hole concentration in the dot ground state is
increased, the absorption peak shifts to higher energies, its linewidth is reduced, and the line shape is changed
from asymmetric to symmetric. We attribute all features to a depolarization-type effect similar to the case of
two-dimensional systems. We believe that our results provide experimental evidence for the dynamic screening
of an external field by in-plane polarized interlevel collective excitations.

The motion of the electrons in a two-dimensiorfaD) excited state in the dot; the states are associated with in-plane
system is quantized in the directianperpendicular to the confinement and belong to the sameubband. The single-
plane of the layer. The-polarized infrared radiation can be particle level spacing between these states has been previ-
absorbed by a 2D system causing interband transitions in theusly found to be 70—80 me¥Holes in the dots were gen-
well. It is well known that in a dense 2D plasma, the collec-erated by intense interband optical pumping. We find that as
tive intersubband charge-density excitationsesonant the pump intensity is increased, the absorption resonance
screeninglead to a density-dependent blueshift of the inter-moves to higher energies, the absorption line becomes nar-
band resonance away from its single-particle posttaord to  rower, and the line shape is changed from asymmetric to a
a resonance line narrowing for a nonparabolic systéthe  Lorentzian form. To our knowledge, this is the first experi-
renormalization of the intersubband absorption energy due tmental evidence of the depolarization effect in arrays of
collective interactions is called the depolarization shift. SAQDs.

In contrast to 2D systems, additional lateral confinement The sample was grown by molecular-beam epitaxy on a
of carriers in quantum dots makes in-plane polarized transif001) oriented phosphorus-doped Si substrate with a resistiv-
tions between the discrete levels possible. Recently, Metznéty of 5 () cm. It consists of 10 layers of Ge dots separated
and Ddnler* have pointed out that the dynamic many-particleby 10-nm Si barriers. The whole structure was covered by a
interaction may also be effective between electrons oscillat20-nm Si cap layer. The Sb-doping level of the Si layers was
ing in the lateral direction. The very promising candidates~10'®cm 3. Each Ge dot layer consists of a nominal Ge
for the observation of in-plane polarized collective excita-thickness of 10 ML ¢ 14 A ) and was grown at 300 °C at a
tions are arrays of self-assembled quantum d8#&QDs. growth rate of 0.2 ML/s. The Si barriers were grown at
However, for typical growth conditions, the sheet dot density500 °C with temperature ramps before and after Ge growth.
(<10%cm™?) is too low to observe the interdot correlation The deposition of Ge was monitored situ by reflection
effects, which require the carrier density more thanhigh-energy electron diffractiofRHEED); the transition
10 cm™2. Previously we have studied hopping conductionfrom a streaked to a spotty RHEED pattern, indicating the
in arrays of Ge/Si SAQDs, whose density was about 3spontaneous formation of Stranski-Krastanov Ge islands,
X 10'*cm~2.° Such a high value has been achieved by rewas observed after the deposition of about 5-ML-thick Ge.
ducing the Ge growth temperature and increasing the G&tructural characterizations of the Ge dots were performed
growth rate during the molecular-beam epitaxy of the Ge/Sby scanning tunneling microscopSTM) and also by cross-
heterostructures. We have found that the temperature depesectional transmission electron microscéplor the STM
dence of the lateral conductance as well as the typical hopneasurements, a reference sample with only one Ge dot
ping energy are determined by long-range interdot Coulomialyer without a Si cap was grown under the same growth
interaction® It is reasonable to expect that such a systencondition. The SAQDs are found to be dense and small-
could display the dynamic interaction effect as well. sized. The average size of the dot base length is found

The purpose of the present work is to examine directly thearound 15 nm, the height s 1.5 nm, and the dot uniformity
role of collective coupling for the in-plane polarized inter- is about =20%. The areal density of the dots is 3
level absorption of a dense array of Ge/Si SAQDs. Ge/x10'cm™ 2, i.e., from one to three orders of magnitude
Si(001) quantum dots exhibit a type-Il band lineup. The higher than that reported previously in interlevel absorption
large (~0.7eV) valence-band offset characteristic of thisexperiments.
heterojunction leads to an effective confinement of holes in In the dark, the dots contain no holes and the interlevel
the Ge region. The interlevel absorption studied here corretransitions are blocked. To provide holes for interlevel ab-
sponds to the transition from the hole ground state to the firssorption, the sample was illuminated by a halogen lamp with
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Interband =100 mWi/cnt, hy=1.85eV, andrg=15us, we findn
pump < Dot =5.1x10"%cm 2. For a 3x10'cm 2 SAQD density in
layers each Ge layer, it yields a dot occupation number of about 2

and corresponds to approximately complete filling of the dot
ground statdtwo holes per dot
The photoinduced infrared absorption spectra measured at
different pump intensities are reported in Fig. 1. An absorp-
tion peak is found at 70—90 meV, which is believed to come
from the interlevel transition from the hole ground state to
the first excited state in the ddihe 0— 2 transition should
appear at higher energidat ~140 meV) (Ref. 14]. The
free-carrier absorption associated with carriers that are not
trapped in the dots is also observed at the highest pump
intensity as an increasing absorption towards low energy. At
low intensity, the peak is strongly asymmetric: the absorp-
L tion increases rapidly on the low-energy side of the spectra
60 70 80 90 100 110 and it gradually decreases on the high-energy side. Qualita-
Energy (meV) tively, the asymmetric line shape can be understood from the
following simple consideration. In the absence of collective
FIG. 1. The measured photoinduced absorption at various pumgffects, the interlevel transition is inhomogeneously broad-

intensities. A constant offset is added for clarity. The crosses shoWned. The dominant broadening arises from fluctuations in
the inhomogeneously broadened absorption calculated with(Egs. the dot's sizeL, which give rise to a Gaussian distribution
and(2) with y=1.25(20% dot size homogeneityThe dashed line

depicts the result of fitting the high-intensity absorption line with a

P (mW/cm®): 140

Infrared

Photoinduced absorption

T

. . ] . . 1
Lorentzian function(3). The inset shows schematically the experi- D(L)= exd — (L —L)2/202 1
mental setup. (L) \/Ecr A~ 0)/207], (1)

a 70-W output power modulated around 1.7 Hz for Iock-in\éviz,?rirgtt‘i’olz thg (?Ev)erage qué?gtt(;n'dtgt SSZ((i.)Theb)I/eveDl-(sEp)acmg
detection purposes. The_ pumping beam was f”tered With @<D(L)(d E/dL) 1. Assuming that the interlevel spacing de-
0.35-0.6pm bandpass filter and has a maximum intensity at. .- <as \with increasing the dot's size ds?Lbne obtains

1.85 eV. The transmitted midinfrared radiation supplied by a
globar source was measured using a bolometer with the D(E)=D(L)/EA* 7, @)
lock-in technique. The photoinduced absorption spectra were

taken in a single-pass normal incidence geometry at roonfo simulate the low-intensity absorption line, we fix the po-
temperature(Fig. 1) and in the pump intensities range of sijtion of the absorption maximum, its intensity, andL

40-140mW/crh (measured by a Si photodiodeThe raw  =20%, then takey as a fit parameter, and assume for sim-
spectra were normall_zed by the_: reference spectrum recordeflicity the energy-independent oscillator strenftfiihe re-
without interband optical pumping. sult for y=1.25[Fig. 1 (crosse} can be seen to reproduce

Let us estimate the effect of interband pumping on the dothe measured absorption spectrum very well.
occupation with holes. The hole density photogenerated di- Note that the photoinduced infrared absorption has to be
rectly in the Ge layers can be estimatednasGrge, Where  proportional to the hole density in the ground state of the
G=aP/hv is the generation ratey the absorption probabil- dots. Thus one expects the integrated absorption to follow a
ity, P the pump intensityhv the photon energy, anti.the  linear dependence on pump intensity, which is a signature of
interband recombination lifetime in Ge SAQDs. Fe=1.5  the linear absorption regime in the Si layer. We do observe
X104 P~100mw/cnd, hy=1.85eV, and 7g. such linear behavior &< 140 mW/cn? in Fig. 2a).
=3.9us" the carrier density i=2x10°cm™2, which is As the pump intensity increases, the absorption peak
about two orders of magnitude less than the dot densityshifts to higher energies and becomes more symmetric, con-
Note, however, that when the sample is illuminated, elecsiderably reducing its linewidtfFigs. 2b) and Zc)]. OnceP
trons and holes are photogenerated in the whole structurgxceeds 110 mW/cf the absorption linewidth tends to in-
(the penetration of the 0.6m wavelength light is approxi- crease probably due to screening of dynamic interdot inter-
mately 2um in Si). The nonequilibrium holes diffuse from action by photogenerated free carriers. All these features are
the Si bulk towards the Ge SAQDs and are accumulated ia signature of the collective phenomeénkere realized in a
the dots. Since the hole diffusion length in $L0?  system of laterally confined statéb.
—10° um (Ref. 12]is much larger than the light penetration It should be mentioned that in an electronic quantum dot
length, almost all photogenerated holes can reach and heith a parabolic confinement potential, the position of ab-
captured by the SAQDs; then the injected hole density in thgorption peaks depends neither on the number of confined
dots is given by a simple equatior=P7g;/hv, wherergjis  electrons nor on the presence of the static interaction be-
the carrier recombination lifetime in silicon. Measurementstween them because of the separability of the center-of-mass
of 75;in a reference sample containing no Ge dots with time-motion from the relative motion(generalized Kohn
resolved free-carrier absorption givey=15us, in agree- theorem.!’ However, a nonparabolic system or a quantum
ment with data reported in the literatuf® Assuming P dot with holes can exhibit a deviation from the Kohn
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and extract a linewidth of P=17 meV corresponding to an
excited-state lifetime of 0810 **s, and an oscillator
(@) strengthf=0.95 that corresponds to an equivalent dipole
length of 0.7 nm for an in-plane oriented interlevel transition
with an energy of 70 meV.
. For the theoretical analysis of the polarization selection
e B rule and the dipole matrix element of the interlevel transition
| . in the valence band of Ge/Si SAQDs, we have used the semi-
. . . empirical tight-binding method with thep®s* atomic or-
bital basis. The strain distribution calculated using the va-
lence force-field model has been taken into accdtithe
calculations were performed for a pyramid-shaped quantum-
dot geometry. The full details of the calculations are beyond
the scope of this paper and will be presented elsewhere. We
would like here only to note that the transition between the
ground and the first excited state is predicted to be in-plane
polarized and characterized by an oscillator strength of 0.7
% ~~~~~ and a dipole length of 0.9 nm, in reasonable agreement with
- , the experimental results.
L ‘ Also from the magnitude of interlevel absorption (4
% % 107 3), we can derive an experimental value of the absorp-
’ tion cross section for one layer of the dots. The absorption
cross section for light polarized in the lateral direction is
(c) . [ found to be 8<10 ®cn?, which is comparable to the value
70 110 150 achieved for an interlevel transition in the valence band of
, . . InAs/GaAs SAQDs (1.8 10 *cnr).2°
Pump intensity (mW/cm’) In summary, we have studied the interlevel photoinduced
absorption of a dense array of Ge self-assembled quantum
dots. As the carrier concentration in the dots increases, a
blueshift of the transition from the hole ground state to the
excited state, accompanied by narrowing the absorption
Beak, is observed. We argue that these observations repre-

shift the ground-state energy towards the continuum andbeNt, to our knowledge, the first experimental manifestation
hence, there should be a redshift in the transition energy, i f a depolarization effect in arrays of mt_eractlng _quantum
contrast to our observation. We thus conclude that the opdots- Unfortunately, there are no theoretical studies of the

served energy shift is not due to charging the dots collective effects for lateral polarization so far, which pre-

In the collective mode. the resonance should be homogev-ems a comparison of the experimental data with theoretical

neously broadenéavith the linewidth determined mainly by results. Therefore, a complete gnd .consistent theqry i_s desir-
scattering mechanisms and not by fluctuations in the SAQ@bIe' We hope that our result will stimulate theoretical inves-

size. Therefore, the absorption can be expressed as tigations of the collective effect in systems with lateral car-
rier confinement.
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FIG. 2. Integrated absorptida), resonance positiofp), and the
full width at half maximum(FWHM) (c) vs pump intensity.
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