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Midinfrared absorption of PbSe/Pb,_,Eu, Te quantum dot superlattices in IV-VI microcavities
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The midinfrared absorption of highly ordered self-assembled Pb$e/Ply Te quantum dot superlattices is
investigated. A different approach is used for quantitative determination of the absorption spectrum of the dot
superlattice by inserting it into a high-finesse microcavity structure with a small mode spacing and
Pb, _,Eu, Te/EuTe Bragg mirrors. For such microcavities, we show a linear relation between the width of each
cavity resonance and the extinction coefficient at the resonance energy. Thus, the absorption spectrum is
experimentally determined from the resonance widths. It reveals a narrow peak arising from the quantum dots
and a step from the two-dimensional wetting layers. The peak absorption coefficient of the dot ensemble
amounts to 2.5 10* cm! and is similar to that of the wetting layers. We also present calculations of the
dispersion of the absorption coefficient based on model dielectric functions of quantum dots and wetting layers.
From a fit to the experimental absorption spectrum, we deduce interband transition energies as well as corre-
sponding oscillator strengths and level broadenings. The broadening of the dot transition due to dot size
fluctuations of the large quantum dot ensemble is only 8.7 meV, confirming the exceptionally high dot size
uniformity in the PbSe quantum dot superlattice.
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I. INTRODUCTION studies on single dofsTherefore, the improved size homo-
geneity found in multilayers or superlattices of self-
Nowadays a great deal of research in semiconductor physssembled quantum dots due to the ordering of the dots in-
ics is devoted to systems with reduced dimensionality. Thigluced by their interactions via their elastic strain fields has
is due to the multifaceted physical effects originating fromrecently become an object of intense stifiy}? We have
the energy quantization that can be found in such systemgpplied this concept to molecular-beam epitd}yBE) of
which has led, e.g., to drastic improvement of optoelectronig\-Vv| semiconductor compound® demonstrating a very
devices: In particular, reducing the dimensionality to zero so high size homogeneity caused by the efficient lateral as well
that free carriers are confined in all three directions results iys vertical ordering in PbSe/PbEuTe quantum dot
an atomlike density of states with spikes at the energy syperiatticed?**As a result, three-dimensional quantum dot
levels:™" Such, quantum dots have been employed to reducgyystals were obtained with the dots arranged in a trigonal
the threshold in semiconductor lasers significahtly. lattice with face-centered-cubic-likeA-B-C-A-B-C- - . -
-16
used for the fabrication of zero-dimensior@D) structures. This quantum dot arrangement is unique to the IV—\./I com-

One method is the direct synthesis of self-assembled dots b - . . .
the Stranski-Krastanow growth, which vyields defect-free.‘“¥0unds due to their high elastic anisotropy, which strongly

quantum dot” as is essential for device applicatigh&This influences the elastic interaction between the growing dots

approach is based on heteroepitaxy of highly strained |ayerfén theﬂsurface and those buried in the previous superlattice

leading to spontaneous formation of nanometer-sized cohef?Y®'s: o
ent islands on the epitaxial surface. The island formation DU€ to the narrow size distribution and the excellent con-
starts at a certain critical layer thickness and is driven by thdro! of the absolute size as well as lateral distance of the dots,
strong reduction of strain energy allowed by the growth ofour PbSe dot superlattices are major candidates for optoelec-
such freestanding islands. For highly strained layers, this relfonic applications where precise tuning of the optical and
duction of strain energy by far outweighs the increase irelectronic properties is of crucial importance. Owing to their
free-surface energy. Thus, defect-free islands are gaine#iarrow-band gaps, all IV-VI semiconductdisad salt com-
When embedded in a higher band-gap matrix material, suchounds show emission in the midinfrared range, and have
self-assembled quantum dots have shown excellent elethus been widely applied for fabrication of midinfrared diode
tronic properties due to the effective confinement of free cartaserd®=2! and detectorfé for high-resolution gas spectros-
riers. copy and analysis. Although much progress has been
For practical applications of self-assembled quantum dotschieved with long-wavelength 11I-V quantum cascade lasers
in devices such as quantum dot lasers performance limitaand type Il antimonide lasefs;?° electrically pumped lead
tions were observed due to the size and shape variations eélt lasers are still the only commercially available semicon-
large dot ensembles, leading to a considerable inhomogetuctor laser sources for the 3—am range. This is due to
neous broadening of the luminescence emission lines ake facts that the IV-VI compounds exhibit nearly symmetric
compared to the sharp almastike emission found from the conduction and valence bands at the direct energy-band gap
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and up to two order of magnitude lower Auger recombina-PbEuTe due to the 5.4% lattice mismatéf®The dot super-
tion rates than for InSb or HgCdTe of comparable values fotattices were grown at 360 °C deposition temperature by al-
the band-gap® ternating 5 monolayers(ML) of PbSe with 480-A

In the present work, we have studied the dispersion of théb, — Eu Te spacer layers on a PhEu Te buffer layer with
absorption coefficient of PbSe/PhEuTe quantum dot su- growth rates of 0.13 ML/s and 4.9 A/s for PbSe and
perlattices. For these structures, grown on transparenj BafPb—xEuTe, respectively. Under these conditions, the dots
substrates, the absorption of the dots is not directly acced? the superlattice are aligned in directions inclined by about
sible by simple transmission and reflectivity measurementg9° 10 the growth direction and thus, form a nearly perfect
due to the pronounced multiple reflection interference fringes$D lattice with fCC'“keABC'AZBC" -+ stacking.” An areal
in the optical spectra. These interference fringes are causétPt density of about 25um™? (lateral separation 680 A),
by the large difference in the refractive indices of the Iv-v| @0 average dot height of 120 A, and a base width of 300 A

layers and the BaFsubstrate. As a remedy to these prob_With a relative full width at half maximum of the dot size

lems, we have applied IV-Vi-based ultra-high-finesse micro distribution of about*10% is observed for superlattices

cavities for the midinfrared as optical probe for the PbSe \[IJV;: dtn(;reet::rn GSfblf)/Eesz;e v?/—:he iﬁéﬂ%&iiﬁncgﬁgn&?e
guantum dot superlattices. Microcavities with high- gap gy of Pb.EU, g

reflectivity Bragg interference mirrors and a length com a_and the larger band gap of PbTe as compared to PbSe lead to
y 99 9 Pay significant quantum confinement of the free carriers in the

rable to the optical Wa_velength have_met immgnse interes%t iBpse dots. In bulk material, the energy gapé K amount to
the last few years owing to the|_r unique physical propertles422 meV and 146 meV for RlEwTe and PbSe,
such as the appearance of cavity polaritdrad their high respectively#*

potential for device applicatiorfS.Here, we have used mi-  The dot superlattice is sandwiched between two high-
crocavities similar to those employed for the fabrication ofyefiectivity Bragg mirrors each consisting of 3 periods of
m|d|nfrare3((j)_3ls\/—VI vgrucgl—cawty surface—emlttm% lasers quarter wavelength EuTe/RPHEUy ocTe bilayers with a
(VCSEL9*~**operating in pulsed mode up to 65 *€. thickness of 5130 A and 2530 A for EuTe and;PtEu, Te,

For quantitative investigation of the midinfrared absorp-respectively. The mirrors were grown at a temperature of
tion of the dots inside the cavity, we have developed a dif260°C in order to achieve two-dimensional growth for
ferent method based on the evaluation of the width of theEuTe3® Because only one Eu effusion cell was available in
cavity resonances. From theoretical calculations, this widthhe MBE system the Ry Eu, ggTe mirror layers were depos-
is shown to depend linearly on to the absorption of the maited as short period superlattices of 40 A PbTe alternating
terials inside the cavity. This approach is then applied towith 13 A Pl Eu, sTe. Due to the very high refractive in-
microcavities filled with an ordered PbSe quantum dot superdex contrast between Pb,Eu,Te and EuTe Ifg,1=2.3 and
lattice for quantitative experimental determination of the dis-Np, ey 1e=95.5), @ mirror reflectivity exceeding 99% is
persion of the quantum dot absorption coefficient in the specachieved. This is essential for obtaining a cavity with a high
tral range of the stop band of the cavity Bragg mirrors. Thefinesse?’31-33
experimental findings are compared to theoretical calcula- Figure Xb) shows a cross-sectional scanning electron mi-
tions, which unambiguously confirm that the measured aberoscopg SEM) image of the complete microcavity structure
sorption arises from ODO(quantum dot and 2D (wetting  with a 10-um-thick cavity filled with a 3um Ph _,EuTe
layen systems. These calculations are based on a model fdwffer layer and a 140-period PbSe{PkEu, Te quantum dot
the dielectric function of bulk lead salt materidfswhich is  superlattice. The material contrast between the different lay-
extended here to cover also low dimensional structuresers was enhanced by selective plasma etcfifithe unique
From our absorption measurements, we find a very narrowrdering of the dot superlattice in the cavity is revealed by
spectral width of the PbSe quantum dot absorption peak ahe transmission electron microscofeEM) image in Fig.
only 9 meV due to the exceptionally narrow size distribution1(a), clearly showing the inclined dot alignmefsiee dashed
of the dots. Finally, our results are also compared to recerlines). Apart from these microcavity samples, we have also
optical studies on spherical IV-VI nanocrystals in glassinvestigated the optical transmission of PbSe quantum dot

matrices>>® superlattice reference samples without a microcavity struc-
ture.

Midinfrared transmission measurements of the samples

Il. SAMPLE STRUCTURE AND EXPERIMENT at temperatures between 20 K and 300 K were performed

using a Bomem DAS8 Fourier-transform spectrometer with a

The high-finesse V-Vl microcavity samples filled with continuous flow He cryostat and InSb as well as HgCdTe
the PbSe quantum dot superlattice were grown by MBE ont@jetectors.

(111) oriented Bak substrates using compound effusion
cells for PbTe and PbSe, and elemental sources for Eu and
Te. The Eu concentration in the ternary,PkEu,Te was
adjusted by the ratio of the PbTe to the Eu beam flux with an
excess Te flux for a correct stoichiometry. The pyramidal For the determination of the dot absorption, an important
shaped self-organized PbSe quantum dots were formed dumpproach for evaluating the dispersion of the absorption co-
ing Stranski-Krastanow heteroepitaxial growth of PbSe orefficient of materials placed inside a thick microcavity with a

Ill. THEORETICAL APPROACH FOR EVALUATING
THE ABSORPTION IN A MICROCAVITY
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('ﬂ;l)'vBa,;z slboitate FIG. 2. Calculated transmission spectrum of a thick high-finesse
] microcavity with an absorber without dispersion in it in the region
of the Bragg mirror stop band. The order of three cavity reso-

. . nances is indicated.
FIG. 1. (a) Cross-sectional TEM image of the PbSe{PfEu, Te

quantum dot superlattice inside a microcavity showing the ordering . L .

of the dots.(b) Cross-sectional SEM image of the complete micro- NITOW cavity resonance peaks in it. The cavity mode spac-

cavity structure (1220 consisting of two 3-period NG is only 10 meV due to the large thickness of the

EuTe/Ph_,EuTe Bragg mirrors and a 1@m-thick cavity filled ~ résonator.

with the 140-period PbSe/Pb,EuTe quantum dot superlattice. The influence of the extinction coefficiertof the cavity

The sample structure is indicated in the image. material on an individual cavity resonance is plotted in Fig. 3
for the mode with the orden=21. It is clearly seen that the

small spacing of the cavity resonances and a high finesse j§sonance wujtk(dotted I|_ne$ is increasing and the reso-
used. In this case, the light confined in the resonator if1ance _helght is decreasing dl.Je _to enhanced damping with
strongly enhanced due to the high quality factor of the cavity;.ncreaimﬁ"' _The pea;)k tra;\nsmlssmn ShOW.Z ﬁ §trongly n0||1—
and thus a high sensitivity for the determination of the cavityInear behavior Or, utt € resonance wi t Increases al-
absorption is gained. Our approach is based on measuri ost linearly with increasing values af. Therefore, it is

the full width at half maximunw of all cavity modes, which nvenient to use the width to extract the extinction coeffi-
linearly depends on the imaginary part of the refractive index@ent: T_h's is shown in Fig. (), by plotting the widtiw of .

of the cavity materials. The imaginary part of the refractiveth,ree different resonancem 21,27, and 32, see arrows in

index (the extinction coefficienk) is responsible for absorp- 19+ 2 @s a function ofx. The widthw is taken from a
tion in a medium.x is directly related to the absorption co-

efficient o via ST T T T T T
m =21
< 1
2
4k ! <
a=—=, W 5 4l |
[2)
2
where A denotes the wavelength of the light in vacuum. % 2t -
Thus, we can extract the absorption coefficient from theg
width w of a cavity mode at the energy position of this mode. =
The mode spacing of the microcavity is, therefore, the reso- r
lution for the energy dispersion af.
Figure 2 shows the transmission as calculated by the 0 R S

transfer-matrix methdld for a thick high-finesse microcavity 228 229 230 231 232 233
incorporating an absorber without any spectral dispersion. Energy (meV)

The cavity structure consists of high reflectivity
EuTe/Ph_,EuTe Bragg mirror§’ and a rather large thick- FIG. 3. Calculated transmission of the 21st-order cavity reso-
ness of 10um, as described in Sec. Il. The transmissionnance of the microcavity in dependence of the extinction coefficient

spectrum exhibits a broad mirror stop band with essentially of the cavity material. The width of the resonances is indicated by
zero transmission from 204 meV to 366 meV and with 17the dashed lines.

245321-3



T. SCHWARZL et al. PHYSICAL REVIEW B 65 245321

25 ———————— — T T T
5K
S 20 S
() _
S o
T 15 =
3 c
< i)
o 10 2 Band Gap
= = PbEuTe
0.5 @
o
0.0 =
1 1 1 1 1 i
0.006 250 300 350 400 450 500
? Energy (meV)
g~ 0.004 A FIG. 5. The FTIR transmission spectrum of a 30-period refer-
é ,f,”' | ence PbSe/Rb,Eu, Te quantum dot superlattid®72) at 5 K.
=~ 0.002 |- m =32 . . . : .
measuring the normalized change in resonance width (
—Wwo)/v of all microcavity resonances.
0.000 T ———

0.0 0.2 0.4 0.6 0.8 1.0

L . IV. RESULTS AND DISCUSSION
Extinction Coefficient x

A. Transmission measurements of a reference quantum
FIG. 4. (a) Calculated widthw of three cavity resonances of the dot superlattice

order ofm= 21,27, and 32 as a function of the extinction coefficient ) L . )
«. (b) Calculated normalized change in resonance width ( For prz_acncal appllcatlonsl of quantum dot superlattices, it
—wy)/v for the three resonances as a functioncof is essential to know the optical density of the dots. For that
purpose, we first measured the Fourier-transform infrared
o ) (FTIR) transmission spectrumt & K of a 30-period refer-
Lorentzian fit to the resonance peaks, and indeed for all threg,ce superlatticésample 972 as shown in Fig. 5. In this
modes we find a linear relation betweerand «. However,  |ow-temperature transmission spectrum, an absorptive region
the slope is notably different for the various modes. This iScan be observed above an energy of about 320 meV. The
due to the fact that the cavity mirror reflectivity is still en- energy-band gap of the Ph,Eu Te buffer and spacer layers
ergy dependent inside the stop bdftds highest in the cen- is revealed by the transmission cutoff at about 460 meV. A
ter of the stop band, see, for instance, Ref). Bince each  etajled analysis of the dispersion of the absorption from the
individual resonance width is directly connected to the '€-quantum dots is obviously not possible from such measure-
flectivity at the resonance position the modes do not ex- ments due to the strong interference fringes inherent in the
hibit (even for«=0) the same line broadening over the full transmission spectrum. These interference fringes and their
stop band width. In addition, the absolute resonance width strong dispersion arise from the exceptionally high refractive
increases for modes at higher energies proportional to thgydex of about 5—6 for the lead salt materials as compared to
mode energy. To take these factors into account, we plotinn—=1 4 of the transparent BaBubstrate, which leads to the
Fig. 4(b) the changein the relative resonance widtw(»)  strong multiple reflections at the layer/air and layer/substrate
with respect to the widthvo/v) for k=0 as a function ok. interfaces. Therefore, we used the approach described in Sec.
Clearly, this normalized change in resonance width ( ||| for the determination of the dispersion of the absorption
—Wp)/v shows the same linear dependence on the extinctiogoefficient. This is outlined in the following section.
coefficient for all three resonances with a slope of 7.5
x 10" 3. Therefore, using the resonance widths of the un-
damped cavity as a reference, the extinction coefficiecan
be directly deduced from the measured cavity resonance
widths using Fig. &). The small remaining deviation at To gain direct access to the extinction coefficient and ul-
large « in Fig. 4(b) arises from the inaccuracies of the timately to the absorption coefficient, we place the quantum
Lorentzian line fits to the resonances, especially near thdot superlattice in a thick high-finesse microcavisample
edges of the mirror stop band where the transmission start220 as described in Sec. Il. According to Sec. lll, the nor-
to increase. Our theoretical analysis demonstrates that imalized change in resonance width{ wg)/v of all micro-
thick microcavities it is possible to determine quantitatively cavity resonances has to be gathered. Thus, the widbf
the energy dispersion of the extinction coefficianbf the  the cavity resonances with the absorbing quantum dot super-
cavity materials within the Bragg mirror stop band region bylattice inside the cavity as well as the reference widthf

B. Evaluation of the PbSe quantum dot absorption
in a microcavity
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FIG. 7. Dispersion of the extinction coefficiert of the quan-
tum dot superlattice at 10 K. Left-hand scale: normalized change in
resonance widthsw{—w)/v for all resonances of the quantum dot
cavity (1220 vs resonance positiow (filled dotg. Right-hand
scale: corresponding values for the extinction coefficiere text
The full line shows the fitted calculation of the dispersion of the
extinction coefficient. Inset: Stimulated VCSEL emission spectrum
at 10 K from the same sample consisting of two laser lines corre-

" , , L e , R sponding to the cavity resonances with the orders28 and 29
296 297 298 299 312 313 314 315 (indicated as dashed arrows in the main figure

Transmission (rel. u.)

Energy (meV) nance. For example, the 28th-order resonance mode at 10 K

FIG. 6. The FTIR transmission spectrum of the quantum dotand 300 K[see arrows in Fig. @] are about 16 meV apart,

cavity (1220 at 10 K (full line) and 300 K(dashed ling Only the This is plue to th_e fac_t that the effective 'refr.actlve |.ndex of
: : . the cavity material slightly decreases with increasing tem-
central energy region of the Bragg mirror stop band is shown.

perature. A definite assignment of mode numbers is possible
the same cavity but without an absorber inside have to b&#rom transfer-matrix calculations as performed in Sec. IlI.
measured. This is peformed by high-resolution transmission A comparison of the spectra at the two temperatures
measurements of the cavity at two different temperatures afhows that at 10 K the resonances above 290 meV are con-
10 K and 300 K. From the room-temperature spectrum, wesiderably damped and broadened. This indicates an absorp-
gather the reference widthg, without absorption in the cav- tion in that region. In Fig. @) the 28th-order mode at 10 K
ity. This is possible because the energy-band gap of thend 300 K is shown in an enlarged scale, clearly revealing
IV-VI materials strongly increases with temperat{ieeg., the the damping and broadening of the 10 K mode as compared
band-gap of PbSe increases from 146 méW & to 276  to the undamped mode at room temperature. Both resonances
meV at 300 K(Ref. 34]. Therefore, at room temperature any are fitted with a Lorentzian line shape functiffall lines in
absorption is shifted well above the stop band range so thdtig. 6(b)], from which the widthav andw, are deduced. The
the resonances at 300 K are virtually free of absorption Thisame procedure is carried out for all other cavity modes. The
is also evidenced by room-temperature transmission meaesult of the normalized change in resonance widths (
surements of the bare reference quantum dot sample. At low wg)/ v for all resonances is plotted in Fig. 7 as filled dots
temperatures, the onset of the dot absorption is near the stdleft-hand scalevs resonance position. The values for the
band center, i.e., the higher resonances become stronghormalized widths were transformed to the extinction coef-
damped and thus, the dot absorption can be obtained. Therficient x using Fig. 4b). The resulting quantitative values of
fore, both quantitiesv andw, required for our analysis are «, corresponding to the measured resonance peak widths, are
extracted from thesamesample. depicted on the right-hand scale of Fig. 7. Thus, Fig. 7 rep-
The measured transmission spectra are similar to the catesents the energy dispersion of the extinction coefficient of
culated spectrum of Fig. 2, showing a broad Bragg mirrorthe quantum dot superlattice.
stop band region of zero transmission and many narrow reso- The absorption spectrum clearly shows an absorption
nance peaks in the stop band. For clarity, only the centrgbeak around an energy of 305 meV (4.@6n) and a step-
energy region of the stop band is plotted in the FTIR transiike increase at 328 meV (3.7Zm). The peak, correspond-
mission spectra of Fig.(8) at 10 K (full line) and 300 K ing to an absorption coefficient=2.5x 10* cm™?, is attrib-
(dashed ling depicting the central resonances clearly. It isuted to absorption from the dot ensemble, whereas the step
important to point out that the energetic position of the cavity(a=3.3x 10* cm™?) is attributed to the wetting layers, be-
modes is different at each temperature, which has to be takerause of the distinct 0D- and 2D-like behavior, respectively.
into account when evaluatingv(—w,) for a certain reso- The value of the wetting layer absorption matches quite well
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with the absorption measured in IV-VI multi-quantum-well the real part of the dielectric function Ré)(is calculated by
structure$! The results also fit very well to our results on g Kramers-Kronig transformation. The Kramers-Kronig inte-
quantum do({QD) VCSEL emission from the same structure gral can be evaluatednalytically because level broadening
(see Ref. 3B The laser emission spectrum at 10 K is de-js introducedafter the transformation. This is done by con-
picted in the inset of Fig. 7 and shows two laser lines at theinuing the photon energl in Re(e) into the complex plane
position of the 28th- and the 29th-order resonance modegy adding an imaginary damping paramei&r, and thus,
that are also the first two modes contained in the quanturaining a closed expression for the full complex dielectric
dot absorption peak around 305 mésée dashed arrows in fynction. The derivation was performed in detail for 3D bulk
Fig. 7). Furthermore, an additional absorption peak of thepphSe in Ref. 34. In order to obtain expressions &6E)
same width as that of 305 meV is found at an energy of aboualid for the 2D wetting layers and 0D quantum dots, the
248 meV (5 um). Considering the many valley band struc- joint density of states for a 2D and a 0D system have to be
ture of the lead salt compounds with one longitudinal valleycalculated. For a 2D system, this is performed in Ref. 45,
along the(111) growth direction and three oblique valleys resulting in the following dielectric function:

inclined by 70.53° to the growth directidAthis peak can be

attributed to optical transitions in the longitudinal valleys E;
(thus labeled Q), whereas the strong peak at 305 meV e2p(E)=A
arises from the oblique valleydabeled Q). The smaller ) ) ) )
absorption in the longitudinal valley is due to the corre-in Which A; means a dimensionless parameter interpreted as
sponding smaller oscillator strength as compared to the oihe oscillator strength for 2D interband transitions &hdhe
lique valleys* We have to point out, however, that this shift €nergy of the corresponding transitions. The oscillator
between QP and QL) presumes that the dots in the Super_SFrengths5 for obliquéo) and longitudinal(l) transitions are
lattice have a flattened shape, and that the valley degeneragjven b

is lifted as observed in 2D systerfis*® This assumption is

E+ilp+E,

N EFiT,—F,

(E+iT5p)

, 2

based on the general observation of a flattening of the dot :e_2<42_P2 Sﬂ) M. M 11 3
shapes during overgrowffi.Because the quantization ener- ° 2mey\ My Mo / Mo ¥ M+8M, g2d’
gies of the dots depend inversely on the effective masses, our

assignment is supported by the fact that the ratio of the en- 2 2P2 M. 1 1

ergy positions of the quantum dot absorption peaks approxi- L7 (4)

1= .
mately corresponds to the ratio of the longitudinal and trans- 2meg My Mo E|2 d
versal effective masses of Pb¥eln this picture, the
mentioned quantum dot VCSEL emissidstems only from
transitions in the oblique valleys. This agrees with our pr
vious results on IV-VI VCSELs witlguantum wellsas active
i~ 31,32
region: layers
In principle, a higher energy resolution of the absorption Lo . .
measurement can be achieved by increasing the cavity thick- The d_|e|ectr|c function of_the_ quantum d(.]t§'3 was d_e-
ness and thus decreasing the cavity mode spacing. Howevé\'\,’ed asin Ref. 46, but con3|def|ng the dot size dispersion by
fabrication of samples with thicknesses much exceedindtroducing level broadening with the damping paraméter
10 um is rather time consuming for MBE, but any other _sdescrlbed_ above instead of using a Gaussian dot size dis-
growth technique could be used as well for that purpose. tr|b_ut|on as in R_ef. 46. Also the non-degeneracy between
oblique and longitudinal valleys expected for flattened dots,
as outlined in Sec. IV B, was included. Thus, we found the

In these expression®,, and P are the transverse and lon-
e_gitudinal momentum matrix elements, respectivélly, and

M, the corresponding density-of-states massgsthe free-

electron mass and the thickness of the 2D quantum-well

C. Calculation of the quantum dot absorption following expression fore(E) valid for OD quantum dots:
For an unambiguous confirmation of the interpretation of E3
our experimental results, we have investigated the absorption eop(E)=B; ! . (5)
spectrum of the IV-VI quantum dot superlattice theoretically Ei3— Ei(E+ilyp)?

by calculating the dielectric function of the dots, the wetting _. ilar to Eq.(2). B i di ionl ter int
layers, and the spacer layers in the superlattice. Paramete%ml ar to Eq.(2), B is a dimensionless parameter inter-

such as transition energies and level broadening as well a&reted as the oscillator strength for OD interband transitions

oscillator strengths were determined by fits to the experimen"Elnd E; the energy of the corresponding transitions. The os-

tal absorption spectrum cillator strengths for oblique and longitudinal transitions are

The calculation is based on a model for the complex di-9Ven by
electric functione of the lead salt} which includes the

232 2 2
nonparabolicity of the band structure near the energy-band :4e h (42i+521)i1 (6)
gap as well as the anisotropic many valley band structure of ® 3egmg|  mg Mg Ef) V'
the lead salt compounds. The imaginary part of the dielectric
function Im(e) is determined in terms of joint density of 4282 2P% 1 1
states between valence and conduction bands. In order to B = (7)

. e _ 3V’
obey the causality principle between the optical constants, €Mo Mo E} V
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TABLE |. Fit parameters of the model dielectric functions for quantum dots and wetting |E5gss(2)
and(5)] to the experimental absorption spectrum of the PbSe/fhi Te quantum dot superlattice. For the
oscillator strengthé andB of wetting layers and dots, respectivek(,B, for the oblique valleysB, for the
longitudinal valley, also the theoretical values calculated from E@&$, (6), and (7) using the PbSe band
parameter¥ are given for comparisor. is the damping of the optical transitions at the ener§igandE,
for the oblique and longitudinal valleys, respectively.

Bo,fit BI,fit Ao,fit Bo,theor Bl,theor Ao,theor r Eo EI
(meV)  (meV) (meV)
Dots 0.42  0.041 0.373 0.3 8.7 305 244
Wetting layer 4.65 4.82 3.7 328
whereV is the volume of the quantum dots. The attribution of the absorption features to dots and wet-

With the given expressions, we are able to calculate théing layers is further confirmed by the fact that the broaden-
absorption spectrum of the quantum dot superlattice usining I' of the transition in the wetting layers of 3.7 meV is
the transfer-matrix method. To employ this method, wemuch smaller than that of the dof8.7 me\). In contrast to
treated the dot layer&omplex refractive indexp) over- & OD system, in a 2D system fluctuations of the confining
grown with the spacer materigtomplex refractive index thicknesses are only possible in one direction instead of
nyp) as an effective medium consisting of a 0D and a 3pthree. Th_erefore, a smaller broadening of transitions in 2D
system. The portion of the 0D dot material in the effectiveSYSteMS IS expected as compared to the case in 0D systems.
medium was determined by the ratio of the average height df°" @bsorption measurements on IV-VI multi-quantum-well

the buried dotsh (about 100 A and the nominal thickness Structures of well widths 62118 A a typi%]a(; broadening of
dgoi(7 A) of the PbSe dot material if the latter is viewed asthe optical transitions of 1.2 meV was fouhtdTaking into

o account the much smaller thickness of our wetting layer
homogeneously distributed over the sample area. The lattﬁﬁl A), the broadening values agree reasonably weglJI. y

value is_k.nown from the growth parameters. From thes_e Val® The remarkably small broadening of 8.7 meV of the quan-
ues a f|II_|ng factorF of the dot material in the effective .\ 4ot absorption peak clearly reflects the very high size
medium is calculated a6 =dgo/h. Thus, the complex re-  pomogeneity of the dot ensemble in our superlattices. From
fractive indexnc of the effective medium is expressed as thjis proadening, the effective size distribution of the dots is
estimated to be smaller thah 3%, which is significantly
Nett=FNop+ (1—F)nzp. (8)  below the value of+10% obtained from atomic force mi-
i _ ) croscopy measurements of the height distribution of free-
The result of the fit to the experimental absorption Spectrundtanding dots on top of the superlattiéeFor comparison,
using the transition energids , damping parameteds and  in spherical PbSe nanocrystal quantum dots in a glass matrix,
oscillator strengthsA;,B; as fitting parameter¢quantum a size distribution of==7% determined from absorption
dots: oblique and longitudinal transition, wetting layer: ob- measurementgabsorption peak width of around 25 meV
lique transition is shown in Fig. 7 as the full line. Evidently, was found®3® A direct comparison of our dot absorption
the calculated fit agrees very well with the experimental datacoefficients with those of the PbSe nanocrystals in a glass
It is emphasized that the determination of the fitting parammatrix is not possible because no quantitative values
eters is easily accomplished and unambiguous. The resultingere given for these dofS:*® Self-assembled, Stranski-
quantities for quantum doi®blique and longitudinal transi- Krastanow grown quantum dots in other material systems
tion) and wetting layer(oblique transition are summarized such as InAs/GaA$**° |n;_,GaAs/GaAs®552
in Table I, together with the values for the oscillator strengthsal, _,In,As/Al, _,GaAs,* Ge/SP>>* usually show a much
obtained from Eqs(3), (6), and(7) using the band param- broader photoluminescen¢eL) emission of the order of 50
eters of PbSe at 4.2 K from Ref. 34 and the values of the daieV due to the statistical dot size variation@uantum dot
volume and the thickness of the wetting layer of 45002 nm formation in CdTe/ZnTe superlatticedeads to a PL emis-
and 11 A, respectively. The agreement between fitted angion line width of about 20 meV. Even in 1l1-V dot superlat-
theoretical values is notably good, especially for the oscillatices with ordering and size homogenization due to the ver-
tor strengthA of the wetting layers with an error of less than tical dot alignmen=1248-52the best quantum dot PL peak
4%. This is an additional indication that our approach towidth is not below 22 me¥® Thus, it is concluded that the
extract the absorption from the widths of the cavity reso-dot size distribution in our PbSe dot superlattice is excep-
nances is reasonable. However, the theoretical value for thgonally narrow due to the highly efficient ordering mecha-
longitudinal oscillator strength of the dots differs from the nism during growtH:
experimental result by a factor of 7. This indicates that the As a further self-consistency check, we have calculated
electronic wave functions in the dots differ significantly from the cavity resonance widths using the measured dot superlat-
those in bulk PbSe. Thus, it is not surprising that the usedice absorption spectrum of Fig. 7 as input parameter instead
bulk matrix elements in the calculations do not yield an ac-of a frequency-independent absorption as used for Fig. 4.
curate value for the smaller absorption of the longitudinalThe such calculated widths agree well with the measured
valley in the dots. values, with only a slight readjustment of the mapping of the
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change of the resonance widthg-{wg)/v onto the extinc- tively. In particular, the such measured absorption spectrum
tion coefficientx [Fig. 4(b)]. This clearly shows that no cou- revealed a narrow peak arising from the dots and a step from
pling process of the cavity resonances to the probed opticdhe wetting layers. The peak absorption coefficient of the dot
transitions takes place, since the broadening of the transitiormnsemble amounts to 28.0* cm™* and is similar to that
were exactly reproduced by this cross-check. In fact, thiof the wetting layers. The assignment of the absorption fea-
result was expected because the width of the quantum datires was confirmed by calculations of the dispersion of the
absorption is not only considerable broader than the widthabsorption coefficient using model dielectric functions for
of the cavity resonances but also broader than the cavitD quantum dots and 2D wetting layers. The model calcula-
mode spacing. Thus, the coupling of the cavity to the dotions could be exactly fitted to the experimental data. From

transition is too weak to show a cavity polariton effett. this fit, we deduced the interband transition energies of dot
and wetting layer as well as the oscillator strengths and the
V. CONCLUSION broadening of the optical transitions. The fitted and theoret-

] . ical values of the oscillator strengths agree very well, espe-
In summary, we have determined the optical ab-cjally for the wetting layers with an error of less than 4%.
sorption spectrum of highly ordered self-assembledrne proadening of the dot transition due to size fluctuations
PbSe/Pb_,Eu,Te quantum dot crystals. Due to the large re-of the quantum dot ensemble was determined to be only 8.7
fractive index mismatch of the IV-VI compounds to the BaF meV. This is a remarkably small value as compared to other
substrate, pronounced interference fringes appear in convegelf-assembled quantum dot material systems, evidencing the
tional absorption spectra. Therefore, we have developed agceptionally high dot size uniformity in our PbSe quantum

important approach for the determination of the absorptionjot superlattices, which is a crucial advantage for their ap-
of materials placed inside a high-finesse microcavity strucplication in optoelectronic devices.

ture with a small mode spacing by measuring the spectral
dispersion of the width of the cavity resonances. The normal-
ized change in resonance widtiw{ w)/ v was shown to be
proportional to the extinction coefficiert of the cavity ma- The authors thank M. Ratajsky for technical assistance,
terial. By applying this method to a microcavity filled with and M. Aigle and H. Pascher of the University of Bayreuth
the ordered PbSe quantum dot superlattice, the spectral désr helpful discussions. This work was supported by the
pendence of the dot absorption could be obtained guantitdeWF (Project No. P 13330-TPHand the GME, Vienna.
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