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Abstract. Lines conditioned by the transitions hh,|h1-e1(1s,2s,3s), hh2,h2-e2(1s,2s,3s),
hhl,Ih1-e2(1s) and hh3,Ih3-e3(1s) had been revealed in reflection spectra of Inys Gag7As /| GaAs
nanostructures. The shapes of the reflection and transparency lines had been calculated, using a
single oscillator model of dispersion correlations and the Kramers-Kronig integrals. The excitons
parameters in quantum wells (QW) and quantum dots (QD) had been determined.
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. Introduction

Devices based on heterostructures with QW are used in many domains, including optical
communication systems. The quantum wells parameters can be determined by studying optical tran-
sitions responsible for the electronic processes inside QW and QD.

1. Experimental method

The measurement of optical spectra had been carried out usng MIP-2, JASCO-670 and C/1J1-1
spectrometers at 10, 20 and 300K. The cooling of samples was made using a cryostat of closed cycle
LTS-22-S-330 Workhorse-tip optical cryogenic system.

[11. Experimental resultsand discussions

The presence of heavy and light holes in quantum wells leads to the appearance of
electronic transitions series from their quantum levels. The valence bands of the light and
heavy holes in Iny3Gay7ASGaAs heterostructures determined the appearance of the electronic
transitions hhl-el and Ih1-el, hh2-e2 and |h2-e2 etc. In addition, the electrons and holes are binding
in excitonic states forming their ground and excited states hhl-el (1s, 2s, 3s...) and |h1-el(1s, 2s,
3s...), hh2-e2 (1s, 2s, 3s...) and Ih2-e2 (1s, 2s, 3s...).

Figure 1 shows transparency spectra of Iny3Gay7ASGaAs heterostructure with quantum
wells at 20K. Thin maxima are revealed in transparency spectra, which are conditioned by the
ground (1s) and excited (2s, 3s) states of the excitonic transitions hhl-el, Ihl-el in the quantum
well. The energetic position of the observed trangitions in QW is indicated with numbers on this fig-
ure. The energy of the excitonic linein QW is determined by the correlation (1) [1, 2]:
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The excitonic binding energy (R) was determined from the energetic position of the lines

Ih1-el(1s,2s,3s...) conditioned by the light holes (Ih) and from the heavy holes energies hhl-
el(1s,2s,3s...). Table 1 shows the obtained results. The binding energy R=11,5meV for the hhl-el
excitons based on energy positions 1s-2s and based on energy lines 2s-3s the binding energy equals
12,4meV. The binding energy R=12,4meV for the Ih1-el excitons based on the energetic position of
1s-2slines and for those based on 2s-3s the binding energy equals 13,2meV .
Doublet structures A, B of the hhl-el (1s) excitons and C, D of the Ih1-e1(1s) excitons are revealed
in transparency spectra. The splitting value is showed on figure. The A, B and C, D splitting is con-
ditioned by the exchange interaction of excitons. The exchange interaction of excitons, which ap-
pears in accordance with the theory of Wannier-Mott taking into account amendments to the ap-
proximation of effective mass, leads to a partial lifting of the degeneracy of the ground excitonic
state and splits it to corresponding irreducible representations. The ground state of the I's x I's exdton
isaght times degenerated in a bulk semiconductor with zinc-blend structure [1]. Spin indices of the
smooth wave function take the values s= 1/2 and m = 3/2, +1/2. The exchange interaction splitsthisgate into
three terms:. I'g x I's =['1p '35 + I's. In the Schema of angular momentum s= 1/2 and | = 32 the triplet levd T'y5
corregponds to the totdl angular moment j=1 with prgjectionsM =1, 0, -1. TheI';, and I's terms correspond to the
angular moment j=2 and are shifted on some vaue Ay congdering the I'is term. The Salitting between 'y, and I's
terms differsfrom zero to the extent of agpheridty of the vdence bandI's. The slitting vaue causad by the exchange
interaction of the anget triplet exdtonic dates in bulk aysds vaies from fractions of meV up to 10meV. The
ground dete of the 1s-exdton in the GaAgAIAs (001) quantum well is four times degeneraied. In the notation of
irreducible representations of point group Doy it is present T'ex's =A1+A+E. Conssquently, teking into account the
exchange interaction this date is it into aradiation doublet E with the projections M = s+ m = £1 of the angular
momentum on the Z axisand theterms Ay, A, (=212, t =+3/2) [1, 2]. Thelagt ones are symmetrized and anti-
symmetrized linear combinations of gateswith momentum prgjection 2. Theditting between themisamal, usudly
neglected. The dates+1 aredipole adtive & o+ and o polaizations, regpectively. In an anisotropic quantum well the
symmery of the sysem decreases and the radidtive doublet should be split into two sublevdls which orientation is
determined by the form of the locdizing potentid. Indesd, the dectron-hole exchange interaction patidly lifts the
degeneracy of the exdton dates and leads to splitting of the exdton 1sleve into sublevels corresponding to theirre-
dudblerepresantations. Radiation maxima conditioned by the ground (1s) and excited (2s,3s) states of the
exitonic trangtions el-hhl and el-lhl and, also, peaks of €1-hh2, el- |h2 transitions are revealed in
luminas and spectraat 10 K if exciting with a 542nm laser line (fig. 3). The doublet A, Band C, D is
faintly observed in luminescence spectra.
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Fig.1 Transparency and luminescence spectra conditioned by the ground (1s) and excited (2s,3s) states
of excitonic trangitions hhl-el, Ihl-el inthe quantum well of 1ny3Gay7ASGaAs heterostructure.

Figure 2 shows the transparency spectra conditioned by the ground (1s) and excited (2s, 3s)
states of the excitonic transitions hh2-e2, |h2-e2 in quantum well of the Ing3Gay;As/GaAs het-
erostructure.  The measurements were done at S-P and P-P polarizations of lightwaves and 20K
temperature value. The binding energy R=16,5meV for the hh2-e2 excitons based on the energetic
position of 1s-2s lines. The binding exciton energy 1h2-e2 basing on the energetic position of 1s-2s
lines equals 22meV, and for 2s-3slines the binding energy equals 23.5meV.

Due to compression (tension) of the crystal lattice during the growth of heterostructures the
lattice symmetry in strained semiconductor layers changes. In this case the valence band is shifted as
a whole, the subbands of light and heavy holes are split in the center of the Brillouin zone and the
effective masses of electrons and holes change. The presence of two close exciton resonances in a
quantum well is taken into account by using the following dielectric function of the quantum well
material:

310 = 92220, LTT(() w,07(D) )/w,0((h ) 12- w2 + K 2 0,07() /M) ) -lwlMw@)n  (3)
where o — frequency, K — wave vector value, g, — background dielectric constant. The index of the
exciton resonance j takes value j=1for the heavy hole exciton for (h) and j=2 for the light hole exci-
ton (1). Usually, only one resonance mode is considered [2-4]. For the excitons of j-type wo- reso-
nant frequency, w.1¥- frequency of the longitudinal transversal splitting, I'Y) — damping factor , M%
— trandlational mass of exciton in a quantum well. It is significant that in case of two near exci-
ton resonances, such as the resonances associated with light and heavy holes, the ratio be-
tween o 1¥ and the splitting of the bands of light and heavy holes is extremely important.
The longitudinal transversal splitting w.r¥ may be more or less than the splitting of the
bands of heavy and light holes. This imposes certain requirements for the analysis of opti-
cal reflection and absorption spectra of excitonic resonances of light and heavy holes.
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Fig. 2 A - Transparency spectra conditioned by the ground (1s) and excited (2s, 3s) states of excitonic
transitions hh2-e2, Ih2-e2 in quantum well of the Ing3Gay 7AS/GaAs heterostructure; B - Spectral
dependence of the optical functions n, k, e; and e, obtained from the calculation of the reflection

spectra using relations Kramers - Kronig. The inset shows the spectra of the real part of dielectric
constant e; for S-P and P-P polarization of the light wavesin the energy region hhl-el(lh1l-el) and
hh2-e2(Ih2-e2); C - Experimentally measured (exp.) and calculated by the dispersion relations (cal.)
contours of the reflection spectra of exciton transitions hhl-e1(1s) and hh1l-e1(2s) at 20K tempera-
ture.

To calculate the effective mass of holes the background dielectric constant of g,
quantum well material in the beginning of excitonic resonance energy is necessary. The
shape of reflection spectra at these temperatures was calculated to determine the back-
ground dielectric constant at 20 and 300K (fig. 3).

For the oscillator with the resonance frequency o; =0,98eV at 20K Aw 1=69meV,
'=18meV and g, =7, and for the oscillator with resonance frequency o, =1.086eV
Ao t=75meV, I'=7,8meV and g; =7. The change of the value of effective mass M has a little
effect on the shapes of the calculated curves. At 300K the best agreement between experi-
mental and calculated shapes are obtained with the following parameters: for ©;=0.905eV
Ao 1=70meV, I'=12.8meV and &,=6, for ®,=1.016eV Aw_t=70meV, '=15.8meV and ¢, =5.5, and
for 3=1.12eV Ao 1=55meV, I'=27meV and ¢,=4.6. The obtained values Aw t=70meV charac-
terize two intensive minimum in the reflection spectra, which are due to QD. The value of
Aot is overstated due to the fact that in the calculation model the transverse mode fre-
quency corresponds to the maximum R at ®;=0.905eV, and the second oscillator
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®2=1.016eV. At the same time the real value of the transverse frequencies of the oscillators
correspond to the minima of the reflection spectra located at higher energies This method
is used in calculations of exciton polaritons spectra in bulk crystals [5], which we used
only to determine the background dielectric constant value ¢, in the beginning of the elec-
tronic transitions region in QW. The right part of figure 3 shows the experimental and cal-
culated reflection spectra (1-R) in the model of excitonic polaritonsin QW [1, 2].

Calculation of reflection spectra of 1ny3Gag7As/GaAs heterostructure using the Kramers -
Kronig relations were made to determine the optical constants. Figure 2, B shows the spectral de-
pendence of optical constants n, k, €1 and &, at room temperature in a wide range of energies. The
data obtained shows that the most strongly changes are the dielectric function €; and &, and resonant
frequency value of QD. Measurements and calculations were made in S-P P-P polarized light waves
to estimate the magnitude of the resonances g, QW, i.e. the transition energy region hhl-el(lhl-el)
and hh2-e2(Ih2-e2). In S-P polarization the reflection coefficient R is greater than in P-P polariza-
tion (in the transmission coefficient is found an inverse relationship). In S-P polarization the hh2-
€2(1s, 2s) transitions occur and therefore g,(e1)=6 describes these transitions. The dielectric constant
en(€1)=6,9 for this polarization in the energy range 1.16eV, i.e. hhl-el transitions. In case of the en-
ergies 1.16 eV and P-P polarization ep(e1) = 5,5 and of 1.3 eV the energy ep(e1) = 4,3. Asit can be
seen the value of the background dielectric constant obtained from the calculation of the reflection
spectra using the Kramers-Kronig relations are almost consistent with the calculations of the disper-
sion correlation. Thus, in the region of the exciton transitions hhl - el (Ihl - el) the difference be-
tween the dielectric constant Ae= g, -&," = 6.0-4.3=1.7 and region of hh2 - €2 (Ih2 - e2) transitions
Ag=g,"-£,"=6.9-5.5 =1.4. As it can be seen within the experimental error, these values are the same.
The effective mass of eectrons me =0.05mg was used to estimate the effective mass of the heavy
and light hole and the binding energies of (R) defined above were used to calculat mass of the exci-
tons . The exciton’s binding R=0.0124eV, the effective mass m=0.0447my. The effective mass

mmn =0.32my for the background dielectric constant €,=6.9. The exciton binding energy
R=0.0132eV, effective mass m=0,0293m, for transitions Ih1-el. The effective mass my, =0.07my
for the background dielectric constant e,=5.5. The obtained values of effective masses of light and
heavy holes are consistent with those obtained for the heterostructuresin [6, 7].
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Fig.3 Experimentally measured (exp.) and calculated by the dispersion relations (cal.) contours of
the reflection spectraat 20K and 300K temperature
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The reflection spectra measured at 20K and their contours are calculated by dispersion rela-
tions in the region of exciton transitions hhl-el(1s) and hhl-e1(2s) on the structures of which the
transmission spectra presented in figure 2, C were obtained. The best agreement between experi-
mental and calculated data was obtained for the oscillator oo =1.1629¢V, with the following pa-
rameters: Aot =1.1meV, I'=0.3meV and &,=6.7. Figure 3 shows also the scheme of optical transi-
tions in the ground and excited states of excitons of QW (right panel of the figure). Longitudinal
transverse splitting Amt from the calculation of reflection spectra hhl-el is greater than for the
shape hhl-el(1s). Thisis because the contour of the reflection shape hhl-el contains the total con-
tribution of both ground and excited excitonic states of heavy and light holes.

The exciton binding energy R=0.0165eV, effective mass m=0.0436m, for hh2-e2 transitions.
The effective mass my, =0.30m; for the background dielectric constant ¢,=6.0. The exciton binding
energy R=0.022eV, effective mass m=0.0293m, for |h2-e2 transitions. The effective mass
min =0.07mo for the background dielectric constant e,=4.5. The parameter M (M=my, +me ), ob-
tained from the calculation of the reflection spectra shapeof the oscillator and of exciton transition
hhl-el(1s) is equal to 0.4my. Consequently, the effective mass my, =M-me =0.4-0.07=0.33mo.

V. Conclusions

In the reflection, transmission and luminescence spectra the lines caused by the transitions hh,
Ihl-el (1s, 2s, 3s), hh2, Ih2-e2 (1s, 2s, 3s), hhl, Ihl-e2 (1s), and hh3, Ih3, -e3 (1s) have been de-
tected. Calculations of the reflection and transmission contour lines in single-oscillatoric model of
dispersion relations and the Kramers-Kronig integrals show that the values of background dielectric
constant in the immediate vicinity (the beginning) of transitions in the ground and excited states of
excitonsin QW differ. The energy of the excitons hh-el, Ihl-el, effective masses my, and my,’, and
the damping factor for optical transitionsin QW and QD were determined. The value of the damp-
ing factor is associated with the lifetime of carriers at thislocalized center of QD or QW levels. The
damping factors for QD1-QD,4 and exciton levels of QW do not differ very much. The radiative life-
time of excitons in quantum dots and excitons in quantum well in the considered structure varies in
thelimitsof t,=(2Ip)-1 = 0.04 -0.1ps.
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