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Polaronic excitons in Zn,Cd, _,Se/ZnSe quantum wells
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Magneto-optical absorption of quantum wells exhibits distinct excitonic resonances and allows the determi-
nation of exciton binding energies and diamagnetic shifts. Here, we report a magneto-absorption study on
Zng 0y 3:5€/ZnSe multiple quantum wells 4 and 5 nm thick yielding éxciton binding-energy values.

These results are compared to calculations based on two theoretical models that include the exciton-phonon
interaction potential or the screened Coulomb potential. This analysis allows us to discriminate between the
two models and highlights for the first time the impact of polaronic coupling on the optical behavior of these
polar heterostructures.

In recent years wide-gap 1l-VI semiconductor heteFOStrUC-ZnO.GQCd()BlSe/ZnSe QW'’s were then grown at 250 °C with a
tures have attracted much attention mostly in light of their30-s interruption at each interface. A 500 nm-thick cap layer
potential for the development of opto-electronic devices opconcluded the growth. ZnSe barrier width is 30 nm; 4 and 5
erating in the blue-green spectral reglo@wing to their  nm-thick QW’s were examined. In order to detect transmis-
relatively large exciton binding energieEy), they also of-  sion signals, circular regions of aboutxd0 4 cn? were
fer the possibility of realizing quantum well@QW’s) in  selectively removed using standard photolitographic and
which excitonic recombination is dominant even at roomwet-etching techniques. Owing to the high- Cd concentration
temperaturé. These systems, however, also present othein the well, the energy separation betwee® Heavy- and
unique properties such as strong exciton-phonon interactiorigyht-hole excitons is much enhanced by the compressive
(from here on referred to as polaronic effgatghich make  strain in the QW'q(it is larger than 50 me) This condition
them ideal candidates for the investigation of the impact oimakes it possible to resolve the absorption associated to the
these effects on the optical spectra. continuum edges, even at zero-magnetic field. It should be

Polaronic effects have been extensively studied in thenoted that despite the large Cd content tt& Heavy-hole
past>* and significant polaron-related modifications of fun- exciton absorption peak at=1.6 K displays a full width at
damental optical properties were demonstrated in bulk ionihalf maximum of about 9 meV indicating good sample qual-
semiconductors. Much less attention, on the contrary, wagy. This was also confirmed by the small Stokes shift of the
paid to this issue in systems with reduced dimensionalityphotoluminescence signal ~1 meV). Samples were
e.g., QW's. In fact in the experimental analyses of excitonicmounted on a variable-temperature insert and magnetic fields
effects in 11-VI QW’s>~8the role of polarons in determining B between 0 and 10 T were applied parallel to the growth
the exciton binding energies was not adequately addressedirection. Magneto-absorption was studied using a 100 W
and was actually often overlooked. This was probably due t&Xenon lamp as source. Light was focused and collected
a large body of studies focused on GaAs-basedilong the growth direction by optical fibers. Transmitted in-
heterostructurés® where polaronic effects are indeed negli- tensity was carefully normalized to the incident light in order
gible owing to the low-ionicity of the atomic bonds. to detect absorption changes.

In this report, we address this issue by analyzing the Figure ¥a) shows typical spectra af=1.6 K for the
magneto-absorption properties of Jd; _,Se/ZnSe QW’s. sample with QW thicknesls,,=5 nm at zero-magnetic field
Our results demonstrate the important role played by poand with an applied magnetic field of 10 T. The two peaks at
laronic effects in determining excitonic optical properties.2528 meV and 2610 meV observed in Bie 0 spectrum are
We shall show that by including polaronic effects using anassociated to theS.(hh1-e) heavy- andlhl-el) light-hole
effective potential first derived by Aldrich and Bajdf is exciton, respectively, as confirmed by linear polarization-
possible to reproduce quantitatively our experimental resultlependent absorption measurements. Additional structure is
within an envelope-function formalism with no adjustable observed at around 2560 meV. Thanks to the high-
material parameters. confinement potential, one further higher-energy peak due to

Samples studied were grown by solid source molecularthe 1S (hh2-e2 heavy-hole excitott is also observed.
beam epitaxy on GaAs(001) substrates. They consist of a Upon application of the magnetic field, th& heavy- and
0.5-um GaAs buffer layer grown at 580°C followed by light-hole exciton peaks display a small blueshift and no ap-
1.5 um-thick ZnSe layer grown at 290°C. Ten preciable oscillator strength enhancement. This behavior is
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FIG. 1. (a): Absorption spectra for the ZrdCd,3;Se/ZnSe P T EUR L L

sample with 5 nm well width at magnetic field=0 T andB
=10 T. The magnetic fields are applied along the growth direction
(Faraday configuration (b): Magnification of the absorption spec-

tra in the heavy-hole continuum edge region at three different magE)in
netic fields.
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FIG. 3. Upper part: Calculated values oShh1l-el exciton
ding energy versus well width for §g{Cd, 3;S€/ZnSe quantum
well. Solid curves represent exciton binding energy as obtained
with Luttinger parameters derived by Koheret al. (Ref. 17 and
immediately understood in ||ght of their |al’ge b|nd|ng energyusing Aldrich and Baja]\/AB potentia| (upper CUI’V¢ or Coulomb
in comparison to the cyclotron energi{=5.2 meV at 10  potentialV¢ (lower curvé. Dashed curves represent exciton bind-
T). The light-hole exciton, however, displays a peculiar non-ng energy as obtained with Luttinger parameters derived by Ser-
monotonic behavior, which may be linked to valence-bandmage and FishmagRef. 18 and usingV,g potential(upper curvg
mixing effects’ The heavy-hole continuum edgenergy re-  or V. potential (lower curve. Solid squares represent experimen-
gion around 2560 me) on the contrary, is dramatically al- tally measured binding energies for 4 nm and 5 nm quantum wells.
tered, and a sharp peak on its low-energy side gradualliottom part: Calculated values ofS2binding energy versus well
emerges with increasing magnetic fie[dse Fig. {b) where  width with Luttinger parameters derived by Holscletral. and us-
absorption spectra in the region of the continuum edge ar®d Vag potential (upper curve or Coulomb potentiaV¢ (lower
displayed at three different magnetic fieldhis feature can  curve.
be unambiguously associated to the heavy-h&eLcitonic
level because of its diamagnetic behavior in the range 6 Tence that, contrary to theS2exciton case, indicates the
<B=10 T (see Fig. 2 The diamagnetic shift of that level predominance of the free-carrier cyclotron enegy over
(6E~4 meV) indicates that the Coulomb interaction is still the exciton binding energy. This behavior is in agreement
significant in the investigated range of magnetic fields. Awith the theory developed in Ref. 12.
further peak, visible from 8.5 T is identified with theS3 Figure 2 shows the peak energy positions of heavy- and
excitonic level. In this magnetic field range, however, thislight-hole excitonic stategsolid circles as a function ofB
exciton state acquires a Landau-like magnetic-field deperfor the sample witi.,,=5 nm(a) andL,,=4 nm(b). From

the extrapolated values of thesZositions toB=0 we can

P [ determine the energy difference between the binding ener-
2590 H(2) 11® g 12575 gies of 1S and 2S states. We can thus determine the binding
ssssl 25 #& 38 energy of the § state of thehh exciton Ef> adding the
r 12570 calculated values dE2° (shown in the bottom part of Fig)3
o 2586} - 1t 1as6s © to this difference. Alternatively, we can dedugg® through
g 28 = a fitting procedure to the zero-magnetic field absorption
52584- b LEE 2560 ES spectra around the continuum edge. This procedure includes
S 55l it Losss g the 2S excitonic absorption whose peak energy and intensity
ia 1Shhl-el 77 1S hhioel = have been determined by comparison wh~0 spectra.
2552 L s EE& b o § RS 12529 These two procedures yield the same valuesEpt (EL°
2551 e ¢ {2528 =37.5-25 meV and Ef5=35.7+1.5 meV for L,

R R S T S SR R =4 nm andL,=5 nm, resp_ectivel))( _ o
M - We now turn to the theoretical analysis, which is based on
agnetic Field (T) S } . S
a variational calculation of & heavy-hole exciton binding
FIG. 2. Energy of B, 2S, and 35 hhl-el exciton absorption €Nergy versus QW width. A correct description of polaronic
peaks as a function of magnetic field for both the 4 nm widtheffects requires an effective exciton Hamiltonian in which
sample(a) and 5 nm width sampléb). Dashed lines are a quadratic Not only electron a_nd heavy-hole band masses are repla_mced
fit to the experimental points for@excitons. The quadratic coef- by the corresponding electron and hole polaron effective
ficients for the fit areD.048 meV/T (a) and 0.037 meV/T (b). masses, but also the effective potential differs from the Cou-
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lomb potential screened by the static dielectric constgrit
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polaron mass for the well materiah;’=0.14m,, static di-

The excitonic Hamiltoniar(apart from the electron and electric constant,=8.7, high-frequency dielectric constant
hole self-energy termscan therefore be expressed as a sume,,=5.73, LO phonon energfE, o=31.7 meV as deter-

of three terms:

H=H;(2) +Hy(2) + Hex(X,y,2), ()

whereH, and H, describe the motion of electron polaron détermined by Hischeret a

and hole polaron along the growth axisind are given by a

mined by resonant Raman scatterifig,uttinger parameters
v1=2.45 andy,=0.61. The values of the Luttinger mass
parameters that we have used in our calculations are those
117 in their two-photon magneto-
absorption measurements of thB 2xciton system in ZnSe.

sum of the along kinetic term and the confining potential. The calculated $ hh1-el exciton binding energy is shown in
H,x describes the internal motion of the exciton and included™9- 3 (solid lines as a function of the well width together
the effective electron-hole interaction potential. The alang With the experimental valuegsolid pointg. The upper
and in-plane heavy-hole masses are expressed in terms of t@wen solid line is obtained usiny Ag(Vc) interaction po-

Luttinger parametety; andy,. For the effective interaction

tential. We find that the values of the binding energies ob-

potential, we use the following two different forms. First, we t&ined using Coulomb potential are considerably lower than
consider the Coulomb potential screened by the static dieledn0se obtained usiny,g potential, especially for narrow

tric constant

eZ

eor

)

VC:

and additionally, we consider the potentidlg derived by
Aldrich and Bajaf that takes into account polaronic effeécts

2 e2

[exp(— B1r) +exp(— Bor)]

Vag=———-—

€f  2€'r

e’Bi exp(— Bir)
i=1 2€’ l+ai/12+ai/(4+ai/3)'

2

+ )

where Bi=(2mw/h)? a=e?B/(2¢' hw), lle'=1le.,
—1leg, andm’ =m;(1+ a;/12)/(1- @;/12); o is the longi-
tudinal optical (LO) phonon frequencye.. is the high-
frequency dielectric constant, and® is electron(heavy-
hole) polaron mass.

The variational solution is sought by minimizing the ex-
citon binding energy with the following trial wave function:

W(z1,25,p,¢)=F1(21)F2(2,)
X exp(— N —[vp?— n(z,—-2,)%]"),

(4)

wells where the short- range terms in the expressio¥ gf
potential become more important. As clearly seen in Fig. 3
experimental values of the exciton binding energies agree
very well with those calculated using,g potential. We re-
mark, however, that higher values for the mass parameters
for ZnSe (M;=0.16mg,y;=4.30 andy,=1.14) were de-
rived by Sermage and Fishmi&rusing Brillouin scattering.
Calculated values of theRexciton diamagnetic shift based
on the excitonic Hamiltonian with th&/,z potential and
modified for the presence of perpendicular magnetic field
(data not shown reproduce well the experimental results
shown in Fig. 2 with both sets of Luttinger parameters, al-
though a slightly better agreement is found with the smaller
values ofy; and y,. In order to check the impact of such a
change on th& S results, we have also calculated the varia-
tion of the exciton binding energy as a function of well width
with the Luttinger parameters proposed by Sermage and Fis-
chman usingV,g (upper-dotted line in Fig. )3and V¢
(lower-dotted line in Fig. Bpotentials. We find that the val-
ues of the exciton binding energies thus obtained are always
lower (by about 3-4 meV for the well widths studied hgre
than those determined by using the parameters proposed by
Holscheret al. The upper dotted curve, however, lies close
to the experimental points thus indicating that conclusion on
the relevance of polaronic coupling does not depend on the
set of Luttinger parameters. The above results highlight the
effect of the polaron-induced enhancement of the exciton

whereF1(z;) andF5(z,) are ground-state eigenfunctions of binding energy and indicate that polaronic coupling cannot
the electron polaron and heavy-hole polaron Hamiltoniange neglected in determining the excitonic properties of these

H, andH,, respectivelyp®=[(x;—X,)?+ (y1—Y,)?], and
\,v and 7 are the variational parameters.

highly polar QW structures. They also demonstrate that
potential provides an accurate description of these effects.

We would like to remark that the above model considersRecently, Zheng and Matsudfaave calculated the effect of
the electrothole) interaction with bulk LO phonons. How- the exciton interacting with confined LO phonons, interface

ever, it has been pointed out by Mori and Andahat the

phonons and half-space phonons on its binding energy in

effect of electror(hole) interactions with the distinct phonon QWs with finite potential barriers. TheSlheavy-hole exci-
modes of a QW on the exciton binding energies is expectegbnic binding energies for our heterostructure obtained by

to be almost the same as that of electr@msles interacting

using their approach are considerably lar@ey about 4—6

with bulk LO phonons as long as the binding energies areneV) than those calculated with thé, g potential.

different from the phonon energig®ff-resonance condi-
tion).

Finally, we want to remark that theSlexciton binding
energies here reported are substantially larger than values

In our calculation, we have used the following values ofpreviously reported for the same samples through a detailed

various physical parameters for the ,0d, ,Se/ZnSe
QW’s. Conduction-band offs&fE,=0.230 eV, heavy-hole

comparison between zero-magnetic field absorptions and
variational calculations without the inclusion of polaronic

valence-band offsehE,=0.115 eV. These values have effects® The discrepancy stems from the use of effective

been recently measured by transport technidtiéectron
polaron mass for the barrier materiaf =0.155n,, electron

potential without the inclusion of polaronic effects. Those
calculations were based on the envelope function and effec-
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tive mass approaches with Luttinger mass parameters deaeasurements in quantum well samples with widths of 5 and
rived by Sermage and Fishm&thThey agree with the results 4 nm and Cadmium concentration of 0.31. We found that the
here presented for the case of screened Coulomb potentipblaronic effective potential offers a good description of the
V¢ (lower dotted curve in Fig.)3 1S exciton binding energies. Comparison with a nonpo-
In conclusion, we have shown that polaronic couplinglaronic model based on Coulomb potential screened by static
profoundly influences the excitonic properties of polar QW’sdielectric constang, allows to clearly evaluate the impact of
such as the ZiCd;, ,Se/ZnSe systems here analyzed. Wesuch polaronic effects. Detailed analysis of diamagnetic
have used an excitonic Hamiltonian with an effective inter-shifts within a polaronic model will be presented elsewhere.
action potential first derived in Ref. 3 that takes into account We acknowledge useful discussion with B. Sermage. Ac-
polaronic effects. In order to test this model, th® éxciton  tivity at Scuola Normale Superiore was supported by
binding energies were derived through magneto-absorptioMURST under the project title@hysics of Nanostructures
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