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Excitons in CdTe quantum wires with strain-induced lateral confinement
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Using a two-step epitaxial growth process we have fabricated nanometer-scale quantum wires through the
modulation of the in-plane lattice constant dfld.0] CdTe/CdZn, _,Te quantum well grown on top of[@01]
CdTe/C¢zn, _,Te strained superlattice. With respect to the unmodulgt&d] quantum well, the photolumi-
nescence of these quantum wires presents a large redshift which depends strongly on the excitation density.
The results compare very well with a theoretical model assuming no strain relaxation in the structure. In this
framework, we show thati) the hole is confined via the Coulomb attraction of the electron and not via the
valence-band offset, an@) due to the nonlinearity of the piezoelectric coefficient in CdTe, a lateral piezo-
electric field is present in these strained moduldtetD] wires.[S0163-18206)04627-9

Among all the one-dimensiona{lD) semiconductors tal thickness of the SSL, we design the SSL in order to have
(SC’s) which have been fabricated in recent yeafthe one  an average strain close to zéfdt contains 100 periods of
obtained by strain-induced lateral confineméedlled S1ID  CdTe (10 nm and Cdg ;¢ZNg.24T€ (10 nm). The second step
below) (Refs. 5—7 is the most controversial. More precisely MBE growth on thg 110] cleaved facésee the upper part of
the photoluminescenc@L) experiments, which are a very Fig. 1) consists of deposing a sequence of, gdn, ggTe (20
powerful tool for studying two-dimensiondlD) SC’s or  nm), CdTe (10 nm), and Cg ¢xZng ggTe (40 nm. Therefore
quantum wells(QW'’s) as well as quantum well wires the band gap of the 10-nfi10]-CdTe/C¢Zn,_,Te QW is
(QWW'’s), have given rise to a controversy not only as to thespatially modulated by strains in regions grown above the
origin of the PL lines but even as to the existence itself of 4001]-CdTe/CdZn; _,Te SSL providing a lateral confine-
S1D%° The problem is the following: on one side the PL ment to carriers and forming QWW’s. PL measurements
data, which are reported only for the,®s _,As/GaAs were carried out at 1.8 K with a mapping setup having a
strained system, are understood as resulting frons12;>°  spatial resolution of 15um (laser spot size which allows
on the other side, the calculation performed within elasticone to select precisely any place on the sample. The sample
theory framework results in a full relaxation of the lattice, sowas excited with an Af laser with power density ranging
that the strain modulation that is supposed to create confindrom 5 W/cnf to more than 1 kW/cfh Typical PL spectra of
ment in the second direction, i.e., to create the wire, does ndhe structure are presented in Fig. 1. These PL spectra are
exist® In this last case the origin of the PL lines is of courseobtained from three different regions of the sample, as indi-
unexplained. The aim of this paper is to bring about addi-cated in the upper part of the figure. The PL of the SSL and
tional information about this problem: we observe the PLof the[110] QW exhibits two lines which can be attributed to
emission ofS1D made with another strained system, namelyrecombination of intrinsic heavy-hole excitores ;) and of
CdTe/C¢Zn,_,Te, and we show the existence of a lateralexcitons bound to residual impuritigsnes C and Y).2*4
piezoelectric field present in this 1D structure. The PL of QWW'’s at low excitation is a broadband shifted

In order to obtain these results, for the 1I-VI materials weby about 40 meV to the red relative to thE10] QW emis-
have developed a molecular-beam epita/§BE) growth  sion, in agreement with estimates of carrier localization by
technique called cleaved edge overgrowth initiated bystrain modulation in this structure as demonstrated below.
Pfeiffer et al° for the 11I-V’s. This has allowed us to obtain Note that due to the laser spot sifé& um) compared to the
PL spectra for CdT&1D. To account for the results of op- wire region ong1 um), we expect to observe, when exciting
tical measurements, we have assuntasg in Ref. 3 that into this region[spectrum €) in Fig. 1], two contributions
there is no lattice relaxation in th&l D structure. We have due to both the QWW and tH&10] QW; since the PL of the
then calculatedi) the confinement energies of both electronsQWW's dominates over that of tHe10] QW, the localiza-
and holes(ii) the energy-dispersion curves of the conductiontion in the wires is quite efficient. To ascertain the origin of
and valence bands, affid ) the exciton binding energies. We the broad PL line as due to the QWW emission, we record
then obtained that the exciton transition energies are in goothe PL intensity at various wavelengths along the cleaved
agreement with the experiments. Moreover the dependenaage sample. From these profile measurements, shown in
on the excitation density of QWW transition energies is alsdrig. 2, it is clear that the emission of the broadband at 1.578
explained by taking into account the nonlinear piezoelectrieV comes only from the part of tHe10] QW grown over

effect specific to CdTé&! the SSL, in contrast to the substrate and[thE)] QW emis-
The strain modulation is produced by a first epitaxial stepsions, which are present all over the cleaved edge.
namely the MBE growth of §001] CdTe/Cd ;Zng,sTe Another characteristic feature of the QWW emission is its

strained superlattic€SSL) pseudomorph to a GdgZny 1,T€  strong dependence on the excitation density, as illustrated on
substrate. To insure pseudomorphic growth whatever the td~ig. 3. The emission coming from the QWW appears at 40
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FIG. 1. PL spectra of the sample obtained by overgrowth of a
[110] CdTe/C¢zZn,_,Te QW on a[001] CdTe/Cd¢zZn,_,Te
strained superlattice. Spectra are obtained from three different r
gions on the sample, as indicated in the upper gartL of [001]
strained superlattice(b) PL of 2D [110] QW grown above the

substrate;(c) PL of [110] quantum-well wires grown above the ayer such an assumption is well supported by our experimen-
sgperlattlce. The scheme represents aI;o a side view qf the samqléﬂ data, which show that the electronic properties pf 0]
with the notations used for all the domains present in this structureQW are strongly affected by the presence of strained layers
200 A below. In the following, we refer to the axis system:
meV below that from th¢110] QW for the lowest excitation X=[001], Y=[110], andZ=[110]. To calculate the deforma-
density, and is blueshifted by almost 30 meV when thetions in the various parts of the sampgiomains 2, 3, and 4,
power density is larger than 1 kW/émiThis behavior sug- and 6, 7, and 8 in the upper part of Fig, tve consider that
gests both the presence of an electrical field in [th&Q]- the QWW's are coherently grown on both the S@lomains
modulated QW and the screening of this field when thel and 5 and the uniformly strainefll10] QW (domains I,
power density is increased. Such an electrical fi@d its 1ll, and IV). In other words, it is assumed that in QWW
fluctuationg could be at the origin of the photoluminescencedomains, deformations along tixedirection are imposed by
linewidth obtained for the QWW emission. Then we wouldthe SSL, those along th¥ direction are imposed by the
expect that the screening of this field will lead to a decreasgl110] QW, and those along th2 direction are common to
of the broadening® That is not the case for the high excita- both the[110] QW and SSL. It is then possible to calculate
tion densitiegsee Fig. 3, which suggests the importance of the confinement potential in the different parts of the struc-
many-body effects. ture, and the result for electrons is displayed in Fig. 4. This
We now come to the theoretical part of this paper. Thepotential profile has been calculated taking into account suc-
first step of the calculation is to evaluate the strain in thecessively the chemical band offset, the contribution of the
different parts of the structure by solving Hook’s tensorialstrain, and the lateral piezoelectric effect present in the
equations. In order to do that, we assume that there is NQWW'’s. We want to point out that in an idefdl10] QW, for
relaxation of any kind(neither plastic nor elasticin the  which the polarizationP is parallel to the QW plane, the
sample. This hypothesis means that the strain modulatiopolarization cannot create any piezoelectric chat§dsis
produced by the SSL is entirely transferred to [the0] QW,  also important to note that, in our case, this lateral piezoelec-
which should be an overestimation of strain according tatric field does not arise from interface fluctuations as recently
authors who have used continuum elasticity théoHow- reported for[110]-strained QW’st® but from the nonlinear

FIG. 2. Luminescence profiles vs the position on the cleaved
110] surface at three different wavelengths corresponding, respec-
ively, to the substrate, thg110] quantum well, and thg¢110]
quantum-well wires.
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FIG. 3. PL spectra of the 2P110] QW and theg/110] QWW's 6 ial he el |
obtained at low temperature for various excitation densities. The FIG. 4. Confinement potential for the electrons alongXfie1)

exciton recombination in the QWW is shifted to the high energy byQirectior(lj cr?rresponding to the grov(;/_th axis r?f the strﬁig_ed s_uperl]?t-
25 meV, in contrast to the exciton linesh; andY in the [110] tice, and theY[110] one corresponding to the growth direction o

QW. The arrows give the calculated energy transitions for the e><7the overgrown quantum wglVE? ) represents th.e potential ta!<ing
citonic one in the[110] QW, for the excitonic one in thé110] into account only the chemical band off$200% in the conduction
QWW taking into accountd) or not (b) the lateral piezoelectric P2n9: V{®)  the potential obtained by adding the contribution of

field, and for the electron-hole one)(in these[110] QWW's. the strains, Qnd/&+s+F the potential 0_btamed by including also
the lateral piezoelectric field present in such a moduldD)

piezoelectric effect present in Cdtkas we will show be- structure.

low. For the holes we have taken into account the contribu-

tion of the strain via the Bir-Pikus Hamiltonian and the lat-

eral piezoelectric effect. Incidentally we can note that it iseyy as well ase;, are the same in domains 3 and 7, so that

not possible to represent the hole potential on a figure, as ihere should be no induced electric field in these domains.

done for the electrons in Fig. 4: this simply results from theHowever, the deformatioreyy along the X direction is

fact that the Bir-Pikus Hamiltonian is a nondiagonal matrixmodulated by the SSL. This will result in @ modulation of the

and not a scalar, as is the case for the electron. This is similaolume of CdTe, and consequently a modulation of the pi-

to the case of QW grown along th#12] direction, for which  ezoelectric field coefficieng,, due to the piezoelectric non-

it is not possible to define a quantum-well depth for thejinearity in this materiat* This modulation amounts to about

holes!” . S Ae;,=0.06 C/nf, which produces an electric fiell. To
The piezoelectric polarization in o§iL10] structure(see  cajculateE, we assume that the potential difference created

the inset of Fig. 1is directed along th& direction, and is  y the piezoelectric effect is compensated for over one SSL

given by period, i.e.E is proportional to the polarization difference in
_ domains 2 and 63 and 7, respectively the deduced value
Priig=[e - ,0,0], 1 ; '
g =[erdevy—e22).00) @) of E is then 4<10* V/cm.
whereeyy and e,, are deformations along thé and Z di- Electron and hole wave functions were calculated using

rections, respectively. In our pseudomorphic growth modethe method described in Refs. 17—-19. In the [2I0] QW,
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Figure 5 illustrates the calculated probabilities in the
wires for the electron ground state together with the ones of
the two components-3/2 and—1/2 of the hole ground state.
One has to note in this figure that due to the lateral electric
field along theX direction, the maxima of wave function of
the electron and the hole are slightly shifted away from each
other on both sides of the CdTe layer. Finally, the results of
the calculation are compiled in Table I. The energy positions
E andH are given with respect to those of the conduction-
and valence-band edges, respectively, in bulk CdTe. It is
worth noting that the QWW exciton binding energy is larger
than the 2D value only if we neglect the piezoelectric effect.
The latter effect, which tends to separate the electron and the
hole, strongly diminishes the QWW exciton binding energy.
From this calculation, an energy shift of 50 meV is found
between th¢110] QW and thg110] QWW (Fig. 3, arrowa)
which compares very well with the 40 meV observed experi-
mentally when exciting at low power density.

As far as the excitation density dependence is concerned,
two related mechanisms are taken into account in our model.
The first one is related to the increase of the band(bape-
shift) due to the screening of electric field. The second one is
related to the increase of exciton binding eneRyy (red-
shift): as the result of the reduced electric field, the overlap
of electron and hole wave functions is increased, which ex-
plains the difference between the calculated valuR,pfvith
and without electric field(see Table ). Our calculation
shows that the band-gap effect is dominant over the exciton
binding variation effect, which is in agreement with the blue-
shift observed in Fig. 3arrow b). However, the calculated
value of the exciton energy without piezoelectric field does
not account for the whole experimental energy shift. The
further energy shift may come from the dissociation of the-
excitons into electron-hole pail§ig. 3, arrowc): this ex-

M
i
il
/ ;ﬂl m Y
,»,’,l’lllﬂ’llllﬂnff;',":?&\

I:ll!l!ll"”, ’i'""

FIG. 5. Probabilities of finding in the wire the electr@mpper-
case drawing and the hole with the components 3/2 ard/2
(lower-case drawingsthe spin quantization axis being parallel to
the[110] direction of the wire. The hole potential is not sufficient to
confine the hole: the hole wave function is then obtained taking int
account the Coulomb attraction of the 1D confined electron.

TABLE I. Calculated values for the 2D110] QW and for the
[110] QWW taking into accountor nod the lateral piezoelectric
d‘ield E. The energiek andH are given with respect to the ones of
the conduction- and valence-band edges, respectively, in bulk
CdTe. For the 20110] QW, where the electron and the hole are
well confined, the exciton energy transition is given by
the electrons and holes are well confined, so that it is posEx=Eg+E+H—Ry, with Eg=1606 meV. For th¢110] QWW,
sible to calculate the exciton binding enerBy as usuaf® where the hole is confined by the 1D electron, the exciton energy
As for the wire, it is found that the localization of electrons transition is given byExy=Eg+E+H. In this case one calculates
along theX direction always occurs in domains located onalso the energH,p of the hole without including the Coulombic
top of the CdTe layer of the SS[so that the wire is in interaction which allows us to find a QWW exciton binding energy
domain 7. For holes the localization depends strongly on theRx=H —Hyp. Ee.p is thee;h; electron-hole transition energy. The
structure of the overgrowil10] CdTe/CdZn,_,Te QW. energy valueda), (b), and(c) correspond to the three arrows re-
For a Zn concentration of 8% in the (Zh, ,Te, the holeis  ported at the bottom of Fig. 2.
not localized in two directions: as was done for the 2D
case’! we have to take into account the Coulomb interaction [1100 QWW  [110] QWW
due to the 1D electron in order to confine the hole in the 2D [110] QW without E with E
same wire domain as the electron one. Conversely, for a

larger Zn concentratioffiabout 20% the hole is always lo- E (meV) 29 9.1 —124
calized in a different domain, namely domain 6. In theMe (Mo) 0.091 0.091 0.091
former case one obtains a spatially direct excitoype-l-  H (meV) —-141 —48.5 —33.0
QWW), and in the latter case a spatially indirect excitonmy (mg) 0.17 0.17(2D) 0.17 (2D)
(type-1l- QWW). This may explain why no QWW emission Ry (meV) 114 17 8.6
has been observed in another sample having a 24% Zn cogy (meV) 1609.5 1566.6(b) 1560.6 (a)
centration for the Cd&n,_,Te barrier of the overgrown E_, (mev) 1620.9 1584.1(c) 1569.2

[110] QW.
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plains the observed energy shift of the exciton recombinatioion density can be accounted for using a model which as-
in the QWW. In order to explain the broadening in this high sumes no relaxation in the sample and which takes into ac-
excitation regime, it should also be important to take intocount the lateral piezoelectric effect present in such strain-
account many-body effects. modulated 110] wires.

In summary we have studied PL spectra of
CdTe/Cgzn,_,Te quantum wires that result from a modu- ~We would like to thank D. Gershoni, who suggested the
lation of the in-plane lattice constant of a quantum wellpossibility of obtaining CdTe QWWs by strain-induced lat-
grown on a CdTe/Cdn,_,Te strained-layer superlattice. eral confinement, and who gave us some advice concerning
Both the large redshift of the PL line with respect to thethe optimization of th¢110] growth. We are also grateful to
qguantum well line and its strong dependence on the excitaR. Legras for technical assistance.
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