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Abstract. The effects of strain and quantum confinement in Zn;_,Cd,Se/ZnSe strained-layer
superlattices grown by molecular beam epitaxy on the GaAs(100) substrates were studied using
photolumineseence (PL) at 4.4 K., The sample with 30 periods and total thickness of 3600 A
was directly grown on the subsirate without a buffer layer. The PL spectrum shows 2 single
peak that is attributed to the free excitons between the lowest electron subband and ground
heavy-hole subband of the Zny_.Cd,Se wells. The blue shifts of the excitonic peaks in the PL
spectra induced by the effects of strain and quantum confinements were calcuiated on the basis
of deformation potential theory and Bastard’s method, respectively. In addition, the temperature
dependence of the pL features of the sample was stodied both theoretically and experimentally
in detail. The experimental results coincide with the theoretical predictions very well,

1. Introduction

There is considerable interest in the wide-band-gap B-VI semiconductor guantum wells
and soperlattices, particolarly in Zn;_.Cd.Se/ZnSe quantum wells and superlattices,
since the blue—green laser operations have been demonstrated recently by utilizing a
Zny.,Cd,Se/ZnSe quantum well as the active layer [1-5]. For the applications of
various optoelecironic devices of these materials, the studies of optical properties of
Zn;_,Cd,Se/ZnSe superlattices and quantum wells are very important in which the
luminescent spectra are dominated by excitonic fransitions involving the electron subbands
and hole subbands induced by the effect of quantum copfinement [6-12]. Unlike the
case of GaAs/Ga,Al;_.As, where the heterclayers are basically lattice matched, the
Zn,. . Cd.Se/ZnSe heterolayers are under considerable strain owing to the lattice mismatch
presented between them. The strain effect removes the degeneracy of valence bands, shifts
the band-edge energies and induces the unique optical and electrical properties.

In this paper, the optical characteristics of Zn;_,Cd, Se/ZnSe superlattices were studied
by photoluminescence (PL) at 4.4 K. The single emitting peak in the PL spectrum is attributed
to the free-exciton transitions between the lowest electron subband and the ground heavy-
hole subband of the Zn;_,Cd.Se well. The blue shifts of the excitonic peaks observed in
PL spectra are contributed by the effects of the strain and the quantum confinement. The
strain-induced effects on band structures were calculated with the equations developed for
the IT-V structure, and the confinement electron and hole energies were calculated by the
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method derived by Bastard [9]. The temperature-dependence PL intensity, peak position and
linewidth were also discussed. The temperature dependence of the linewidth is consistent
with a broadening model in which the free excitons are scattered by the LO and TO phonons
and ionized donor impurities.

2. Sample preparation and structural characterization

The Zng17Cdy 238e/ZnSe superlattice with 30 periods was grown by the molecular beam
epitaxy (MBE) on (100)-oriented GaAs substrate at 250 °C with elemental sources Cd (purity,
09.9999% ), Se (purity, 99.9999% ) and Zn (purity, 99.9999% ). In order to determine
the Cd contents, the Zn,_.Cd,Se epilayers were grown first and x-values were calibrated
from the resnlts of x-ray diffraction (XRD) using Vegard’s law and confirmed by the peak
positions of PL spectra [13]. The layer thicknesses of superlattice were designed to be
Ly = L, = 60 A by the growth rate and growth time and were calibrated by XRD and TEM.
The results of XRD and TEM gave L, + L, = 117 A which is very close to the expected
layer thicknesses. Figure 1 shows an XRD spectrum of the superlattice sample. The several
orders of well resolved satellite peaks in figure 1 correspond to the modulated structure with
sharp interfaces.
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Figure 1. The XRD spectrum of the Zng77Cdg.235e/ZnSe superlattice.

If the tota] thickness of a strained-layer superlattice is substantially larger than a certain
critical thickness, the superlattice would be expected to relax to its equilibrium lattice
constant rather than to maintain the lattice constant of the substrate. In our case, the
Zn;-.Cd,Se/ZnSe superlattice (x = 0.23; N = 30; L, = 60 A; L, = 60 A) directly
grown on the GaAs(100) substrate can be treated as a free-standing case because the total
thickness (3600 A) of the superlattice is larger than its critical thickness. The equilibrium
in-plane lattice constant of the free-standing superlattice is give by [8, 14,15].

al = azusel1 + F/(1 + Gzusedzase/ Gzn,_,ca,sedzn,_,cd,5)] (1)

where f is the lattice mismatch of ZnSe with respect to Zn,_,Cd,Se given by f =
(@20, Cd,Se — GzsSe)/AznSes Gznge and dzq,_ca.se are the layer thicknesses, Gzns. and
Gzq,..cd 5¢ are the shear moduli given by

Gi = 2IC}, + Clp — 2ACLY/Cly] @
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where C ;1 and C ;2 are the elastic stiffness constants. The mismatches between the lattice
constant of the free-standing structure and those of the Zng 57Cdp 238Se well and ZnSe barrier
are 0.86% and 0.80%, respectively, at room temperature. The thicknesszes of the well and
barrier layers should be controlled below their ‘critical thickness k. to keep the layers in
commensurate form. The values of the critical thicknesses are calculated by the energy
model (EM) derived by Van de Leur ez af [16}:

BIn(8arR. /B) — 21/8R, = (1 + v)e/V6(2 — v) 3)

he = Reyf3 @

where ¢ is the lattice mismatch azg,_,cq,5. and a”, b = 4 A is the Burgers vector, v = 0.38
is Poisson’s ratio and o = 4 is the core parameter.,

In our case, the individual layer thicknesses (60 A) of the Zng77Cdy 235e well and ZnSe
barrier are well below the critical layer thicknesses of 253 A and 276 A predicted by the
EM model [16]. In order to verify the validity of the EM model, we also use it to calculate
the critical thickness of the ZnSe/Znyg g;Cdy 135¢/ZnSe single quantum well. The calculated
critical thickness is about 153 A and below the experimental value of 240 A [7]. Thus, the
designed layer thickness of 60 A in our Znp77Cdg 238¢/ZnSe superlattice sample is well
below the critical layer thickness. The free-standing superlattice structure is strained.

3. The photoluminescence spectra of the superlattice

Figure 2 shows a typical PL spectrum (curve A) of the Zng77Cdg.235¢/ZnSe superlattice
sample. For comparison, we have also introduced the spectrum (curve B) of a Zng77Cdpas
epilayer grown on a GaAs(100) substrate. The spectra in figure 2 were measured at 4.4 K
vsing the 325 nm line of a He-Cd laser with the power density of 10 mW cm™2. The
peak is 2.514 eV of curve B in figure 2 originates from the impurity bound excitons, which
are about 10 meV below the band gap [13]. The peak at around 2.582 eV of curve A
shows a clear blue shift compared with curve B. This peak behaves in an excitonic-like
manner and it is more reasonable to attribute it to the free-exciton transitions between the
lowest electron subband and the ground heavy-hole subband of Zng7Cdy23Se wells of the
superlattice rather than to the bound excitons on impurities. The linewidth of the peak is
about 28 meV which is slightly larger than the results obtained from the Zn;_Cd,Se/ZnSe
single quantum wells [6-7].

Figure 3 shows the temperature dependence of the Pi. peak energy of the superlattice
sample, with the open squares denoting experimental data and the solid curve indicating a
theoretical fit to empirical data using Varshni's [17] formula [6]:

E(T)= EQK) —aT*/(T + B) (5)
where E(0 K) = 2.582 eV, o = —4 x 107* and 8 = —520 K. The theoretical calculations
are in good agreement with the experimental data. Although equation (3) holds for the
band gap E,, the PL peak energy might follow the same relation at low temperatures, if we
assume that the peaks are due to the excitonic transitions.

Figure 4 shows the temperature dependence of the linewidth of the PL peak. The
temperature dependence of the emission linewidth for the heavy-hole exciton can be analysed
by the following equation [6, 10,18, 19]:

Fiota = F[)" + T + Mpolexp(ELo/ kT) — 117" + Timg exp(—{E})/kT). (6)

the first term I'j is the linewidth due to inhomogeneous origin. Three predominant
mechanisms of inhomogeneous broadening are of relevance here:
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Figure 3. The temperature dependence of the free-
exciton energy of the Zng 77Cdp 235e/ZaSe superlattice:
G, experimental data; —, theoretical fit.

T (&)
Figure 4, The temperature dependence of linewidth
(FwHM) of the free-exciton emission of the
Zng77Cdga3Se/ZnSe superlattice; ——, fit to equa-

tion (4); A, experimental data.

(1) alloy concentration fluctuation;
{ii) monolayer-type interface roughness;
(iii) fluctuation of well thicknesses.

The second term is the interaction between excitons and acoustic phonons via
deformation and the piezoelectric potential I'. The interaction ' o of excitons with polar
optical phonons is described by the third term, in which, by absorbing one LO phonon of
energy ko via the Frohlich interaction, a 1S {g = 0} exciton either dissociates into the
free electron-hole continuum or scatters within the discrete bands. It is important to note
that the former process requires that the exciton binding energy is smaller than hwyg. The
last term [Mieyp is caused by the ionized-impurity scattering and (E} is the average binding
energy of the donors.

Fitting the above equation to our data yields the solid curve in figure 4 with the
parameters I'y = 28 meV, ' = 4 x 1075 eV K™}, T'o = 38 meV, Ero = 304 meV,
Pimp = 80 meV and the donor binding energy (E} = 25 meV. At low temperatures, the
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acoustic phonon scattering is the dominant mechanism for broadening the FwHM. When T is
larger than 100 K, ionized-impurity scattering begins to make a significant contribution to the
FwHM. However, the polar optical phonon scattering has the smallest effect on broadening
the FWHM compared with acoustic phonon scattering and ionized-impurity scattering at
0 K< T < 200 K. This is because the exciton binding energy of the superlattice with
narrow quanturmn wells becomes larger, even larger than the LO-phonon energy, so that
the dissociation channel absorption is inhibited, resulting in an effective reduction in It o
(I"Lo = 60 for bulk ZnSe).

Figure 5 shows the temperature dependence of the PL intensity of the superlattice sample.
The PL quenched at higher temperatures is mainly due to the thermally activated non-
radiative recombination channels. The activation energy obtained from figure 5 is about
41 meV.
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Figure 5. The temperature dependence of the pL intensity of the Zny77Cdp23Se/ZnSe
superlattice: @, experimental data.

4. Theoretical calculations on the effects of strain and quantum confinement

Based on Hill’s theory [6,7, 19], the band gap varies with x according to

Eqg(x) = Egcase + (Egznse — Egcase — b)(1 — x) + b(1 — x)° Q)
where b is the bowing parameter. According to [6], we take b = 0.301, Egznse = 2.821 eV
and Egease(ZB) = 1.765 eV; equation (7) gives E, = 2.525 eV for x = 0.23 at 10 K. By
comparison with the value calculated from equation (7), the peak position (2.582 eV) of the
Zng 77Cdg 238¢/ZnSe superlattice has a clear biue shift, which is attributed to the effects of
mismatched strain and quantum confinement as described earlier.

In this section, we present theoretical calculations for the confined-carrier energies
in the Zng77Cdg23Se well and for the effect of strain on the transition energies of the
Zn,-,Cd, Se/ZnSe free-standing superlattices with equal thicknesses of the well and barrier.
The goal is to obtain a good fit to the experimental data of luminescent transitions.

If we define that the z direction is along the growth direction, then the elastic strains
&ij, comesponding to the Zn;_,Cd,Se layers, are given by

Exg = Eyy=E8= (aZn;-,Cd,Se - a”)/a” ()
8z = —2C128x: /C1 )]

Exy =Eyx = &2 =0 (10)
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Table 1. Lattice constants a, elastic constants Cj;, hydrostatic deformation potentials e and shear
deformation potentials b.

a n Cr2 ¢ b

(A) QO Nm=?) (0P Nm?) (V) (V)
ZnSe(ZB)} 56676 826 498 —~425 ~1.20
CdSe(ZR) 6.077 6.67 4,63 -366 —0.80
ZngmCdp23Se(ZB) 57617 789 490 —4.11 -1.1

where a” is the equilibrium lattice constant of the superlattice in the free-standing case. For
the zincblende-type material, the valence bands at k = ( consist of a fourfold P32 multiplet
(j = 2; m; = £2, +£1) and a twofold Py, multiplet (j = i; m; = +1). For the case of
biaxial in-plane compression, the Ps/2 valence band splits because of lowering the symmetry
from Ty to Dyy. In addition, the hydrostatic component of the stress shifts the centre of
gravity of the P33 and Py,2 multiplets relative to the bottom of the lowest conduction band
and may also influence the relative line-ups and thus the band discontinuities between the
two materials [6,15]. Pikus and Bir [20] have reported that the orbital strain Hamiltonian
for a given band at £ = O can be written as

He = —e(gxx + yy + &2) — 3b[(Li - L2/3)3xx +Cp] - \/gd[(Lx, Ly)exy + CP] (11)

where L denotes the angular momentum operator, CP denotes the cyclic permutation
with respect to the indices x, y and z, and (L, L,) indicate the symmetrized product
(LiLy+Ly,L.)/2. The parameter ¢ is the hydrostatic deformation potential. The quantities &
and 4 are the shear deformation potentials appropriate to the strain of tetragonal and
rhombohedral symmetries, respectively.

For the biaxial stress parallel to [100], the strain Hamiltonian He¢, thus, becomes

He = —2a[(Cyy — C12)/ Ci1lexx + 3BI(C1y + 2C12)/C1l(L2E = L?/3)e s (12)

where the first term represents the shift in the centre of gravity of Ps; and the second
term describes the splitting of P32 due to tetragonal distortion. The eigenvalues of the
strain Hamiltonian can be calculated by using the unperturbed wavefunctions of the valence
and conduction bands in a zinchlende-type material. The increase in the band gap due to
unjiaxial compression is given by

AEy(1) = Ey + Ey (13)
AEy2) = Ey+ (A — Ey)/2 = [(SEL + 2AEy + ADH12]/2 (14)
where
Ey = ~2e[(C11 — C12)/ C11)exx (15)
Ey = b{(Cyy + 2C12)}/ C11)exx (16)

and A = 0.43 eV is the spin—orbit splitting [15]. Here, since it is difficult to obtain A for
Zny77Cdg 23Se or CdSe, we use A, for ZnSe as an approximation for A for Zny77Cdg 23 Se.

Taking the parameters from table 1 and interpolating linearly that for Zng7yCdg23Se,
the shifts of the heavy hole and light hole are

AEp(l) = 5.4 meV
AEy(2) = 46,0 meV

respectively.
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In addition to the strain-induced renormalization of the energy bands, the electron and
hole confinements also cause the transition energy to move to higher energies. This blue
shift is a function of the band offsets and effective masses of the carriers involved. The
confinement energies are calculated by solving numericlly the dispersion relation [9, 13, 15]:

cos(K L) = cos(kaly) cosh{kpfy) + %(x = 1/x) sin(kyfy) sinh(kply) )]
where L is the superiattice period {; + l, /5 and #, are the well and barrier widths and
x = kymy/ kamy hky = 2maE)'/? hk, = [2mp(V — E)]'?

where m, and my, are the effective masses in the well and barrier layers and V is the
potential barrier height corresponding to valence and conduction band offsets.

The valence and conduction band offsets for the CdSe/ZnSe heterostructure were cal-
culated using the Harrison atomic-like orbital theory and those for the Zng77Cdg 235¢/ZnSe
system were linearly extrapolated to obtain V; = 53 meV for the valence band offset and
Va = 226 meV for the conduction band offset {6, 7,21, 22]. Considering the effect of strain,
we obtain AE, = V] + AEp(l) = 58.4 meV and AE, = Vo, = 226 meV. By taking the
effective masses and potential depths of AE, and AE, listed in table 2, the ground-state
electron energy Ej. and heavy-hole confinement energy Eip are calculated by solving nu-
merically equation (17), and they are about 41.5 meV and 18.2 meV, respectively. The
final expression for the ground-state level Ey, of the heavy-hole excitonic transition can be
written as

En = Eg+ Eje+ Eipp + AE(l) — By = 2.578 6V (18)

where E,, is the binding energy of the free exciton. The free-exciton binding energies
of bulk ZnSe and CdSe are 18 meV ad 15 meV, respectively, and that of Zn;_,Cd,Se
is interpolated as 17 meV. Here, we used free-exciton binding energies of bulk as an
approximation for that of the superlattice [6~7]. The resultant E; = 2.578 eV of the
calculated values is in good agreement with the experimental result Eexy = 2.582 eV,
which provides indirect evidence that the asumption of free-exciton transition is acceptable.

Table 2. Constants used in confined energy calculations.

E,OK) me my,  ABE AR
(eV) (m0) (my) (meV)  (meV)
ZnSe 2.821 0.16 0.6
CdSe 1.765 0.13 045
ZnomComsSe 2524 0153 0566 226 58.4

5. Conclusion

The optical characterization of a Zng77Cdy 235¢/ZnSe strained-layer superlattice was studied
by the PL. The blue shifts of the excitonic peaks are considered as the effects of the quantum
confinement and the strain. We have presented theoretical calculations for the confined-
carrier energies in the Zn,_,Cd,Se well and for the strain effect on the energy transitions
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of the free-standing superlattices with equal thicknesses of well and barrier. The result is in
good agreement with the experimental observation, which illustrates that the assignment of
PL peak to the luminescence of free excitons is a reasonable expectation. The temperature
dependence of the PL emission peak position, intensity and linewidth (FwHM) have also
been analysed. The temperature dependence of the linewidth of the exciton luminescence
has been explained by a broadening model in which the free excitons interact with LO
and TO phonons and ionized donor impurities. The activation energy comesponding to the
dissociation of the excitons is 41 meV.
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