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Exciton localization in Mg,Zn,Cd,_, ,Se alloy
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We report photoluminescence and reflectivity measurements of MgZnCd, Se epitaxial layers
(0 < x < 0.53) grown by molecular beam epitaxy on InP (100) substrates. Significant emission line broad-
ening, increase in activation energy and Stokes shift are monitored with increasing Mg content. For
Mg Cd Zn,__Se samples with large Mg content (x > 0.3), we observe an anomalous temperature depend-
ence of both the emission energy and line broadening. This behavior is assigned to the emission from lo-
calized states. Different mechanisms of carrier localization are discussed and exciton localization on sta-
tistical CdSe clusters is proposed to be the most likely one.
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1 Introduction Although substantial success has been achieved in the development and production
of AlIn,Ga;_.,N-based light emitting and laser diodes (LEDs and LDs) that operate in the ultraviolet,
violet, and blue spectral range, it has been more challenging to produce long-life devices operating at
longer visible wavelengths due to the high threshold current density required for lasing [1]. Since
Al,Ga,In;_,_,P-based LDs operate only at wavelengths longer than 600 nm, there is a spectral gap in the
green-yellow region (530-590 nm) that is directly relevant for emerging technologies such as the use of
plastic optical fibers that require green lasers to achieve the lowest attenuation coefficient. Together with
the recent improvements in the degradation stability, this revives interest in ZnSe-based LDs that can
potentially cover the whole green spectral region (490-590 nm) [2].

The Mg,Zn,Cd,_,.,Se material system is particularly interesting since it can be used to produce light emit-
ters operating in red, green, and blue regions of the visible spectrum [3]. For instance, Mg,Zn,Cd,_,_,Se-
based current injected lasers operating at 560 nm were reported recently [4]. However, to fully exploit
this material system, it is important to understand the light emission mechanism in the alloy.

In this paper, we report photoluminescence (PL) and reflectivity measurements of high-quality
Mg,Zn,Cd,_,,Se (0 < x < 0.53) epilayers grown by molecular beam epitaxy (MBE) on InP substrates.
While the low-temperature PL spectra of Zn,sCdysSe epilayers are dominated by near band edge emis-
sion characterized by narrow asymmetric lines with a high-energy tail, we find that PL spectra of
Mg,Zn,Cd,_,_,Se epilayers are dominated by broad asymmetric lines with a low energy tail. We have
studied the behaviour of the emission lines as a function of excitation intensity and temperature, reveal-
ing the excitonic origin of the emission. As the Mg content is increased, we find a substantial emission
line broadening, an increase in activation energy, and a large Stokes shift. For Mg,Cd,Zn;_,_,Se with
large Mg content (x > 0.3), we observe an anomalous temperature dependence (“S-shaped” emission
energy shift and emission line broadening). We interpret this unusual behaviour in terms of exciton lo-
calization in Mg,Zn,Cd,_,Se alloys with high Mg content (x > 0.3) and speculate that exciton localiza-
tion on statistical clusters is responsible for the observations.
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2 Experimental details All samples were grown by MBE on semi-insulating InP (100) substrates
under the growth conditions described elsewhere [3]. The composition of the ternary Zn,Cd,_,Se alloy
was calculated from the lattice constant measured using a double-crystal X-ray diffraction (DCXRD)
system, assuming a linear dependence of lattice constant on the alloy composition (Vegard’s law). The
composition of the quaternary Mg,Zn,Cd,_,_,Se alloy was determined by the combination of lattice con-
stant and bandgap energy data [5]. PL measurements were performed in a liquid He continuous flow
cryostat in the temperature range from 4.2 K to 300 K. Excitation was provided by the 325-nm line of a
He-Cd laser. Reflectivity measurements were performed in the same cryostat using a 200-W Hg lamp.

3 Results and discussion Figure 1 shows PL spectra (dotted lines) at 4.2 K for Mg,Zn,Cd,_,_,Se epi-
layers with x = 0, 0.25, 0.31, 0.34, and 0.53. The spectra are dominated by near band edge emission lines
and no deep level emission is observed, indicating high material quality. With increasing Mg content, the
data show a significant broadening of the emission line (from 6 meV for Zn,sCdjsSe to 65 meV for
Mg 53Zn¢27Cdg,Se). This broadening is accompanied by a change in lineshape. The emission from
Zn,5CdysSe is dominated by a sharp asymmetric line with a high-energy tail. In contrast, the emission
from Mg, Zn,Cd;_.,Se (x ~ 0.25) has a symmetric Gaussian shape and is significantly broader due to the
increase in the alloy disorder. For higher Mg content (x > 0.3), the emission lines have asymmetric line
shapes with a low-energy tail, possibly arising from the formation of an exponential tail of localized states.

Reflectivity spectra (solid lines) at 4.2 K for ZnysCdysSe and Mg 53Zng7Cdg,Se epilayers are also
shown in Figure 1. The quenching of Fabry-Perot oscillations in the reflectivity spectrum corresponds to
the onset of interband absorption and is identified as the I' — T direct band gap transition. An increase in
the Stokes shift from ~10 meV for ZnysCdgsSe to ~90 meV for Mg 53Zn, »;Cdg,Se is evident.

We studied the dependence of the emission on the excitation laser intensity to elucidate the origin of
the emission lines. Excitation laser intensity was varied over three order of magnitude and a linear de-
pendence of the PL emission intensity with a slope near unity was obtained. Also, no shift of the emis-
sion energy was observed. This behaviour is consistent with the excitonic origin of emission.

Figure 2 shows the dependence of the PL emission energy on temperature (solid circles). In general,
the emission energy follows the temperature dependence of the band gap shrinkage described by Bose-
Einstein type relationship [6]: Ey(T) = E,(0) — 2ag/(exp (AT) — 1), where E(T) is the band-gap transition
energy at the temperature 7, ap represents the strength of the average electron-phonon interaction, and 0
corresponds to the average phonon temperature.
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Fig. 1 Low temperature photoluminescence (dotted Fig.2 Temperature dependence of the emission en-
lines) and reflectivity (solid lines) spectra of ergy. Symbols correspond to the experimentel data and
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(x). relationship.
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At small values of x (x < 0.3), the temperature-dependent PL peak shift is consistent with the
estimated decrease in energy. The experimental data are well fitted to the Bose-Einstein equation with
ag =21 meV, =124 K and ag = 24 meV, 6= 169 K for the samples with 0 and 25% of Mg, respectively
(dotted lines). In striking contrast, for Mg,Zn,Cd,_.,Se epilayers with larger x values, the temperature-
dependent PL peak shift does not follow the typical temperature dependence of the energy gap shrinkage.
Instead, we find a non-monotonic (“S-shaped”) emission shift with increasing temperature. The emission
energy decreases when temperature is below 77 (50 K for x = 0.31, 90 K for x = 0.34, 140 K for x = 0.53),
slightly increases when temperature is below 7, (90 K for x = 0.31, 140 K for x = 0.34, 200K for x = 0.53),
and then starts to decrease again. Temperatures corresponding to the changes in the behaviour (77 and T,)
depend on the composition and increase with Mg content. This type of behaviour is characteristic for the
localized exciton emission and can be explained by the increase in localization energy [7].

Figure 3 shows the dependence of the full width at half maximum (FWHM) of the PL emission line on
temperature (solid circles). The measured luminescence line width is a sum of an inhomogeneous part (T7;)
that is due to the extrinsic effects (dislocations, composition fluctuations, alloy scattering, and electron-
electron interactions) and a temperature-dependent homogeneous part (I',). At low temperatures, the homo-
geneous component is dominated by scattering of acoustical phonons (AC). As the temperature increases, the
longitudinal optical (LO) phonon scattering becomes dominant due to the increase of phonon population.

The temperature-dependent emission line broadening for Mg,Zn,Cd,_.,Se epilayers with small x
value (x < 0.3) is consistent with the model: a slow broadening due to AC scattering at low temperatures
is followed by a fast broadening due to the LO scattering at higher temperatures. The temperature-
dependent emission line broadening for Mg,Zn,Cd,_,,Se epilayers with larger x values shows an anoma-
lous “S-shaped” broadening. An increase in FWHM of the emission line at low temperatures is followed
by the decrease at moderate temperatures and further increase at higher temperatures.

Figure 4 shows an Arrhenius plot of the normalized PL intensities as a function of temperature (solid
circles). The PL intensity decreases with increasing temperature, indicating the presence of non-radiative
recombination centres. The experimental data is fitted to a formula involving one non-radiative recombi-
nation process (dotted lines) [8]: I(T) = 1/(1 + (Pxr/Pr ) exp (=Ea/kgT)), where Pxr/Pr is the ratio of the
non-radiative to radiative recombination probability, T is the temperature, kg is the Boltzmann’s constant,
and E, is the activation energy. An increase in the thermal activation energy with increasing Mg content
(from 24 meV for ZnysCdysSe to 108 meV for Mgy s3Zn,,7Cdj,Se) is observed. This increase is in a
good agreement with the increase in the Stokes shift between the PL peak energy and the bandgap meas-
ured through reflectivity measurements. It should be noted that Ea reported for ZnysCdysSe is close to
the exciton binding energy previously reported for Zng 53Cdy47Se (20 meV) [9]. Therefore, the decrease
in the PL intensity is due to the thermal activation of localized excitons to free carriers and their further
nonradiative recombination.

o - wE s
a0 s }8,3 i E, =24 meV,P /P =450
8 I 03 e o seee0?® ]00_ pary ;'. :
80 f R 100 / x=025
9 40 | . . e o oooee ...X:0.25 ’; %8, : EA =28 meV, PNR/PR =800
) L L R 0 L L L L
Es0f - ok f"k';o.éi”"""'.
ZA0F e e e s aeeeetent Z I00r E, =32meV, P /P, = 1000
10 . . o © 8 000000000050, 10, x=0.34
I x=0.34 10sr E, =70 meV, P_ /P, = 50000
e e i
sl . . e o0 o0 o0 %8 - {. x=0.53
’ . X053 0°f §  E.-108meV.P /P =400000
10 100 0.0 0.1 02 03

T(K)
1T (1/K)

Fig.3 Temperature dependence of the Fig. 4 Arrhenius plot of the emission intensity vs inverse tempera-
line width of the emission. Symbols ture. Symbols correspond to the experimental data and the dotted lines
correspond to the experimental data. are the fits using one-step non-radiative recombintation model.
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These results suggest that exciton localization occurs in Mg,Zn,Cd,_,,Se alloy with large Mg content
and localized states with energies 100 meV below band gap are forming in Mg s3Zng»;Cdg,Se. Good
crystalline quality of the epilayers was verified by DCXRD measurements and no presence of phase
separation or spontaneous alloy ordering that can be responsible for carrier localization was observed.

Carrier localization can occur in high crystalline quality homogeneous alloy due to the random poten-
tial fluctuations [7]. Isoelectronic traps or clusters of the low-bandgap component of the alloy (CdSe)
can serve as localization centres. The mechanism of carrier localization depends on the ratio between the
depth of the well created by CdSe (4) and critical energy of perturbation (E.) defined as[10]:
E. = hz/meffaz, where m.g is the carrier effective mass and a is a spatial size of the well and is on the
order of interatomic distance. Using the data reported for CdSe (meg = 0.45m, for heavy holes, m.¢ =
0.11m, for electrons, and a = 3.0 A) [11], we estimate that E., is ~1.875 eV for holes and is significantly
larger for electrons due to their smaller effective mass. Since most of the band discontinuity in the
Mg, Zn,Cd,_,_,Se/CdSe system is in the conduction band (AE/AE, ~ 0.8) [12], and CdSe band gap is
~1.77 eV, we calculate A: A ~ AE,/JAE, - (E.M*"®° — E©%%). A increases from 190 meV to 260 meV
when x increases from 0.3 to 0.53. Since E,, exceeds 4, formation of isoelectronic traps is not likely.
However, A is large enough to allow hole localization on statistical CdSe clusters involving a few Cd
atoms occupying the near-neighbour sites in the crystal lattice. Localized holes can bind electrons form-
ing localized excitons. Then, an asymmetric shape of the Mg,Zn,Cd,_,_,Se (x > 0.3) emission line is due
to the sum of the emission lines from clusters with different emission energies. “S-shaped” emission
energy shift and emission line broadening are due to thermalization of localized excitons with different
activation energies. Their activation, followed by the depletion with increasing temperature, briefly
dominates the overall downward trend of the band gap. It also causes narrowing of the emission line at
higher temperatures. Finally, increase in the Stokes shift and activation energy with increasing Mg con-
tent is due to the increase in the band gap energy of the host alloy as well as to the decrease in the poten-
tial fluctuations outside the clusters that prevents tunnelling energy transfer between them.

4 Conclusion We have investigated optical properties of Mg,Zn,Cd,_._,Se epilayers (0 < x < 0.53) via
PL and reflectivity spectroscopy. An anomalous temperature-induced PL emission behaviour for
Mg, Zn,Cd,_,_,Se alloy with high Mg content (x > 0.3) (an ‘S-shaped’ PL peak energy shift and an °S-
shaped’ PL emission line broadening) was observed. The deviation from the typical temperature depend-
ence and the temperature range in which it occurred was increasing with the Mg content. A significant
increase in the activation energy of the PL emission and Stokes shift were also observed. This behaviour
indicates carrier localization in Mg,Zn,Cd,_,_,Se alloy (x > 0.3). Possible mechanisms of carrier localiza-
tion were discussed and exciton localization on statistical clusters was proposed to be the most possible.
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