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Abstract  Using photoacoustic spectroscopy, the composition-dependent absorption
coefficient (@), thermal diffusivity (o), and optical bandgap (Ey) of Zn;_,Mn,Te
diluted magnetic semiconductor have been measured. For higher Mn compositions,
the absorption spectrum of the Zn—Mn-Te system consists of three regions, viz., the
high absorption region, the exponential region, and the weak absorption tail. The band-
gap follows a nonlinear variation with composition, showing a downward bowing with
a minimum around x = 0.31 as a consequence of the electro-negativity difference
between the substituted atoms. The composition-dependent band-edge effective mass
of the carriers does not show the bowing behavior indicating that the momentum matrix
is not the same for all the Zn;_, Mn, Te alloys due to different lattice constants. The
absorption spectra show that the transition is allowed and direct.
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1 Introduction

Diluted magnetic semiconductors (DMSs) have long been of great interest due to the
combination of two large branches in materials science, semiconductors and magne-
tism. They are “diluted magnetic” semiconductors in a sense that these semiconducting
alloys have a lattice made up in part of substitutional magnetic atoms. A great deal of
attention has been attributed to the study of diluted magnetic semiconducting alloys
from the technological point of view that they can add a new degree of freedom
associated with the spin of carriers to the electronic as well as optical semiconduc-
tor devices. The most extensive and thorough study of DMSs has been concentrated
mostly on Al Mn,BY! alloys [1] in which a fraction of the group II sub-lattice is
replaced by Mn which is attributed to the random distribution of magnetic ions over
the cation sublattice with the formation of the spin-glass-like phase [2,3]. The pres-
ence of localized magnetic ions in these semiconductor alloys leads to an exchange
interaction between the sp band electrons and the d electrons associated with Mntt,
resulting in large Zeeman splittings of electronic (band and impurity) levels. This
selective enhancement of spin-dependent properties gives rise to antiferromagnetic
cluster formation [4] and magnon excitations [5]. Due to the presence of magnetic
ions in the lattice, the spin—spin exchange interaction between the localized magnetic
moments and the band electrons [6] affects the energy band and impurity level param-
eters of these materials (e.g., by exchanging electronic g-factors). The substitutional
Mn atoms in the ABY! lattice are also characterized by highly efficient electrolu-
minescence, which makes dilute A%IﬂCMnXBVI alloys in the context of optical flat
panel display applications. Such novel and potentially important phenomena as the
magnetic field-induced overlap between valence and conduction bands occurring in
Hg;_,Mn, Te and Hg; _ Mn,Se [7], extremely large Faraday rotationin Cdj_Mn, Te
[8], giant magnetoresistance associated with hopping conduction in Hg; _ Mn, Te [9],
and the magnetic polaron observed in Cd;_,Mn,Se [10,11] are all consequences of
the spin—spin exchange interaction. The tunability of the lattice parameters and the
energy gaps of the Alll_ +Mn BV alloys make them excellent candidates for the prep-
aration of quantum wells, superlattices, and for bandgap technology applications. The
presence of Mn in these alloys gives new shape to the magnetic properties, optical
transitions specific to Mn™™ ions, and the sp—d exchange interaction into the multiple
quantum-well field.

A great deal of work has been devoted to the investigation of optical properties of
II-VI compounds and their ternary alloys [12, 13]. The energy bandgap of these semi-
conductors has a value between 1 eV and 3 eV [14-16] which makes them useful for
applications in optoelectronic devices in the visible region of the spectrum. But very
little investigation of the thermal properties of II-VI compounds has been reported
[17]. In this paper we have investigated the thermal diffusivity, optical absorption,
and energy bandgap near the fundamental edge of Zn;_,Mn,Te (0 < x < 1) type
polycrystalline alloys in the visible spectral region using a high resolution photoa-
coustic spectrometer (PAS) [18,19]. The nonradiative absorption processes which are
associated with the band structure, defect-related energy loss mechanisms, etc., can
be directly and very accurately obtained from analysis of photoacoustic spectroscopic
(PAS) spectra [20,21].
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2 Experimental

For preparation of the samples, Zn;_,Mn, Te (x = 0.0, 0.086, 0.17, 0.26), ZnTe, and
MnTe (each of purity 99.99 %) are used as starting materials. The desired amount
of the mixture is ground to powder and pressed into thin pellets. These pellets are
sealed in an evacuated quartz tube and placed inside the furnace at about 1400 °C to
1450 °C for 2 days. The ampoules were then furnace cooled at room temperature. The
samples thus prepared were crystalline in nature, and their composition and structure
were tested by X-ray powder diffraction (Phillips:Model PW 1710) studies with CuK«
having angular distribution of the range 15° < 6 < 40°. The energy dispersive X-ray
(EDX) experiment (Model KEVEV 3600-0388, USA) confirms the ratio of the con-
stituent atoms within £2 %. The lattice constants are given in Table 1. The constants
were verified according to Vegard’s law.

The single beam PAS used in the present investigation consists of a PA cell
containing a sensitive microphone, a 1000 W Xe lamp with power supply (Muller,
type SVX 1000, Germany), monochromator (Oriel 77250), and a mechanical chopper
(SR540) discussed elsewhere [18,22]. In PAS, one has to detect the photoacoustic (PA)
signal produced when a sample placed in a cell is irradiated by an intensity modulated
beam of light. The amplitude and phase of the PA signal depends on the thermal and
optical properties of the sample, the most important of which are the specific heat,
thermal conductivity, thermal diffusivity, optical absorption coefficient, etc. Hence,
the wealth of information contained in the PA signal can be used to investigate the
thermal and optical properties of solids. The PA signal produced is detected by a sen-
sitive microphone (Bruel and Kjaer 4147) and processed by using a preamplifier and
lock-in amplifier (SR530). To minimize the light scattering [23,24], very thin (~3
mm to 4 mm diameter and ~0.3 mm thick) samples were used for the PAS studies.
With the thickness of the sample being very small in comparison to the surface, a
one-dimensional piston vibration model has been considered to detect the PA signal
produced when the sample was placed in the cell. The detail of cell fabrication was
discussed in another work of the present author [22]. All the spectra were recorded
at room temperature using a chopping frequency of 120 Hz. The optical bandgap is
determined by measuring the variation of the normalized PA signal intensity with the
wavelength of the incident light. The PA spectrum obtained from highly absorbing
carbon black powder was used to normalize the spectrum of the samples.

Table 1 Characteristic parameters of the Znj_,Mn,Te (0 < x < 1) alloys

Sample Lattice Transition Thermal Eg (eV) Effective mass
constant a power factor n diffusivity ratio (m*/m)
(used in Eq. 4) (r(cm2 . s_l)

ZnTe 6.101 0.467 0.0216 2.281 0.186
ZnoeMng4Te  6.194 0.503 0.0193 2.238 0.188
ZnooMnggTe  6.287 0.492 0.0251 2372 0.198
MnTe 6.334 0.508 0.0256 2.431 0.208

The thermal diffusivity (o) and energy gap Eg are obtained from Figs. 2 and 5, respectively. Effective mass
ratio (m*/m) is calculated from Eq. 10
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3 Results and Discussion
3.1 Absorption Coefficient and Bandgap
The normalized PA spectra of Zn;_,Mn,Te (0 < x < 1) as a function of incident

wavelength are shown in Fig. 1. The optical absorption coefficient « for thermally
thick samples is calculated from the relation [25,26],

B q2+q (Z_qz)l/z
a =
m(1—q?)

ey

where g is the normalized PA signal intensity. u is the thermal diffusion length given

by [20,21]
26\ /2 12 1/2
= ()= ()
w nf

where w = 27 f (f is the modulation chopping frequency and f; is the characteris-
tic modulation chopping frequency). o is the thermal diffusivity, and [ is the sample
thickness. f. and [ are related to the thermal diffusivity as follows [27,28]:

o= fl? (3)

In view of the variation of the PA signal intensity with the modulation chopping fre-
quency, the samples are called thermally thick when f > f. and thermally thin when
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Fig. 2 PA signal amplitude (Ipa) versus chopping frequency (f) for different values of x in Zny_, Mny Te.
Characteristic chopping frequency (f¢) is determined from the distinct change in slope. f. has the values
of 24 Hz, 31 Hz, 40 Hz, and 38 Hz for x = 0.0, 0.4, 0.8, and 1.0

f < fe (fc is the characteristic frequency [27-29] at which the sample transforms
from a thermally thin regime to a thermally thick regime). For an appropriate thickness
of the sample, one can obtain a cross-over from the thermally thin regime to the ther-
mally thick regime at the characteristic chopping frequency, f.. The signal intensity
versus chopping frequency shows a change in slope at the characteristic frequency f..
Figure 2 shows such a plot of the PA signal amplitude versus the chopping frequency
for different Mn compositions in Znj_,Mn,Te. From these curves the characteristic
frequencies f. (at which frequency a change of slope occurs) were determined for
different Mn doping. Using Eq. 3 the thermal diffusivity (o) was calculated taking the
thickness of the sample pellet as ~ 0.3 mm. The thermal diffusivity of Zn;_,Mn,Te is
calculated using Eq. 3 as a function of concentration x and is found to vary nonlinear-
ly with concentration (Table 1). Due to the unavailability of other experimental data
of thermal diffusivity o for the Zn—-Mn-Te system, we cannot compare our results
with others. These values of o are, however, comparable with those of As—Se-Te
(0 ~2x 1072cm? - s7!, Ref. [29]) and Ge,Tej_y (0 ~ 2 x 1072 cm? - s~!, Ref.
[30]) systems.

The variation of the absorption coefficient « for different samples as a function of
the incident photon energy is shown in Fig. 3. The absorption spectrum of the Zn—Mn—
Te system consists of three regions, viz., the high absorption region, the exponential
region, and the weak absorption tail. These three regions are distinct for higher Mn
compositions.
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Fig. 3 Variation of absorption
coefficient («) of Znj_,Mny Te
as a function of incident photon
energy with x = 0.0, 0.4, 0.8,
and 1.0. Absorption coefficient
is determined using Fig. 1 and
Eq. 1
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The type of transitions was determined by considering the relation between the
absorption coefficient (o) and the photon energy (hv). They are related as

ahv = A (hv — Eg)n 4

where A is a constant and n is the transition power factor having values of 0.5, 2, 1.5,
and 3 for allowed direct, allowed indirect, forbidden direct, and forbidden indirect
transitions, respectively [31]. A plot of the logarithm ahv versus hv (Fig. 4) deter-
mines the values of n for different Mn compositions as shown in Table 1. For all
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Fig. 4 Plot of In(ahv) versus hv for Zn|_,Mny Te. Solid lines represent theoretical curve fits taking rela-
tion as In (whv) = B+nln (hv - Eg) using Eq. 4. Values of n for different Mn compositions are given in

Table 1
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samples, the value of n is approximately 0.5 which describes the transition as direct
in nature in the higher photon energy region. For an allowed and direct transition in
the high absorption region [19,20],

ahv = A (hv — Eg)*” (5)
and after rearrangement, it can be written as
(@hv)? = B (hv — E,) (6)

The direct transition in this system is confirmed from the plot of (ahv)?* versus hv
for various compositions as shown in Fig. 5. The values of the corresponding optical
bandgap (E,) are estimated (where the extrapolated dotted lines meet the abscissa). It
is found that the variation of E; with composition (x) is nonlinear in nature (Fig. 6)
obeying the relation E, (x) =2.276 —0.209x + 0.376x2. In the variation of the opti-
cal bandgap, a distinct downward bowing with a minimum corresponding to the value
of x around 0.31 is observed. A similar kind of optical bowing was reported in the
Zn—-Se-Te system by Ebina et al. [32] from reflectivity measurements. The dependence
of the bandgap on composition is often described by the relation [33],

E; (x) = Ey (ZnTe) + [Eg (MnTe) — E; (ZnTe) — b] x + bx? @)

where Eq(ZnTe) and Eg(MnTe) are values of the energy gap for x = 0 and 1, respec-
tively, and b = 0.3904eV is the bowing parameter. A curve fit according to Eq. 7
has been attempted to our experimental data (shown as a solid curve in Fig. 6). It
appears from Fig. 6 that for Zn-rich compositions (x < 1), E, varies slowly with x
whereas it varies faster at the MnTe end of the compositional variation of Ey. The

& [0} fesd
o o o
1 1 1

(ehv)’x10% (em™’-ev)’

Fig. 5 Plot of (ahv)? versus hv for Znj_,Mn,Te with x = 0.0, 0.4, 0.8, and 1.0
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Fig. 6 Variation of bandgap 25
(Eg) with composition (x),

estimated from Fig. 5 indicating 0.26
an optical downward bowing.
Solid line represents the best fit
to the experimental data of 244 o024
Zni_,Mny Te with Eq. 7. Inset
indicates the variation of F (i) ® 0.23
with x for Znj_xMn, Te w 00 02 04 06 08
constructed using Eq. 10 X

0.25
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electro-negativity difference between the substituting atoms [34] is attributed to the
downward bowing in the nonlinear variation of E; with composition x. Due to the
electro-negativity difference, there is exchange between the Mn spins and the hole
spins. This exchange is proportional to the probability of finding the charge carrier at
the Mn site, which in turn can be ascribed to the repulsive interactions between the
Mn d levels and the I"-point valence band states. A mismatch between the Zn—Te and
Mn-Te bond lengths deviating from those of the respective binary compounds will
cause the p—d exchange interaction between the Mn d levels and the I"-band states.
Based on this exchange phenomena, a small dip in energy gap variation will appear
around x = 0.4. Such a type of composition-dependent variation of E, was also
observed from diffuse reflectance studies by Larach et al. [35] with Zn—Se-Te alloy
powders. As the end member of the Zn;_,Mn, Te system, the bandgap values of ZnTe
(x = 0) and MnTe (x = 1) were determined as 2.281eV and 2.431¢eV, respectively
(Table 1). The bandgaps of ZnTe and MnTe were reported as 2.27eV [32] and 2.48eV
[36], respectively, in the literature. In a review article [37] on DMSs, a thorough
investigation on the composition-dependent bandgap variation for Cd;_,Mn, Te with
a virtual crystal approximation (VCA) has been reported. In this article the values of
E; of MnTe (i.e., x = 1) were determined as 2.85¢V and 3.18¢eV at 300K and 4.2K,
respectively. But the downward bowing in the nonlinear variation is not consistent
with such a VCA method.

3.2 Band-Edge Effective Mass

We have also calculated the band-edge effective mass (m*) of the carriers for the
Zn-Mn-Te system from PAS data using the expression [38],

l_m_ p2
w o om* 2mEy
2
7
Eo= 2 (= (®)
2m \1 —pu
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P2

=5 F () )

where m is the free-electron mass, p is the momentum matrix expressed as /iR, with R
as the smallest reciprocal lattice vector. Reasonably, we can take p = #/a, where a
is the lattice constant. From Eqs. 9 and 7 we can write

F (,x) = Ko (x) F (uzate) + [K1 (X) F (imnte) — Ko (x) F (uzate) + Ko (x)] x
+Kj () x? (10)

2ma’b
Ko (x) = (a/aZnTe)2 , Ki(x) = (Cl/aMnTe)2 , K(/) x) = %

Assume that Vegard’s rule for lattice constants is valid in our case,

a (x) = (1 — x) aznte + XaMnTe (11)

UznTe and uninTe are the effective mass ratios of the material with x = 0 and x = 1,
respectively. The function F (i, x) of the ternary compound Zn-Mn-Te alloys is
shown in Fig. 6 (inset) using Eq. 10. The composition-dependent F (i, x) does not
show the bowing behavior unlike the composition variation of E, since the momentum
matrix p is not constant for all Zn;_,Mn, Te alloys due to different lattice constants.
The effective mass ratios of two end-member alloys (ZnTe and MnTe) are calculated as
0.186 and 0.206, respectively (Table 1). The same property for ZnTe has been reported
as 0.17 in the literature [39].

4 Conclusion

From the PAS studies of the diluted magnetic semiconducting alloys Znj_,Mn, Te,
we have determined the Mn composition dependence of the thermal diffusivity, opti-
cal absorption coefficient, and bandgap. For higher values of x, three regions, viz.,
the high absorption region, the exponential region, and the weak absorption tail, are
observed. From the optical absorption spectrum the direct band-to-band transition has
been found for the high absorption region. This feature of the PAS data enabled us
to determine the values of the bandgap as a function of the Mn composition (x). The
dependence of Eg on x is nonlinear with a downward bowing having a minimum
at a particular composition (x ~ 0.31), which is attributed to the electro-negativity
difference between the substituting atoms,

The present experimental procedure and the theoretical analysis of PAS used for
the Zn—Mn-Te system could easily be extended to many other systems such as solar-
energy related materials, dilute magnetic semiconductors, and other materials (both
crystalline and glassy materials) of current technological interest.
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