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Application of the Inhomogeneous Sample Model in
Piezoelectric Photothermal Spectroscopy of
Zn;_,Be,Te and Cd;_,Mn,Te Mixed Crystals!

M. Malinski>? and J. Zakrzewski*

This paper presents the basic details of the inhomogeneous sample model.
This is one of the models that can be used for describing piezoelectric photo-
thermal (PPT) spectra observed for mixed crystals. The experimental PPT
spectra of Zn;_,Be,Te and Cd;_,Mn,Te mixed crystals presented in this
paper exhibited the character of the crystal structure that was interpreted
with the model of the inhomogeneous sample. The analysis of the spectra,
performed with this model, enabled determination of both the basic optical
parameters of the two crystal regions observed in the investigated samples
and the composition of the crystals.

KEY WORDS: mixed crystals; photothermal piezoelectric detection; semicon-
ductors.

1. INTRODUCTION

Piezoelectric photothermal (PPT) spectroscopy has recently become a
practical method for the thermal and optical characterization of mixed
semiconductor materials [1-4]. Recent advances in this field showed that
this method enables determination of both optical and thermal parameters
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of semiconductor samples. It revealed, however, the necessity of develop-
ment of a series of physical models of real samples. The analysis showed
that the conclusions drawn from experimental piezoelectric amplitude and
phase spectra of the PPT signal depend in an essential way on the choice
of the physical model of a sample. It turned out that one of the multi-
layer models of the sample, i.c., the inhomogeneous sample model, is one
of the most important models for the case of mixed crystals. In this paper
the inhomogeneous sample model is described in detail and the results of
computations performed with this model are compared with the results
of computations performed in a single-layer model. The results presented
in this paper comprise the computations of the amplitude PPT spectra of
Znj_,Be,Te and Cd;_,Mn,Te mixed crystal samples at different frequen-
cies of modulation in the range from 3 to 126 Hz. For simplicity the model
in the two crystal regions approach is presented. All of the computed spec-
tra are compared with experimental spectra obtained for the same set of
frequencies. The most significant are the results obtained for Zn;_,Be,Te
mixed crystals in which the inhomogeneous character of the distribution
of beryllium ions was clearly seen.

2. SAMPLE PREPARATION AND EXPERIMENTAL PROCEDURES

Single crystals of AII-BVI semiconductors analyzed in this paper
were grown from a melt by the high-pressure Bridgman method under
argon overpressure [5]. AIl and BVI signify elements from the second and
sixth columns of a periodic table, respectively. The crystals were cut into
0.1cm thick plates, mechanically polished, and chemically etched. Some
samples were annealed in zinc vapor at 1230K for several hours. The
PPT spectra were measured in the rear configuration with the piezoelectric
transducer attached to the backside of the sample. For the measurements
the open acoustic cell was used [6]. The signal was detected with a lock-in
amplifier. All PPT spectra were measured at room temperature.

3. INHOMOGENEOUS SAMPLE MODEL

One can expect, in three-component mixed crystals, that the spatial
distribution of ions in the crystal can be nonuniform. For example, in
the case of Zn;_,Be,Te mixed crystals, exhibiting an average value x =
0.07, a spatial distribution of Be is not uniform over the whole volume
of the crystal. As a result, different parts of the crystal exhibit different
optical parameters. There are several multilayer models describing differ-
ent types of spatial distributions in the crystals: a single-layer model, an
inactive layer model, the inhomogeneous sample model, a depletion layer
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Fig. 1. Schematic diagram of a sample in the inhomogeneous
sample model. I and II denote two crystal regions, A is the thick-
ness of a surface inactive layer, and backing means in the case of
investigated samples a steel hemisphere between the sample and a
piezoelectric transducer.

model, an enriched layer model, or a model of superposition [7-9]. In this
paper the inhomogeneous sample model is described in detail and illus-
trated with the experimental amplitude PPT spectra. In the model pre-
sented below, the PPT spectra were computed in the two crystal region
approach, i.e., it is assumed that there are only two types of crystal regions
exhibiting different optical parameters. A schematic diagram of a crys-
tal sample in the inhomogeneous sample model is presented in Fig. 1.
The inhomogeneity of a crystal was modelled with columns I and II
exhibiting the same or similar thermal but different optical parameters.
According to the model the crystal is of columnar type only to the thick-
ness equal to the optical absorption length of the absorbed light in the
crystal.

The spectra of the optical absorption coefficient of regions I and II
are determined by a set of basic parameters. The expressions describing
the optical absorption coefficient spectra in the low and high absorption
regions of semiconductor samples exhibiting direct electron type transi-
tions are given by the following expressions:

For Eexe <Eg  B(hv)=Bpexp ((Eexc - Eg)V/(kT)) )
For Eexc >E; B(hv)=Agy/Eexc— Eg+ o 2

E, is the energy gap, Eexc is the energy of exciting photons, k is the Boltz-
mann constant, 7" is the temperature, Ag is the optical absorption factor,
and y is the thermal or compositional broadening factor.

The set of average values of these parameters obtained for Zn;_,Be,Te
mixed crystals when x =0.07 is given below.
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Fig. 2. Optical absorption coefficient spectra of the two crystal regions; (a) the first
region exhibiting Ey =2.32¢V and (b) the second region of Egp =2.38¢V.

Eg =2.32eV Egp=2.38eV
Bor =100cm™! Bo2=80cm™!

71=0.5 r2=1
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The values of the thermal diffusivities and thermal reflection coefficients
R for the crystals analyzed in this paper were determined from separate
frequency domain PPT phase characteristics [10,11]. The optical absorp-
tion coefficient spectra of these regions are presented in Fig. 2. It must be
emphasized here that the spectra presented in Fig. 2 are the spectra com-
puted from the fitting of the theoretical PPT spectra to experimental ones.
The correctness of the spectra is limited to the value of about 500cm™!
because of the saturation region. Computer simulations indicated, how-
ever, that this fact does not influence the correctness of the procedures
and considerations presented below. What changes is the thickness of an
inactive layer that is extracted from the fitting procedure.

The PPT amplitude spectra computed for the above optical param-
eters and a thickness of the sample [ =0.1cm, a thermal diffusivity of
the samples @ =0.2cm?-s~!, a thermal reflection coefficient between the
sample and the backing R=—1, a weighting parameter w describing the
composition of an inhomogeneous crystal, and a frequency of modula-
tion f =126Hz are presented in Fig. 3. The computations of the PPT
spectra for each of the crystal regions separately were performed, both
in a modified single-layer Jackson and Amer model [12] and in an inac-
tive layer model, with new temperature spatial distribution formulae 7 (x)
derived in a thermal wave interference model [13,14] where T (x) is, in fact,
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« Fig. 3. Amplitude and phase PPT spectra of the first (a, b) and the second (c, d) crystal
regions. Dashed lines are the theoretical curves computed in a single-layer model, and solid
lines are the theoretical curves computed in a model of an inactive layer with a thickness of
an inactive layer A=0.006cm; (e, f) amplitude and phase spectra of an inhomogeneous sam-
ple with the weighting parameter w=0.4 and A =0.006cm; and (g, h) amplitude and phase
spectra of an inhomogeneous sample with w=0.4 and A=0cm where w is the weighting fac-
tor determining the composition of the crystal.

a function of many parameters T(x,«, f,I, 8, R).

Bloexp(=BA)

T = (1 —exp(—2oly M TN @]
M(x) = [exp(ox)+exp(—ox)][exp((—o — B)x) —exp((—o — B))]
(x) = Bto
+Rexp(—ZUl)[exp(ox)+exp(—ax)][exp((a —pB)x) —exp((o —B))]
B—o
[exp(—ox)+ Rexp(—20l+ox)][1 —exp((—o — B)x)]
N(x) =
p+o
+[exp(—ox)~|—Rexp(—26l—|—ax)][l—exp((o—,B)x)] 3)
B—o
The computed piezoelectric signal is given by the Jackson and Amer
equation,
s=—c|] lT dx—2 (L T(x)d 4
=7 [ rwar— [[ (5-) reoer) @

A general conclusion that can be drawn from an analysis of the dia-
grams of Fig. 3 is that the inhomogeneous character of the crystal can be
easily recognized only for the case of samples with an inactive layer, Fig.
3e, f, because of the characteristic structure of the amplitude PPT spectrum.
For the case of samples exhibiting a perfect quality surface, the recognition
of the complex composition of the crystal is difficult (Fig. 3g, h).

Figure 3a, c above illustrate the influence of an inactive layer on the
PPT amplitude and phase spectra. An inactive layer decreases strongly the
value of the amplitude of the signal for energies above the energy gap of
the crystal in the so-called high absorption region. It does not influence
at the same time the phase spectra. An inactive layer can be considered
as a thin surface layer of a semiconductor sample exhibiting a few times
smaller thermal conductivity than the rest of a sample but with the same
optical parameters. It results in a smaller value of the thermal diffusiv-
ity of this layer and a negative thermal reflection coefficient R between
the layer and the substrate. Such surface layers, of amorphous type, were
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observed, for example, in ion-implanted samples. They can be reduced
by the annealing process that causes their recrystalization and enhance-
ment of their thermal conductivity. The influence of such layers on the fre-
quency characteristics of the PA signal was first analyzed and presented by
Benett and Patty [15].

In a model of the inhomogeneous sample it is assumed that the mea-
sured piezoelectric signal is a superposition of two piezoelectric signals S;
and S coming from the two crystal regions with a weighting factor w.
The resulting piezoelectric signal is given by the following equation:

S(hv) = S1 (hv)(1 — w) + Sa(hv)w (5)

The proposed model of an inhomogeneous sample depends on many ther-
mal and optical parameters and a weighting parameter. This model of
a sample was chosen after analysis of different models of samples and
shapes of their PPT spectra computed with these models at different fre-
quencies of modulation. The dependences of the shapes of amplitude and
phase PPT spectra on the physical model of a sample were analyzed
and described elsewhere [7-9]. Computations of the piezoelectric spectra
presented in this paper were performed in a program FullDrum4R in
Mathcad 2000 Professional. This program enables computations of the
amplitude and phase PPT spectra in the inhomogeneous sample model for
different optical, thermal, and experimental parameters and a given value
of a weighting parameter. This program was also applied for the fitting
procedures of theoretical curves to experimental spectra.

The experimental PPT spectra of Zn;_,Be,Te mixed crystals were
analyzed in the single-layer and inhomogeneous sample models. The
amplitude PPT spectra of ZnTe crystals were examined as reference sam-
ples. They are presented in Fig. 4.

The PPT amplitude spectra exhibited an energy gap value of ZnTe
crystals equal to Eg=2.28¢V. In the whole range of frequencies applied,
ie, from 3 to 126 Hz, the character of all spectra was similar to that
presented in Fig. 4. Only differences in the values of the amplitude of the
piezoelectric signal were observed. The Zn;_,Be,Te mixed crystals exhib-
ited, however, PPT spectra different from those observed for ZnTe crys-
tals. Apart from the shift of the energy gap of the crystals from 2.28eV
for pure ZnTe crystals, to an average value of 2.35eV for mixed crys-
tals with a beryllium content x = 0.07, the spectra showed a consider-
able change of the shape with the frequency of modulation. This fact
indicated the possibility of the existence of the complex crystal structure
of the samples [16-19]. These experimental PPT spectra were then the
focus of modeling with the inhomogeneous sample model. Figures 5-9,
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presented below, show the experimental and theoretical amplitude PPT
spectra of Zng 93Beg o7 Te mixed crystals for different frequencies of modu-
lations. Although the fits are not perfect, the theoretical curves reflect the
character of the changes of the spectra with the frequency of modulation.

The change of the PPT spectra with the frequency of modulation is
the result of the multiple reflections of the thermal waves originally gen-
erated in the sample, from the backing material. For the samples ana-
lyzed above exhibiting a thermal diffusivity o =0.2cm?-s~!, a thickness
[=0.1cm, and low frequencies of modulation, they were thermally thin
and this influence was strong. The influence of the reflections from
the backing on the temperature distribution in the sample, and as a
consequence on the spectrum of the piezoelectric signal, is stronger for the
low absorption region than for the case of the high absorption one. That
is why the low absorption part of the PPT spectra is modified stronger
with the frequency of modulation than the high absorption one, and as
a result, a deformation of the PPT spectra is observed. If this explanation
is correct, then the change of the PPT spectra with the frequency of mod-
ulation should not be observed for the thermally thick samples where the
contribution of the effect of reflection of thermal waves from the backing
is negligible. This possibility of explanation of the observed changes was
next examined for CdTe crystals.

The analysis of the PPT spectra of Cd;_,Mn,Te crystals is presented
below. As in the case of Zn;_,Be,Te crystals, CdTe crystals exhibited only
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Fig. 4. PPT amplitude spectra of ZnTe at (a) f = 16Hz and (b) f = 36 Hz. Circles
show experimental results, and solid lines are theoretical curves computed in a single-layer
model with A=0cm and a quantum efficiency of band-to-band irradiative recombination
n=1.



Inhomogeneous Sample Model for Piezoelectric Photothermal Spectra of Mixed Crystals 277

Amplitude, a.u.
)
I

L4 |
2 2.1 22 2.3 24
Energy, eV

Fig. 5. Amplitude PPT spectra for f = 3Hz, Ez = 2.37eV,
Eg =2.42eV, and w = 0.42. Circles—experimental results and

solid line—theoretical curve.
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Fig. 6. Amplitude PPT spectra for f = 16Hz, Eg = 2.31eV,
Eg = 2.37eV, and w = 0.42. Circles—experimental results and

solid line—theoretical curve.



278 Malinski and Zakrzewski

3
5 2
<
o)
<
2
=
=
<

1

08 |

2.1 22 2.3 2.4
Energy, eV

Fig. 7. Amplitude PPT spectra for f = 36Hz, E, = 2.32eV,
Eg =2.38eV, and w = 0.25. Circles—experimental results and
solid line—theoretical curve.
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Fig. 8. Amplitude PPT spectra for f = 76Hz, E4 = 2.31eV,
Eg = 2.35¢eV, and w = 0.25. Circles—experimental results and
solid line—theoretical curve.
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Fig. 9. Amplitude PPT spectra for f = 126Hz, Ey = 2.30eV,
Eg =2.35¢eV, and w=0.4. Circles—experimental results and solid

line—theoretical curve.
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Fig. 10. Amplitude PPT spectra of CdTe sample at f = 76 Hz.
Circles—experimental results, and a solid line is the theo-
retical curve computed for the parameters: E; = 1.51eV,
a =003cm?-s7!, A =0.019cm, By = 130cm~!, and y = 0.9.
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Fig. 11. Amplitude characteristics of a CdTe crystal at differ-
ent frequencies of modulation: f =16 Hz—solid line, f =36 Hz—
dashed-dotted line, f = 76 Hz—dotted line, and f = 126 Hz—
dashed line with « =0.03cm?-s~!, and R=—0.6.

one crystal region with an energy gap E;=1.51€V while crystals with the
addition of Mn ions, i.e., Cd;_,Mn,Te crystals, exhibited a complex crys-
tal structure composed of two crystal regions exhibiting an average energy
gap value E;=2.05eV. Their PPT spectra were analyzed in the inhomo-
geneous sample model. The influence of the frequency of modulation on
the change of the shape of the spectra is also shown and discussed. The
amplitude PPT spectra of a CdTe sample are presented in Fig. 10.

CdTe crystals exhibit a low thermal diffusivity & =0.03cm?-s~!, and
the thermal diffusion length is relatively short which makes the samples
thermally thick in the range of frequencies 16-126 Hz. In this case the
influence of the backing is small. The theoretical amplitude PPT spectra
of a CdTe sample at different frequencies of modulation are presented in
Fig. 11.

For the case of the thermal and experimental parameters applied for
CdTe crystals, the shape of the amplitude PPT spectra does not depend
on the frequency of modulation. Only the total value of the piezoelec-
tric signal decreases with an increase of the frequency of modulation. The
study of the influence of an order of magnitude increase of the thermal

1
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Fig. 12. Amplitude characteristics of CdTe crystals at different
frequencies of modulation: f = 16 Hz—solid line, f = 36 Hz—
dashed-dotted line, f = 76 Hz—dotted line, and f = 126 Hz—
dashed line but computed for @ =0.3cm? -5, i.e., 10 times larger
than for the case of Fig. 10; R=—-0.6.

diffusivity on the PPT amplitude spectra is shown in Fig. 12. Because
the thermal diffusion length is now over three times longer, a change of
the shape of the spectra with a decrease of the frequency of modulation
was expected. In this case, it turned out that the shape of the spectra
changed considerably with frequency. The results of computer analysis
agree with the results of measurements performed for Cd;_,Mn, Te mixed
crystals [20]. The PPT spectrum of the Cdgs;Mng49Te mixed crystal is
presented in Fig. 13. This spectrum exhibited two crystal regions with
two different energy gaps Ey1 =2.035eV and Ey =2.105eV, correspond-
ing to different concentrations of Mn ions, x = 0.42 and 0.47, respec-
tively, and two different thicknesses of the inactive layer, A; =0.005cm
and A, =0cm. Investigations of a series of Cd;_,Mn,Te samples showed
that different samples can exhibit different thicknesses of an inactive layer
depending on the concentration of Mn ions. The physical explanation of
this fact is not known at present. Cd;_,Mn,Te crystals are more ther-
mally insulating than Zn;_,Be,Te crystals as they show a thermal diffusiv-
ity in the range o =0.005-0.1 cm?-s~!'. Measurements of the PPT spectra
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Fig. 13. Amplitude PPT spectra of CdysiMnga9Te mixed
crystals for f = 76Hz, | = 0.lcm. Fitting parameters:
Eg1=2.035¢V, o1 =130cm™!, 3 =0.5, Ag1 =1500cm™" -eV~1/2,
Eg =2.105¢eV, o2 =150 cm™!, 12=0.9, Apa= 1500cm™~! -eV—1/2,
a=0.1cm?-s7!, A; =0.005cm, Ay =0cm, R=1, and w=0.3.
Circles—experimental results and solid line—theoretical curve.

of Cdy.s1Mng 49Te mixed crystals, for frequencies of modulation f =6, 36,
and 126 Hz, showed that all the spectra were identical with the one pre-
sented in Fig. 13 measured at f =76 Hz.

The computations performed with the inhomogeneous sample model
also gave the same shape of the spectra for all these frequencies of
modulation. No visible change of the shape of the PPT spectra was
observed with a change of the frequency of modulation. This fact con-
firms the proposed explanation of the observed changes of the PPT ampli-
tude spectra of thermally thin Zn;_,Be,Te mixed crystals.

The experimental photoacoustic amplitude and phase frequency char-
acteristics obtained with a microphone detection, measured later on the
same Znj_,Be, Te mixed crystal samples in the transmission configuration,
confirmed the correctness of the inhomogeneous sample model and the
crystal structure of investigated mixed crystals. The conclusions presented
in this paper were also confirmed by the numerical analysis of the PPT
phase spectra of the same crystals performed in the inhomogeneous sam-
ple model and presented in Ref. 21.
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4. CONCLUSIONS

The general conclusion that was drawn from the results of computa-
tions performed with the inhomogeneous sample model was the following. It
enables the determination of the composition of the crystals described by the
weighting parameter “w.” It is possible to control the uniformity of the spatial
distribution of components in the crystal. This model enables also a quantita-
tive description of the quality of the surface with the parameter A, which is the
thickness of an inactive layer. By fitting the theoretical amplitude PPT spectra
to the experimental ones, it is possible to determine a set of basic optical param-
eters of the crystal regions. A physical reason for the observed changes of the
PPT spectra, with the frequency of modulation, was proposed. It is based on
the model of reflections of thermal waves, generated in the sample, from the
backing material.
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