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The modul ation spectroscopy was used for defining band gap of monocrystalline Cdy.,Mn,Te solid solutions,
the properties of which vary with molar composition x and the surface preparation quality. It was found that for

such samples it is useful to measure differential transmission spectrum T4, the main peak of which is governed

by the composition x and the substrate thickness d. Therefore, it is important to measure Ey(d) for at least three
samples of the same composition and different thickness. Using these data, the band gap can be obtained by
extrapolating Ey(d) dependence in a logarithmic scale up to intersection with the energy axis at Ig d = 0, which

corresponds to the sample thickness of 1 um.
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I ntr oduction

Band gap (Eg) is one of the most important
parameters of a semiconductor material that determines
its physical properties, establishing the possible
application ranges. Among the many methods used to
determine Eg, optical measurement remain the most
popular [1] by being non-destructive and alowing to
study the response of the material under different
external influences such as temperature, pressure, electric
and magnetic fields, presence of ionizing radiation, etc.
Many of optical methods consist in analysis of reflection
spectrum R,, ether alone or compounded with the
absorption spectrum K,, for the energies approaching the
expected value of material's band gap. The obtained
experimental curves are then fitted with a set of
theoretical models seeking to determine band gap value
with major precision, yet each such fitting may have its
subtle drawbacks. As absorption spectrum is usually
caculated from the transmission spectral data T,
measured close to the edge of intrinsic absorption [2], it
is important to ensure the reiability of T, measurement
using very thin samples (d < 100 um), growing of which
may be quite complicated from technological point of
view.

For thicker samplesit is more appropriate to measure
reflection spectra, which are independent on sample
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thickness. At the same time, the precision and reliability
of reflection spectra are defined by the structural
perfection of material and the quality of the sample
surface. To obtain material with high structural
perfection it is necessary to fine-tune many parameters of
growing process in order to ensure good control over
chemical composition and crystallographic orientation, to
reduce the concentration of point defects, etc., al of
which add quality constraints to both material growth
technology and sample preparation technology.
Therefore, it isimportant and timely to develop a smple
and reliable method for determination of semiconductor
band gap. For this purpose, we propose to use
modulation spectroscopy [3, 4], illustrating its potentia
with an example study of Cd;.\Mn,Te solid solutions.

|. Samplesand research methodol ogy

We have chosen Cdy,Mn,Te as an object of study
because addition of manganese to the solid solution
produces a diluted magnetic semiconductor with a
number of important physical properties — the Giant
Faraday effect and spin splitting, inter-center optical
trangitions, and non-linear tranamission [5, 6]. These
remarkable properties open promising application
perspectives for CdypMn,Te in the fields of magneto-
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optics, spintronics, lasers, and power optics. It is
important to mention that increase of manganese molar
content x leads to larger values of Ej enhancing
temperature and radiation stability of the crystals and
devices based on them. Unfortunately, the same high
molar content x deteriorates structura perfection of the
material, though solid solution is considered to be
homogeneous for x < 0.77 [6]. Reference [7] reports that
Cdy.xMn,Te may contain cubic-phase clusters of B-MnTe
as structural imperfections due to the presence of a UV
band in photoluminescence spectrum of the samples with
x=0.05-0.5 with its peak centered at 3.24¢eV that
corresponds to the band gap of B-MnTe a 300 K [8].

The present research was carried out for a set of flat
samples 4x4 mm? in size, cut from a Bridgman-grown
bulk Cd;xMn,Te. The melt used for crystal growth
contained different concentrations of Mn (x=0.04; x =
0.1; x=0.25 and x = 0.4). The samples obtained featured
p-type conductivity defined by intrinsic defects at room
temperature. Series of samples of the same composition
were produced; these were further polished to achieve
the required variation of thickness d. Firgt, the thickness
of the samples was adjusted by polishing them with
diamond paste AM5. The obtained plates were further
mechanically polished and chemically etched in bromine
methanol, completing the process with careful rinsing in
distilled water. The resulting samples featured mirror-
reflecting surface. Tree samples with different thickness
in the range 150-750 um were produced for every
composition x mentioned above.

The differentid spectra of reflection Rf and

transmisson Tf were measured using the universal

measuring Setup including the  diffraction
monochromator MDR-23 and a standard synchro-
detector. We used a halogen lamp with a smooth
radiation spectrum as a light source. The spectra were
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recorded with the photomultiplier FEU-112. The
A-modulation was achieved by oscillation of a flat mirror
of MDR-23 monochromator with a frequency of 33 Hz.
All measurements were performed at room temperature.

1. Results and discussion

The solid solution Cd;«\Mn,Te features zinc blend
gtructure in the entire composition range, decreasing its
lattice congtant linearly with increase of x [6]. Under
these circumstances, it is natural to expect that
dependence of Ey(x) should be linear as well, which is
confirmed experimentally by the empirical relation [9-
11]

Eg(x) = Ego +ax. (1)

At the same time, experiment measures deviate from
the values Eqo = 1.5€eV and a= 1.74 eV expected from a
straightforward application of linear band gap regression
carried out for the limit casesof x = 0 (CdTe, E;=1.5eV
at 300K) and x =1 (MnTe, Eg = 3.24 eV at 300 K). This
idealized linear dependence is plotted in Figure 1, curve
1. Severd experimental band gap values are displayed in
the same figure for comparison. The experimental points
after Refs. [9-11] are marked with triangles and circles;
our data are shown with squares, featuring very good
agreement with the theoretical curve.

As one can see, for low manganese content
0 <x<0.15, the band gap values matching the thesatrical
prediction were reported in Ref. [11]. These values were
obtained from reflection measurements performed over
freshly-cleaved surfaces. At the same time, the use of
absorption spectra provides considerably underestimated
band gap value for a wide range of x [9, 11]. This
problem is predicted by the Bouguer law, in accordance
to which the edge of fundamental absorption for a direct-
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Fig. 1. Band gap variation Cd;.,Mn,Te solid solutions with molar content x. Theoretical curve 1 was calculated
using Eq. (1) with Ejo=1.5eV anda = 1.74 eV. The experimenta points were adapted from the following sources:
empty circles, Ref. [9]; filled circles, Ref. [10]; triangles, Ref. [11]. Squares plot our measurementsat T = 300 K.
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Fig. 2. Differential optical reflection R§ (curves

1,2) and transmission T§ (curves 1',2) for CdTe

(curves 1,1) and CdogMngsTe (curves 2,2)
measured at T = 300 K.
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Fig. 3. Differential optical transmission T for the

samples of CdyggMnoosTe (curves 1,1 and
CdosMng4Te (curves 2, 2') with thickness of 750 um
(curves 1, 2) and 170 um (curves 1', 2), measured at
T=300K.

band semiconductor suffers red-shift upon increase of
sample thickness. The band gap values for Cd;xMn,Te
reported in Ref. [10] are adso underestimated, though
they were obtained from reflection measurements. This

problem, to our opinion, appears because the R§ curves
feature considerable sendtivity on sample structural
perfection and the quality of surface preparation. We
illugrate this point with Figure 2, showing that the curve
of R§ for CdosMno4Te, in contrast to that of CdTe, has

numerous peaks that consderably complicate definition
of the band gap. It is important to mention that the
samples used to measure the data for Fig. 2 were
prepared usng the same technological procedure and
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Fig. 4. Shifting of differential transmission peaks for
different thickness of Cd;Mn,Te samples, measured
for the following Mn contents: 1) x = 0.04, 2) x =
0.10, 3) x 025 (3) and 4) x 0.40. All
measurements were carried out at T = 300 K.

their surfaces were mirror-reflective upon  visual
inspection.

In contrast to R§, curves, the differential spectra of
optical absorption Tf; featured a single band centered at
hWrT1 ~ Eg for all samples produced in this study (Fig. 3).

As one can see from the figure, the position of hw-rl;1

shifts as sample thickness varies, in full accordance with
predictions provided by Bouguer law.

The empirical formula describing the experimental
dependence of band gap on the sample thickness d is
reported in Ref. [12]:

Eqd)=Eq- blgd [ev]. @)

Here parameter S determines the slope of a segment
plotted in coordinates E4(d) —Ig d, and the value of Eg is
obtained as an intersection of the aforementioned
segment with the energy axis for Ig d=0. The latter
corresponds to d=1pum, which is important value of
thickness as for semiconductor samples with d<1pum
optical transmission for energies lower than band gap
value becomes almost independent on #w. As one can

see from Figure 4, Eq. (2) holds well for all hw! (d)

data produced for the samples of solid solutions studied
in this paper. Linear extrapolation of the corresponding
segments up to intersection with the ordinate axis
provides the band gap value for solid solutions, which
fits well the theoretical prediction for the entire range of
chemical composition studied (Fig. 1, curve 1 for
theoretical data and squares for the experimentd data),
proving high potential of modulation spectroscopy for
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defining the band gap of semiconductor compounds.

Conclusions

We illustrate a successful application of modulation
spectroscopy to define band gap of semiconductors. The
suggested methodology has considerable benefits in
comparison with other optical methods. The precision of
obtained band gap values depends on the type of spectra
being measured, which in the first place is defined by the
quality of the sample surface. For the freshly-cleaved
surfaces, it is more convenient to use the differentia
reflection spectra. For less-perfect surfaces, the most
viable approach will be to measure differentid
transmission spectra for a set of samples with different

thickness. The linear extrapolation of Eg(d) plots is then

used to define the band gap of semiconductor material.
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3acTocyBaHHSI MOAYJISIIHHOI CIIEKTPOCKOMII 111 BUSHAYCHHS IIHPUHH
3a00poHeHOoI 30HH TBepaoro po3uuny Cd,,Mn,Te

Yepuiseywiuii nayionansuuii ynisepcumem imeni FOpis ®edvkosuya, syn. 2, 58012 Yepnisyi, Yrpaiua,
e-mail: vpmakhniy@gmail.com
2ITenmp docnioocenns cyuacnux mamepianis, C.C. (CIMAV) Yixyaxya | Moumeppeii, As. Mizens de Cepsanmec 120,
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JUis BU3HA4YeHHS LIMPUHU 3a00pDOHEHOI 30HM MOHOKPHCTAIYHMX TBepaux posunHiB CdiMnTe,
BJIACTHBOCTI SIKMX 3MIHIOIOTBCA 3 MOJSIDHHUM CKJIAJIOM X Ta SIKICTIO IIATOTOBKU IIOBEPXHi, BUKOPHUCTaHO
MOZYJISILIMHY CIIEKTPOCKOMit0. BusiBieHo, 1o a1 Takux 3pa3KiB JIOLIIBHO BUMIPIOBATH JU(EPSHIIHHNI CcrieKTp
MPOITYCKaHHs, OCHOBHHUII MK SIKOIO PETYIIOETHCS CKIIAJ0M X Ta TOBLIMHOK miaknanku d. BinmosiaHo, moTpibHO
Bumipsiti EQ(d) mpuHaiiMHI 1 TpHOX 3pa3skiB OHAKOBOIO CKJIaay Ta Pi3HOI TOBIIMHU. BHKOpPHCTOBYIOUM Taki
naHi, excrpanosiiero 3anexuocri EQ(d) B norapudmivsii mkam y Todni neperuHy 3 Biccro eneprii Igd =0
OTPHMaHO 3HaYCHHs IIMPHHH 3200pOHEHOT 30HH, IO BiAIIOBIAa€ TOBIIHMHI 3pa3ka 1 MKM.

KurouoBi c/10Ba: HaniBNPOBiJHUK, MHMPHHA 3a00pPOHEHOT 30HH, MOAYIIALIHHA CIIEKTPOCKOMIs.
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