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ARTICLE INFO ABSTRACT

Communicated by R. Merlin In this work, we show a line-shape analysis of the resonant Raman scattering spectrum of un-doped CdTe single
crystal. We found that the main peak correspondent to the longitudinal-optic (LO) phonon mode is asymmet-
rically broadened toward the high-frequency side. We attributed this asymmetry to an electron-phonon coupling
effect, which was demonstrated using a Fano-type function to describe the spectrum line-shape. In our fitting we
have additionally considered the weak contribution (in the low-frequency region) of two added phonons, whose
presence is attributed to the rupture of the symmetry due to the surface. Results show an excellent agreement
between the experimental data and the fitting model, where Fano asymmetry parameter was found to be ¢ = 4.5.
The results obtained, are a tool that contributes to the understanding of the origin of LO phonon line-shape
asymmetry of the Raman spectrum; and its use will be helpful to investigate the strength of electron-phonon
coupling in semiconductors.
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1. Introduction

Raman spectroscopy is a versatile and fast non-contact character-
ization technique often used to investigate the vibrational and electronic
properties of materials like bulk semiconductor crystals, thin films,
superlattices and low-dimensional systems [1]. The resonant Raman
scattering (RRS) technique is more selective compared to non-resonance
Raman spectroscopy, it works by exciting the sample with incident ra-
diation corresponding to the near the energy band gap. This causes an
augmentation of the emission up to a factor of 10° in comparison to
non-resonance Raman [2]. Raman scattering in semiconductors is
caused by the inelastic interaction of the incidence photons with lattice
vibrations or phonons. In crystalline bulk materials, the Raman scat-
tering is limited to the near zone centered phonons, due to the selection
rule of momentum conservation law. As a result, sharp symmetric
line-shapes of Raman spectra (Lorentzian peak) are observed, due to the
zone-centered phonons. In the case of nanostructures, the selection rule
regarding the quantum confined effect originating due to the low
dimensionality of the crystal (sizes comparable to the Bohr exciton
radius), is relaxed and other phonons than those of the zone centered,
also contribute due to confinement of the phonons in a crystallite of
finite dimension [3]. This results in a change in the line-shape of the first
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order Raman spectrum, which shows a red-shift in the Raman peak
position along with an asymmetric line-shape broadening, compared to
the typical spectra of a bulk crystalline crystal [4]. In addition to
quantum confinement effect, an electron-phonon interaction (or Fano
interaction) also results in an asymmetric broadening of the Raman
line-shape. Literature reports for example, an asymmetric
longitudinal-optic (LO) phonon mode in bulk silicon under both n- and
p-doping condition. In this case the asymmetry was interpreted as
arising due to the Fano interaction of the discrete LO phonon mode with
a continuum of either electron (n-type) or hole (p-type) excitations [5].
This leads us to consider that in a semiconductor, the Fano interaction
takes place where a discrete phonon state and a continuum of electronic
states exist; and that manifests as an asymmetric Raman line-shape [6].
The origin then of the Fano resonance in a semiconductor, could be due
to the phonon interference with the continuum of electronic states
created by a heavy doping or due to the photoexcitation as suggested in
Ref. [7]. Fano line-shape has been seen in many systems like silicon [5],
graphene [8], diamond [9], SrTiO3 and CaySr; xTiO3 [10]. In this paper
as we know, it is reported an intrinsic Fano-type line-shape in resonant
Raman scattering for the first time. It means, for an un-doped Cadmium
Telluride (CdTe) substrate. CdTe is an important II-VI direct band gap
(1.45 eV) [11] semiconductor compound due to its increasing
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applications in various electronic devices, such as radiation detectors,
photovoltaic devices, light transmitter diodes and luminescent probes
[12] among others. CdTe is a p-type polar compound and crystallizes in
the cubic zinc blende structure as its stable form. The aim of this work
was to contribute to the understanding of the origin of the LO phonon
mode asymmetry line-shape in CdTe, so that it can be used in the study
of the electron-phonon coupling interaction in semiconductors.

2. Material and methods

The sample used in our experiment was a (001) oriented un-doped
CdTe commercial wafer from Bertram Laboratories. This means that
its orientation is perfectly specified, and that the only carriers that could
manifest in the sample in the case of breaking the covalent bond, would
be the intrinsic carriers. Literature report that the intrinsic carriers per
unit volume for the CdTe, is around 6.9 x 10°[13] or 10° [14], amount
that is very far from the 10'®, typical of doped samples. In order to rule
out any quantum confinement effect, the substrate, with a polished
surface with a mean surface roughness (MSR) of 6 nm, was gently pol-
ishing with diamond paste to get the value of 279 nm MSR mentioned
below.

The Raman spectra were measured, in a back-scattering geometry
[15], at room temperature, in the range of 120-220 cmfl, using a NIR
micro-Raman system (Renishaw 1000B). The excitation source of the
system is a laser diode that emits a wavelength of 830 nm (1.49 eV). The
laser beam was focus onto the sample with a 50 x objective (Leica
DMLM microscope, spot-size of about 2 pm). The calibration of the in-
strument was done using the 520 cm ™! Raman line of a silicon wafer.

The MSR of 279 nm was measured using an atomic force microscope
(AFM-Digital Instruments, model Dimension 3100). Reference [16]
shows AFM images in more detail.

3. Results

Fig. 1 shows the PL spectrum obtained for the CdTe sample with a
532 nm laser. The sharp peak is centered around the resonance and has a
full width half maximum (FWHM) of 40 milli electron volt (meV) and a
continuum of electronic transitions width of 160 meV, measured at the
points indicated by the arrowheads that unites the start of the function’s
tails. Fig. 2 shows with open circles, the normalized resonant Raman
spectrum of the main active LO phonon mode of CdTe. The line-shape as
can be seen, is characterized by a sharp peak with maximum intensity
around 165 cm™!. This is indicated with a vertical discontinuous line.
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Fig. 1. PL spectrum obtained for the CdTe sample with a 532 nm laser which
shows a continuum of electronic transitions width of 160 meV.
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Fig. 2. Raman room-temperature spectrum of the LO phonon mode (open
circles) with corresponding Fano line-shape (blue solid line) and Lorentzian
(green solid line) fits. The resultant Raman signal line-shape fit is show as a bold
red line. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

The figure also shows a broader half-width (I'y) on the higher-frequency
side of the peak position. In addition to this, the left and right ends of the
peak, do not have the same intensity. While on the left side the intensity
practically follows a line that ends at a minimum spectral intensity near
zero, on the right side, for higher frequencies, as can be seen, the in-
tensity has an increase of the order of 10%, shown by the line’s tail;
referred to what is observed on the left side. That is, the intensity dis-
tribution of the LO mode of the CdTe phonon is an unbalanced function.
The FWHM measured on the Raman spectrum is ~13.6 cm ™. The Fano
effect is characterized by a drop-in intensity and the average widening of
the peak. We presume, that the Fano effect reported in this work is due
to the interaction of the typical discrete polarization wave P = Pye~*" of
the characteristic LO phonon with an energy of 20.6 meV [17], associ-
ated to the CdTe, polar semiconductor II-VI, with the continuum of the
electronic transitions shown in Fig. 1, which has a width of 160 meV of
energy. That is, we consider that what we are seeing is an
electron-phonon interaction. In the case under discussion, it will be
proven that the observed behavior in the opposite tails of the Raman LO
mode peak of the CdTe, can be explained in terms of the Fano effect.

4. Discussion

The Raman line-shape asymmetric broadening is often characterized
by the asymmetric ratio defined as AR = I', /T’y where I';, and I'y are the
half widths on the left and right side respectively, taking as reference the
center line of the peak [5,6], just as indicated in Fig. 2. As seen in Fig. 2,
our measured Raman line-shape is asymmetric with an AR ~0.71. Based
on the selection rule for the (001) surface of CdTe, which says that the
scattering of the LO phonon modes are allowed, but the transverse-optic
(TO) phonon modes are forbidden [18]; and taking into account that the
polarization wave of the LO phonon has associated a positive charge p =
V-P, the initial hypothesis in this work was to assume that the asym-
metry observed in the LO mode of the Raman peak was due to an
electron-phonon coupling. This was done after ruling out that the
quantum confinement effect could not occur with an MSR of 279 nm.
The quantum confinement in semiconductors as is well known, can be
observed just when they have sizes comparable to the Bohr exciton
radius, which in the case of CdTe is 1.05 nm [19].

Coupling between an electron and a phonon is an important issue in
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semiconductor materials because it has significant influence on the op-
tical and electrical properties of semiconductors [20]. Electron-phonon
interaction, also called Fano interaction, as have been say before, occur
due to the interference between the electronic continuum of states and
the discrete phonon. In this work we made a theoretical fitting of the
Raman scattering data in Fig. 2 to confirm our initial hypothesis that the
Fano effect was due to an electron-phonon coupling. The Raman
line-shape originating due to the Fano interaction is given by equation
(1) [21].

o+ 20— o)/17

I+ 2(w — wo) /I M

I(w)

where I(w) is the Raman intensity as a function of frequency (), Iy is the
peak intensity, o is the uncoupled phonon frequency, g is the asym-
metry parameter, and I" is the FWHM of the uncoupled phonon mode.
The interaction strength between the LO phonon mode and the elec-
tronic continuum on the other hand, is quantified by the relationship
|1 /q|, which is known as the coupling strength. In the limit, when
|1 /q|—0, the Fano resonance line-shape, can be expressed as a Lor-
entzian line-shape like the one given by equation (2) [22]:

I(w)= ﬁ 2)

+ T

As far as we know, the fitting of the Fano-type line-shape for optical
phonon has not been reported previously for CdTe. In Fig. 2, represented
as the blue solid line, we display the best fit obtained for the LO phonon
mode using equation (1), for: Iy = 0.046, w, = 163 cm Y, q=4.5and
I'=12 cm™L. The positive g value is consistent with an asymmetry
caused by the Fano effect [5]. This means, that the Fano interaction is
causing the asymmetry seen in the higher frequency side of the LO line
shape of our substrate of CdTe. In Fig. 2 we can appreciate good
agreement of the blue line-shape and the observed peak except for a
pronounced drop on the low-frequency side that does not correspond to
the experimental data. As a characteristic of the Fano effect, the mini-
mum spectral intensity (or destructive interference) and the wider half
width are observed on the opposite sides of the Raman peak position. In
Fig. 2 at 120 cm ™! is the minimum spectral intensity and at 220 cm ™" the
Raman intensity is 10% greater. In our attempt to explain this behavior,
we considered that in the region of the Raman spectrum (130 cm™! to
160 cm™!) there is the contribution of additional phonons. The graph as
you can see, in addition to the LO mode, shows an extra band that de-
velops as a shoulder in the low-frequency side of the LO mode. This
shoulder was deconvoluted by multi-Lorentzian fitting, and the Raman
line shape was fit using equation (2). The green lines in Fig. 2 show the
fitting. These phonon modes have vibration frequencies corresponding
to the transverse-optic phonon (TO) mode at 142 em ! and to the sur-
face optical (SO) phonon mode at 152 cm L

In any case, the Fano asymmetry parameter g = 4.5 calculated by our
fitting in order to know, if the asymmetry observed in the LO mode of the
Raman peak of our sample, was due to an electron-phonon coupling
shows that it is very close to the value of ¢ = 4 obtained for p-type silicon
nanowires [5] and that it is near to the ¢ = 5.07 of SrTiO3 of nanocubes
[10]; what reinforces our prediction.

The dimensionless parameter 1/q characterizes the electron-phonon
coupling strength as has been said. A stronger coupling (qg— 0) causes
the peak to be more asymmetric. In the limit of the weak electron-
phonon interaction (g—o0), which means, as have been said previ-
ously, that the Fano line-shape can be reduced to a Lorentzian line-
shape.

For our un-doped CdTe sample the coupling strength gavea 1/ q =
0.23, which means that the electron-phonon coupling it is not so
intense, but it is comparable to that of the doped silicon. When the
coupling between the discrete mode (phonon) and the continuum
(electron/holes) is significant, the Fano resonance peak position may
blue shift or red shift significantly due to the frequency renormalization.

Solid State Communications 312 (2020) 113895

In coupled resonance, the peak frequency of Fano line-shape becomes
Omax = wo + I'/2q and its Fano FWHM is I'(q? +1)/|¢q*> —1| [23]. From
our fitting parameters, we found that w,,, = 164.33 cm~! and FWHM =
13.24 cm ™! which is in accordance with the experimental data.
According with the theory, the TO phonon mode is not allowed by
symmetry conditions [18], but become Raman active due to the
breaking of the translational crystal symmetry (breaking of crystal
symmetry induced by the surface). The frequency mode located between
the TO and the LO modes is commonly related with the SO mode of the
CdTe [24,25]. This mode is not Raman active; but it can be activated due
to the electron-phonon interaction as a result of the relaxation of the
selection rules. In order to complete our analysis, we used the analytical
expression that results for the Raman intensity including all three modes

0.04 0.1

:1+4((Uff,1242)2 1+4(m1761252)2

[4.5 +2(w — 163)/12)
1+ [2(w—163)/12]"

I(w) +0.046 3

The line-shape fitting of the Raman signal using the whole model is
shown in Fig. 2 with the red line, such line, as can be seen, is in an
excellent agreement with the experimental data. This also suggests that
not only the asymmetry observed in the LO mode of the Raman peak of
our sample, is due to the electron-phonon coupling, but that the TO and
even the SO modes of our substrate can be activated due to the electron-
phonon interaction.

5. Conclusion

In summary, we report the resonant Raman spectrum measured for
un-doped single crystal of CdTe. As far as we know, this is the first time
that the asymmetric broadening of the LO phonon line width of CdTe is
fitting using a Fano line-shape. Our results show that Fano effect in
resonant Raman scattering can be caused by the coupling of the LO
Raman phonons with the photoexcitation electron in the resonant con-
dition. Asymmetric Fano profiles in the resonant Raman spectra are
especially helpful for analyzing the Raman-active (bulk-like and surface)
phonon modes, electron-optical-phonon interactions, and carrier relax-
ation mechanisms in semiconductors [26]. These results advance the
understanding of the electron-phonon coupling; since for the first time,
the magnitude of the coupling strength has been obtained for un-doped
CdTe.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

CRediT authorship contribution statement

C.I. Medel-Ruiz: Conceptualization, Methodology, Formal analysis,
Investigation, Writing - original draft. H.Pérez Ladron de Guevara:
Resources, Writing - review & editing. J.R. Molina-Contreras:
Conceptualization, Writing - review & editing, Resources. C. Frausto-
Reyes: Conceptualization, Writing - review & editing, Resources.

References

[1] V.M. Dzhagan, Y.M. Azhniuk, A.G. Milekhin, D.R.T. Zahn, J. Phys. D Appl. Phys. 51
(2018) 503001, https://doi.org/10.1088/1361-6463/aada5c.

[2] M. Schmitt, J. Popp, J. Raman Spectrosc. 37 (2006) 20-28, https://doi.org/
10.1002/jrs.1486.

[3] R. Kumar, G. Sahu, S.K. Saxena, H.M. Rai, P.R. Sagdeo, Silicon 6 (2014) 117-121,
https://doi.org/10.1007/s12633-013-9176-9.

[4] H. Richter, Z.P. Wang, L. Ley, Solid State Commun. 39 (1981) 625-629, https://
doi.org/10.1016,/0038-1098(81)90337-9.

[5] S.K. Saxena, R. Borah, V. Kumar, H.M. Rai, R. Late, V.G. Sathe, A. Kumar, P.
R. Sagdeo, R. Kumar, J. Raman Spectrosc. 47 (2016) 283-288, https://doi.org/
10.1002/jrs.4820.


https://doi.org/10.1088/1361-6463/aada5c
https://doi.org/10.1002/jrs.1486
https://doi.org/10.1002/jrs.1486
https://doi.org/10.1007/s12633-013-9176-9
https://doi.org/10.1016/0038-1098(81)90337-9
https://doi.org/10.1016/0038-1098(81)90337-9
https://doi.org/10.1002/jrs.4820
https://doi.org/10.1002/jrs.4820

C.I. Medel-Ruiz et al.

[6]

71

[8]

[91
[10]
[11]
[12]
[13]
[14]

[15]

P. Yogi, S.K. Saxena, S. Mishra, H.M. Rai, R. Late, V. Kumar, B. Joshi, P.R. Sagdeo,
R. Kumar, Solid State Commun. 230 (2016) 25-29, https://doi.org/10.1016/j.
s5¢.2016.01.013.

S.K. Saxena, P. Yogi, S. Mishra, H.M. Rai, V. Mishra, M.K. Warshi, S. Roy,

P. Mondal, P.R. Sagdeo, R. Kumar, Phys. Chem. Chem. Phys. 19 (2017)
31788-31795, https://doi.org/10.1039/c7cp04836j.

J.M. Baranowski, M. Mozdzonek, P. Dabrowski, K. Grodecki, P. Osewski,

W. Kozlowski, M. Kopciuszynski, M. Jalochowski, W. Strupinski, Graphene 2
(2013) 115-120, https://doi.org/10.4236/graphene.2013.24017.

J.W. Ager III, W. Walukiewicz, M. McCluskey, M.A. Plano, M.1. Landstrass, Appl.
Phys. Lett. 66 (1995) 616-618, https://doi.org/10.1063/1.114031.

S. Banerjee, D.-I. Kim, R.D. Robinson, I.P. Herman, Y. Mao, S.S. Wong, Appl. Phys.
Lett. 89 (2006) 223130, https://doi.org/10.1063/1.2400095.

K. Punitha, R. Sivakumar, C. Sanjeeviraja, J. Sci.: Adv. Mater. Dev. 3 (2018) 86-98,
https://doi.org/10.1016/j.jsamd.2017.12.001.

Z. Ghorannevis, E. Akbarnejad, M. Ghoranneviss, J. Theor. Appl. Phys. 10 (2016)
225-231, https://doi.org/10.1007/s40094-016-0219-7.

A.J. Strauss, The physical properties of cadmium telluride, Rev. Phys. Appl. 12 (2)
(1977) 167-184, https://doi.org/10.1051/rphysap:01977001202016700.
Ching-Hua Su, J. Appl. Phys. 103 (2008), 084903, https://doi.org/10.1063/
1.2899087.

G. Turrell, M. Delhaye, P. Dhamelincourt, in: G. Turrell, J. Corset (Eds.), Raman
Microscopy: Developments and Applications, Elsevier Academic Press, 1996,

pp. 27-50.

[16]

[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]

[26]

Solid State Communications 312 (2020) 113895

C. Frausto-Reyes, J.R. Molina-Contreras, C. Medina-Gutiérrez, S. Calixto,
Spectrochim. Acta, Part A 65 (2006) 51-55, https://doi.org/10.1016/j.
5aa.2005.07.082.

Dexiong Liu, Junhua Chen, Dongming Wang, Lingling Wu, Deliang Wang, Appl.
Phys. Lett. 113 (2018), 061604, https://doi.org/10.1063/1.5041021.

P.M. Amirtharaj, F.H. Pollak, Appl. Phys. Lett. 45 (1984) 789-791, https://doi.org/
10.1063/1.95367.

F. Mezrag, N. Bouarissa, Mater. Res. 22 (2019), 21171146, https://doi.org/
10.1590/1980-5373-mr-2017-1146.

R.P. Wang, G. Xu, P. Jin, Phys. Rev. B 69 (2004) 113303, https://doi.org/10.1103/
PhysRevB.69.113303.

S.F. Wu, P. Richard, X.B. Wang, C.S. Lian, S.M. Nie, J.T. Wang, N.L. Wang, H. Ding,
Phys. Rev. B 90 (2014), 054519, https://doi.org/10.1103/PhysRevB.90.054519.
F.C. Tai, S.C. Lee, J. Chen, C. Wei, S.H. Chang, J. Raman Spectrosc. 40 (2009)
1055-1059, https://doi.org/10.1002/jrs.2234.

J.B. Wu, M.L. Lin, X. Cong, H.N. Liua, P.H. Tan, Chem. Soc. Rev. 47 (2018)
1822-1873, https://doi.org/10.1039/c6cs00915h.

V. Dzhagan, M.Y. Valakh, J. Kolny-Olesiak, I. Lokteva, D.R.T. Zahn, Appl. Phys.
Lett. 94 (2009) 243101, https://doi.org/10.1063/1.3153987.

D. Liu, J. Chen, D. Wang, L. Wu, D. Wang, Appl. Phys. Lett. 113 (2018), 061604,
https://doi.org/10.1063/1.5041021.

K. Jin, S. Pan, G. Yang, Phys. Rev. B 50 (1994) 8584, https://doi.org/10.1103/
PhysRevB.50.8584.


https://doi.org/10.1016/j.ssc.2016.01.013
https://doi.org/10.1016/j.ssc.2016.01.013
https://doi.org/10.1039/c7cp04836j
https://doi.org/10.4236/graphene.2013.24017
https://doi.org/10.1063/1.114031
https://doi.org/10.1063/1.2400095
https://doi.org/10.1016/j.jsamd.2017.12.001
https://doi.org/10.1007/s40094-016-0219-7
https://doi.org/10.1051/rphysap:01977001202016700
https://doi.org/10.1063/1.2899087
https://doi.org/10.1063/1.2899087
http://refhub.elsevier.com/S0038-1098(19)30957-3/sref15
http://refhub.elsevier.com/S0038-1098(19)30957-3/sref15
http://refhub.elsevier.com/S0038-1098(19)30957-3/sref15
https://doi.org/10.1016/j.saa.2005.07.082
https://doi.org/10.1016/j.saa.2005.07.082
https://doi.org/10.1063/1.5041021
https://doi.org/10.1063/1.95367
https://doi.org/10.1063/1.95367
https://doi.org/10.1590/1980-5373-mr-2017-1146
https://doi.org/10.1590/1980-5373-mr-2017-1146
https://doi.org/10.1103/PhysRevB.69.113303
https://doi.org/10.1103/PhysRevB.69.113303
https://doi.org/10.1103/PhysRevB.90.054519
https://doi.org/10.1002/jrs.2234
https://doi.org/10.1039/c6cs00915h
https://doi.org/10.1063/1.3153987
https://doi.org/10.1063/1.5041021
https://doi.org/10.1103/PhysRevB.50.8584
https://doi.org/10.1103/PhysRevB.50.8584

	Fano effect in resonant Raman spectrum of CdTe
	1 Introduction
	2 Material and methods
	3 Results
	4 Discussion
	5 Conclusion
	Declaration of competing interest
	CRediT authorship contribution statement
	References


