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This paper reports on the temperature-dependent investigation of linear and nonlinear transmission/absorption
characteristics of CdTe crystal in the 300–408 K range using 780–970 nm tunable wavelengths of 140 fs
pulses obtained from a Ti:Sapphire laser at 80 MHz repetition rate. The same pulses were also used for tera-
hertz generation. The linear transmission/absorption properties were measured using a specially improvised
temperature-tuned spectrophotometer in the 500–1500 nm wavelength range. The linear absorption of 750 nm
wavelength gradually increases with respect to a rise in the temperature, and transmission becomes zero at 408 K.
Nonlinear absorption induced by femtosecond pulses shows a sudden drop of 18% in transmission above the
800 nm range, due to electron–phonon interaction, which affects the strength of the terahertz signal. It is also
responsible for change in the temperature along with the linear shift in the refractive index of the crystal. © 2020

Optical Society of America

https://doi.org/10.1364/AO.366208

1. INTRODUCTION

CdTe is a Group II-VI semiconductor material with excellent
optical properties that has attracted the attention of material
scientists due to its wide range of bandgap (E g ) between 1.37
and 1.54 eV at room temperature [1–3]. In addition, it possesses
strong absorption in the visible region [3,4]. Therefore, it is
widely used in different types of scientific applications, such as
in fabrication of optoelectronic devices, photovoltaic cells, and
as a source for terahertz generation. Since it has a relatively high
optical absorption coefficient in the visible region along with
good transmission in the 800–1000 nm range [5–7], it is used
as an efficient solar cell material as well as potential candidate
for terahertz generation using femtosecond laser pulses [8,9].
Moreover, the information of high temperature bandgap energy
is very helpful for monitoring of vapor-phase growth of CdTe
using optical methods.

Nobel et al . reported the spectral transmission of a 0.2 mm
thick CdTe wafer at 77 K, whereas Mullins et al. extended the
temperature study in the 827–1104 K range under argon over
pressure. In addition, high temperature bandgap energy was
calculated in the 573–1273 K range using high temperature
Hall effect measurements [3,10–18]. The bandgap energy is one
of the most important parameters used for characterization of

semiconductors. It is used in theoretical calculations for show-
ing the significance of these materials in various applications.
The intrinsic career density and native defect structure is criti-
cally affected at high temperatures because of their dependence
on the parameter E g . The dependence of E g is widely studied
at low temperatures (4–300 K) [13,19]. We have extended
our study between the 300 and 408 K temperature range to
understand the variation in the value of E g .

Efficient terahertz radiation can be generated using a fem-
tosecond laser-based optical rectification process from different
types of semiconductor and organic materials, such as ZnTe,
ZnGeP2, GaAs, GaP, GaSe, CdTe, BNA, and DAST, available
in crystal or wafer forms. However, conversion efficiency of
the generated terahertz signal is still very low (i.e., �.001%),
which is related to many physical parameters such as trans-
mission/absorption, second-order nonlinearity, surface
quality, and damage threshold of these materials. Generally,
transmission/absorption data are collected from a tunable
spectrophotometer at room temperature. These spectropho-
tometers have low-powered lamps/laser sources coupled with
gratings and provide linear variation in the transmission or
absorption data. In addition, a majority of these spectropho-
tometers provide information at room temperature or up to
343 K (liquid samples). Therefore, it becomes a challenging
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task to understand the effect of a continuous-wave source
or femtosecond pulses with respect to temperature to know
the actual variation in the physical parameters such as trans-
mission/absorption, refractive index, and bandgap. Second,
induced absorption by femtosecond pulses is nonlinear in
nature and also affects the efficiency of the generated tera-
hertz signal. It is attributed to the variation in the refractive
index of the materials with respect to temperature. A small
variation in the refractive index also affects the coherence
length of the crystal, which is directly linked to the strength
of the generated signal. The measured coherence length (lc )
in the current experiment is of the order of 8.6 mm). We have
made an experimental attempt to measure the transmission
data at tunable wavelengths and ascertained the absorption
coefficients of CdTe with respect to temperature at different
wavelengths tunable in the 750–1500 nm range [10,11,20–
26]. The temperature-dependent refractive index of CdTe was
also calculated theoretically along with experimental trans-
mission data to ascertain the absorption coefficient of CdTe.
For our study, we have improvised the design of the Lambda
650 spectrophotometer, which has enabled us to measure the
reflectance/transmittance data in the 500–1500 nm wavelength
range with respect to temperature. An indigenously designed
small-sized oven whose temperature was tunable between 298
and 493 K, controlled with +.001 K accuracy, was housed in
the spectrophotometer. The measured damage threshold of the
CdTe at 140 fs pulses is 280 MW/cm2. The newly improvised
system was able to provide variation in the transmission data of
CdTe crystal in the 500–1500 nm range.

The CdTe crystal housed in the same heating system was
subjected to 140 fs pulses at 80 MHz repetition rate) tunable
between 680 and 1000 nm obtained from a Ti:Sapphire laser
(model Coherent Chameleon ultra-II). The results from both
experiments clearly reveal the nonlinear absorption behavior
of the CdTe crystal. The transmission/absorption data from
the above system were used for the calculation of the bandgap
energy. Also, it helps us to ascertain the complicated subgap
absorption tail called the “Urbach edge,” which represents
the effect of structural and thermal disorder in the electronic
properties of the semiconductor, which is difficult to ascertain
theoretically.

In this paper, we have demonstrated the effect of ultrafast
pulses on the strength of a generated terahertz signal and its
dynamical range, which varies with respect to the incident
pump wavelength tunable in the 780–820 nm range. The
variation in the linear and nonlinear transmission/absorption
clearly indicates the large drop in transmission of the CdTe
crystal in the 750–800 nm wavelength range. Further, the shift
in bandgap is also corroborated by the rise in the temperature
of the crystal, which is once again related to the enhancement
in nonlinear absorption. In addition, the present report also
helps us to develop new insight into the field of nonlinear optical
rectification-based terahertz frequency generation mechanism
from different types of pyro-sensitive dielectric materials. Our
study also confirms that transmission/absorption data obtained
from the spectrophotometer do not provide the actual informa-
tion about the induced ultrafast thermal lensing effect, change
in the coherence length, or dynamics of acoustic phonons

modes, which generally occur below the Fermi level at room
temperature.

2. EXPERIMENTAL DETAILS

This experiment was performed in three parts: (1) Using fem-
tosecond laser pulses (the commercially available CdTe crystal
(M/s Eksma Co.Ltd) and LTGaAs-based PC antennas were
employed for generation and detection of terahertz radiation).
The thickness and diameter of employed crystal are of the order
0.5 and 15 mm, respectively. The experimental arrangement
for terahertz emission and detection is the same as discussed
in Refs. [27–29]. The Cherent Chameleon ultra-II (∼140 fs
at 80 MHz repetition rate) Ti:Sapphire laser was employed
as a laser source in the experiment. It was tunable in the 680–
1080 nm wavelength range. The variable attenuator was used
to attenuate the power of the incident laser pulse, and the laser
beam with selective average power was allowed to incident
on the nonlinear crystal, which works as a source of terahertz
radiation. The nonlinear crystal was housed in a high precession
rotation mount (WP-840-0186) for varying the azimuthal
orientation of the crystal. The employed pump and probe
powers were of the order of 300 and 75 mW, respectively. The
residual pump beam from the CdTe source crystal is eliminated
using the combination of Teflon and polyethylene filters. The
generated radiation was maximized by azimuthal rotation of the
crystal and polarization of laser pulses. The generated terahertz
radiation was detected using the photoconductive sampling
technique. The generated terahertz radiation from crystals
was collimated and focused onto the terahertz detector, i.e.,
PC antennas (gap ∼5 µm, length ∼20 µm) by two parabolic
mirrors. The transmitted portion (probe beam) of laser beam
from beam splitter was delayed with respect to terahertz radia-
tion using a motorized translation stage. The probe beam was
focused by using another plano–convex lens of focal length
50 cm. The focused probe beam was directed to the detecting
antenna and its output was fed to a low-noise current preampli-
fier connected to the voltage input of the SR830 lock-in. The
generated terahertz pulses were measured in a time domain with
respect to the probe beam. The temporal profiles were recorded
with a 100 ms time constant (i.e., in the lock-in amplifier). (2)
The same CdTe crystal was housed in the oven coupled to a
temperature controller (Conversion, UK Made). It has an accu-
racy of+0.01 K. The same setup was also used for femtosecond
laser-based transmission/absorption study at different temper-
atures. The temperature was slowly changed in steps of 5 K per
minute in the 298–473 K range. (3) The third part of the exper-
iment was carried out using an improvised version of a Lambda
650 spectrophotometer, which has enabled us to measure the
reflectance or transmittance data in the 500–1500 nm wave-
length range in the 300–473 K range. The schematic diagram is
shown in Fig. 1.

3. RESULTS AND DISCUSSION

Figures 2(a) and 2(b) show the temporal and spectral profiles of
the generated terahertz signal from the CdTe crystal.

The terahertz temporal profile of CdTe was measured by
selecting incident laser wavelength, tunable between 780 and
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Fig. 1. Schematic diagram of the temperature-tuned
spectrophotometer.

Fig. 2. CdTe. (a) Measured temporal profiles of terahertz radiation
with respect to tunable laser wavelengths; (b) spectral profiles of gener-
ated terahertz radiation as a function of laser wavelengths.

820 nm at 300 mW power. The measured temporal profiles
are shown in Fig. 2(b). The full width at half-maximum is of
the order of 0.55 ps, and its peak amplitude decreases with an
increase in the incident laser wavelength. Here, the incident
photon energy of the laser is selected above the bandgap of the
CdTe crystal (i.e., 1.47 eV). The terahertz signal amplitude
increases with a decrease in the incident laser wavelength. This
may be attributed to the remarkable change of nonlinear sus-
ceptibility of the CdTe crystal above and near the bandgap of
the material [26]. The spectral amplitude of generated terahertz
radiation from the CdTe crystal pumped with 780, 790, 800,
810, and 820 nm wavelengths are 2.01, 1.56, 1.36, 0.75, and
0.48 a.u., respectively. This implies that the emitted spectral
amplitude decreases with respect to an increase in the laser cen-
tral wavelength. Figure 2(b) shows the spectrum of the obtained
terahertz radiation is extended up to the 2 THz range. We
observed that the crystal has comparatively lower transmission
in the 780–820 nm range but provides significant terahertz
transmission between 0.1 and 1.2 THz. The lower transmission
above 1.2 THz range is due to the higher absorption coefficient
of the crystal at room temperature. The effect of the incident
laser wavelength on the generated terahertz peak amplitude is
illustrated in Fig. 3(a). The emitted terahertz peak amplitude
with 780, 790, 800, 810, and 820 nm are 15.2, 11.8, 11.3,
5.84, and 2.85 a.u., respectively. These values clearly imply
that the incident laser central wavelength affects the generated
terahertz peak amplitude, and it decreases with an increase in
laser wavelength. The dependence of terahertz radiation on
the incident angle of the laser pulses with respect to the crystal
surface normal is shown in Fig. 3(b). The strength of the emitted

Fig. 3. Dependence of (a) terahertz peak amplitude on laser central
wavelength; (b) terahertz radiation on angle of orientation of incident
laser pulses.

Fig. 4. Temperature versus transmission of CdTe at different wave-
lengths using femtosecond laser pulses.

terahertz amplitude with 45◦ angular orientation (9.92 a.u.) is
higher than the 0◦ angular orientation (7.61 a.u.). This is due
to the contribution of the surge current (i.e., surface deflection
field), coherent phonons, and optical rectification [12,30].

In the second part of the experiment, we have verified the
effect of temperature and pulse duration of the femtosec-
ond laser pulse. It was observed that the transmission for 800
and 750 nm wavelengths coincides and reaches 10%, which
becomes 0.18% at higher temperatures. However, in the case of
a wavelength above 850–970 nm, it reaches 47%, which is much
higher than the other wavelengths used for transmission study.
The results are shown in Fig. 4.

In order to evaluate the transmittance of the CdTe crystal at
room temperature, the power of 750, 800, and 970 nm wave-
lengths of laser was measured without the sample, which was
treated as the reference IR(hϑ). Now same powered wave-
lengths were passed through the sample crystal housed in the
oven holder at different temperatures and measured and treated
as IS(hϑ).

Thus, the percentage transmission T(hϑ)) is defined as

T(hϑ)=
IS(hϑ)

IR(hϑ)
. (1)

Figure 4 shows the transmission at 750 and 800 nm, which
is less than 10% and close to zero at higher temperatures,
whereas in the case of 970 nm, it rose to 47%. The reason for
this discrepancy could be due to the introduction of nonlinear
absorption process in the crystal when subjected to femtosecond
laser pulses. The energy absorbed by the crystal during this
process is given by the well-known Manoogian–Woley (M–W)
equation [3],



3420 Vol. 59, No. 11 / 10 April 2020 / Applied Optics Research Article

Fig. 5. (a) Wavelength versus transmission and (b) temperature ver-
sus transmission of CdTe.

E g = 1.60657− 5 ∗ 10E (−5) ∗ T − 3.29 ∗ 1E (−2)

∗

(
coth

(
91.5

T

)
− 1

)
, (2)

where the first term represents the initial energy at 4 K, and
the second and third terms are related to the lattice thermal
vibration and electron–phonon interaction. Electron–phonon
interactions includethe Frohlich interaction with longitudinal
optical (LO) phonons, deformation-potential interactions with
optical and acoustic phonons, and piezoelectric interaction with
acoustic phonons [3,31]. The corresponding terahertz frequen-
cies of the LO phonon and acoustic phonon have already been
reported in Refs. [3,32,33]. In addition, Frohlich interactions
are stronger in the CdTe crystal due to the strong Frohlich cou-
pling constant [34,35]. A further increase in temperature leads
to change in the energy (i.e., we observe a shift in the energy that
is seen only in the case of femtosecond laser pulses). Thus, it is
inferred that it is purely a nonlinear phenomenon. The shift
in the energy bandgap proves that all the energy is not used for
terahertz generation. This experiment concludes that the inci-
dent energy is utilized towards a shift in the energy bandgap (i.e.,
causes a change in the Fermi energy level). In the second part of
the experiment, the crystal was subjected to a modified spectro-
photometer, where a specially designed oven whose temperature
can be tuned from room temperature to 473 K is introduced in
the commercially available Lambda 650 spectrophotometer.
The transmission data recorded at room temperature are shown
in Figs. 5(a) and 5(b).

The first part of Fig. 5(a) shows a percentage transmission
in the 500–1500 nm wavelength range. It is clearly visible that
the transmission remains close to zero up to 850 nm, and then
it shows a sudden rise and reaches 67.4% at 858 nm. After
that, it shows saturation up to 1500 nm. The transmission
decreases with an increase in temperature, but it also shows a
peak at 380 K, which is followed with a dip at 390 K, followed
by another peak at 400 K. These results are shown in the second
part of Fig. 5(b). The transmission varies with respect to both
wavelength and temperature. A dip is observed in the trans-
mission between 845 and 865 nm wavelength range, which
is close to zero, and slowly rises and becomes constant. Here,
transmission decreases at 408 K and is almost zero. Thus, we can
conclude that the CdTe crystal becomes opaque beyond 408 K.

4. MEASUREMENT OF ABSORPTION
COEFFICIENTS AND REFRACTIVE INDEX

The absorption coefficient of CdTe was evaluated using two
different methods: one as given in Refs. [2,4]. The second one

Fig. 6. (a) Absorption coefficient of CdTe at different temperatures
and (b) refractive index of CdTe at different wavelengths with respect
to temperature.

Fig. 7. (a) Experimentally obtained transmission versus wavelength
at different temperatures and (b) the temperature versus energy plot of
CdTe as obtained by the M–W equation.

is based on femtoseconds laser based transmission/absorption
data. The values were found to match using both the methods.
Figure 6(a) clearly shows that the absorption coefficient for all
wavelengths slowly increases with respect to a rise in the temper-
ature and becomes almost constant. However, the variation in
the refractive index is almost linear, even with increasing photon
energy, as shown in Fig. 6(b). The refractive index is calculated
in the 800–1400 nm (0.8–1.4µm) range.

5. CALCULATION OF ENERGY BANDGAP (Eg)

The optical energy bandgap was evaluated using the M–W
equation because even though this equation is empirical, it
has a better physical interpretation at the microscopic level
than Varshni’s equation. Figure 7(a) shows the variation in the
transmission and shift of the cutoff wavelength with respect to
temperature, whereas Fig. 7(b) shows the dependence of the
bandgap. In Fig. 6, the dependence of the bandgap energy is
presented, which is obtained by the M–W equation, as shown in
Eq. (2).

This expression matches the accepted value of E g at 4.2 K
and allows us to determine its value at room temperature with an
accuracy of+1.5 meV.

The obtained experimental results clearly reveal many inter-
esting linear and nonlinear optical properties of the CdTe
crystal, which is not only dependent on temperature, but also
on the pulse duration of the laser. The change of temperature
either by external means or due to the nonlinear absorption
process induced by femtosecond pulses is related to a change in
very important physical parameters on the lattice level, which
not only changes the refractive index and bandgap, but also
influences the process of terahertz generation.
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6. CONCLUSIONS

We have successfully demonstrated the effect of laser pulse
duration, temperature, and incident laser power on the terahertz
generation process from a CdTe crystal. The drop in transmis-
sion (∼18%) is being utilized to change the bandgap energy,
which in turn causes the Fermi energy level to shift. It is also
concluded that the drop in the transmission is mostly due to
electron–phonon interaction in CdTe, which also affects the
strength of the generated terahertz signal. Finally, the CdTe
becomes opaque at 408 K.
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