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Chapter 4 
 
 
 
 
 
 

Induced terahertz response in 
Cu2O 

 
 
 

For several decades physicists have studied the dynamics of carriers in semiconductors. 
A very interesting region for these studies is the far-infrared, terahertz, or submillimeter 
region, where the frequency of the electromagnetic radiation is comparable to the carrier 
damping rate. 

In this chapter we discuss the induced response of Cu2O in the terahertz frequency 
region (1 THz ~ 4 meV). These results are also presented in [1]. Besides the experimental 
data and its preliminary discussion, we will depict the fundamental physics involved in 
generation and detection of terahertz pulse. The principles of terahertz time-domain 
spectroscopy are also discussed. 
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4.1. Terahertz time-domain spectroscopy. 
 

A potential disadvantage of regular optical pump-probe experiments is that the probe 
energy, typically 1.5 eV or higher, is much larger than the relevant energy scales in many 
systems, such as the excitonic molecule energy scale in semiconductors. Combining THz 
time-domain spectroscopy with optical excitation one can measure the evolution of 
optically induced changes in the real and imaginary part of the dielectric function with a 
probe energy much closer to the relevant energy scale in the material. 

A typical example of mid-infrared reflectivity spectra calculated by M. Nagai et. al. [2] 
is displayed in Fig. 4.1. The reflectivity has a very distinctive response in the case of 
different concentrations and spatial distributions of the photo-excited carriers: it is flat for a 
low density of carriers (situation (1)); it has a Drude like shape for a high carrier density 
uniformly distributed over the sample (situation (2)) and it displays a resonance for a high 
density of carriers, gathered in ”droplets” inhomogeneously distributed throughout the 
sample. This example demonstrates the possibility of using optical-pump THz-probe 
spectroscopy in order to induce and see the signature of a metal to insulator transitions for 
example: in the case of a metal one would see a Drude like sample response, while in the 
case of an insulator a flat response will be observed. 

 
Fig. 4.1. Typical response from different spatial distributions of photo-excited carriers in 

an mid infrared pump-probe experiment. Reflectivity around plasma frequency ħωp at 
different distributions of electron-hole: (1) dilute excitonic gas, (2) homogenous plasma, 

and (3) electron-hole droplet, , (published  from [2] with permission). 
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4.1.1. Generation and detection of picosecond terahertz 
pulses. 

 
Since the emergence of Terahertz Spectroscopy, in the middle of the 80’s, there has 

been a continuous search for new materials with efficient emission of terahertz radiation. In 
parallel, an improvement process regarding the useful THz radiation bandwidth has taken 
place. As a result, today, a multitude of methods and materials are used for the generation 
of THz frequencies. Between them, the use of photoconductive antenna’s based on low-
temperature-grown GaAs and Si-GaAs is the oldest method for generating and detecting 
THz pulses, [3-5]. THz radiation can result also from transient conductivity originating 
from high-intensity ultrashort laser pulses exciting the surface of an unbiased 
semiconductor [6]. Synchrotrons and free electron lasers can generate short pulses of far-
infrared radiation, typically in the order of 5 -10 ps. It has been shown that laser-generated 
plasmas can produce radiation up to 4 THz, [7, 8]. More recently, there have been notable 
developments in using a single structure for transmitter and receiver, named transceiver and 
based on electrooptic crystals, [9]. In this case, the electrooptic terahertz transceiver 
alternately transmits pulsed electromagnetic radiation (optical rectification) and receives the 
return signal (electrooptic effect) using the same crystal. 

Still, probably the most popular choice for THz pulse generation, when working with 
amplified lasers, is to employ optical rectification in a nonlinear medium. The nonlinear 
medium is in most of the cases ZnTe but GaAs and GaP have been used as well. It has been 
shown that organic molecular crystals like DAST [10] and MBANP [11] are also capable of 
generating THz pulses by optical rectification. They are more efficient than ZnTe crystals 
of the same thickness, but have not yet found widespread use. In our spectrometer we create 
THz pulses by optical rectification in a 1 mm thick [110] oriented ZnTe crystal. The 
generation process is based on an amplified Ti:sapphire laser which provides pulses at 1 
KHz repetition rate, with 150 fs pulse duration, and 800 nm wavelength. ZnTe is one of the 
most popular THz emitters used with near-infrared laser sources since being a wide 
bandgap semiconductor (Eg(ZnTe) = 2,28 eV) it is basically transparent at the laser pump 
wavelength, but shows good nonlinear properties. At 800 nm it has both large 2nd order 
nonlinear susceptibility χ(2) = 1,6 ·10−7 esu [12] and electrooptic coefficient r41 = 4.04 pm/V 
[13]. 

The optical rectification process can be understood as the difference frequency 
analogue of second harmonic generation. In other words, when light interacts with a 
nonlinear medium and wave mixing between two frequencies, ω1 and ω2 occurs, the result 
is sum-frequency generation, ω1+ω2, and difference frequency generation, ω1-ω2. In the 
particular case when ω1=ω2, one generates both second harmonic and dc pulses. Because 
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the near-IR pulse has a duration of about 150 fs, a ”dc” pulse corresponding to the envelope 
of the optical generating pulse rather than a constant dc level. 

Alternatively, this generation mechanism can be understood by considering the fact 
that the optical pulses have significant bandwidths. Thus, the high-frequency components 
can mix with the low-frequency components within a given pulse to produce a pulse at the 
difference frequency (Fig. 4.2). Since the optical pulses have a bandwidth of a few THz, the 
difference frequencies fall in the THz range. Difference frequency mixing produces a low 
frequency polarization which follows the envelope of the incident laser pulse. 

 
 

 
Fig. 4.2. The low frequency component of a pulse ω1, and the high frequency component 

ω2, are mixing, producing a pulse at the difference frequency ω3=ω1-ω2. 
 
 
One advantage of optical rectification is that it is a nonresonant method and the THz 

pulse width is limited only by the optical laser pulse width (and the phonon-mode 
absorbtion of the crystal), and not the response time of the material. Some of the shortest 
THz pulses to date, with bandwidths up to 100 THz and beyond have been generated in this 
or a similar fashion [14-16]. Kubler et. al. have used a 20 μm thick GaSe crystal to generate 
THz pulses with a bandwidth beyond 120 THz, [14]. In a THz spectrometer, the generated 
radiation bandwidth can be tuned between 2.5 THz and 100 THz, by choice of the 
appropriate nonlinear medium and optical generating pulse length. 

Once the THz pulses have been generated, the need for a reliable detection scheme 
becomes a must. In the THz spectroscopy development period a multitude of detection 
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methods have been constructed. The oldest one is the photoconductive antenna [3-5, 14], 
based on low-temperature-grown GaAs and Si-GaAs. When a high-power low-repetition 
rate experiment or a destructive experiment is performed, a single-shot detection is 
desirable (it is possible to collect an entire THz waveform without having to scan a delay 
line) [17-20]. Nahata and Heinz have demonstrated that it is possible to detect THz pulses 
via optical second harmonic generation, [21]. Polarization modulation, as opposed to 
amplitude modulation, when using optoelectronic detection has also been demonstrated, 
[22]. 

 

 
Fig. 4.3. Schematics of free space electrooptic sampling detection. PBS – pellicle beam 

splitter. 
 
In our setup we are detecting THz pulses via free space electrooptic sampling 

(FSEOS). The reason is that when using an amplified laser system (Ti:Sapphire in our 
case), the pulses are detected best via free space electrooptic sampling rather than 
photoconductive dipole antennas (PDA’s) [15, 23]. It has the advantage that it is a 
nonresonant method of detection, so the potential for damaging the detector crystal with the 
focused readout beam is much lower. The FSEOS is based on the electric field of a THz 
pulse inducing a small birefringence in an electro-optic crystal through a non-linearity of 
the first order (Pockels effect). Passing through such crystal, the initially linearly polarized 
optical probe beam gains a small elliptical polarization. In the first approximation, this 
ellipticity is proportional to the electric field applied to the crystal, i.e. to the amplitude of 
the THz pulse at a given moment. Because the THz field is much longer than the optical 
probe pulse (several ps versus ~150 fs), the THz electric field can be approximated as a dc 
bias field. Therefore, varying the delay between the THz and optical probe pulse, the whole 
time profile of the first can be traced. As FSEOS active medium, a variety of dielectric 
materials like LiTaO3 [24, 25] and ZnTe [24] or polymers polarized by externally applied 
field [25, 26] are employed. 
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In practice, a quarter-wavelength plate is placed behind the electro-optic crystal to 
make the initially linear polarization of the probe beam (at ETHz = 0) circular (Fig. 4.3). A 
Wollaston prism separates its y” and z” components and sends them to a differential detector 
which is connected to a preamplifier and a lock-in amplifier. With no THz present, the 
components have equal intensity and the differential signal is zero. 

 
4.1.2. Experimental setup for terahertz time-domain 

spectroscopy. 
 
Our THz spectrometer is driven by a commercial femtosecond Ti:Sapphire (Ti:Sa) 

amplifier (Hurricane, Spectra Physics). This system is detailed described in §4.2. In the 
following we will describe the THz time-domain spectrometer based on optical rectification 
of the 120 fs pulses with the central wavelength of approximately 800 nm in a ZnTe crystal 
and detection of the THz pulses in another ZnTe crystal using free-space electrooptic 
sampling (FSEOS) technique (Fig. 4.4). The emitter crystal is [110]-oriented and 1 mm 
thick. Detection is made using a [110]-oriented ZnTe crystal of 0.2 mm mounted on a 
[100]-oriented ZnTe crystal of 0.5 mm. When a short microwave pulse is applied on the 
detection crystal, the group-velocity mismatching of ZnTe must be considered. The 
measured group-velocity mismatching of ZnTe is 0.4 ps/mm. In order to reduce walk-off 
for better temporal resolution, the thinner [110] crystal provides shorter convolution 
window (about 0.1 ps), and the thicker [100] crystal delays the reflected THz pulse, with no 
contribution to the electrooptic phase retardation. In brief, it the combination of these two 
crystals allows to avoid the reflection of the THz pulse during the detection. The 
disadvantage of using a thinner crystal is the reduction of electrooptic signal, due to the 
shorter interaction length, [24].  

The 150 fs laser pulse with the central wavelength around 800 nm excites a transient 
nonlinear polarization in the emitter ZnTe crystal, which produces an electromagnetic pulse 
with the frequency spectrum in the THz range. The THz pulse is guided to the detector 
ZnTe crystal by the off-axis parabolic mirrors. Once the THz pulse is transmitted to the 
detection ZnTe crystal, its electric field induces a birefringence in this crystal. This 
birefringence is detected by the phase retardation of the very weak (less than 3 percent of 
the Hurricane output power) 800 nm laser probe pulse which has a prealigned polarization. 
This probe laser pulse is temporally delayed with respect to the pump laser used for THz 
generation using the variable delay line. It is therefore possible to measure the phase 
retardation (which is proportional to the electric field of the THz pulse) with a time 
resolution of about 150 fs. Considering that both THz pump and THz probe laser pulses 
originate from the same laser beam and normally have the same duration, we can state the 
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fundamental limitation of the THz-TDS method: it is not possible to measure THz signals 
which are shorter than the probe laser pulse itself. Therefore in a conventional THz-TDS 
setup the bandwidth of the THz pulse cannot exceed that of the detection probe pulse. After 
the propagation through the quarterwave plate, the phase-retarded optical probe pulse will 
become elliptically polarized, which will result in different light intensities incident on the 
two photodiodes of the differential detector. The difference in voltages detected by these 
photodiodes will be proportional to the induced phase retardation, and therefore  to the 
electric field strength in the THz pulse. Varying the delay between the THz pulse and the 
optical probe one can therefore temporally sample the electric field in the THz pulse. 

 

 
Fig. 4.4. Schematic representation of the terahertz time-domain transmission spectrometer. 

 
 

illuminated with the probe beam, when no THz field is applied. Then ΔV=Vmax−Vmax = 0. 
n0 and r41 are the refractive index and the electrooptic coefficient of the nonlinear crystal at 
the frequency of the probe beam ω. d is the thickness of the crystal. The electrooptic signal 
ΔV in our experiment was first preamplified and then read by a commercial lock-in 
amplifier SR 830 DSP at the frequency 166.6 Hz corresponding to 1/6 of the Ti:Sapphire 
amplifier repetition rate. The THz generation beam was modulated at this frequency with 
an optical chopper. For the ZnTe crystal probed at 800 nm n0=3.22, [27]. 
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Fig. 4.5. Time trace of a typical terahertz pulse obtained with our THz spectrometer. 
 
 

 
Fig. 4.6. Amplitude and phase of the terahertz time trace Fourier transform. 

 
THz generation by optical rectification of ultrashort laser pulses was first demonstrated 

by the group of Y. R. Shen in 1971 [28]. The FSEOS detection scheme was first introduced 
by the groups of X. C. Zhang [24] and P. Uhd Jepsen and H. Helm [29] in 1996. Both these 
techniques are widely used ever since and allow for coherent detection of the electric field 
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temporal evolution in ultrashort transients. Recently the generation and detection of THz 
pulses with the peak electric field strength of the order of 1 MV/cm was demonstrated using 
optical rectification and FSEOS detection schemes, [15]. A typical time trace of a THz 
pulse generated and detected in our THz spectrometer is shown in Fig. 4.5, while it’s 
amplitude and phase frequency dependent spectra are shown in Fig. 4.6. This pulse was 
generated by the 800 nm central wavelength , 150 fs long laser pulse with the fluence of 
approximately 0.5 mJ/cm2. 

The THz pulse has a relatively complicated shape with a main single-cycle oscillation, 
followed by decaying anharmonic oscillations. The maximum signal-to-noise (S/N) ratio of 
this pulse is about 103. This THz pulse has a useful bandwidth in the range 0.2-2.5 THz, 
which is considerably smaller than the bandwidth of the 150 fs excitation laser pulse. The 
temporal shape and bandwidth of a THz pulse produced by optical rectification in an 
optically transparent nonlinear crystal is determined by the temporal shape and bandwidth 
of the excitation pulse as well as by the phase mismatch between the optical and THz 
pulses copropagating through the crystal and the THz absorbtion by phonons in the crystal. 

 
4.1.3. Propagation of an electromagnetic wave packet 

through the medium. Terahertz spectral analysis. 
 
In the following we will concentrate on the propagation of a linearly polarized 

electromagnetic signal through a plan-parallel slab of dispersive medium, i.e. a medium 
with frequency-dependent refractive index and absorbtion coefficient. Fig. 4.7 gives a 
schematic representation of the propagation of a THz pulse through the sample with 
frequency dependent refractive index n(ω) and power absorbtion coefficient α(ω). The free-
space signal Êr only suffers changes caused by the optical components encountered during 
propagation. We call this change the system response. The sample signal Ês, however, does 
experience, besides the system response, reflection losses at the sample’s interfaces as well 
as absorbtion and chirp inside the sample. The extraction of the dielectric properties of the 
sample, such as refractive index and power absorbtion coefficient requires a change from 
the time-domain to the frequency-domain, which is done using Fourier transformation. In 
the following equations all parameters are frequency-dependent. The detected THz signals 
propagated through the free-space Êr and through both free-space and sample Ês have a 
complex form: 
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Fig. 4.7. Êr and Ês are the THz signals transmitted through the free space (reference pulse) 
and through the free space and sample. R is the length of the optical path between emitter 
and detector and d is the sample thickness. r01, t01 and r10, t10 are the amplitude reflection 

and transmission coefficients at the front and the back of the sample, respectively. n(ω) and 
α(ω) are the frequency dependent refractive index and power absorption coefficient of the 

sample. 
 
 

 
In this equations E0 is the electric field strength of the reference pulse when detected, 

k=ω/c is the space wavevector when there is no sample, r is the length of the optical path, d 
is the sample thickness,  ň=n+iκ is the sample complex refractive index, and t01 and t10 are 
the amplitude transmission coefficients at the front and back surfaces of the sample, 
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respectively. The electric fields Ês and Êr in complex form are defined by their amplitude 
and phases Es, φsample and E0, φ0. 

The amplitude reflection and transmission coefficients at the front and back surfaces of 
the sample in the case of normal incidence are: 

 
Knowing that the power absorbtion coefficient α= 2kκ and taking into account Eq. 4.2 

we can write the ratio of the electric fields Ês and Êr as: 
 

 
Performing a complex fit of the experimentally obtained transmission with the 

theoretical one displayed in Eq. 4.3, the real and imaginary refractive index, n and κ are 
obtained. 

The real refractive index and the absorbtion coefficient, α, can also be obtained 
considering the following approximation: neglecting the losses suffered due to absorbtion at 
the air - sample interfaces (i.e. taking κ=0 in the first term of Eq. 4.3). This approximation 
is valid in the case of relatively low-absorbing samples of any thickness, or optically thick 
but relatively high-absorbing samples. In this case, the refractive index in Eq. 4.3 will 
become real (the absorptive component κ is neglected) and the transmission becomes: 

 
Therefore from the measured phase difference of the sample and reference pulses, and 

taking into account that ω= 2πf, f being the frequency, one can obtain the frequency 
dependent real part of the refractive index: 
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Having calculated the refractive index one can separate the reflection and absorption 

losses in the sample. The power absorption coefficient of the sample will be then: 
 

 
All the results presented in this work have been obtained using a procedure which does 

not employ the last mentioned approximation (neglecting the absorption losses at the 
sample - air interfaces). We have chosen to perform a fit to the experimentally obtained 
transmission with the theoretical transmission. 

In the following we present the results of THz-TDS on a 0,73 mm thick Cu2O crystal at 
room temperature, using a 1 mm thick [110]-oriented ZnTe crystals for emission and a 
double ZnTe crystal: a 0.2 mm [110] oriented crystal glued on a 0.5 mm [100] for 
detection.  

Fig. 4.8 shows the reference and the sample THz transients obtained at room 
temperature. The sample THz pulse’s zero level was manually displaced from that of the 
reference in the figure for clarity. The time t=0 has been chosen to be the time of the 
maximum amplitude of the main peak. One can notice that the main feature of the sample 
signal appears approximately 4 ps later than the main feature of the reference pulse, so one 
could immediately estimate nCu2O(THz) using the simple relation Δt=(n − 1)d/c (where d is 
the sample thickness and c is the speed of light in vacuum) to find n=2,7. This sample pulse 
delay results from the propagation through the sample, who’s refractive index is greater 
than 1. It has smaller amplitude and its shape is distorted in comparison to the reference 
pulse. This results from the frequency dependent absorption coefficient and refractive index 
of the Cu2O sample crystal. In the sample signal, the main THz peak at 4 ps is followed by 
another feature at 10 ps distance. This feature originates from the etalon reflection in the 
plan parallel sample, i.e. it is a part of the main THz signal after it made a round trip in the 
sample. Knowing the sample refractive index we have calculated that in order to travel two 
sample lengths, the THz reflected pulse will need approximately 9,82 ps. The etalon 
reflection might be suppressed or removed by using a wedged sample. This echo signal has 
a distorted time shape and is much weaker than the main pulse. Nevertheless, if Fourier 
transform of the THz transient and the echo is performed, the echo will influence the 
transform, leading to an incorrect spectrum. In order to avoid this inconvenience, one can 
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zero the echo part of the time-domain THz signal, since the oscillations from the main pulse 
have already disappeared in the noise at this time. The time-domain THz signal with a 
zeroed echo part is shown by the solid line in Fig. 4.8. 

Fig. 4.9 presents the amplitude spectra of the sample THz pulses. The amplitude 
spectra have their maxima at around 1 THz. The spectra have a cut-off frequency of 
approximately at 0,2 and 2,3 THz.  

Fig. 4.8. THz-TDS on a 0,73 mm thick Cu2O ([100] orientation) crystal at room 
temperature. 

 
Fig. 4.9. Frequency domain amplitude of THz pulse transmitted through the 0,73 mm thick 

Cu2O crystal of [100] orientation. 

-2 0 2 4 6 8 10

 

E
le

ct
ric

 fi
el

d

Time, ps

0.0 0.5 1.0 1.5 2.0 2.5
Frequency, THz

A
m

pl
itu

de



 123 

Fig. 4.10 and Fig. 4.11 shows the refractive index and absorbtion spectra of the Cu2O 
crystal at room temperature. These refractive index and absorption spectra are calculated 
from the amplitude and phase spectra using the formulas Eq. 4.6 and Eq. 4.7. The spectra 
show useful information in the range 0,2-2,3 THz. A definition of the spectral limits of 
reliability for the obtained information can be done taking into account the frequency-
dependent dynamic range (DR) of the amplitude spectra. As was shown by Jepsen and 
Fischer [30], one can define the frequency-dependent dynamic range of the measured 
absorbtion spectrum based on the signal-to-noise consideration. The maximal frequency-
dependent absorbtion coefficient that can be reliably measured with THz-TDS follows from 
Eq. 4.7 and is calculated using the formula: 

 
 
 

 
Fig. 4.10. Frequency dependent refractive index of the Cu2O crystal of [100] orientation at 

17 K calculated from the amplitude and phase spectra.  
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Fig. 4.11. Power absoprtion coefficient of the Cu2O crystal of [100] orientation at 17 K 

calculated from the amplitude and phase spectra. 
 

where d is the sample thickness, DR is the frequency-dependent dynamic range, and n is 
the frequency-dependent refractive index of ~2,3. 

The frequency resolution of the THz-TDS is given by the time step and the number of 
data points in the time-domain measurement Δf =1/Ndt, where N is the number of data 
points in the THz time-domain signal and dt is the time step. The fast Fourier transform 
method (FFT) is used to perform the Fourier transforms numerically. Its performance is 
best when the number of data points N is a power of 2. In the measurements presented 
above the raw data consists of 625 data points with a time step of 40 fs, thus making the 
whole time scan of 25 ps. In order to reach the nearest power of 2 value which is 1024, the 
time-domain signals were padded with zeroes after the last measured data point. The 
reference signal was padded with zeroes already after the 532 - th data point in order to 
avoid the Fabry-Perot effects in the frequency domain caused by the echo of the sample 
(Fig. 4.8). This operation did not affect the integrity of the measured and calculated data, 
because in this range there was already no signal above the noise anymore. Thus, the 
frequency resolution of our experiment was Δf =0,04 THz. It should be mentioned that the 
zero padding and removal of the echoes in the time-domain data should be performed very 
carefully because if the meaningful part of the original signal is cut, the frequency domain 
data will contain false features and lack the true ones. 
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4.1.4. Time-resolved optical-pump terahertz-probe spectro-
scopy. 

 
A time-resolved optical-pump THz-probe experimental setup is shown in Fig. 4.12. An 

intense optical pump pulse, which is derived from the same laser beam that triggers the 
THz transmitter and detector, photoexcites the sample. Using a mechanical delay line, the 
optically induced changes in the transmitted electric field can be measured with 
subpicosecond resolution. The complex sample signal as a function of frequency and pump-
probe delay time τ is given by: 

 

 
 
 

where Eeq(t) is the equilibrium scan of the sample in the time-domain without optical 
excitation, ΔE(t,τ) = Eex(t, τ)-Eeq(t) is the induced change in the electric field with Eeq(t,τ) 
the scan of the sample with optical excitation. 

Experimentally, ΔE(t,τ= τι)  is obtained by scanning the THz probe delay line and 
mechanically chopping the optical pump delay line which is positioned at a specific pump-
probe delay time τ= τι. This procedure measures the difference between Eex(t, τ= τι) and 
Eeq(t) at the rate of the chopper frequency immediately yielding ΔE(tr,τ=τι)  at each THz 
probe delay time tr. Alternatively, by chopping and scanning the THz probe delay line one 
would collect the data for Eex(t, τ= τι)  (i.e. pump on) and Eeq(t) (i.e. pump off) in separate 
scans. The direct measurement of ΔE(t,τ) allows for increased signal sensitivity as it is 
more robust to system drift, particularly when the induced change is small. Then the real 
and imaginary part of the dielectric function can be obtained through a procedure which 
was given in the previous section. After obtaining ΔE(t,τ= τι) , Eeq(t) and Eref(t) are 
measured by chopping and scanning the THz probe delay line. ΔE(t,τ= τι) must be 
measured at each pump-probe delay time because the optical excitation can induce changes 
in both the phase and amplitude of the THz field. However, for samples in which the 
optical excitation produces changes primarily in the amplitude of the THz electric field, an 
alternative method can be used. ΔE(tpeak,τ) as a function of τ is obtained in a single scan by 
chopping and scanning the optical pump delay line while the THz delay line is positioned at 
the peak of the THz electric field. This method, if applicable, can provide considerable time 
savings in measuring the induced dynamics. It must be kept in mind that this proceeding is 
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an approximation which can be employed only when the induced change is small, or when 
the phase of the THz pulse does not change with optical excitation. This method is in most 
of the cases not applicable, because tpeak is usually an unstable point. 

Time τ=0 is chosen as the pump pulse delay where an induced change in the THz pulse 
amplitude is first observed. The THz electric field is four orders of magnitude lower than 
the excitation pulse electric field. Therefore, one can be sure that the THz pulse acts as a 
true probe pulse, not perturbing the system. One of the advantages of the THz-TDS is the 
distinctive detection method [31, 32]: both, the change in absorbance and the phase shift of 
all frequency components contained in the probe field are determined. This information can 
also be expressed in terms of complex conductivity spectrum σ(ω,τ) = σ’(ω,τ) + i σ’’(ω,τ), 
which is a function of the time τ after photoexcitation. The experimentally determined 
absorbtion and phase shift of the THz electric field ΔE(t,τ) fully determine σ(ω,τ), [33]. 
However, when σ(ω,τ) changes on a time scale τ which is comparable or shorter than the 
THz pulse duration, the extraction of σ(ω,τ) from ΔE(t,τ) becomes more problematic, 
because different sample properties are probed during the time span of the THz pulse, [23, 
33]. This effect must be taken into account in the data analysis. 

 
Fig. 4.12. Typical optical setup in an optical-pump THz-probe experiment. An optical pump 

pulse directly excites the sample, and the focused THz beam probes the far-infrared 
properties of the sample as a function of time after optical excitation. 
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An optical-pump THz-probe experiment on Cu2O reveals that the optical excitation 
induces changes in both, the phase and amplitude of the THz field. In this situation, as 
discussed in the beginning of this section, (t,τ) must be measured at each pump-probe 
delay. Fig. 4.13 presents a schematic representation of the two dimensional analysis 
performed on the measured Cu2O data. In the bottom part is the THz pulse before the 
arrival of the excitation pulse. The top plot represents the the THz pulses E(t,τ) at different 
times τ after the excitation. A decrease in the amplitude of E(t,τ) with τ is observed, 
indicating a decrease in conductivity with the pump-probe delay. There is also a shift of the 
waveform to the left. The dashed line at a 450 angle represents the path of the pump pulse in 
the measurement: each point in a horizontal cross section E(t) has a different pump-probe 
delay. Transforming the data along this line introduces an alternative time τ’  to describe the 
delay between the excitation pulse and all points on the probe THz pulse with the same 
pump delay. 
An alternative to the two dimensional data analyze is to experimentally make sure that the 
delay between the optical excitation pulse and the THz probe pulse remains constant during 
the THz pulse measurement. This would significantly shorten the data analysis process, as 
well as the time duration of the measurement itself. In a classical optical-pump, terahertz-
probe experimental setup, two delay stages are used. One of them, usually placed on the 
terahertz probe beam is varying the delay between the terahertz probe beam and the 
terahertz generation pulse (time t in our notation, see Fig. 4.14). The second delay, usually 
placed on the optical excitation pulse, is varying the time between the terahertz generation 
pulse and the optical excitation pulse (time τ in our notation). There is a possibility to 
perform the THz measurements keeping the delay between the optical-pump pulse and the 
terahertz probe pulse, τ’, constant, while moving them both relative to the terahertz 
generation pulse (in Fig. 4.14, this movement is represented by a dashed line). This 
possibility does not require any change in the classical setup. Without changing the setup, 
one can simply move simultaneously both delay stages with the same speed during the THz 
pulse measurement. This will ensure a constant τ’. 
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Fig. 4.13. A measurement taken on a copper oxide sample of [100] orientation. In the 

bottom part is the THz pulse before the arrival of the excitation pulse. The top plot 
represents the the THz pulses E(t,τ) at different times τ after the excitation. A decrease in 
the amplitude of E(t,τ) with τ is observed, indicating a decrease in conductivity with the 

pump-probe delay. There is also a shift of the waveform to the left. The dashed line at a 450 

angle represents the path of the pump pulse in the measurement: each point in a horizontal 
cross section E(t) has a different pump-probe delay. Transforming the data along this line 
introduces an alternative time τ’ to describe the delay between the excitation pulse and all 

points on the probe THz pulse with the same pump delay. 
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Fig. 4.14. Pulses which are used during an optical-pump terahertz-probe experiment and 
the time delays between them. The time delays have the same notations as in the 2D data 

processing section. 
 

 
4.2. Induced terahertz response in Cu2O. 
 

A Cu2O sample of [100] crystallographic orientation, 8 mm in diameter and 0,73 mm 
thickness, has been used to perform terahertz time-domain (THz-TDS) and optical-pump 
terahertz-probe transmission measurements. The sample was kindly provided by A. 
Revcolevschi (University of Paris IV). The setup used for this experiment as well as a 
detailed measurement description are presented in §6.1. An 800 nm infrared beam (1,2 
mJ/cm2) induces a change in the THz pulse transmission through the sample. The strongest 
induced absorbtion takes place at low temperature, and is depicted in Fig. 4.15. This 
measurement monitors the transmitted THz pulse peak amplitude, while changing the delay 
between the optical excitation pulse and the THz pulse. We have chosen τ=0, the time 
where a change in transmission is first observed. The transient THz response shows three 
regimes in time: 

1) a sharp decrease immediately after τ=0 (<8 ps). 
2) a fast initial recovery with time constant τ1=13 ps. 
3) a slow recovery with time constant of τ1=425 ps. 
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Fig. 4.16 displays typical dielectric spectra in each of these time regimes. The top two 
panels show ε1(ω) and ε2(ω), respectively, for t=6 ps, showing a clear broad absorption 
feature in ε2 centered around 0,9 THz, with an accompanying dispersive feature around the 
same frequency in ε1. During the initial fast recovery, this feature remains present, though 
its central frequency shifts gradually to lower values (middle panels in Fig. 4.16, t=11 ps). 
Finally, in the slow recovery regime the peaked absorption feature has disappeared, leaving 
only rather featureless ε1 and ε2 spectra (lower panls in Fig. 4.16, t=840 ps). 

 
 
 

 
Fig. 4.15. Induced change in THz transmission through Cu2O of [100] orientation at 18 K, 

when the sample is excited with an excitation pulse with energy of 1,2 mJ/cm2. 
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Fig. 4.16. Dielectric function real and imaginary spectra, measured at different times after 

the excitation moment. The first set of spectra is taken during the fast rise in absorbtion, 
after 6 ps from the excitation; the second one is taken during the fast exponential decrease 

in absorbtion, after 11 ps from the excitation; the third set is taken during the slow 
exponential decrease in absorbtion, after 840 ps from the excitation moment. After 6 and 11 

ps an oscillator signature is observed in both ε1 and ε2, indicated by arrows. After 840 ps 
the oscillator signature is not present anymore. 

 
It is clear at this point that optically exciting the sample with 800 nm infrared pump 

pulses, having 1,2 mJ/cm2 energy, at 18 K, results in considerable changes in the sample’s 
response. In the following we will consider only the excitation with 1,2 mJ/cm2 energy per 
pulse. 

Furthermore, we will concentrate on the first two parts of the change in transmission 
spectra, namely the sharp rise in absorption and the fast exponential decay which follows 
immediately after (Fig. 6.15) because we have seen earlier that the most spectacular 
changes in the spectra occur in these two regions. 

A few of the measured THz pulses are presented in Fig. 4.17. The pulses are displayed 
in two plots: the left side presents pulses taken during the sharp rise in absorption; the right  
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Fig. 4.17. Terahertz time traces measured at different time intervals from the excitation 

time τ=0. The measurement has been performed at 18 K with an excitation pulse energy of 
1,2 mJ/cm2. 

 
Fig. 4.18. Fourier transforms of the terahertz time traces measured at different time 

intervals from the excitation time τ=0. The measurements have been performed at 18 K 
with an excitation pulse energy of 1,2 mJ/cm2. 
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side shows pulses taken during the fast exponential decay in absorption. Considerable 
changes with time are easily observed in these pulses. Looking at the left side plot, a 
change with time is noticed in both, the THz pulse amplitude and shape. Second, there is a 
phase shift towards earlier times of the positive THz peak which is at early times at 0 ps on 
the time axis, and then shifts to 0,24 ps for the pulse recorded at 5 ps after excitation. A 
third THz peak, a positive one, starts to develop, positioned around 0,77 ps (most easily 
seen in the pulse taken at t=5 ps after excitation). Furthermore, a strong decrease in the THz 
pulse amplitude with time can be noticed. 

The pulses taken during the fast exponential decay in absorption (right plot in 
Fig.4.17), show a typical recovery: a shift toward later times of the positive THz peak, and 
an increase in the THz pulse amplitude with time. By these, the dynamic, presented in Fig. 
4.16, is partially due to the shift and change in THz pulse amplitude at the same time. The 
Fourier transformations of these pulses are presented in Fig. 4.18. An absorption peak is 
observed first at 3 ps after the photoexcitation, and it is shifting towards lower frequencies 
until around 8 ps after excitation. 

A two dimensional terahertz spectral analysis has been performed on the time traces as 
described in §6.1. As a result two main quantities have been extracted: not only the change 
in absorbance, but also the phase shift of all frequency components contained in the probe 
field. This information can be expressed in terms of complex dielectric function spectrum 
ε(ω,τ)=ε1(ω,τ)+iε2(ω,τ), or in terms of complex optical conductivity spectrum 
σ(ω,τ)=σ1(ω,τ)+iσ2(ω,τ), which depend parametrically on the time τ after photoexcitation. 
These quantities are depicted together in Fig. 4.19. 

We will focus in the following on the induced changes in ε2(ω,τ) which is directly 
related to the absorption. Fig. 4.19 displays in the upper right part ε2(ω,τ) at different times 
(between 3 and 16 ps) after photoexcitation. The open circles represent the sample terahertz 
response before photoexcitation. Two striking effects can be immediately observed. First, a 
broad mode is nearly instantaneously present in the ε2 spectra, centered around 1,3 THz, 
which gradually sharpens, weakens and shifts to lower frequency upon increasing time after 
photoexcitation. Eventually, this “node” disappears around 16 ps. Second, a broad feature 
appears with increasing strength toward lower frequency, which spectral weight gradually 
shifts toward lower frequency upon increasing time after photoexcitation. This feature 
persists even after 16 ps, and is reminiscent of a Drude-like free electron response, as has 
also been observed in other semiconductors. 
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Fig. 4.19. The real and imaginary parts of the dielectric function and optical conductivity, 
measured at different times after photoexcitation. The measurements have been performed 

at 18 K with an excitation pulse energy of 1,2 mJ/cm2. The open circles represent the 
sample response without optical excitation. 

 

 

4.2.1. Power dependence. 
 

We have shown that exciting the Cu2O sample with 800 nm pulses of 1,2 mJ/cm2 

energy, induce a change in absorbance which can be intuitively be explained as the effect of 
two contribution: a Drude like response attributed to free carriers and a second contribution 
which appears as an oscillator response with not clear origin at this point. To gain more 
insight into the oscillator response, we have measured the THz spectra at 6,5 ps after 
photoexcitation as a function of pump power. Fig. 4.20 displays the transmitted terahertz 
transients power dependence measured at 6,5 ps after photoexcitation. This particular time  
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Fig. 4.20. Power dependence of the transmitted terahertz pulses, measured at 18 K. The 

measurements have been performed at 18 K and at τ=6.5 ps after photoexcitation. 

 

Fig. 4.21. Power dependence of the real part of the optical conductivity, σ1. The 
measurements have been performed at 18 K and at τ=6,5 ps after photoexcitation. 
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has been chosen because here the Lorentz shaped response is fully developed and the Drude 
+ oscillator behavior is easily recognizable. The results are presented, for convenience, in 
terms of the real optical conductivity σ1 which is directly related to the imaginary part of 
the dielectric function. The transients show a gradually increasing change upon increasing 
pump power, until the changes saturate around 0,8 mJ/cm2. 

Fig.4.21 shows the power dependence of the real part of the optical conductivity. 
Clearly, the oscillator like response shifts toward lower energy and loses spectral weight 
upon decreasing pump power, until it finally vanishes for powers below 0,8 mJ/cm2. The 
observed peak in the real part of the optical conductivity can be characterized by its spectral 
weight, its peak position and its spectral width. The power dependence of these parameters 
are displayed in Fig. 4.23, 4.24 and 4.25, respectively. The integrated area (Fig. 4.22) and 
the peak position (Fig. 4.23) increase linearly with the excitation pulse energy. The width 
does not vary a lot, remaining approximately constant around 0,6 THz (Fig. 4.24). 

 

 

 

 

Fig. 4.22. Integrated area below the peak, evolution with excitation pulse energy. 
Measurements have been performed at 18 K and at τ=6,5 ps after photoexcitation. 
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Fig. 4.23. Peak position evolution with the excitation pulse energy. Measurements have 
been performed at 18 K and at τ=6,5 ps after photoexcitation. 

 

 

 

Fig. 4.24. The peak width evolution with excitation pulse energy. Measurements have been 
performed at 18 K and at τ= 6.5 ps after photoexcitation. 
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4.3. Preliminary discussion. 
 
4.3.1. Possible theoretical considerations. 
 

We noticed a change in Cu2O sample absorption at 18 K, upon optical excitation with 
800 nm light. This excitation triggered two phenomena: the creation of some particles by a 
two-photon excitation process (since the energy gap is 2,17 eV) and a local excitation 
process (creation of another type of particle) which is viewed as a resonance absorption 
peak in the far-infrared region. The Drude like response can be well explained by the 
creation of the free carriers in the system. The main difficulty is to understand the origin of 
the origin of the induced absorption peak. In general, this narrow absorption line can be 
described as an oscillator response. The intensity of the absorption peak is decreasing with 
time (in a few picoseconds) and shifts towards lower energies: from 3 to 1,5 meV. The 
power dependence of the absorption peak strength is linear up to 0,6 mJ/cm2 with a 
saturation above this power density value. An interesting observation is that the same shift 
of the oscillator towards lower energies with decreasing the pump power density is present. 
Another unexpected observation, although one would like to see this type of measurement 
reproduced, is a step like behavior with the increase in temperature: while below 100 K, the 
absorbtion peak is clearly visible, somewhere between 100 K and 150 K it completely 
disappears. 

Our measurements have been performed on two different Cu2O samples. The 
difference of this samples lies in the amount of oxygen and copper impurities, which 
relative concentration can be easily determined from the luminescence experiment (§1.3). 
As one may see from Fig. 1.6, there is a luminescence band centered around 820 nm, 
attributed to the charged oxygen vacancy. This charged vacancy state can be formed by 
taking out the neutral oxygen ion from the lattice. Owing to its double effective positive 
charge, it may bind one electron resulting in a VO1+. Optical pump terahertz-probe 
experiments have shown different sample dielectric responses in the terahertz range: 0,2 to 
2,5 THz for different samples: the induced absorption seems to live longer in the sample 
with high oxygen vacancy concentration. The both last results, even with the linear power 
dependence, seem to indicate that the observed induced absorption peak might be defect 
VO1+ related. 

One question might naturally follow: what physical process can be responsible for the 
observed resonance? In direct-gap semiconductors, the sample response might change 
dramatically, when the photo-excited carrier spatial distribution is inhomogeneous (Fig. 
4.25a). For example, when the photoexcited carriers density is high, they might condensate 
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and form electron-hole liquid droplets, [2]. The droplet phase response of the direct-gap 
semiconductor might then reveal a resonance in the dielectric function. It has been shown 
that in Ge there is a resonance feature of the effective dielectric function εeff at the frequency 
ωp/√3,  [41]. Where ωp=(4πne2/εbm)1/2 is the plasma frequency, and: n, m and e are the 
effective carriers density, mass and electric charge, εb is the sample dielectric function 
before photoexcitation. Let’s try to apply these considerations now to Cu2O . For an 
electron-hole droplet, the plasma frequency can be scaled with the exciton binding energy 
through ħωp=Eex(12/rs

3)1/2, where Eex is the exciton binding energy and rs is a dimensionless 
parameter defined as rs=(3/4πnaB

3)1/3, [2]. Here n is the exciton density and aB the Bohr 
radius. For Cu2O , aB=7·10-10 m and the yellow exciton binding energy is about 150 meV 
while the green excitonic binding energy is about 90 meV. Simple calculations show that in 
order to reach the electron-hole droplet phase in Cu2O one would need to create an exciton 
density of at least 1021 cm-3. During our experiments we have been able to obtain a density 
of only 1015 cm-3. For an electron density of 1015 cm-3, using the last two formula’s we 
estimate a plasma frequency of about 500 meV, which is far away from our THz 
spectrometer range. Starting from the exciton binding energies, in order to obtain a plasma 
frequency, in our range, of 3 meV (in the case of yellow exciton) or 2 meV (in the case of 
green exciton) necessary for an electron-hole droplet phase, we need an exciton density of 
1036 cm-3. These high excitonic densities are impossible to reach using our set-up. 
Therefore, we conclude that the resonance observed in Cu2O after photoexcitation cannot 
be the response of an electron-hole droplet phase. 
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Fig. 4.25. Discussion about possible processes, which might give an induced response in 
the far-infrared region: a) electron-hole droplet formation; b) ecitons for the excitonic 

molecule (biexciton); c) bound biexciton to the cristal imperfection; d) optically induced 
dipoles (electrons plus charged oxygen vacancy center). 

 
 
Considering the energy scale at which the resonance appears, namely a few meV, 

another possibility captured our attention. Looking for particles which have their binding 
energy comparable with meV, we found out that, in Cu2O , the possibility exists to create 
an excitonic molecule (Fig. 4.25b). This would be composed from two excitons and their 
binding energy would be around 3,3 meV for the biexciton formed by two yellow excitons, 
and around 16 meV for a biexciton formed by two green excitons, [42]. These energies fit 
well with the energy where the resonance is observed in our experiment. Exciting with 1,55 
eV pump pulse energy we can create excitons only via two-photon absorption to the blue 
excitonic series with a consequent relaxation into the yellow and green one. Therefore, one 
might expect quadratic behavior of the absorption peak strength with respect to the power 
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density, which is, as a matter of fact linear (Fig. 4.22). Moreover, if the resonance would be 
the response of an excitonic molecule gas, then a resonant excitation of the excitonic series 
(yellow, green, blue and indigo) would result in an enhancement of the exciton density and 
a stronger dielectric response. Surprisingly, not only that the dielectric sample response was 
not enhanced upon resonant excitation, but the resonance was not observed anymore. 
However, the results are not reliable, since the power density in experiments with different 
pulse energies was different. 

From another point of view, since the sample dielectric response can be defect related, 
another possibility occurs: a dense bi-excitonic gas bound around the defect centers VO+ 

(Fig. 4.25c). This idea is consistent with the observed type of power dependence: a linear 
power dependence at low excitation pump pulse followed by a saturation at high excitation 
pump pulse (Fig. 4.22). Based on the experiments discussed above, using resonant 
excitation to the yellow and green excitonic series, we can preliminary conclude that the 
observed resonance cannot be exciton related. Unfortunately, the clean experimental prove 
needs to be done to state something definite. 

Since the induced response is present when the excitation is 1,55 eV, we might be 
directly exciting a weakly bound defect state, which contains a resonant transition in the 
THz range. For example, using the incident photon of approximately 1,55 eV energy, one 
may excite an electron to the VO+ defect state, and create a dipole in the system (Fig. 4.25d). 
Spatially distributed dipoles will interact through the dipole-dipole interaction. For 
preliminary calculation of the interaction energy, we can assume the dipole moment to be 
on the order of the unit cell size. For an interaction energy being in the discussed range, the 
concentration of oxygen vacancies, VO+, should exceed 1018 cm-3. This value is way below 
than calculated in [43] and is around 1015 cm-3. 
 
4.3.2. Mathematical description: Drude + Lorentz model. 
 

Let’s try now to build a mathematical description able to roughly describe our 
experimental observations. We have shown that the experimental frequency dependent 
absorption spectra are composed from two main contributions: free carriers like 
contribution and some local oscillator component. In the following we will describe the free 
carrier contribution by a Drude like dielectric response while the local oscillator 
contribution can be described by a Lorentz oscillator dielectric response. 
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Fig. 4.26. A few examples of fits with the Drude + Lorentz mathematical description. The 
open hexagons represent experimental data and the black lines a fit to the Drude + Lorentz 

mathematical description. The open circles stand for the Drude contribution to the 
dielectric function, while the open stars stand for the Lorentz contribution. 
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where εb is the background dielectric function, A the oscillator strength, ω0 is the eigen 
frequency, γ is the dumping parameter, Fd= ωp

2 is the plasma frequency squared and τcoll is 
the collision time of the free electrons. Using the same notations then the absorptive part of 
the dielectric constant will be: 
 

 
We fitted the experimental data using the Drude+Lorentz mathematical description. 

Fig. 4.26 shows few examples of fits for different time delay after excitation. Moreover, a 
series of different parameters have been resulting from the fitting. Three of them are 
characteristic to the Lorentz component of the imaginary dielectric function: the peak 
position ω0, strength A and width γ. Other two parameters are characteristic to the 
imaginary dielectric function of Drude component: the plasma frequency squared Fd=ω0

2 
and collision time τcoll. In the following, we present the time evolution of all of them. 

 Fig. 4.27a describes the peak position as a function of time after excitation. The 
position moves between 2 THz and 0,5 THz while the time evolves between 3 and 13 ps. 
An exponential decrease manages to decently describe this movement. The solid line 
represents a data fit to a first order exponential decay with a lifetime τ=3,5 ps. Integrated 
area below the pulse is directly related to the peak intensity or strength. This area which 
was calculated and is displayed in Fig. 4.27b, has a behavior similar to the one displayed by 
the peak position. It exponentially decreases with time τ, after excitation. The data has been 
fitted again to a first order exponential decay with τ=2,65 ps. From Fig. 4.19 (top right), is 
visible that the Lorentzian pulse does not only shifts it’s position to low frequencies, but 
with this shift, his width is also decreasing. For each absorptive part of the dielectric 
function in Fig. 4.19 (top right), we have approximated the width of it’s Lorentzian 
component. The time evolution of the peak width is presented in Fig. 6.27c. There is an 
exponential decrease of the width from 1,2 THz to 0,4 THz. A fit to a first order 
exponential decay gives us the exponent lifetime τ =3,8 ps.  

Concerning the “Drude part” of the suggested mathematical description, Fig. 6.27d 
displays the collision time τcoll taken at different moments after photoexcitation. No 
significant changes seem to appear in the time interval between 3 and 16 ps after excitation. 
Fig. 4.27e displays the plasma frequency time evolution after excitation. Like the collision 
time τcoll, the plasma frequency squared remains constant in the time interval between 3 and 
16 ps after photoexcitation. 
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Fig. 4.27 Lorentz and Drude fit parameters versus time τ after photoexcitation: (a) the 
peak position, the solid line represents a fit to a first order exponential decay with t1=3,54 
ps. (b) The peak strength, the solid line represents a fit to a first order exponential decay 
with t1=2,65 ps. (c) Peak width, the solid line represents a fit to a first order exponential 

decay with t1=3,8 ps. (d) The collision time and (e) plasma frequency time evolution remain 
constant value. 
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4.4. Conclusion.  
 

In conclusion, we have shown, that the Drude + Lorentz mathematical model describes 
well the induced terahertz response, observed in Cu2O. Unfortunately, we must say, that at 
this point there is no straightforward statement, which can be done, in order to explain the 
observed effects and their time dynamics. Therefore, additional experiments are required to 
prove or disprove discussed above possibilities, or to propose new ones. 
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