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Abstract: Optical-Pump-Terahertz-Probe experiments (OPTP) are widely employed to study12

the dynamics of photoexcited carriers in semiconductors. In these experiments, due to the13

long wavelength nature of the Terahertz (THz) probe radiation, the probe beam can only be14

focused to a spot size in the mm range. To ensure homogeneous excitation of the probed sample15

region, a significantly larger optical pump beam spot size must be used, which is often difficult16

to implement in the experiment. Frequently used experimental geometries employ beam paths17

which result in small pump beam spot sizes, leading to spectral distortions of the sample response,18

translating to uncertainties in calculated THz conductivities and fitted Drude conductivity models,19

for example. We investigate the influence of the pump beam spot size on benchmark OPTP20

experiments and evaluate model calculations to estimate the induced deviations. We demonstrate21

the impact of this effect on the acquired data with different dependencies on the investigated22

sample and the employed experimental configuration. We can provide guidelines for optimal23

configurations for the most commonly employed experiments.24

1. Introduction25

Optical-Pump-THz-Probe spectroscopy (OPTP) is a powerful technique to study the electrical26

properties of photoexcited semiconductors. As a non-contact technique, it is especially useful27

for nanomaterials, which are inherently difficult to make electrical contact to [1–4]. In OPTP, a28

femtosecond optical laser pulse is used to photoexcite the sample of interest. After a variable29

delay time 𝜏, a THz pulse probes the photoinduced changes in THz transmittance of the sample.30

The measurement of the differential THz transmittance of excited and unexcited sample leads31

to the photoconductivity in the THz frequency range. Experimentally, the THz probe pulse is32

commonly generated by optical rectification and spans a frequency range from 0.1 to 2 THz,33

which corresponds to wavelengths of about 3 to 0.15 mm [5–7]. Off-axis parabolic mirrors34

(OAPs) are used to collimate and focus the THz radiation onto the sample. As the relative35

bandwidth of the THz probe pulse is very large, higher frequencies (i.e. shorter wavelenghts) are36

focused more tightly than lower frequencies (i.e. longer wavelengths). In most cases, the optical37

pump beam is transmitted through a hole in the focusing OAP for collinear beam propagation38

(cf. Figure 1(a)). The size of the hole is typically in the milimeter range and limits the spot39

size of the optical pump beam. Large holes would lead to distortions in the THz beam profile40

as well as loss of THz intensity. Comparably small pump beam spot sizes result in the lower41

THz probe frequencies, which have a larger spot size, propagating through relatively less excited42

parts of the sample than the higher THz frequencies, that are focused to smaller spot sizes. This43

leads to an attenuation of the measured differential THz-electric field at low THz frequencies,44

effectively shifting the differential THz spectrum to higher frequencies. When evaluating the45



differential data, for example for calculating the complex photoconductivity and fitting e.g. a46

Drude conductivity model, the frequency-dependence has to be weighted accordingly.47

Beard et al. demonstrated the problem experimentally in OPTP measurements on GaAs. They48

concluded that for a homogeneous excitation, the pump beam spot size should be at least two49

times larger than the probe beam spot size [8]. Dakovski et al. modelled the pump-beam-spot-50

size-dependent THz response as radiation from a pump-induced current driven by the THz51

electric field and suggested the use of metallic apertures for the THz radiation to reduce the52

probed area of the sample [9]. Strait et al. defined an overlap factor to account for the mismatch53

in pump and THz spot sizes and correct the differential spectra [10].54

Depending on the discussed quantities and varied parameters, the uncertainties resulting from55

insufficient overlap might not be too problematic. For example, discussing differences in the56

high-frequency part of the complex conductivity could be robust. In similar ways, time-constants57

of photoinduced changes or excitation-power dependencies might be unperturbed by spot-size58

problems as they might lack significant frequency dependencies. In the present work, we try to59

deliver a comprehensive picture of how spot size-related problems occur in the most common60

OPTP experiments on semiconductors. We investigate how they reflect in typically discussed61

data and which part of the data can be regarded as unproblematic. For this purpose, we performed62

OPTP with a setup geometry found often across the literature. We investigated two reference63

semiconductor materials, silicon and CdS nanostructures and we show where focus-related errors64

occur. We model the problem using plain, accessible calculations in order to explain how errors65

evolve and under which experimental conditions reliable data can be recorded. We consider the66

influence of the investigated sample as well as the experimental setup, aimed to serve as primer67

for carefully designing experiments.68

2. Experimental setup69

For our pump-beam-spot-size study, we employed the most widely used OPTP setup geometry70

(Fig. 1(a)) [5, 6]. An amplified Ti-sapphire laser system (Spitfire-Ace, 800 nm, 1 kHz, 35 fs;71

Spectra Physics) was employed as excitation source. The laser beam was split into three arms for72

the optical pump beam, the THz generation and the THz detection beam. For the optical pump73

beam, the 800 nm laser fundamental was frequency-doubled to obtain 400 nm using a BBO74

crystal. The THz radiation was generated in a ZnTe crystal by optical rectification. A weak part75

of the 800 nm fundamental was retained for electro-optical sampling (EOS) of the THz electric76

field in another ZnTe crystal. Fig. 1(b) shows the THz probe spectrum as measured with THz77

time domain spectroscopy (TDS). OPTP spectra of the two reference materials (CdS nanowires78

and Si) were measured with three different optical pump beam spot sizes (0.54 mm, 1.16 mm79

and 3.02 mm beam radius). To assess size-dependencies, the pump-beam-spot sizes were set80

by using different lenses to focus the optical pump beam onto the samples. For the collinear81

pump-probe geometry, the focus points were placed inside the through-hole of the OAP so that82

the beam diverged before impinging onto the sample. Since the diameter of the through-hole in83

the OAP (1.5 mm diameter at the OAPs front surface and 5 mm diameter at its backside) sets an84

upper limit to the pump beam spot size, we switched to a non-collinear pump-probe geometry85

for experiments with the largest pump beam spot size. There, the pump hits the sample at an86

angle, which leads to a distortion of the spherical pump beam profile into an elliptical profile87

and adds a temporal delay between opposite sides of the pump beam. The pump beam radii88

(1/e2 intensity) were measured by knife-edge scans. In the measurements under non-collinear89

geometry, the elliptical beam profile impinging onto the sample was calculated using the known90

angle of incidence. We treated the elliptical beam profile as an effective spherical beam of the91

same area. Beam radii of collinearly propagating pump beams were 0.54 mm and 1.16 mm. The92

effective beam radius of the non-collinear pump beam was 3.02 mm, which corresponds to an93

ellipse with radii of 2.71 mm and 3.36 mm. The pump fluence was ensured to be the same in94



Fig. 1. (a) Experimental setup of the Optical-Pump-THz-Probe experiment and
schematic representation of the spot-size problem: The optical pump beam spot size
is typically smaller than the THz probe beam spot size to measure undistorted OPTP
data. However, the probe beam can only be focused to a certain spot size due to its
long wavelength nature. Additionally, the THz frequencies in the probe beam spot are
inhomogenously distributed (frequency-dependent focus). (b) THz-electric field of
the probe beam as measured by THz-TDS. The corresponding spectrum is diplayed as
inset. (c) Frequency-dependent beam radii (1/e2) of the THz probe beam as measured
using the knife-edge technique at the sample position.

all experiments and set to 60 µJ/cm2. The spatial distribution of the different frequencies of95

the THz probe pulses at the focus spot was obtained by combining the knife-edge technique96

with THz-TDS. By recording spectra vs the insertion of the blade into the focused beam, the97

THz radii of each frequency component were obtained (Fig. 1(c)). As expected, we find that98

longer wavelengths are focused to larger spot sizes. The beam radii do not perfectly follow the99

expected 1/𝜆 behavior for high THz frequencies. For the focusing conditions in our experiment,100

all frequencies above 1 THz are focused to the same spot size. The knife-edge data is shown in101

more detail in Figure S1.102

3. Discussion103

3.1. Spectral distortions in the differential THz field104

Fig. 2(a) shows the photoinduced changes in the THz waveform transmitted through a Si wafer105

after excitation with different pump beam spot sizes. Fourier-transformation of this data yields106

the differential THz spectra, shown in Fig. 2(b). As expected, we observe a shift towards higher107



Fig. 2. (a) Photoinduced changes in the THz waveform Δ𝐸 transmitted through a 1"
Si Wafer 30 ps after excitation with 𝜆 = 400 nm and three different pump beam spot
sizes. (b), (c) and (d) use the same colour code. (b) Fourier-transform of the data
shown in (a). For larger pump beam spot sizes, higher differential fields are measured
at equal excitation fluences. Also, a shift towards lower frequencies is observed. (c)
Frequency-dependent pump-probe beam spot overlap factor for the three different pump
beam spot sizes. (d) The solid lines show the same data as in (b) and the dashed lines
show simulated differential fields. The shaded areas present the uncertainty due to the
errors in the characterization of the pump and probe beam radii. Using the overlap
factors plotted in (c), the purple dashed line shows the differential electric field for an
infinite large pump beam spot size, calculated from the data measured with a pump
beam radius of 3.02 mm. From this, we can calculate the differential electric field for
the pump beam spot sizes of 0.54 mm and 1.16 mm (dashed orange and green lines).

THz frequencies when employing smaller pump beam spot sizes. We define an overlap factor108

that scales with the carrier density within the sample material through which the THz radiation109

propagates. A value of 0 means that the THz radiation traverses an unexcited region of the110

sample, whereas a value of 1 means that the THz radiation traverses the sample area subject111

to maximum excitation given the specific excitation conditions employed. This plain model112

calculation allows analyzing the distortions in the differential THz spectra depending on the113

pump beam spot size for thin films or thin photoexcited layers. In the first step, the spatial charge114

carrier distribution in the sample after excitation is modelled, assuming an excitation density, at115

which the spatial charge carrier density is proportional to the excitation beam intensity, i.e. no116

non-linear effects. In the second step, the spatial THz electric field distribution is calculated for117

every frequency component of the THz pulse, using the frequency-dependent THz beam spot118

sizes shown in Figure 1(c). Both the spatial charge carrier distribution as well as the spatial THz119



electric field distribution are modelled as two-dimensional Gaussians. Since in less excited parts120

of the samples there will be less interaction of the THz probe pulse with photoexcited charge121

carriers, the THz electric field profiles are now weighted with the charge carrier distribution122

profile; again assuming interaction in the linear regime. Integration of the THz electric fields123

over the entire sample area yields an effective THz spectrum that can be compared with the initial124

THz spectrum to calculate a frequency-dependent pump-probe overlap factor 𝑂𝐹. The overlap125

factor is described by126

𝑂𝐹 (𝜈) = 1
2

(
𝑤2

𝑝𝑢𝑚𝑝

𝑤0 (𝜈)2 + 1
2𝑤

2
𝑝𝑢𝑚𝑝

)
, (1)

where 𝜈 is the THz frequency, 𝑤𝑝𝑢𝑚𝑝 is the pump beam spot size and 𝑤0 (𝜈) is the frequency-127

dependent THz probe beam spot size (the derivation for this expression is provided in the SI).128

Figure 2(c) shows this overlap factor for the three pump beam spot sizes employed in this work.129

As expected, the overlap factor is higher for larger pump beam spot sizes. Also, at low THz130

frequencies, i.e. long wavelengths, the overlap factor drops significantly. The smaller the pump131

beam, the higher the THz frequency at which this drop occurs. This means, the spectral distortion132

in the measured differential THz E-field increases. Using the overlap factors from Figure 2(c),133

we can calculate the actual differential THz spectrum that would be measured with infinitely134

large pump spot size from the measured differential THz spectra. For this calculation, we use135

the spectrum obtained with the largest pump spot and, therefore, best SNR. The dashed purple136

line in Fig. 2(d) shows this undistorted differential THz spectrum. From there, we can calculate137

the differential THz spectra at the two smaller pump beam spot sizes and find good agreement138

with the measured data, validating our overlap factors. Similar experiments were performed139

on CdS nanowires and show the same trends (cf. Fig. S2). Our results show that for our THz140

focusing conditions, for THz frequencies larger than 1 THz, the differential THz electric field is141

not distorted spectrally even with pump beam spot sizes as small as 0.54 mm.142

3.2. Influence on estimated conductivities143

From the measured differential THz spectra, the complex photoconductivities of thin photoexcited144

films are commonly calculated employing the Tinkham-Glover formula [2]145

𝜎(𝜔) = −𝜖0𝑐(1 + 𝑛substrate)
Δ𝑇 (𝜔)
𝑇 (𝜔) , (2)

where 𝜖0 is the vacuum permittivity, 𝑐 is the speed of light and 𝑛substrate is the refractive index of the146

substrate and Δ𝑇 (𝜔) and 𝑇 (𝜔) are the Fourier-transform of the differential THz waveform after147

photoexcitation and the THz waveform transmitted through the unexcited sample, respectively.148

Thus, the distortion in the measured differential THz spectrum linearly transforms on to the149

calculated complex photoconductivities. Fig. 3 exemplarily shows simulated distortions in150

the real and imaginary photoconductivity of a sample exhibiting (a) Drude response and (b)151

Lorentz-Drude response when pumped with a beam radius of 1.16 mm and probed with the THz152

focusing conditions that we found in our setup. Especially when aiming at discussing the dc limit,153

discrepancies can be strong.154

3.3. Influence on dynamics155

3.3.1. Temporal evolution of photoconductivity156

The main advantage of OPTP is the possibility to study the temporal evolution of the real and157

imaginary photoconductivity with the pump-probe delay time [4, 11, 12]. There, measuring158

the differential electric field at the THz delay of the peak electric field of the undisturbed159

THz pulse yields approximately the frequency averaged real photoconductivity, whereas the160

same measurement at the THz delay of the zero-crossing of the undisturbed THz pulse yields161



Fig. 3. Simulated perfect (a) Drude response and (b) Lorentz-Drude response and its
distortion when a pump beam radius of 1.16 mm is employed and the THz beam is
focused as in our setup.

approximately the frequency averaged imaginary photoconductivity [13, 14]. To assess the pump162

beam spot size influence on such quantities that do not require a Fourier-transformation to the163

frequency space, we used CdS nanowires as benchmark material and measured pump-probe164

scans at the THz delay of the maximum of the undisturbed THz pulse. Fig. 4(a) shows that after165

normalization, the frequency averaged real photoconductivity of CdS nanowires after excitation166

with 𝜆 = 400 nm, decays independent of the pump beam spot size. Preconditioned sufficient167

contrast, the frequency averaged quantities can be considered robust. However, we observe168

that for the largest pump beam radius of 3.02 mm, where the experiment was conducted in a169

non-collinear fashion, the rise time of the signal is 2.3 ps, when it is only 1.2 ps for the pump beam170

radius of 1.16 mm with a collinear experimental setup. Excitation at an angle results in a relative171

delay between opposite transverse sides of the beam such that one side of the sample is excited172

earlier than the other, effectively lowering the experiments temporal resolution. Thus, in such173

non-collinear geometry it is important to keep the angle of incidence minimum to not degrade174

the temporal resolution when using large pump beams. Pulse front tilting can be used to mitigate175

this issue and improve the temporal resolution in non-collinear setups. In this application case,176

the collinear arrangement is beneficial. Another approach to reduce errors is using beam-splitters177

to unite the beam path of pump and probe beam for collinear excitation with large pump beam178

spot sizes [15].179

3.3.2. Charge Diffusion in highly conductive samples180

In highly conductive extended samples, photoinduced charge carriers quickly diffuse after181

excitation. With longer delay times between optical pump and THz probe, the spatial charge carrier182

distribution widens, effectively changing the THz frequency range probing the photoinduced183

changes. The diffusivity of charge carriers in silicon after photoexcitation with a fs-laser can be184

as much as 1000 times higher than the room temperature diffusivity of 30 cm2/s [16, 17]. From185

this, we estimate a diffusion length of 0.04 mm within 600 ps after excitation. Employing optical186

excitation with a beam radius of 0.54 mm on a silicon wafer, this corresponds to an expansion187

of the spatial charge carrier distribution of 15 %. The influence of this broadening can be188

demonstrated experimentally. Fig. 5(a) shows the differential THz spectrum transmitted through189

a Si wafer at several delay times after optical excitation with a beam radius of 0.54 mm. For190

frequencies larger than 1 THz, the differential THz spectrum does not change on the timescales191

investigated here. The pump beam spot size is large enough to homogeneously excite the part of192

the sample, to which the high THz frequencies are focused. However, for smaller THz frequencies,193



Fig. 4. (a) OPTP dynamics measured on CdS nanowires after excitation with 𝜆 = 400 nm
at the maximum of the undisturbed THz pulse for different pump beam radii. No
differences in the decay dynamics are observed. (b) Same data as in (a), but zoomed to
shorter pump-probe delay times. For the non-collinearly pumped experiment (3.02 mm
pump beam radius), the rise time is longer than for the collinearly pumped experiments
(1.16 mm and 0.54 mm).

which are focused to larger spot sizes, a rise in signal is observed, as charge carriers diffuse away194

from the initially excited spot of the sample into the wider low-frequency probe beam spot. This195

leads to a time-dependent change of the transmitted spectrum in addition to the one caused by the196

dynamics of interest. Therefore, for investigations of high-conductivity samples, a large pump197

spot size, realized using a non-collinear geometry or beam-splitters, is generally required. It198

should be noted that charges do not only diffuse in plane but also along the excitation direction199

into the material, effectively thickening the excited layer, which may also lead to a change of the200

transmitted THz spectrum.201

4. Conclusion202

We discussed the distortions induced by too small pump beam spot sizes on OPTP and described203

them by a simple weighting of the frequency-resolved probe beam spot profiles with the spatial204

charge carrier distribution induced by the pump pulse. In case of frequency-dependent quantities205

such as the Drude model are to be discussed, a large enough pump beam spot size should be206

ensured. In most employed OPTP configurations, this requires a non-collinear pump-probe207

arrangement, which come with the downside of a reduction of temporal resolution. However, if208

the THz focus is characterized carefully, the distortions can also be corrected for using the overlap209

factor we describe. In case the OPTP dynamics are of central interest, a collinear geometry,210

where the optical pump pulse is overlaid with the THz probe pulse through a hole in a OAP, is211

beneficial. For highly conductive samples, diffusion of charge carriers away from the pump beam212

spot leads to larger excited areas, which yields spectral shifts in the measured differential electric213

field if too small pump beam spot sizes are employed.214
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Fig. 5. (a) Measured differential THz spectrum transmitted through a Si wafer at
different delay times after excitation with 𝜆 = 400 nm at an excitation fluence of
220 µJ/cm2 with a pump beam radius of 0.54 mm. (b) Normalized differential electric
fields of the measurement displayed in (a) over pump-probe delay. The initial rise
in signal at short delay times is omitted for clarity. (c) Schematic representation of
the observed spatial broadening in the charge carrier distribution, that leads to better
overlap with low THz frequencies at later delay times.
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