
International Journal of Infrared and Millimeter Waves (2020) 41:1431–1449

https://doi.org/10.1007/s10762-020-00739-6

Terahertz Conductivity Analysis for Highly Doped
Thin-Film Semiconductors

Aleksander M. Ulatowski
1
· Laura M. Herz

1
·Michael B. Johnston

1

Received: 17 July 2020 / Accepted: 19 August 2020 /

© The Author(s) 2020

Abstract

The analysis of terahertz transmission through semiconducting thin films has proven

to be an excellent tool for investigating optoelectronic properties of novel materi-

als. Terahertz time-domain spectroscopy (THz-TDS) can provide information about

phonon modes of the crystal, as well as the electrical conductivity of the sample.

When paired with photoexcitation, optical-pump-THz-probe (OPTP) technique can

be used to gain an insight into the transient photoconductivity of the semiconduc-

tor, revealing the dynamics and the mobility of photoexcited charge carriers. As the

relation between the conductivity of the material and the THz transmission func-

tion is generally complicated, simple analytical expressions have been developed to

enable straightforward calculations of frequency-dependent conductivity from THz-

TDS data in the regime of optically thin samples. Here, we assess the accuracy of

these approximated analytical formulas in thin films of highly doped semiconduc-

tors, finding significant deviations of the calculated photoconductivity from its actual

value in materials with background conductivity comparable to 102 �−1cm−1. We

propose an alternative analytical expression, which greatly improves the accuracy of

the estimated value of the real photoconductivity, while remaining simple to imple-

ment experimentally. Our approximation remains valid in thin films with high dark

conductivity of up to 104 �−1cm−1 and provides a very high precision for calcu-

lating photoconductivity up to 104 �−1cm−1, and therefore is highly relevant for

studies of photoexcited charge-carrier dynamics in electrically doped semiconduc-

tors. Using the example of heavily doped thin films of tin-iodide perovskites, we

show a simple experimental method of implementing our correction and find that the

commonly used expression for photoconductivity could result in an underestimate of

charge-carrier mobility by over 50%.
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1 Introduction

The progress of thin-film technology in photovoltaic (PV) applications has led to

highly efficient solar cells employing a variety of semiconductors being developed in

recent years [1]. The benefits of devices based on thin films include their ease of fab-

rication, wide choice of substrate materials and low cost of production [2]. One of the

promising groups of materials used as sub-micron thin films are hybrid metal-halide

perovskites, which exhibit excellent optoelectronic properties and are relatively easy

to fabricate through solution processing using widely available precursors [3–5].

Terahertz time-domain spectroscopy (THz-TDS) and optical-pump–THz-probe

(OPTP) experiments have been successfully used to investigate properties of thin

films used in PV applications, by measuring the charge-carrier mobilities and the

recombination dynamics of photoexcited carriers. These measurements allow one

to estimate the diffusion length of electrons and holes, which directly affects the

performance of semiconductor devices [6–11]. By investigating THz field trans-

mission through photoexcited thin films, the type of photoconductivity can be

established by comparing different conductivity models (including Drude conduc-

tivity, hopping transport, plasmon models, etc. [12]) against the THz transmission

data. Such analysis provides valuable information about the charge transport proper-

ties in novel materials, which is essential for an improvement of their optoelectronic

properties. Finally, THz-TDS on thin films in the dark (without photoexcitation)

can be used as a non-contact probe of conductivity arising from doping in the

semiconductors, thereby revealing directly the resistivity of the material without

the need for metal contacts. The resistivity obtained in this way can be used to

estimate the background dopant density when paired with charge-carrier mobility

measurements.

With the fast progress of thin-film technology in photovoltaics and a rise in popu-

larity of THz spectroscopy to investigate the properties of semiconducting materials,

it is important to pay close attention to data analysis, in order to avoid misinterpreta-

tion of results due to artefacts [13, 14]. In this article, we investigate the assumptions

commonly made when calculating the properties of thin films from THz-TDS data,

showing the limitations of the approximated expressions. We find that in highly

doped thin films, with dark conductivity comparable to 102 �−1cm−1, some of these

approximations result in a significant underestimate of the photoconductivity, and

therefore charge-carrier mobility in the semiconductor. Tin-iodide perovskite thin

films were used as an example system, for which the assumption of negligible dark

conductivity can no longer be used as it leads to significantly underestimated val-

ues of charge-carrier mobility. We provide a more precise analytical formula to

be used for photoconductivity calculations in doped semiconductors, which greatly

improves the accuracy of the calculated photoconductivity values, while not requiring

numerical data fitting or other involved data analysis techniques, to obtain material

properties from THz field transmission measurements.
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2 Methodology

2.1 Transmission Function

We begin by considering a common experimental method used to obtain conductivity

of a material. Figure 1 shows a typical geometry used for THz-TDS measurements,

in which the thin-film sample with complex refractive index ñ2 = ñ and thickness

L is deposited on a thick, transparent substrate (ñ3 = n3) and placed in vacuum

(ñ1 = n1 = 1) in the focal spot of the THz beam. A condition that is often met, and

simplifies calculations is that the thickness of the substrate D is large enough to allow

internal reflections of the THz probe (of duration tTHz) to be removed by windowing

the TDS data (i.e. D > tTHzc/2n3)[12].

The transmitted amplitude and phase of the THz electric field at normal inci-

dence through such a geometry depend on the properties of the sample, and can

be calculated explicitly by considering amplitude reflection and transmission on the

boundaries between media, as well as the propagation of the plane wave through the

materials [12, 15, 16],

Tsample = t12t23 exp(iñLω/c) × FP × ψ , (1)

where ψ describes the propagation of the field through the substrate. The Fabry-Perot

term FP due to multiple internal reflections inside the thin film is given by

FP =

∞
∑

p=0

(

r21r23 exp(2iñLω/c)

)p

=
1

1 − r21r23 exp(2iñLω/c)
, (2)

where rij and tij are the Fresnel reflection and transmission coefficients at normal

incidence,

tij =
2ñi

ñi + ñj

, rij =
ñi − ñj

ñi + ñj

. (3)

THz Generation 
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Thin-Film
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~
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Fig. 1 Typical geometry of THz-TDS experiment, featuring terahertz pulse generation using ultrafast laser

beam and a spintronic THz emitter, gold-coated off-axis parabolic mirrors used to focus the radiation onto

the thin film and subsequently onto THz detector, and time-domain field detection (realised by electro-

optic sampling in (110)-ZnTe crystal in our setup)
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The plane-wave approximation can be satisfied by placing the film in the focal spot of

the terahertz radiation and ensuring that the sample is much thinner than the Rayleigh

range of the THz beam [16] (usually in the range of a few millimetres). The reference

transmission through the bare substrate is then given by

Tsubstrate = t13 exp(iLn1ω/c) × ψ . (4)

Finally, using Eqs. 1 and 4, the relative transmission of the THz electric field through

the sample can be expressed as

Tsample

Tsubstrate

=
t12t23

t13

exp(i(ñ − n1)Lω/c)

1 − r21r23 exp(2iñLω/c)
. (5)

We note that the Fabry-Perot term originating from internal reflections inside the

substrate was neglected in Eqs. 1 and 4, as for thick substrates the multiple internal

reflections can be windowed out in time-domain measurement of the transmitted

electric field [12].

2.2 Material Properties

The complex refractive index of a material ñ depends on its polarisability, which can

be described by the complex dielectric function ǫ̃r = ǫ1 + iǫ2. The relation between

the refractive index and the dielectric function is given by

ñ2 = ǫ̃r = ǫ1 + iǫ2 . (6)

For conductive samples, one can further distinguish the individual contributions to

the dielectric function from the crystal structure (through phonon modes, lattice

polarisation), ǫ̃L, as well as the charge-carriers (movement of free charge carriers,

polarisation of excitons), iσ̃cc/ωǫ0. Here, σ̃cc is the complex conductivity of the

charge carriers, which could be present in the semiconductor as a result of either

photoexcitation or doping.

An apparent conductivity, σ̃ = σ1 + iσ2, can be then defined, which encompasses

both these contributions to the overall dielectric response of the material,

ǫ̃r = ǫ̃L +
iσ̃cc

�ǫ0
≡ 1 +

iσ̃

�ǫ0
. (7)

The relation between these quantities is illustrated in Fig. 2, which shows how the

charge-carrier conductivity (panel A) and the dielectric function of the crystal (panel

B) contribute to the overall polarisability of the sample (panel C), here presented

as the apparent complex conductivity σ̃ . The conductivity of charge carriers with

number density n, mobility μ and charge q was assumed to be Drude-like,

σ̃cc = σDC/(1 − iωτ) = nμq/(1 − iωτ) , (8)

with the scattering rate of charge-carriers 1/τ comparable to THz frequencies. The

dielectric response of the crystal is modelled by including one optical phonon mode

in the presented spectral region at ω = ωp, resulting in the overall dielectric function
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a

b

c

Fig. 2 a The complex conductivity of the free charge-carriers was assumed to be Drude-like (Eq. 8)

with the DC conductivity of σDC = 100 �−1cm−1, and the average charge-carrier scattering rate 1
τ

=

2π × 1012 s−1. b The dielectric contribution of the crystal is affected by the presence of an optical phonon

mode at ωp = 4π THz, and can be described by Eq. 9. Here, the background optical dielectric constant

was set to ǫ∞ = 10, and the static dielectric constant was chosen to be ǫs = 20. c The overall dielectric

response was calculated from Eq. 7 and is shown as the apparent complex conductivity, with the shaded

areas indicating the conductivity of the charge-carriers only, for comparison

being described by

ǫ̃L = ǫ∞ − (ǫs − ǫ∞)
ω2

p

ω2 − ω2
p + iωγ

, (9)

where ǫ∞ is the high-frequency dielectric constant of the material and ǫs is the static

dielectric constant.

2.2.1 Calculations

In this publication, we use Eq. 5 to calculate numerically the complex transmission

function of the THz electric field through a thin film with chosen dielectric function,

ǫ̃r , and subsequently use it to obtain the apparent complex conductivity of the sample

using commonly used approximated analytical formulas (Eqs. 10, 11 and 12). We

then compare the estimated conductivity to its exact, chosen value, in order to evaluate
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the limits of these approximations. Subsequently we derive the expression shown in

Eq. 17 and test it in the same way, showing much higher accuracy of the calculated

photoconductivity over a large range of photo- and dark conductivity values.

We focus on the effects of background doping, which induces significant dark

conductivity in samples, and model it as Drude-type conductivity throughout the

article. As the effect of the phonon modes on photoconductivity calculations in the

THz regime was previously discussed by La-o-vorakiat et al. [14], we assume for

simplicity that the crystal contribution to the dielectric response can be described

by an optical (high-frequency) dielectric constant. We set this dielectric constant to

ǫ̃L = ǫ∞ = 10 and do not consider phonon contribution to the conductivity spectrum

in our calculations.

In common with the approach of La-o-vorakiat et al., we assess the limits of dis-

cussed approximations by comparing only the real part of the calculated conductivity

to its exact values, as the imaginary part is strongly affected by experimental uncer-

tainty, originating from variations of substrate thickness between the reference and

the sample [14].

We note that although previous research investigated the limits of thin-film

approximation in the context of optical determination of conductivity [17–19], the

existing studies focused on the error caused by the thickness of the sample and the

frequency of the probe beam, rather than the conductivity of the film. Since the thin-

film approximation can be also violated by the high refractive index of the sample

[20–22], it is important to understand the effects of the complex conductivity on the

validity of commonly used formulas in the regime where thin-film approximation

would usually be made. In this publication, we therefore analyse the influence of

complex conductivity alone on the error caused by using the over-simplified formulas

for 400-nm-thick thin films probed with THz radiation at the frequency of 1 THz.

3 Results

3.1 Dark Conductivity Calculations

We first investigate the validity of assuming negligible optical thickness of the thin

film, which is commonly made in the literature in order to calculate the conduc-

tivity of a sample from its relative THz-field-amplitude transmission obtained from

THz-TDS measurements [12–15]. This condition can be written as Lωn/c ≪ 1 and

Lωκ/c ≪ 1, where n and κ are the real and imaginary parts of the complex refractive

index ñ, respectively. As the wavelength of the THz radiation (∼mm) is much longer

than the thickness of the thin film (< 1 µm), this approximation is generally satisfied

for thin films with low refractive index. As a result, Eq. 5 can be simplified and re-

arranged to obtain the electric field transmission equivalent of Tinkham formula [23,

24], relating the complex conductivity to the relative THz field transmission through

the thin film [12–15],

σ̃ =
Tsubstrate − Tsample

Tsample

ǫ0c(n1 + n3)

L
. (10)
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We assess the validity of this approximation for dark conductivity calculations in

Fig. 3, which shows the relative error of the approximated value of the real part of

the conductivity, compared with its exact values. As indicated by the green region in

the figure, we note a high accuracy of the expression for low-conductivity materials.

We find that the formula is suitable to calculate the real part of the complex dark con-

ductivity of materials up to 104 �−1cm−1, above which the large complex refractive

index invalidates the assumption of negligible optical thickness.

We find that the large range of conductivity values for which the thin-film

approximation holds well, spans a variety of materials, including inorganic-doped

semiconductors [26, 27], conductive organic semiconductors [28] and even metals

[29]. Equation 10 is therefore most suitable for calculating the dark conductiv-

ity of novel-doped semiconductors, provided that sub-micron thin films are used.

For characterisation of highly conductive, metallic films, thinner samples (tens of

nanometers) have to be used to satisfy the assumption of negligible optical thickness

[30].

We also note that Eq. 10 provides a relation between the relative transmission of

THz field through the sample and its total apparent conductivity, regardless of its ori-

gin. A semiconductor thin film could exhibit apparent conductivity in THz regime

due to the existence of phonon modes in the investigated spectral range as well as

Fig. 3 The relative error
(

Δσ
σ

=
σexact−σcalculated

σexact

)

of the real part of complex apparent conductivity σ1, cal-

culated using simplified analytical expression shown in Eq. 10. The accuracy of the approximation was

assessed by choosing the exact values of σ1 and σ2 and calculating the transmission function numerically,

using Eqs. 5, 6 and 7. The calculated transmission was then used in Eq. 10 to obtain the approximated

value. The calculations were performed at ν = 1 THz (ω = 2π THz) for a 400-nm-thick thin film

deposited on a thick quartz substrate (n3 = 2.1[25]) and is shown as a function of the real and imaginary

parts of the apparent complex conductivity σ̃ , as defined in Eq. 7. The green region in the plot represents

values of complex conductivity, for which Eq. 10 provides a good approximation and red regions indicate

large deviation of calculated quantities from their exact values, as indicated by the colour bar. The posi-

tions marked with a cross represent the complex conductivities at 1 THz of various conductive materials,

including doped semiconductors and metals: 0.038 �cm n-doped GaAs[26], n-type Si with phosphorus

dopant density of 1018 cm−3[27], solvent-doped PEDOT:PSS (6% DMSO)[28], titanium and lead[29]
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presence of charge carriers introduced by either electrical doping or photoexcitation.

Therefore, the validity of the thin-film approximation presented in Fig. 3 is rele-

vant to measurements of dark charge-carrier conductivity, dielectric response of the

lattice, as well as the photoconductivity of the sample excited by laser pulses with

above-bandgap photon energy. As such, the limits of the validity of Tinkham formula

(shown in Eq. 10) discussed in this section are the upper bounds of validity limits

of all formulas we assess in the following sections, all based on the assumption of

negligible thickness of the sample.

3.2 Photoconductivity: Common Approach

We next consider the effect of a photoexcitation on the properties of the material, by

modelling a uniform excitation of free charge carriers throughout the thickness of the

thin film. Such uniform photoexcitation is achieved when the absorption depth at the

wavelength of the pump beam (used to photoexcite the film, as shown in Fig. 1) is

much longer than the thickness of the sample, which can be easily realised by excit-

ing the semiconductor with pump photon energy just above the bandgap energy or

by using sufficiently thin samples. We assume that the photoexcited charge carriers

exhibit Drude-like electric conductivity (which is typical for three-dimensional bulk

inorganic semiconductors at room temperature) and we check the validity of the

approximations at a probe frequency of 1 THz for very short charge-carrier scatter-

ing time (τ ≪ 1 ps). Finally, in the absence of free charge carriers, we assume that

the dielectric response of the films can be described by a constant real dielectric

function (here we use ǫL = 10), which is a good assumption for materials with-

out strong phonon mode response in the THz spectral region. To put the values of

photoconductivity used in this section into the context of experimental parameters,

we estimate that for a material with sum charge-carrier mobility of 100 cm2V−1s−1,

in order to achieve DC photoconductivity of 100 �−1cm−1, charge-carrier density

of around 6 × 1018cm−3 has to be photoexcited (see Eq. 8). In a 400-nm-thick

thin film, uniformly photoexcited by a pulsed laser with wavelength of 800 nm, this

charge-carrier density corresponds to a photoexcitation laser pulse (pump pulse) flu-

ence of ∼60 µJ/cm2, assuming that all photons are absorbed and that each photon

photoexcites one electron-hole pair.

The photoconductivity of a thin film, which is not conductive in dark, can be cal-

culated from an expression similar to that for the dark conductivity, given in Eq. 10,

but using the unexcited sample as a reference,

σ̃photo = −
ΔT

T + ΔT

ǫ0c(n1 + n3)

L
, (11)

where ΔT is the transient electric-field-transmission change between the photoex-

cited thin film and the reference sample in the dark (Tpump-on − Tpump-off) and T is

the electric field transmission through the sample in the dark T = Tpump-off. For very

small changes in transmission (ΔT ≪ T ), caused by low photoconductivity of the

sample, Eq. 11 can be further approximated as [13]

σ̃photo = −
ΔT

T

ǫ0c(n1 + n3)

L
, (12)
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an expression which is commonly used to calculate the photoconductivity of thin

films from THz transmission measurements [6, 7, 9, 10, 31–33].

Figure 4 shows the deviation of the real part of the photoconductivity value calcu-

lated using Eq. 11 from the value chosen to calculate the THz transmission function

for thin films with different values of dark conductivity. We note that the presence of

free charge carriers in the unexcited sample (used as reference) significantly affects

the accuracy of the expression, even for purely real values of charge-carrier con-

ductivity (Drude with scattering time τ ≪ 1/ωTHz). However, the linearity of the

calculated photoconductivity with its exact value indicates that only the proportion-

ality constant between the photoconductivity and ΔT
T +ΔT

term in Eq. 11 is affected by

the presence of dark conductivity. We also note that the assumption of a small change

in transmission, used to derive Eq. 12, is invalid for photoconductivity values above

∼ 10 �−1cm−1, as indicated by the red dotted line in the inset of Fig. 4. The inset

shows the relative error of the photoconductivity calculated from Eqs. 11 and 12.

We conclude that Eq. 11 is suitable for photoconductivity estimates in the case

of non-conductive thin films and that it provides a highly accurate value, even for

high excitation fluences. We note that Eq. 12 can be used only for sufficiently low

Fig. 4 The deviation of the real part of photoconductivity calculated using Eq. 11 (σcalculated) from its exact

(chosen) value (σphoto), obtained for a few different values of dark charge-carrier conductivity (σcc, dark,

indicated in �−1cm−1 in the colour of the relevant solid line). The red dotted line represents the photo-

conductivity at σcc, dark = 0, calculated assuming negligible relative change of THz transmission between

excited and unexcited films (Eq. 12). The inset shows the relative error Δσ/σ = (σphoto−σcalculated)/σphoto

of the photoconductivity values obtained from Eq. 11 (solid line) and Eq. 12 (dotted line) for dark conduc-

tivity σdark = 0. The accuracy of the approximate expressions was calculated for the frequency of 1 THz

(ω = 2π THz) for a 400-nm-thick thin film deposited on a thick quartz substrate (n3 = 2.1). The dielec-

tric constant of ǫL = 10 was used in the calculations to represent polarisation effect of the crystal lattice

and the photoconductivity and dark conductivity due to free charge-carriers in the film were assumed to

be real (DC Drude conductivity)
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photoconductivities, lower than 10 �−1cm−1 in the case of 400-nm-thick films.

However, neither of the equations discussed above provides enough accuracy for

calculating the photoconductivity of doped semiconductors, as has been previously

pointed out by Burdanova et al. [34]. These approximations assume a lack of conduc-

tivity of the unexcited sample, which is invalid in doped semiconductors. We instead

suggest that the analytical expression for photoconductivity given by Eq. 17 is more

appropriate in the case of conductive thin films, as discussed in the following section.

3.3 Photoconductivity of Conductive Films

3.3.1 Derivation

Using the approach presented by Nienhuys and Sundström [13], we derive a simple

analytical expression for calculating the photoconductivity of highly doped semi-

conducting thin films from THz-TDS data. We start from the time-domain relation

between the electric current density J (t) flowing through a photoexcited thin film

(L →0) and the electric field incident (Ein(t)) and transmitted (Etr(t)) through the

film [13],

J pump-on(t) =
ǫ0c

L
[2n1Ein − (n1 + n3)E

pump-on
tr ] , (13)

where we consider the thin film to be placed on the boundary between two media

with refracting indices n1 and n3, respectively (as illustrated in Fig. 1). For a highly

doped semiconducting thin film, the current density flowing through the unexcited

sample is then

J pump-off(t) =
ǫ0c

L
[2n1Ein − (n1 + n3)E

pump-off
tr ] . (14)

Combining Eqs. 14 and 13, and using a Fourier transform to obtain the frequency-

dependent current density J̃ (ω) and transmitted electric field T (ω) results in

J̃ pump-on(ω) = J̃ pump-off(ω) +
ǫ0c(n1 + n3)

L
[Tpump-off − Tpump-on] , (15)

where Tpump-on and Tpump-off are the frequency-dependent THz electric field trans-

mission functions through the photoexcited film and film in the dark, respectively.

Using the definition of complex conductivity of the thin film, J̃ pump-on(ω) =

σ̃pump-onTpump-on and J̃ pump-off(ω) = σ̃darkTpump-off, leads to

σ̃pump-onTpump-on = σ̃darkTpump-off +
ǫ0c(n1 + n3)

L
[Tpump-off − Tpump-on] , (16)

where σ̃pump-on is the total apparent conductivity of the photoexcited sample and

σ̃dark is the dark conductivity of the film without photoexcitation, including the lattice

conductivity.

Equation 16 can be rearranged to obtain the photoconductivity σ̃photo, which is the

difference of the total apparent conductivity of the photoexcited sample σ̃pump-on and

apparent dark conductivity of the film σ̃dark,

σ̃photo = σ̃pump-on − σ̃dark =

[

σ̃dark +
ǫ0c(n1 + n3)

L

]

Tpump-off − Tpump-on

Tpump-on
. (17)
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3.3.2 Assessment

Figure 5 shows the comparison of the photoconductivity calculated using Eq. 17 with

its exact value, and demonstrates the very high accuracy of our analytical expression,

even for high values of dark conductivity and photoconductivity. The calculation was

performed for thin films with Drude-type conductivity with very short charge-carrier

scattering time (here the limit τ → 0 was used). Figure 7 in the Appendix further

assesses our analytical formula for a few different charge-carrier scattering times,

ranging between 2πτ = 0.01 ps and 2πτ = 10 ps, and shows that the approxima-

tion yields a highly accurate value of photoconductivity for dark conductivity and

photoconductivity values as high as 104 �−1cm−1.

We note that our analytical formula, given by Eq. 17, provides especially

high accuracy of the calculated photoconductivity for semiconductors with short

a

b

Fig. 5 a Charge-carrier conductivity spectrum used for the assessment of Eq. 17 for photoconductivity

calculations. As illustrated in the figure, for Drude conductivity with very short charge-carrier scattering

times, the conductivity due to carriers is purely real and spectrally flat. b The accuracy of the analytical

expression for photoconductivity of highly doped thin films, shown in the figure and in Eq. 17, calculated

as the relative error of the real part of photoconductivity Δσ/σ = (σphoto − σcalculated)/σphoto, similarly

to the inset in Fig. 4. The deviation was calculated for a 400-nm-thick thin film with dielectric constant of

ǫL = 10 in the absence of free charge carriers, deposited on quartz, at frequency of 1 THz (indicated in

panel A with black dotted line)
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charge-carrier scattering time (and hence purely real charge-carrier conductivity),

as evident from Figs. 5 as well as 7 in the Appendix. Such short carrier scattering

times have been observed in perovskite semiconductors [7], which together with the

reported high dark conductivity values of tin-based perovskites (∼ 150 �−1cm−1)

[35] makes our approach particularly relevant to this field.

4 Experimental Implementation

In this section, we discuss a simple experimental technique of estimating the appar-

ent dark conductivity, necessary to calculate the time resolved photoconductivity of

doped thin films in a optical-pump–THz-probe study. As discussed by Zhao and

Chia [33], OPTP measurement is a 1D THz-TDS scan, in which the magnitude of a

single-cycle THz pulse is measured at its peak for different pump-probe time delays.

The measurement provides a frequency-averaged, time-dependent real part of the

photoconductivity [33] of the sample.

In such experiment, Eq. 17 can be used for photoconductivity calculations, with

σdark estimated from relative THz transmission through the sample in the dark, as

shown in Eq. 10. In this equation, the electric field transmission through the sample

Tsample is equal to the transmission in the dark in OPTP measurements, Tdark = T ,

leading to

σ̃photo = −

[

σ̃dark +
ǫ0c(n1 + n3)

L

]

ΔT

T + ΔT
= −

Tsubstrate

T

[

ǫ0c(n1 + n3)

L

]

ΔT

T + ΔT
. (18)

Figure 6 shows the experimental transmission function of a THz pulse through

perovskite thin films of different compositions (shown in coloured solid lines) and

through a quartz substrate reference (shown by the black dotted line). We note that the

field strength of the transmitted pulse through tin-iodide perovskite (shown in red)

is significantly reduced compared to lead-iodide perovskite (green). This difference

in magnitude is caused by background hole doping present in tin-based perovskites

[35, 36], which increases significantly the conductivity of the film in the dark. Upon

addition of tin-fluoride to tin perovskite during deposition (shown to reduce the back-

ground doping[35, 37]), the THz electric field transmission through the film increases

(indicated by the yellow solid line), as expected for a less conductive sample.

The inset in the figure shows the real part of the Fourier-transformed transmission

functions in the frequency space, shown in the colour corresponding to the relevant

transmissions in the time domain. These data are presented as the relative transmis-

sion
Treference(ω)−Tsample(ω)

Tsample(ω)
, which is proportional to the real part of dark conductivity

(see Eq. 10). We note that the relative transmission in the presented spectral region is

relatively spectrally flat, owing to very short charge-carrier scattering time reported

for these materials, about 1.7 fs [35]. According to Drude model of conductivity

(Eq. 8), the characteristic frequency (frequency for which the real part of conductivity

decreases from its maximum DC value by a factor of 2) for such a material is of the

order of 100 THz. As this frequency lies in the mid-IR range of the electromagnetic
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spectrum, unreachable by most THz spectroscopy setups, the THz-TDS measure-

ment in transmission mode probes directly the DC conductivity of perovskites (and

similar materials with fs charge-carrier scattering time).

We next estimate the real dark conductivity of the thin films using only the

magnitude of the transmitted THz pulse at its peak position, and plot the quantity
max(Ereference(t))−max(Esample(t))

max(Esample(t))
in the inset of Fig. 6 in dotted lines. Since the conduc-

tivity calculated from the peak of the transmitted time-domain THz pulse closely

follows the frequency-averaged real part of the frequency-dependent conductivity

(weighted by the power spectrum of the probe—see Section A.2 in the Appendix),

we expect that the plotted quantity would approximate the spectrally flat conductiv-

ity of perovskites well. Indeed, we find good agreement between our estimate and the

frequency-averaged dark conductivity of the samples and recognise that this method

of determining the real dark conductivity is sufficient to be used in OPTP measure-

ments for samples with relatively short charge-carrier scattering time. Equation 18

can therefore be used with the
Tsubstrate

T
term evaluated at the peak of the THz pulse

transmitted through the substrate and the sample, without the need for calculating the

dark conductivity explicitly to account for its influence on photoconductivity.

We appreciate that although our method provides very good accuracy when esti-

mating frequency-averaged, real part of photoconductivity in OPTP experiment of

semiconductors with short charge-carrier scattering time, more careful treatment is

necessary when calculating the photoconductivity spectrum of samples with strong

-

+

Fig. 6 The dependence of time-domain THz field transmission through perovskite thin films on the

chemical composition of the materials. The films of lead-based (green) and tin-based (red and yellow)

metal-halide perovskites were deposited on quartz substrate. The field transmitted through tin-iodide

perovskite with 10% tin fluoride added to the precursor solution is shown in yellow. Dotted black line rep-

resents the field transmitted through the bare substrate. All transmission functions were normalised with

respect to the transmission through the quartz substrate reference, whose magnitude was set to 1 at the

peak of THz pulse. The inset shows in solid lines the real part of relative complex transmission change,
−ΔT

T +ΔT
=

Treference−Tsample

Tsample
, proportional to the real dark conductivity of the film. The dotted lines represent

the relative transmission calculated from the field strength at the peak of the THz pulse
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resonances in the THz spectral region [14]. To calculate the photoconductivity of

such thin films, numerical fitting of the data using Eq. 5 might be necessary [16],

although in some cases one can follow the treatment presented by La-o-vorakiat et al.

[14]. We also find that estimating the dark conductivity from the time-domain THz

peak leads to a significant underestimate of the DC Drude conductivity in semicon-

ductors with relatively long scattering times (2πτ > 1 ps, which includes inorganic

semiconductors such as Si and GaAs), as discussed in the Appendix; therefore, spec-

tral analysis of dark conductivity has to be performed in these materials. Our method,

however, can be successfully used when investigating materials with short scattering

times, making it particularly relevant to OPTP measurements of perovskite thin films

and doped organic semiconducors.

Finally, we evaluate the relative error of photoconductivity value calculated from

Eq. 11 (caused by the assumption of negligible dark conductivity), using the example

of tin-iodide perovskite FACsSnI3. TDS data of this perovskite thin film is presented

in Fig. 6 in red solid line. We use Eq. 18 to calculate the exact value of photoconduc-

tivity σexact (which provides a very good approximation as discussed in Section 3.3)

and compare it with the approximated value σapprox, calculated from Eq. 11. This

results in the relative error of photoconductivity σ (which due to the proportionality

shown by Eq. 8 is also the relative error of calculated charge-carrier mobilityμ) given

by
Δμ

μ
=

Δσ

σ
=

σapprox − σexact

σexact
=

T

Tsubstrate

− 1 ≃ −0.52, (19)

where T represents the THz field transmission through the sample in the dark, here

estimated from the peak of time-domain electric field transmission, shown in Fig. 6 in

red solid line. We note that, for this tin-iodide perovskite thin-film sample, assuming

negligible dark conductivity and using Eq. 11 for the calculation of photoconductiv-

ity would result in a large, 52% underestimate of photoconductivity (and therefore

charge-carrier mobility), compared to its true value. This shows the significance of

adapting more precise data analysis techniques, through either numerical data fit-

ting or more precise approximations (such as Eqs. 17 and 18) when investigating

properties of conductive thin films.

5 Conclusions

We have assessed the validity of approximations commonly used to calculate con-

ductivity of thin films from THz-TDS data. We found that the simple analytical

expression for complex conductivity, shown by Eq. 10, provides a highly accurate

approximation of the real dark conductivity of thin films with low dielectric constant,

up to conductivity values of the order of 104 �−1cm−1. However, when calculating

the photoconductivity of highly doped thin films (with conductivity comparable to

∼ 100 �−1cm−1), the expression commonly used in the literature (Eq. 11) results in

a significant deviation of the calculated quantity from its exact value, leading to an

underestimation of photoconductivity and hence the charge-carrier mobility.

We present a simple correction to the analytical expression (shown in Eqs. 17 and

18) that eliminates this deviation and can be used for photoconductivity calculations

1444



International Journal of Infrared and Millimeter Waves (2020) 41:1431–1449

of doped semiconductors, within the regime of optically thin films (up to a conduc-

tivity value of the order of 104 �−1cm−1). We find a simple experimental method

of implementing our correction in semiconductors with sub-picosecond charge-

carrier scattering times, which can be used for 1D photoconductivity scans in OPTP

experiment, providing the frequency-averaged, real part of the photoconductivity,

accounting for even very high background dark conductivity of the material.

Our study gives practical insights into limitations of commonly used assump-

tions when calculating conductivity of thin films from THz-TDS data, and provides

an approximation yielding highly accurate values of photoconductivity in doped

semiconductive thin films. These results are extremely relevant when investigating

properties of novel materials, allowing much higher precision of photoconductivity

calculations without the need for numerical fitting of data. We hope that our investi-

gation can be used as a guide for choosing the best-suited data analysis method for a

variety of THz-TDS studies.
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Appendix 1: The Effects of Charge-Carrier Scattering Time

1.1 Assessment of Photoconductivity Estimates

In Section 3 of the main text, we validate our formula (Eq. 17) using the example of

a thin film, exhibiting Drude-type photoconductivity with very short charge-carrier

scattering time (τ → 0). The conductivity of the charge carriers in such a semicon-

ductor is purely real, and the only imaginary contribution to the apparent conductivity

originates from the dielectric constant ǫL = 10 (see Eq. 7).

Here, we test the validity of our approximation for a range of charge-carrier

scattering times, to investigate the influence of the imaginary conductivity on the

accuracy of our expression for photoconductivity. Figure 7 (c, d, g, h) shows the rel-

ative errors of the calculated real part of the photoconductivity, together with Drude

conductivity spectra (a, b, e, f) used in the calculations. We note that for the large
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a b

c d

e f

g h

Fig. 7 The effect of charge-carrier scattering time and dark conductivity value on the error of calculated

photoconductivity. a, b, e, f Drude-type conductivity spectra of charge-carriers and c, d, g, h the corre-

sponding relative errors of photoconductivity calculated from Eq. 17 are shown for thin films with different

charge-carrier scattering times, varying between 2πτ = 0.01 and 2πτ = 10 ps. The relative error of the

real part of photoconductivity, Δσ/σ = (σphoto − σcalculated)/σphoto, was calculated at frequency of 1 THz

(marked with dotted line in the Drude conductivity spectra), for 400-nm-thick thin films with dark DC charge-

carrier conductivities indicated by the legend. A dielectric constant of ǫL = 10 was used in the absence of

charge carriers. The errors are shown as functions of the DC conductivity of photoexcited charge carriers,

which exhibit the same Drude conductivity as the background carriers introduced by doping
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Fig. 8 Simulated time-domain

transmission function (black

solid line) through 400-nm-thick

thin films with Drude

conductivity, shown for charge-

carrier scattering times of

a 2πτ = 0.1 ps, b 2πτ = 0.5 ps,

c 2πτ = 1 ps and d 2πτ = 2 ps.

The black dotted line represents

the experimental transmission

through bare quartz, used to

calculate the time-domain field

transmitted through the sample.

The insets show the complex

conductivity of the sample used

in the calculations. In the insets,

the blue straight line represents

the real conductivity, estimated

using −ΔT/(T + ΔT ) value

from the peak of the THz pulse.

The black dotted line shows the

averaged value of the real part of

conductivity, weighted by power

spectrum of the terahertz pulse

used in the experiment. The

lattice contribution to the

dielectric response of ǫL = 10

was used for all samples

a

b

c

d
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range of charge-carrier scattering times, spanning 4 orders of magnitude, our approx-

imated expression for photoconductivity provides an accurate value of its real part

up to a total conductivity of ∼ 103 �−1cm−1. Additionally, for very short scattering

times, 2πτ < 0.1 ps, we note that the expression is valid for dark- and photocon-

ductivity values up to ∼ 104 �−1cm−1, above which the assumption of negligible

optical thickness breaks down (as discussed in Section 3.1).

These findings imply that our approach can be used for a range of doped

semiconducting thin films, with large background charge-carrier densities and var-

ious charge-carrier scattering rates, making it extremely useful for investigating

photoexcited charge-carrier dynamics of novel doped semiconducting materials.

1.2 Simulated Transmission Functions

Section 4 outlines a method of obtaining the real part of the dark conductivity from

the peak of the time-domain THz pulse, using the example of perovskite thin films,

which show relatively flat spectral response due to short charge-carrier scattering

times. We evaluate this method of estimating the dark conductivity for thin films with

various conductivity spectra, by simulating the time-domain transmission through

thin films and comparing the value obtained from the peak of the pulse to the DC

Drude conductivity. Figure 8 shows the calculated time-domain transmissions and

the spectra used in the simulations. We find that the real conductivity extracted from

the time-domain peak follows closely the spectral average (weighted by the power

spectrum of THz pulse) of the real part of conductivity, but agrees with the DC con-

ductivity only for the case of short charge-carrier scattering time (2πτ < 0.1 ps). For

semiconductors with longer scattering times, this method leads to an underestimate of

the DC conductivity value. Therefore, full spectral analysis of the photoconductivity

is necessary to obtain the charge-carrier mobility in materials with long charge-carrier

scattering time, although a time-dependent measurement of the peak’s intensity (1D

OPTP measurement) would still result in accurate estimates of charge-carrier decay

dynamics.
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