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1. Introduction
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Solid state materials can be classified into three categories, namely metals, 
insulators and semiconductors. Metals, such as gold, silver and copper, are known 
for their conductive properties due to the presence of abundant free electrons, 
which can move under the influence of an external electric field resulting into a 
net current. In contrast to metals, insulators, e.g. glass, do not have free electrons 
to conduct electricity under an external electric field. Interestingly, a class of 
materials known as semiconductors, such as silicon and germanium show both 
properties, which means it can conduct electricity upon external excitation leading 
to generation of free charges, while, it can act as an insulator in absence of an 
external excitation. 

Figure 1.1 Schematic energy band diagram depicting differences in conduction 
band and valence band in insulators, semiconductors and metals. 

In terms of energetic bands (see figure 1.1), in insulators the conduction band and 
valence band are separated by a large forbidden energy gap, which cannot be 
readily overcome by external (optical) excitations. In metals, the conduction band 
is partly filled or the conduction band and valence band overlap with each other 
resulting in availability of mobile free charges. In semiconductors, the energy 
band gap between conduction band and valence band is rather small as compared 
to insulators, and this energy gap is comparable to energies of photons in the range 
of near infrared via visible to near ultraviolet.  

1.1 Semiconductors 
As briefly described above, semiconductors possess conducting properties 
between those of metals and insulators. These materials can be classified into 
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elemental as well as compound semiconductors. Silicon, germanium, black 
phosphorus, tellurium and selenium are examples of elemental semiconductors, 
while gallium arsenide, zinc sulphide and zinc selenide are examples of 
compound semiconductors.  
 
Furthermore, semiconductors can also be classified in terms of the presence of 
external impurities or dopants. Intrinsic semiconductors are materials with no 
external impurity or dopant. Extrinsic semiconductors contain impurities or 
controlled amounts of a specific dopant, and consequently the densities of 
electrons and holes are different from the intrinsic charge carrier concentration. 
The intrinsic electron and hole concentration in a bulk (or three-dimensional) 
semiconducting material  is given by  
 

 
  , 

 
(1.1) 

 
where  and  are the effective masses of electrons and holes,  is the 

Boltzmann constant,  is the temperature and  is the bandgap of the 

semiconductor.1  
 
Semiconducting materials are of huge interest due to applications in transistors, 
computers, lasers and photovoltaics including solar cells. The most widely used 
semiconductor material for most of these applications is silicon. Apparently, even 
being ubiquitously accepted for most of the applications, silicon does possess 
certain limitations, for instance, in solar cell applications. It has been used in solar 
cells for decades, but the efficiency of the power conversion of the solar radiation 
to usable electricity in most common commercially available solar cells is just 
around 8 % for amorphous silicon cells and from 14 % to 19 % for multicrystalline 
silicon cells.2 Few of the various limiting factors leading to low power conversion 
efficiency in silicon cells are low light absorption cross-section, limited electron 
(hole) mobility and the narrow limit of energy harvest from the broad solar 
spectrum. According to the Shockley-Queisser limit, which takes into 
consideration the various losses e.g. charge carrier recombination and spectrum 
losses, the maximum efficiency of a solar cell with a band gap of 1.1 eV is 
estimated to be 30 %.3  
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However, this limit can further be increased with the process of carrier 
multiplication, where a photon of energy higher than the band-gap can be used to 
effectively generate two or multiple pairs of charge carriers across the band gap, 
thus reducing the loss of energy into thermal relaxation.4-5 This process has been 
studied in nanostructures and superlattices of lead chalcogenides4, 6-10 as well as 
cadmium chalcogenides11 and recently, van der Waals materials5 have shown a 
prospective candidature for carrier multiplication studies and applications.  
 
Comparatively, van der Waals materials exhibit very interesting properties 
covetous for optoelectronic and photovoltaic application, e.g. monolayer black 
phosphorus (BP) exhibits a charge carrier mobility of the order ,12 
which is almost 7, and  fold higher than the mobility of electrons in 
crystalline Si13 and amorphous Si,14 respectively. A material with high charge 
carrier mobility would exhibit possibility of faster collection of free charges by 
the electrodes in a solar cell, thus enhancing the overall power-conversion 
efficiency. The combination of possibility of carrier multiplication, high charge 
mobility and high absorption cross-section15-16 makes van der Waals materials a 
prospective material for future generation efficient solar cells. 
 
Another application of semiconductors in modern day devices is transistors, 
where Si is extensively used as the core material. These transistors are integral 
part of integrated circuits (ICs), ubiquitously used in digital electronics. As per 
the Moore’s law and recent developments in semiconductor industry, the rate of 
doubling of transistors in an IC with time will saturate and the size of future 
generation transistors can no longer be reduced to fabricate either equally or better 
performing transistors as the fundamental barrier of the size would soon be 
approached for lithographically made chips. Therefore, 1D atomic chains with 
high intrinsic charge carrier mobility can be a good replacement for these 
applications as well as for use in nano-electronic devices. Interestingly, atomic 
chains of 1D van der Waals materials can be obtained by liquid exfoliation, which 
would be economically preferable over lithographical production.  
 
Therefore, in-line with the demand of future-generation electronic applications, 
e.g. in transistors and solar cells, van der Waals materials exhibit potential for 
application in future generation devices and thus it is important to study their 
fundamental properties. 
 

104  cm2V−1s−1

103 −104
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1.2 Van der Waals Materials  
Van der Waals Materials are layered materials, where the extended crystalline 
sheets or chains of covalently bound elements are held together by weak van der 
Waals forces. These stacked chains or sheets can be separated by exfoliation 
techniques, which lead to modification of their optical and electronic properties.  
 

  
Figure 1.2 Schematic structures of a 1D (a) and 2D (b) van der Waals material.  
 
The discovery of graphene, which exhibits exceptionally high carrier mobilities,17-

19 led to the exploration of more layered materials with a band gap and 
consequently semiconducting properties, unlike graphene. Fortunately, a plethora 
of materials are available which fall in the category of layered 2D and 1D 
materials. Among the 2D materials, transition-metal dichalcogenides (TMDs) 
include a number of semiconducting materials possessing band gaps in the range 
from 0.5 eV to 3 eV.20 Other well-known 2D semiconductors belong to the III-VI 
and BP family. Some materials from these families are tabulated in Table 1.1.  �

Family Semiconducting materials  
TMDs MoS2, WS2, SnS2, ReS2, SnSe2, ReSe2, etc.  

III-VI InSe, GaS, etc. 
BP P, SnS, SnSe, etc. 

Table 1.1 Examples of layered 2D materials from various families of 2D van der 
Waals materials. 

Similarly, among 1D van der Waals materials, two of the most widely known 
elemental van der Waals materials are trigonal selenium (Se)21-25 and trigonal 
tellurium (Te).25-29  
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1.3 Low-Dimensional Semiconducting Materials  
In a bulk or three-dimensional system, the electrons and holes are free to move in 
all the three dimensions while in low-dimensional materials, their degree of 
freedom is restricted in 1-3 dimensions. A material with restriction along one-
dimension results into a two-dimensional material with degree of freedom along 
two dimensions. Similarly, a material with restriction along two-dimensions 
results into a one-dimensional system and a material with restriction along three 
dimensions results into a zero-dimensional system. This restriction in charge 
carrier movement along various dimensions can give rise to quantum confinement 
effects, which affect the electronic and optical properties of the material.  
 

�
Figure 1.3 The relation between the density of electronic states (e, f, g, h) in 3D, 
2D, 1D and 0D materials (a, b, c, d). 

As a consequence of quantum confinement, the electronic band properties of the 
semiconducting materials are changed and this enables one to engineer their 
electronic and optical properties by changing dimensionality, shape and size. 
Changing dimensions of a semiconductor has direct influence on the energetic 
bands, their separation and the density of states (DOS) as a function of energy. 
Figure 1.3 depicts that the electronic density of states depends strongly on the 
dimensionality of the system. For instance, in a 3D system, the DOS in an 
electronic band increases with energy (see figure 1.3e). While, in 2D and 1D 
systems, the DOS of the electronic sub-band remains constant (see figure 1.3f) 
and decreases (see figure 1.3g) with energy, respectively. For a 0D system, the 
DOS becomes discrete (see figure 1.3h), similar to atomic or molecular energy 
levels.  
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1.4 Optoelectronic Properties and Applications 
Semiconductors are of great interest due to their applications in devices like light-
emitting diodes (LEDs), solar cells, transistors, photovoltaics and so on. In these 
aforesaid applications or devices, the underlying fundamental particles that 
govern their applicability are charge carriers, which can be either free electrons 
and holes or bound electrons and holes, known as excitons. Depending upon the 
types of applications, the performance of optoelectronic devices broadly depends 
upon two factors, which are the mobility of charge carriers and the recombination 
dynamics of charges, e.g. in a solar cell or transistor, a material with higher charge 
carrier mobility would result into better performance of the device, while in a 
LED, a material with high radiative recombination would lead to better 
performance.     
 
In this thesis, we focus on studying fundamental properties of free charges, which 
are the mobility and recombination dynamics in van der Waals materials, using a 
contactless method. The mobility ( ) is defined as the ability of a free electron 

(or hole) to move with an average velocity ( ) through a semiconductor in the 

presence of an electric field ( ), as shown below. 
 

   
(1.2) 

Since neither mobility nor drift velocity are a directly measurable entity, these 
values can be estimated experimentally by measuring electrical conductivity  
( ), which is directly proportional to the density of free charges ( ) and the 
elementary charge ( ) in SI units, as shown below.  

    (1.3) 

The transient electrical conductivity studies in this thesis were done using a 
contactless microwave technique, as discussed in section 1.5, whereas the relation 
between transient conductivity and transient charge densities of electrons and 
holes is described by equation (1.5). 

1.5 Pulse-Radiolysis Time Resolved Microwave Conductivity 
(PR-TRMC) 
Pulse-radiolysis is a process where a sample is irradiated with pulses of high-
energy electrons. The high-energy primary electrons pass through the sample 
without causing a net charging of the sample. These primary electrons lose a 
fraction of their energy to the sample yielding equal densities of electrons and 
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holes in the sample, which can be probed with microwaves to study the transient 
conductivity. A schematic diagram of the technique is shown in figure 1.4 and a 
detailed illustrative diagram is shown in the appendix A2.  
 

 
Figure 1.4 A schematic diagram of the PR-TRMC experimental set-up.   

The time-resolved microwave conductivity (TRMC) technique is a contactless 
method used to study charge carrier mobility and decay dynamics. In the presence 
of the oscillating microwave field, free positive (negative) charges in a sample 
collectively oscillate parallel (opposite) to the field direction. The movement of 
charges in the external field results into absorption of incident microwave power, 
causing a reduction in the field amplitude transmitted through the sample, as 
shown in figure 1.5.  
 

�
Figure 1.5 Microwave power absorbed during passing through a conducting 
medium. 

The reduced microwave power is directly proportional to the change in 
conductivity of the sample. The proportionality constants as shown in equation 
(1.4) are called “sensitivity factors”, which depend upon the properties of 
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material, microwave cell dimensions and heterogeneity of the sample, as 
described elsewhere.30-32 The change in the conductivity is directly proportional 
to the transient densities of charges and their mobility. The mobility is an intrinsic 
property, which depends upon the shape, size, dimensionality and electronic 
band-structure of the materials. The aforementioned relations are shown in the 
following equations.  
 

   (1.4) 

   (1.5) 

 
In the above equations,  is the transient change in the microwave power, 

 is the total microwave power originating from the diode gun,  is the 

transient microwave conductivity,  and  are the sensitivity factors,  is the 
elementary charge,  and  are the electron and hole mobility,  and  

are the transient densities of electrons and holes in the sample.  

1.6 Decay Kinetics  
From equation (1.5), it is understood that the mobility of free charges, their time-
dependent densities and decay kinetics can be experimentally studied using the 
PR-TRMC technique. Upon external excitation of a semiconductor using optical 
excitation or high-energy particle irradiation, charge carriers in the valence band 
are promoted to a higher energy state in the conduction band. If the excitation 
energy is equal to the band gap, the excited electron is promoted from the top of 
the valence band to the bottom of the conduction band. If the energy is higher than 
the band gap, electrons can be excited higher in the conduction band and holes 
may be produced deeper in the valence band. In the latter case, the excess energy 
of the charges may be released in the form of heat via thermalization (i.e. by 
phonon emission).  

ΔP t( )
P

= −ABΔσ t( )

Δσ t( )= e μn Δn t( )+ μp Δp t( )⎡
⎣

⎤
⎦

ΔP t( )

P Δσ t( )

A B e
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Figure 1.6 Illustrative diagram depicting three major recombination pathways of 
charge carriers in a semiconductor. 

Once the charges are thermalized to the band-edge, they recombine either 
radiatively or non-radiatively. In radiative process, the charges annihilate each 
other by emitting a photon with energy equal to the band gap. In a non-radiative 
process, the charges recombine at localized trap states in the band gap or they 
recombine and transfer their energy to a third charge, be it an electron or hole. 
The Shockley-Read-Hall (SRH)1, 33-34 model best describes the former process and 
the latter process is known as Auger Recombination.1 An illustrative energy band 
diagram showing these processes is given in figure 1.6.  
 
SRH recombination via trap sites can occur via four transitions, as shown in figure 
1.7. The trap site can be in a neutral, negatively charged or positively charged 
state. The four process are: 

a.� Capture of an electron: An empty neutral trap state captures an electron 
from the conduction band   

b.� Emission of an electron: A negatively charged trap state emits an electron 
to the conduction band through thermal energy of the host lattice   

c.� Capture of a hole: A filled trap state captures a hole from the valence band 
d.� Emission of a hole: A positively charged trap state emits a hole to the 

valence band.   
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Figure 1.7 Illustrative diagram showing electron and hole capture and emission 
processes governing Shockley-Read-Hall recombination.   

The underlying rate equation describing the SRH model is derived from the 
aforementioned processes using Fermi-Dirac statistics, as discussed in detail 
elsewhere.1 The net SRH recombination rate is equal to  
 
 

, 
 
(1.6) 

 
where U is the net rate of electron or hole capture per unit volume. In equation 
(1.6), n and p are the total densities of electrons and holes,  is the density of 

intrinsic electrons and holes,  and  are defect parameters,  and  are 

the associated lifetimes of electrons and holes, which are defined as 
 and , where  and  are 

the electron- and hole-capture coefficients, respectively,  is the total trap 

density,  and  are the electron- and hole-capture cross-sections and 

 denotes the average thermal velocity of electrons and 

holes.  
 
As mentioned above, radiative recombination is a process where an electron and 
hole recombine by emission of a photon, which is the inverse process of optical 
excitation. The rate of annihilation of electrons and holes via radiative 
recombination is directly proportional to the product of the densities of electrons 
and holes. Under thermal equilibrium conditions, the rate of radiative 

U =
np−ni
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recombination should be equal to the rate of thermal generation ( ), which can 

be written as , where is the rate constant of radiative 
recombination.1, 35 Similarly, after external excitation, the rate of radiative 
recombination is given by , where  and  are the densities due to 

external and thermal excitation, given by  and . 

Eventually, the net recombination rate can be obtained from  and  as  
 

   . (1.7) 

 
In an Auger recombination process the energy resulting from band-to-band 
recombination of electrons and holes is transferred to a third particle, which can 
be an electron in the conduction band or hole in the valence band. The excess 
energy obtained by the third particle is then lost in the form of heat. Auger 
recombination is an inverse process of impact-ionization, where a sufficiently 
energetic electron (or hole) excites an electron from the valence band to the 
conduction band.  
 
The rate equation for the three-particle Auger recombination process can be 

written as . Under non-equilibrium conditions, upon external 

excitation, the rate is . Eventually, the net Auger 

recombination rate can be obtained from  and  as  
 
  ,  (1.8) 

 
where  and  are the capture probability coefficients when the third charged 

particle is either an electron or hole, respectively.  
The total recombination rate results from the three abovementioned 
recombination processes, as described by equations (1.6), (1.7) and (1.8).     

1.7 Thesis Outline 
In this thesis, temperature dependent mobility and recombination pathways of free 
electrons and holes are studied on low-dimensional van der Waals materials. The 
excess free charge carriers were generated by irradiation of the sample with high-
energy (3 MeV) electrons from a van de Graaff accelerator. The 3 MeV electrons 
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generate mobile free charge carriers in the sample, as briefly described in section 
1.5 and the transient conductivity due to the latter is measured using a contactless 
method. 
 
In chapter 1, we report studies of the temperature dependent mobility and charge 
carrier decay dynamics in black phosphorus (BP). We infer that BP is a highly 
efficient infrared emitter. In order to study the carrier dynamics, excess electrons 
and holes were generated using the pulse-radiolysis technique. The transient 
microwave conductivity due to the excess charges was measured as a function of 
time for different initial charge densities and temperatures in the range of 203 K 
to 373 K. A new global analysis scheme, including the treatment of intrinsic 
carriers is provided, which shows that the recombination dynamics in BP, a low 
dimensional semiconductor, is strongly influenced by the presence of intrinsic 
carriers. The temperature dependence of the charge mobility and charge carrier 
decay via second-order recombination is obtained from modelling of the 
experimental data. The combined electron and hole mobility was found to 
increase with temperature up to 250 K and decrease above that. Auger 
recombination was negligible for the studied densities of excess electron-hole 
pairs up to . For this density the major fraction of the excess 
electrons and holes undergo radiative recombination. It is further inferred that for 
excess charge densities of the order  electrons and holes recombine 
with near unity radiative yield, which offers promising prospects for use of BP as 
efficient mid-infrared emitter in devices.      
 
In chapter 2, we describe transient conductivity studies on tin disulfide (SnS2), a 
two-dimensional semiconducting van der Waals material with indirect band gap. 
We measured the mobility, trapping and recombination dynamics of charge 
carriers as a function of temperature and charge density. Excess electrons and 
holes were generated by pulsed-irradiation with 3 MeV electrons. The charge 
carriers were probed by time-resolved microwave conductivity measurements. 
The mobility and decay pathways of the charge carriers were determined from the 
fits of a theoretical kinetic model including decay of charges by trapping and 
higher-order recombination. We found high mobilities for electrons and holes 
near . The mobility decreases at higher temperature, which is 
typical for band-like transport. The second-order recombination rate constant is 
found to be thermally activated with an activation energy close to the energy 
difference of the direct and indirect band gap of SnS2. This suggests that radiative 
recombination is a reaction-limited process occurring after promotion of electrons 

2.5×1017  cm−3

1018  cm−3

100 cm2V−1s−1
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from the  to the  in the conduction band. 

In chapter 3, we discuss the transient conductivity studies on trigonal selenium 
(Se), which is a semiconducting van der Waals solid consisting of helical atomic 
chains of Se. We studied the mobility and decay dynamics of excess electrons and 
holes moving along the Se chains. Excess charge carriers were generated through 
pulse-radiolysis and their mobility and decay via trapping or recombination was 
studied by time-resolved microwave conductivity measurements as a function of 
temperature. The mobility of charge carriers along the Se chains is at least 

 at room temperature. It was found that charges decay 
predominantly by trapping at defects. The appreciable mobility, together with the 
potential for large-scale production of Se wires by liquid exfoliation makes this 
material of great interest for use in nanoelectronics.  

In the last chapter of this thesis, we discuss our results on trigonal tellurium (Te), 
which is a small band gap elemental van der Waals semiconductor. Te consists of 
one-dimensional helical chains of atoms, similar to Se. We study the temperature 
dependence of the charge carrier mobility and recombination pathways in bulk 
Te. Excess electrons and holes were generated through pulse-radiolysis and 
charge carrier dynamics were probed by time-resolved microwave conductivity 
measurements. A theoretical model was used to explain the experimental 
observations for different charge densities and temperatures. Our analysis reveals 
a high room temperature mobility of 190 ± 20 cm2V-1s-1. The mobility is thermally 
deactivated suggesting a band-like transport mechanism. According to our 
analysis, charges predominantly recombine via radiative recombination with a 
radiative yield close to 98 %, even at room temperature. The remaining charges 
recombine by either trap-assisted (Shockley-Read-Hall) recombination or 
undergo trapping to deep traps. The high mobility, near unity radiative yield and 
the possibility of large-scale production of atomic wires by liquid exfoliation 
makes Te of high potential for next-generation nanoelectronic and optoelectronic 
applications, including far-infrared detectors and lasers.  

M−point Γ−point

0.5 cm2V−1s−1
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2.�Radiatively Dominated Charge 
Carrier Recombination in Black 
Phosphorus 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

This chapter is based on the following work: 
P. Bhaskar, A. W. Achtstein, M. J. W. Vermeulen, L. D. A. Siebbeles,  
Journal of Physical Chemistry C 2016, 120, 13836-13842.
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2.1 Introduction 
Two-dimensional nanomaterials receive much attention currently, as they have 
unique optical and electronic properties that offer promising prospects for their 
use in (opto) electronic devices.36-38 The electronic structure,39 carrier 
recombination dynamics and transport properties of these low-dimensional 
materials are currently in the focus of research as strong electronic confinement 
allows for an effective engineering and functionalization of material properties 
like e.g. for hydrogen generation by water splitting,40 efficient carrier 
multiplication for solar cells of superior efficiency41 or field effect transistor 
devices with high mobility,42 bandwidth and on/off ratio.43 In the last few years 
Black Phosphorous (BP) has entered the field of research on two-dimensional 
materials,44-47 which is about hundred years after the first high pressure synthesis 
by Bridgman.48 This current study investigates the recombination dynamics of 
charge carriers in BP by the means of electrode-less time-resolved microwave 
conductivity measurements.  
 
BP has a sheet-like, puckered, orthorhombic structure due to sp3 hybridization 
with an interlayer distance of 0.53 nm in bulk.12, 49 Two-dimensional sheets of BP 
can be produced as thin as one atomic layer only, which is known as 
phosphorene.46 The optical and electronic properties of BP can be adjusted by 
variation of the number of stacked layers.43, 50 Bulk BP can be considered as a van 
der Waals solid consisting of stacked phosphorene sheets. BP has a direct band 
gap that can be tuned from 0.3 eV for bulk to 1.6 eV for a monolayer.51-55 For bulk 
BP an experimental exciton binding energy of 8 meV has been reported.49 For 
monolayer and few layers BP there are still relevant discrepancies of the effect of 
sheet thickness on the band gap and exciton binding energy from experiment and 
theory.51-55 Recent studies showed high charge carrier mobilities in single and 
multilayer BP up to , which is of great promise for application in 
next generation field-effect transistors.12, 49, 52, 55-57 Apart from these findings a 
very high photoresponsivity57 has been demonstrated, making BP also an 
interesting material for photodetectors and photovoltaics.  
 
The dynamical response of thin BP flakes due to generation of excess charge 
carriers by pulsed photoexcitation has been studied recently.58 As in single or few 
layers BP the electronic states are strongly dependent on the dielectric 
surrounding and the attachment of the sheets on each other. Hence, the electronic 
properties are not as well defined as in bulk BP where those effects do not occur. 
To understand the charge carrier dynamics in single or few layers BP, it is 

104  cm2V−1s−1
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necessary to understand this for bulk BP at first. Time-resolved studies of the 
mobility and dynamics of excess electrons and positive charges (holes) in bulk 
BP have not been reported yet.  
 
The studies reported below aim to provide information on the mobility and the 
mechanisms of recombination of excess electrons and holes in bulk BP. Excess 
electrons and holes were produced by irradiation of bulk BP with high-energy (3 
MeV) electron pulses59 (see Methods Section). As in the used electron energy 
range of 3 MeV, the electronic stopping power is the predominant energy loss 
mechanism, atomic displacements and defects are not generated in contrast to ion 
irradiation of similar energy.60 The mobility and decay of the excess charges were 
monitored by time-resolved microwave conductivity measurements (TRMC) at 
temperatures in the range 203 – 373 K. A global analysis in connection with a 
population rate equation model is used to analyze the experimental results and to 
obtain information about the relative importance of different electron-hole 
recombination mechanisms. For an excess density of the order of 1017 cm-3 

electrons and holes decay predominantly radiatively via second-order 
recombination. 

2.2 Experimental Methods  
BP with a purity of 99.999 % was obtained from Smart Elements and used without 
further purification. Macroscopic grains of BP were compressed in a small sample 
notch in a polyether ether ketone (PEEK) sample holder in a glove box filled with 
nitrogen. In this way a 2 mm BP layer embedded in PEEK was formed. To avoid 
exposure to air the BP in the sample notch was covered with a thin film of 
poly(methyl methacrylate) (PMMA). 
 
For time-resolved microwave conductivity (TRMC) measurements the sample 
was inserted in a Ka band (27-38 GHz) microwave waveguide so that the 20 mm 
long sample holder touches the endplate of the waveguide and the compressed BP 
layer is 4 mm apart from the endplate. Excess electron-hole pairs are produced by 
pulsed irradiation of the sample with 3 MeV electrons from a Van de Graaff 
accelerator, as described previously.59 The incident 3 MeV electrons undergo 
scattering in the sample and transfer their energy by generating electron-hole pairs 
along their tracks. In this way, a close to uniform distribution of secondary, 
tertiary etc. electrons and holes is produced in the BP layer. The penetration depth 
of 3 MeV electrons is about 1.5 cm, which largely exceeds the thickness of the 
microwave cell (0.5 cm). Therefore, the incident 3 MeV electrons pass through 
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the cell without net charging of the sample. During the 3 MeV electron pulse, 
electron-hole pairs are generated in the BP layer with a number density per unit 
time, G, which is given by the ratio of the known energy transfer rate from the 
incident electrons to the sample (radiation dose) and the average energy needed 
for formation of an electron-hole pair.61-63 The dose absorbed in BP ( ) was 
recalculated from a reference measurement for Benzene (Bz)64 using the atomic 
mass ( ), the density ( )65 and the number of electrons per 

molecule or atom ( ) in case of a monoatomic material.66 Since in the occurring 
linear energy transfer regime, the absorbed dose is proportional to the total 
electron density in the material, the empirical relation 

 holds for the absorbed dose ( ) in 

BP.66 The electron-hole pair formation energy, , for BP was estimated using 

the empirical result for semiconductors of Alig et al.,67 given by  

with  and 51 the band gap of bulk BP. The generated 

electron-hole pair density was obtained as . 

 
The excess electrons and holes produced by irradiation of BP with an electron 
pulse give rise to a transient conductivity change , with 

 the elementary charge, ( ) the electron (hole) mobility and  the 

number density of excess electron-hole pairs at time  after the start of the pulse. 
The measured fractional change of microwave power reflected from the cell is 
related to the transient conductivity according to .62-63 The 

low band gap of BP gives rise to an intrinsic conductivity, which makes it not 
possible to quantify the prefactor , in contrast to non-conducting materials 
studied previously.61, 63 According to what is mentioned above, the transient 
conductivity  in arbitrary units is , with the 

prefactor  a relative measure of the sum of the electron and hole 

mobilities  . The temperature dependence of  reflects the dependence 

of , since the dielectric constant of BP is virtually independent of 

temperature68 and therefore  can be considered as an arbitrary constant. 
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2.3 Results and Discussion 

2.3.1 Transient Microwave Conductivity due to Excess Electrons and 
Holes 
Figure 2.1a shows the transient microwave conductivity due to excess electrons 
and holes generated by irradiation of the BP sample with 3 MeV electron pulses 
with durations as indicated and a generation rate equal to 

(see Methods). The conductivity increases during 

the pulse due to charge generation and decays subsequently due to radiative and 
non-radiative recombination and decay. The conductivity saturates practically for 
the longest pulse duration of 50 ns in figure 2.1a, which is due to reaching an 
equilibrium between charge generation and higher-order recombination of 
electrons and holes. This saturation behaviour is even more clearly observed 
during 250 ns pulses, see figure 2.1b.  The sublinear increase of the saturation 
level with the generation rate of electron-hole pairs is typical for decay by higher-
order recombination. 
 

 

Figure 2.1 Transient microwave conductivity due to excess charge carriers in 
bulk BP at room temperature for different durations of the 3 MeV electron pulse 
as measured (dotted curves) and obtained from theoretical modelling (drawn 
curves). (a) Transient conductivity for a generation rate G = 2.5×1016 cm-3ns-1 
for pulse durations as indicated.  A saturation of the conductivity for the 50 ns 
pulse duration can be clearly identified. The Debye plot in the inset shows a linear 
behaviour on shorter time-scales, which is typical for second-order radiative 
recombination of electrons and holes. (b) The transient conductivity during a 250 
ns pulse increases sublinearly with the generation rate in agreement with 
occurrence of second-order recombination. 

G = 2.5 ± 0.3( )×1016  cm−3ns−1
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For second-order decay with rate constant  the excess density of electrons and 

holes at time  after the end of the 3 MeV electron pulse is given by
. The transient conductivity is 

proportional to the excess charge carrier density according to 
, with  the elementary charge and ( ) the 

electron (hole) mobility. Hence, a plot of  versus time 

(Debye plot) is linear in the case of charge decay by second-order recombination. 
Note that  is the end of the pulse conductivity obtained at . The 

inset in figure 2.1a shows that such a Debye plot is linear for times up to ~40 ns 
after the pulse. The second-order decay is indicative for bimolecular radiative 
recombination of electrons and holes. The deviation from linearity in the Debye 
plot on longer times is due to an increasing fraction of trap-assisted recombination 
of excess charges, as further addressed below on the basis of theoretical 
modelling. 
 
Figure 2.2 shows the transient microwave conductivity for different temperatures. 
The magnitude of the conductivity during the 3 MeV electron pulse first increases 
somewhat from low temperature to T = 253 K and then decreases at higher 
temperatures. This is a first indication that the charge mobility varies with 
temperature. The decay kinetics after the pulse varies significantly with 
temperature, which indicates that the temperature dependence of the electron-hole 
recombination processes is significant. 

 

 
Figure 2.2 Effect of temperature on the measured transient microwave 
conductivity (dotted curves) and theoretical modelling (drawn curves) for pulse 
duration of 10 ns (a) and 50 ns (b). The electron-hole pair generation rate during 
the pulse is G = 2.5×1016 cm-3ns-1. 

k2

t
Δn t( )= Δn t = 0( ) 1+ Δn t = 0( )k2t( )
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2.3.2 Theoretical Model of Charge Carrier Dynamics 
The transient microwave conductivity in figures 2.1 and 2.2 was described 
theoretically by taking into account generation of excess electrons and holes at 
equal density, , during the 3 MeV electron pulse with duration . 

During and after the pulse the excess electrons and holes decay by recombination 
with each other or with the intrinsic electrons and holes that are assumed to be 
present with equal densities . The intrinsic charge density is significant due to 
the low band gap of ~0.3 eV of BP.49, 51-54 The time variation of the excess charge 
carrier density was described analogous to the work of Piprek et al.,69 extended 
for the treatment of the intrinsic carrier densities70 yielding 
 

  

 
 
 
(2.1) 

 
with the total electron (hole) density , assuming . The 

first term on the right-hand side of equation (2.1) describes the generation of 
excess electrons during the 3 MeV electron pulse. The presence of the Heaviside 
step function, , causes this term to be non-zero during the pulse only. 

Subsequent terms containing the factor  take into account generation of 
electron-hole pairs by deviation from the thermodynamic equilibrium carrier 
density  through absorption of blackbody radiation, thermal excitation or 
impact ionization by sufficiently energetic intrinsic thermally excited charge 
carriers.71 
 
The negative part of the second term takes into account first order charge trapping 
and subsequent non-radiative electron-hole recombination according to the 
Shockley-Read-Hall (SRH) model,71 with an equal lifetime for electron and hole 
trapping, , and neglecting defect parameters  and  (the 
electron and hole densities that one would have in case the Fermi energy coincides 
with the trap level69). The third term accounts for the radiative decay of an 

electron-hole pair with rate coefficient with  a constant 

independent of temperature70, 72,  the Boltzmann constant and the band gap  

Δn t( ) tpulse

ni

dΔn t( )
dt

= G Θ t( )−Θ t − tpulse( )⎡
⎣⎢

⎤
⎦⎥ − k1

n2 t( )−ni
2

n t( )

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

− k2 n2 t( )−ni
2⎡

⎣⎢
⎤
⎦⎥ −2k3n t( ) n2 t( )−ni

2⎡
⎣⎢

⎤
⎦⎥

n t( )= ni + Δn t( ) n = p

Θ t( )

ni
2

ni

τSRH =1 2k1 n1 p1

k2 = pEg
2 kBT( )3 2 p

kB Eg



� 30

taken to be 0.3 eV.43 The decrease of  with temperature, , can be understood 
as follows.72-73 Recombining free carriers must have equal and opposite momenta, 
a condition that decreases in likelihood as the average thermal energy and hence 
the Fermi vector increases with temperature.72 
 
The last term in equation (2.1) involves Auger recombination of an electron with 
a hole in which the band gap energy is transferred to a third charge carrier.69, 71 
Equation (2.1) was obtained by assuming that the Auger rate is equal for the third 
charge being an electron or a hole. The temperature dependence of the Auger rate 

is treated as  with a constant independent of 

temperature and a threshold energy .70 

 
As BP is a bulk material consisting of two-dimensional sheets, the intrinsic charge 
density should be between that for two-dimensional 

 and three-dimensional 

semiconductors.74 The two-

dimensional density was converted to a three-dimensional density to be used in 
equation (2.1) by dividing  by the interlayer distance of 0.53 nm between BP 

sheets. The effective mass of electrons (holes), ( ), was taken from 
reference49. 
 
With these considerations the excess charge density  was modelled by 

numerically solving the differential equation (2.1) via a Runge-Kutta method and 
globally fitting to the experimental transient conductivity 

 in figures 2.1 and 2.2, by minimizing the chi-square 

deviation. The saturation level for higher pulse length (as shown in figure 2.1b) is 
very sensitive to the actual radiative and non-radiative rates and hence fitting also 
the beam current dependencies complements our global fit approach. The 
adjustable parameters in the fitting procedure are the temperature dependent sum 
of the electron and hole mobility  in arbitrary units, the rate constants  

and the parameters  and  in  and , respectively. 
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2.3.3 Temperature Dependence of Charge Mobility and Decay Rate 
Coefficients 
As can be seen in figures 2.1 and 2.2 the theoretical model of charge generation 
and decay reproduces the measured transient conductivity for all 3 MeV electron 
pulse durations, charge generation rates and temperatures considered. The fitted 
results for  (in arbitrary units) and the rate coefficients  and  are 
shown in figures 2.3a-c as a function of temperature. The numerical fits were 
found to only agree with the experimental results for the calculated three-
dimensional expression for the intrinsic charge carriers density, , which is 
shown in figure 2.3d. 
 
The need to invoke the three-dimensional intrinsic charge density implies that 
there is relevant electronic coupling perpendicular to the phosphorene sheets in 
bulk BP. This observation is in line with resistance anisotropy measurements on 
bulk like BP, showing considerable transversal inter-sheet conductivity of BP.49 
The calculated intrinsic density of electrons and holes shown in figure 2.3d 
increases with temperature to a few times  for the highest temperature. 
The intrinsic density is small compared to the initial excess charge density, which 
is at least an order of magnitude higher at the end of the (e.g. 10 ns) 3 MeV 
electron pulses used to obtain the data in figures 2.1 and 2.2. Hence, 
recombination of excess charges with intrinsic charges is mainly relevant on 
longer time-scales ( ) after the end of the 3 MeV electron pulse, when 
the transient conductivity and hence the excess carrier concentration has 
decreased an order of magnitude or more compared to its maximum value. The 
increasing fraction of excess electrons and holes recombining with intrinsic 
charges and via non-radiative SRH recombination on longer time-scales after the 
pulse agrees with the deviation of the Debye plot in figure 2.1a from a linear 
behaviour on longer time-scales.  

μe + μh k1 k2

ni
3D

1016  cm−3

>~ 50 ns
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Figure 2.3 Temperature dependence of parameters in the theoretical model: (a) 
sum of electron and hole mobilities, (b) decay rate k1 for trap-assisted SRH 
recombination, (c) radiative recombination rate k2, and (d) intrinsic charge 
carrier density ni. 

Figure 2.3a shows that  first increases with temperature up to T ~ 250 K 
and decreases for higher temperatures up to 373 K. The slight increase of the 
charge mobility with temperature at the lowest measured temperatures may be 
related to scattering on structural defects that can be surpassed by thermal 
activation or due to scattering on charged impurities.70 The decrease of the 
mobility at higher temperatures is likely due to deformation potential scattering 
with acoustic phonons, yielding a temperature dependence according to 

.70 Polar optical phonon scattering is not possible in BP, as there 
are no different atoms in the BP lattice. The combined effect of different scattering 
processes on the mobility can be obtained from Matthiessen’s rule70 as 

with  accounting for the different types of scattering. Hence, 

the scattering processes considered above result in the occurrence of a maximum 
mobility at intermediate temperature, in agreement with the data in figure 2.3a. 
The decrease of the mobility at elevated temperature found here for bulk BP is in 

μe + μh

μacoustic ∝ T −3 2

μ−1 = μm
−1

m∑ m
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line with reports on few layer BP, which show a decrease of the carrier mobility 
in phosphorene field effect transistors and Hall measurements at elevated 
temperatures.12, 56 
 
Figure 2.3b shows that the non-radiative decay rate, , decreases with 
temperature. As with temperature the intrinsic charge carrier density rises strongly 
(see figure 2.3d), trap states become filled to a larger extent and consequently 
trap-assisted SRH recombination becomes less important at higher temperature.  
 
As expected from the theoretical considerations above, the second-order radiative 
recombination coefficient  decreases with temperature, see figure 2.3c. Fits of 
the theoretical model to the experimental data in figures 2.1 and 2.2 gives for the 
parameter . This translates into a  value at 

room temperature of , which is in good agreement with 

results for low bandgap semiconductors like InSb, InAs and InGaSb showing  

values of the order of .71, 75 From an analysis of the  values it can 
be inferred that the second-order recombination is reaction-limited and cannot be 
diffusion-limited. For a diffusion-limited recombination process  depends on 

the mobility according to , where  and , are the free 

space and relative permittivity, respectively.66 Taking the room temperature 
mobilities  and  from reference76 and 

 from reference49, gives a diffusion-limited recombination coefficient 

, which is more than five orders of magnitude higher than the 
value obtained from the fitting. Hence, diffusion-limited recombination can be 
ruled out and it is concluded that second-order electron-hole recombination in 
bulk BP is a reaction-limited radiative process. 
 
To reproduce the experimental data in figures 2.1 and 2.2, the Auger 
recombination coefficient  must be less than . This value is much 
smaller than for other low bandgap semiconductors (e.g. InSb, InAs, InGaSb) 
having  values in the range . The much smaller value for 
bulk BP is likely due to restrictions imposed by the requirement of simultaneous 
conservation of momentum and energy of the three charges involved in Auger 
recombination. Theoretical calculations of the electronic band structure and 
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Auger recombination coefficients are needed to explain the factors determining 
the relatively low  value for bulk BP. For the experimental charge densities 
considered above (figures 2.1 and 2.2) the fraction of charges undergoing Auger 
recombination is less than  and can be ignored. By contrast, Ge et al. 58 
observed third-order Auger recombination in few layers BP flakes, since their 
density of electron-hole pairs near  (recalculated from the given 
two-dimensional density) is about four orders of magnitude higher than those in 
the present work. 

2.3.4 Radiative Yield of Charge Recombination 
The radiative yield, , is defined as the net number of photons emitted from the 
sample normalized to the net number of electron-hole annihilation events 
(radiative and non-radiative). is thus the ratio of the second-order radiative 
rate in equation (2.1) and the sum of all recombination rates; i.e. 
 
 

 (2.2)

 
The second-order radiative decay rate (numerator in equation (2.2)) can be written 
as , which corresponds with a pseudo first-order radiative 

recombination rate equal to . For the experimental 

conditions used to obtain the data in figure 2.1, the 50 ns pulse yields an (end of 
pulse) excess density of electrons and holes of 

, so that 

, while for long time-

scales .  For the 50 ns electron pulse the 

excess density of electron-hole pairs at the end of the 3 MeV electron pulse largely 
exceeds the room-temperature intrinsic charge density , see figure 
2.3d. In that case, the pseudo first-order non-radiative rate for SRH recombination 
is to a good approximation equal to , which is about  at room 
temperature (see figure 2.3b). As discussed above, for the charge densities in the 
current experiments Auger recombination can be neglected and therefore the 
radiative recombination yield can be obtained as 
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, which gives  at the 

end of the 50 ns pulse and decreases to  for a single carrier pair 

added to the background of the intrinsic carrier density. Hence, the early 
recombination dynamics is radiatively limited. The total fraction of charges 
decaying via second-order radiative recombination after the 3 MeV electron pulse 
can be obtained by integration of the numerator and the denominator in equation 
(2.2) over time, which yields a radiative yield of 0.66 (66 %). Hence, for excess 
densities of electron-hole pairs of the order of  radiative recombination 
is significant. The radiative yield will increase for higher density of excess charges 
and eventually decrease for very high densities due to the then dominant Auger 
recombination (see also figure 2.4). For higher density of excess charges  can 
be ignored and in that case the maximum radiative yield obtained from equation 

(2.2) is  (under continuous steady state excitation). 

Taking the recombination rate coefficients  and  at room temperature from 

figure 2.3 and the upper limit of  yields  at an excess charge 

density of  which is not accessible in the current experiment (due to 
the limitation of the beam current to 4 A), but may be reached e.g. by 
photoexcitation.  
 
 

 
Figure 2.4 Total charge carrier density ( ) dependence of the 
radiative yield in BP under steady state conditions obtained from equation (2.2) 
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with the obtained rate coefficients ,  and . The straight curve corresponds 

to a vanishing non-radiative Auger recombination coefficient , while the dash-

dotted curve shows the case of the upper boundary for . 
 

Figure 2.4 shows an illustration of the total carrier density ( ) 
dependence of the radiative yield of BP under steady state conditions using the 
obtained room temperature values for ,  and upper bound for  reflecting 

Auger decay. On increasing the charge density the value of  first goes up, 
since second-order radiative decay becomes more significant as compared to non-
radiative SRH recombination. For densities above  the value of 
converges to unity. If there is additional Auger decay, RY decreases considerably 
for densities above . 
 
The high radiative recombination yield for charge densities above   
makes BP a promising material for application in efficient infrared emission 
devices around 4 µm, as this is the necessary density range for efficient operation 
of infrared LEDs or laser diodes.77 

2.4 Conclusions 
A global analysis scheme is used to reveal the impact of radiative second-order 
decay and the presence of intrinsic carriers on the decay dynamics of charge 
carriers in BP. The combined electron and hole mobilities in BP increases at low 
temperatures with temperature due to ionized impurity scattering and after 
reaching a maximum near 250 K it drops to about half the maximum value due to 
deformation potential scattering. The rate coefficients for second-order radiative 
recombination and for non-radiative SRH recombination are found to decrease 
with temperature. Non-radiative third-order Auger recombination is negligible for 
the studied densities of excess electron-hole pairs. For densities of 

 a major fraction (78 %) of the excess electrons and holes undergo 
radiative recombination. For higher excess charge densities of the order of 1018 
cm-3 electron-hole recombination is expected to occur with near unity radiative 
yield. This makes BP an interesting material for efficient infrared emitter devices 
like LEDs or lasers around 4 µm. �� �

k1 k2 k3

k3

k3

n = ni + Δn

k1 k2 k3

RY

1018  cm−3 RY

1021  cm−3

1017  cm−3

2.5×1017  cm−3



� �

3.�Thermally Activated Indirect to 
Direct Radiative Recombination of 
Electrons and Holes in Tin Disulfide 
Two-Dimensional van der Waals 
Material  
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3.1 Introduction 
Two-dimensional layered materials are of interest due to their intriguing optical 
and electronic properties and promising prospects for application in 
optoelectronic devices.47, 78-83 Beyond graphene, black phosphorus and transition 
metal dichalcogenides have been studied extensively.43, 76, 84-87 Among other 
emerging metal dichalcogenides materials tin disulfide (SnS2) currently attracts 
attention for water splitting,88 photoconductivity,89-90 electronic and optical,91-93 
(thermo)electrical,94-95 photovoltaic96 and photocatalytical applications.97  
 
Bulk SnS2 is a semiconductor with an indirect band gap of 2.29 eV and a direct 
gap of 2.44 eV.27, 93 It consists of layers of hexagonally attached tin and sulfur 
atoms that are stacked together by weak van der Waals forces.  Monolayers and 
few-layers of SnS2 exhibit an indirect band gap, unlike monolayers of transition 
metal dichalcogenides.94, 98 However, upon application of biaxial tensile strain99 
an indirect to direct band gap transition can be induced in SnS2. 
 
The mobility and decay pathways of charge carriers play an important role in 
(opto)electronic devices. According to a theoretical first principles study the 
electron and hole mobility in a monolayer of SnS2 are as high as 756 cm2V-1s-1, 
and , respectively.94 For monolayer SnS2 electron mobilities of 

and have been reported,  while values of 
 and  were found for samples of 10 nm and 120 nm 

thickness, respectively.98, 100 For bulk SnS2 electron mobilities in the range  
have been found,89, 101 and a combined electron and hole 

mobility of  has been published.92  
 
Figure 3.1 illustrates of the band structure of bulk SnS2, as obtained from density 
functional theory (DFT) calculations described in the Methods section below. 
Quantitative results from detailed DFT calculations can be found elsewhere.94, 99, 

102 The maximum of the valence band is at the , while the minimum in 
the conduction band is at the . This causes SnS2 to be an indirect band 
gap semiconductor.91, 98, 102 Recombination of electrons and holes via the indirect 
band gap (orange arrow in figure 3.1) occurs via a phonon assisted process to 
conserve momentum. It is also possible that the electron is thermally excited from 
the to the in the conduction band (purple arrow in figure 
3.1), followed by radiative recombination (green arrow in figure 3.1). The latter 
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process is expected to occur with an activation energy equal to the energetic 
difference (0.15 eV) between the to the in the conduction 
band. 
 

�
Figure 3.1 Illustration of the band structure of SnS2 obtained from DFT. The 
purple arrow indicates thermal excitation of an electron from the indirect band 
to the direct band, orange and green arrows indicate electron-hole recombination 
via the indirect and direct band gap. 

The aim of the current work involves characterization of the mobility and 
recombination pathways of charge carriers in bulk SnS2. Electrons and holes were 
generated by irradiation of the sample with 3 MeV electron pulses and their 
dynamics was probed by contactless microwave conductivity measurements at 
various temperatures. According to theoretical analysis of the magnitude and 
decay kinetics of the conductivity, electrons and holes have a mobility near

and predominantly decay via recombination after thermal electron 
excitation from the to the in the conduction band.  

3.2 Methods 

3.2.1 Transient Conductivity 
Thin flakes of SnS2 (2H phase) were procured from HQ Graphene (Groningen, 
the Netherlands) with 99.995 % purity and used without any further treatment. 
The yellowish translucent flakes of SnS2 were filled into a polyetheretherketone 
(PEEK) sample holder with a groove of 1 mm along the direction of high-energy 
electron irradiation, analogous to our previous study on Te.103 The flakes were 
tightly pressed to fill the groove entirely. The sample holder was inserted into a 
copper waveguide cell suitable to perform microwave conductivity studies in the 
Ka-band (28-37 GHz), similar to previous studies.21, 103-104 Electrons and holes 

M−point Γ−point

100 cm2V−1s−1

M−point Γ−point
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were generated in the sample via irradiation with 3 MeV electron pulses from a 
van de Graaff electron accelerator. The 3 MeV electrons lose part of their energy 
by impact-ionization in the sample, leading to a uniform spatial distribution of 
electron-hole pairs. The stopping range of the 3 MeV electrons exceeds the 1 mm 
sample length and therefore they pass through the sample so that charge neutrality 
is maintained. Successive irradiation did not affect the measured microwave 
conductivity, which implies the absence of effects of radiation damage.�
 
The radiation dose   deposited in SnS2 by the 3 MeV electrons was obtained 

from , where , 

is the reference dose absorbed by benzene (Bz), ,  and  are the number of 
electrons per molecule, mass density, and molecular mass of SnS2 or benzene. 
The density of electron-hole pairs generated in SnS2 per unit time during the 3 

meV electron pulse is , where  is the pair-formation 

energy and  is the pulse duration. For semiconductors, the pair formation 

energy for high-energy electron irradiation can be estimated according to an 
empirical formula provided by Alig et al.,105 which is given by 

, where  and  the band gap of SnS2 in the 2H phase.93, 

106 
 

The generated charge carriers absorb a part, , of the incident microwave 

power , which is related to the conductivity  by 

, where  and  are sensitivity factors, see refs.30-31 The factor  accounts for 
the effect of microwave cell dimensions and the dielectric constant of the sample. 
The factor  accounts for the effects due to heterogeneity of the sample resulting 
from the layers of SnS2 and the PEEK sample holder. This leads to an effective 
dielectric constant that can be described by32, 63, 107  
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In the above equation,  is the effective dielectric constant due to the stacked 

layers with real and imaginary dielectric constants  and  with layer thickness 

, and total thickness , while .  

3.2.2 DFT Calculations  
For illustrative purpose the band structure of SnS2 was calculated using the 
Amsterdam Density Functional theory program (ADF-BAND).108-110 The 
calculation was done using a DZP (double zeta and one polarization) basis set and 
the Perdew-Burke-Ernzerhof generalized gradient approximation density 
functional. Relativistic spin-orbit coupling was taken into account.  

3.3 Results and Discussion 

3.3.1 Time Dependent Microwave Conductivity due to Excess 
Charges 
The transient conductivity of electrons and holes generated by 3 MeV electrons 
is shown in figure 3.2 for different pulse durations  and temperatures . The 

inset in figure 3.2a shows the end-of-pulse conductivities   for   

ranging from 1 ns to 20 ns. The sub-linear increase  of  with  for long 

pulse duration is an indication of higher-order recombination at higher charge 
carrier densities.  Figures 3.2b, 3.2c and 3.2d show the transient conductivities for 

 equal to 5 ns, 10 ns and 20 ns in the temperature range of 198 K to 373 K. It 

is observed that the decay of the conductivity becomes faster as the  temperature 
increases.  
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�
Figure 3.2 Transient microwave conductivity of charge carriers in SnS2 at room 
temperature  obtained for various pulse durations at T = 298 K (a) and for various 
temperatures from 198 K to 373 K for 5 ns (b) 10 ns (c) and 20 ns (d) pulse 
durations. The dotted curves are the experimental conductivity traces and the 
drawn curves were obtained from theoretical modelling. The inset in (a) shows 
the end-of-pulse  conductivity, ,  as a function of pulse duration .   

3.3.2 Theoretical Modelling 
The formation and decay dynamics of electrons and holes can be described by the 
following differential equations.  
    

  
 

(3.2) 

  
 

(3.3) 

 
In equations (3.2) and (3.3),   and   are interchangeable electron and 

hole densities, as the experiment cannot distinguish which corresponds to 
electrons and which to holes. The densities generated during the 3 MeV electron 
pulse with generation rate  is determined to be , 

as described in the Methods section. The term  with 

Δσeop tpulse

dn1 t( )
dt

= Gpulseφ1 − k1n1 t( )− krn1 t( )n2 t( )

dn2 t( )
dt

= Gpulseφ2 − k2n2 t( )− krn1 t( )n2 t( )

n1 t( ) n2 t( )

Gpulse 2.2 ± 0.3( )×1015  cm−3nC−1

Gpulse = G Θ t( )−Θ t − tpulse( )⎡
⎣⎢

⎤
⎦⎥



� 43

 the Heaviside function is non-zero during the electron pulse only. The factors 
 and   are the initial yields of charges of type 1 and 2, accounting for the 

survival fraction of charges from trapping and geminate recombination on times 
shorter than . The rate constants  and  account for the first-order decay 

of charges to traps. The rate-constant  takes second-order (radiative) 
recombination of electrons and holes into account. The relation between the 
transient microwave conductivity , the transient densities of charges  

and  and the charge mobilities  and  is given by 

 
.  (3.4) 

 
Equations (3.2) - (3.4) were globally fitted to the experimental data for various 
values of  and  with  as adjustable parameters. 

Figure 3.2 shows that the theoretical fits reproduce the experimental results very 
well.  

3.3.3 Mobility and Initial Yield of Charges 
Figure 3.3 shows the temperature dependent mobility of charges of type 1 and 2 
observed from the fit. For the charges of type 1, the mobility  decreases with 
temperature, which is typical for band-like transport with increased electron-
phonon scattering reducing the mobility at higher temperature.  
 

 
Figure 3.3 Temperature dependent mobility for charges of type 1 (a) and type 2 
(b), respectively.�

The mobility   of charges of type 2 first increases with temperature to 300 K 
and then decreases at higher temperature. The initial increase could be due to 
defects in the SnS2 crystal that can be surmounted more easily at higher 
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temperature. With further increase of temperature the reduction of the mobility 
could be due to dominance of electron-phonon scattering. 

 

�
Figure 3.4 Initial yield of charges of type 1 and 2 as a function of pulse duration. 

Figure 3.4 shows that the initial yield of type 1 charges,  , remains constant 

with . This could be due to the presence of shallow traps, which would lead 

to the equilibrium between trapping and de-trapping of charges. For shallow traps 
these rates may be sufficiently high so that equilibrium is reached on a timescale 
much shorter than  and   reaches the equilibrium value. In that case, the 

rate equation for the density of trapped charges at equilibrium at a particular 
temperature can be written as 
 

  
(3.5) 

 
where , ,  and  are the free charge density, trapped charge 
density, trapping rate and de-trapping rate for charges of type 1, at short times 
during the pulse . According to equation 3.5, at equilibrium, the ratio of free 

charge density and trapped charge density is equal to the ratio . It was 

found that  and  are merely temperature independent (data not shown), 

implying a constant ratio . From this we infer that the energetic depth 
of the shallow traps is less than 15 meV, which is the thermal energy 
corresponding to the lowest temperature of 198 K used in the experiments. It is 
observed that the initial yield of charges of type 2, , increases with . This 
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can be due to enhanced filling and eventual saturation of traps as the pulse 
duration (and thus the charge density) increases.  

3.3.4 Charge Carrier Recombination and Decay 
The second-order (radiative) recombination constant  found from the fits of the 
theoretical model described above increases strongly with temperature, see figure 
3.5a. The thermal activation can be understood as follows: As can be seen in 
figure 3.1, recombination via the indirect band gap of SnS2 corresponds to a 
transition of an electron from the   in the conduction band to the 

 in the valence band. This transition involves a change of momentum of 
the electron. To conserve total momentum the transition must be assisted by 
phonons. An increase of temperature will enhance the mediation by phonons and 
thus lead to an increase of the indirect recombination rate constant.  The 
alternative recombination process occurs by thermal excitation of an electron 
from the  to the  in the conduction band and subsequent 
radiative recombination with the hole.98  The recombination rate constant 
associated with this pathway is thermally activated, since it requires excitation of 
an electron from the  to the  . In that case the activation 

energy, , is the difference between the direct and indirect band gap SnS2, 
which is .27, 93  
 

�
Figure 3.5 (a)Temperature dependent second-order recombination rate constant  

obtained from fitting the theoretical model (see equations 3.2-3.4) to the 
experimental conductivity data (triangular markers). The dashed line is a fit of 
equation 3.6 to the data. (b) Temperature dependence of trapping rate constants 

 (blue) and  (green) for charges of type 1 and 2. 
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The total recombination rate is the sum of the rates for the transition via the 
indirect band gap, , and the direct band gap, , which according to the 

work of Hall is given by111  
 
 

 
 
(3.6) 

 
In equation (3.6), , where the prefactor  is temperature 

independent,73, 75, 111  is the Debye temperature (calculated to be 137 K for 

SnS2
94) and  is the Boltzmann constant. We fitted equation (3.6) to the data 

points in figure 3.5a yielding the dashed curve with  and 

. With these values the recombination rate via 

the direct band gap is found to be at least two orders of magnitude higher than via 
the indirect band gap. Hence, electron-hole recombination occurs mainly via 
thermal excitation of an electron to the and subsequent radiative decay. 
 
So far we have considered reaction-limited recombination only. In general, 
second-order recombination can also be a diffusion-limited process with 
Langevin recombination rate constant ,112 where  and 

 are the permittivity of vacuum and the dielectric constant of a material. Taking 

the room temperature value of  and ,113 the 

value of  is calculated to be , which is more than one order of 

magnitude larger than the measured value of . Hence we 

conclude that recombination is not diffusion-limited, but occurs via the reaction-
limited process with radiative decay at the , as discussed above.       
 
Next we discuss the first-order trapping rates in figure 3.5b. In case trapping is 
diffusion controlled, the rate is proportional to the diffusion coefficent of the 
charge carrier, which is related to the mobility as . The  temperature 
dependence of the mobilities in figure 3 then yield a much smaller thermal 
activation of D than the trapping rates in figure 3.5b. Hence, trapping is not a 
diffusion-limited process. Apparently trapping occurs via a thermally activated 
reaction-limited pathway. The thermal activation can be due to the fact that the 
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nuclear lattice undergoes a structural reorganization when a charge enters a 
trapping site. This is similar to polaron formation or Marcus charge transfer.114  

3.4  Conclusions 
The mobility of charge carriers of type 1 is and of the opposite 
charges it is . The decrease of the mobility at higher 
temperature is typical for a band-like transport mechanism. Theoretical analysis 
of the charge carrier decay kinetics reveals that electron-hole recombination 
occurs by thermal promotion of electrons from the indirect to the direct band gap, 
followed by radiative recombination. Phonon assisted recombination via the 
indirect band gap is found to be negligible.  
  
  

70 ±12 cm2V−1s−1

123±12 cm2V−1s−1
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4.�Mobility and Decay Dynamics of 
Charges in One-Dimensional 
Selenium van der Waals Solid 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

This chapter is based on the following work: 
P. Bhaskar, A. W. Achtstein, S. L. Diedenhofen, L. D. A. Siebbeles, 
Journal of Physical Chemistry C 2017, 121, 18917-18921



� 50

4.1 Introduction 
Van der Waals solids attract a great deal of interest due to possibilities to prepare 
single layers or stacks of two-dimensional (2D) semiconductor sheets.79, 82, 85 
Electronic quantum confinement perpendicular to the plane of a sheet allows one 
to tune the optoelectronic properties by varying the number of stacked sheets. 
Recent developments of large-scale production of 2D sheets via liquid exfoliation 
offer promising prospects for optoelectronic applications, in contrast to small-
scale mechanical exfoliation81, 87, 115 or controlled solution-phase chemical 
synthesis.23    
 
In nanoelectronics one-dimensional (1D) wires are also of interest. Solution 
processable nanowires have been studied in the form of conjugated organic 
molecular chains (polymers),61, 116-120 or as colloidal semiconductor 
nanorods/nanowires.121 Interestingly 1D van der Waals solids also exist, such as 
trigonal selenium (Se) and tellurium (Te).122 Until now, only a few studies on the 
optoelectronic properties of these 1D van der Waals solids have been reported, 
including calculations of electronic band-structure25, 123-124 and measurements of 
photoconductivity125-126, magnetoconductivity127, magnetoabsorption25 and 
electroreflectance.128 Charge carrier mobilities from  up to 

 were found for (photo-)doped trigonal Se.24, 125-127 In these 
measurements the high doping densities could have led to trap filling, which 
increases  the mobility compared to that at low charge carrier density.   
 
The aim of the present study is to provide insight into the mobility and charge 
decay dynamics via trapping or recombination in trigonal Se at varying charge 
carrier density, similar to our previous work on 2D black phosphorus.104 Possible 
negative effects of backscattering of charges at the ends of Se chains on the 
mobility are discussed, using the theoretical model of Prins et al.129 

4.2 Experimental Methods 
Pellets of trigonal Se from Sigma Aldrich with purity ≥ 99.999% were powdered 
using a pestle and mortar. The trigonal crystal structure was confirmed from 
Raman spectroscopy using a Renishaw inVia system in backscattering 
configuration with an excitation wavelength of 514 nm.  
 
To study the dynamics of excess charge carriers the Se powder was introduced 
into a microwave conductivity measurement cell with dimensions suitable for 

0.1 cm2V−1s−1

40 cm2V−1s−1
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frequencies in the Ka band (27-38 GHz), similar to our previous studies.104 High-
energy (3 MeV) electron pulses from a van de Graaff accelerator were used to 
generate excess electrons and holes in the sample. The high-energy electrons pass 
through the sample and lose energy by generating a close to uniform distribution 
of electron-hole pairs along their tracks without inducing net charging in the 
sample. During the 3 MeV electron pulse electron-hole pairs are generated with 
number density per unit time, , given by the ratio of the known energy transfer 
rate (radiation dose per unit time) from the electron pulse to the sample and the 
energy required for the formation of an electron-hole pair. The radiation dose in 
the Se sample, , was obtained from a reference measurement on benzene (Bz) 

according to  , with  the 

number of electrons per atom/molecule, the mass density and the 
atomic/molecular mass for Se or Bz.66, 104 The electron-hole pair formation 
energy, , was estimated from the empirical formula provided by Alig et al.105 , 

which is given by   with  and 25 the 

band gap of trigonal Se. The density of generated electron-hole pairs is given by 
the ratio of . 

 
The transient conductivity, , due to excess charge carriers is obtained from 
the measured change of microwave power reflected from the cell, according to 

, with  being a sensitivity factor depending on the cell 
dimensions and dielectric constant of the sample.30 The transient conductivity is 

equal to , with e the elementary charge,  the 

mobility of electrons and holes,  the transient densities of excess 
electrons and holes, respectively.  

4.3 Results and Discussion  

4.3.1 Structural Characterization 
The crystal structure of the powdered Se sample was characterized using Raman 
spectroscopy (see Experimental Methods). The measured Raman spectrum in 
figure 4.1a shows a peak at 237 cm-1, which is characteristic for the trigonal phase 
consisting of helical chains of Se atoms.122, 130-131 Other phases of Se (α-
monoclinic or vitreous) are known to exhibit Raman shifts in the range 250-256 
cm-1, 122 which are not observed in figure 4.1a. From this we infer that our sample 

G

DSe

DSe = DBz Ne, Se ρSe M Bz Ne, Bz ρBz MSe( ) Ne, ρ  and M

Ep

Ep = 2.73Eg + b b = 0.5 eV Eg =1.9 eV

DSe Ep

Δσ(t)

ΔP(t) P = −AΔσ(t) A

Δσ(t) = e μnn(t)+ μp p(t)⎡
⎣

⎤
⎦  

μn  and μp

n(t) and p(t)



� 52

predominantly consists of helical Se chains in the trigonal phase, as shown in the 
inset of figure 4.1a. 

 
Figure 4.1 (a) The Raman spectrum exhibits a peak at 237 cm-1, which is 
characteristic for helical Se chains in the trigonal phase with a crystal structure 
as shown on the inset. (b) Transient microwave conductivity due to excess charge 
carriers in Se at room temperature measured using different durations of the 3 
MeV electron pulse (colored curves) and obtained from theoretical modelling 
(drawn black curves).  (c) Transient conductivity obtained with a 5 ns electron 
pulse for different temperatures with vertical offsets for clarity. 

4.3.2 Transient Microwave Conductivity Measurements  
The powdered trigonal Se sample was contained in a rectangular microwave cell 
suitable for conductivity detection near 30 GHz, see Experimental Methods. The 
sample was irradiated with pulses of 3 MeV electrons that lose energy along their 
path through the sample via impact-ionization. This leads to production of 
secondary, tertiary etcetera, excess electrons and holes with a close to uniform 
spatial distribution. The incident 3 MeV electrons only lose part of their energy 
and leave the sample, so that net charging of the sample does not occur. 
 
Figure 4.1b shows the transient microwave conductivity obtained with pulse 
durations as indicated. The conductivity increases during the pulse due to 
generation of mobile electrons and holes in the sample. The conductivity at the 
end of the electron pulse increases with its duration, which reflects that the density 
of the produced electrons and holes is higher for a longer pulse. The decay of 
charge carriers occurs by trapping at defects or by electron-hole recombination. It 
can be seen that the conductivity becomes shorter lived for longer pulse duration, 
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which is caused by faster higher-order recombination of electrons and holes at 
higher density. 
 
Figure 4.1c shows the temperature dependence of the conductivity in the range of 
198 K to 423 K. The conductivity transients are plotted with vertical offset for 
clarity. The conductivity at the end of the 3 MeV electron pulse increases with 
temperature and the decay kinetics becomes faster.  

4.3.3 Theoretical Modelling  
The transient microwave conductivity is given by  

with ( ) the electron (hole) mobility,  ( ) the electron (hole) density 

and e the elementary charge. Charge mobilities and decay kinetics were obtained 
from fitting a theoretical model to the measured conductivity.  The electron and 
hole densities were described by the differential equations  
 
 

 
 

(4.1) 

 
 

 

(4.2) 

 
In equations (4.1) and (4.2) the first term contains the generation of electrons and 

holes with rate , where is the Heaviside function 

making it non-zero only during the 3 MeV electron pulse. Further, and 

denote the fraction of charges surviving from direct trapping or geminate electron-
hole recombination during the 3 MeV electron pulse. The second terms in 
equations (4.1) and (4.2) represent first-order electron (hole) trapping with 

characteristic rate  ( ), which by themselves yield a stretched-exponential 

decay given by .132 Such stretched-exponential decay 

can occur from charges that need to diffuse to the traps with a specific 
characteristic time  followed by irreversible trapping. In that case of 

diffusion-limited trapping, the parameter  with d the 

dimensionality of the medium.132-133 The third terms in equations (4.1) and (4.2) 
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bring into account second-order radiative recombination of electrons and holes 
with rate constant .  
The coupled differential equations (4.1) and (4.2) were solved using a fourth-
order Runge-Kutta method. The measured conductivity was modelled by fitting a 
constrained set of shared parameters ,  and  for all the experimental 

data, while the charge mobilities  ( ) and first-order decay rates  ( ) 

were allowed to vary with temperature. The model fits our experimental data as 
shown in figures 4.1b and 4.1c. In first instance, we included the recombination 
of free charges with trapped charges. It turned out that the recombination rate 
constant of free charges and trapped charges is much smaller than rate constant 

 for the mutual recombination of the free charges. Consequently, these 
processes can, hence, be ignored in the equations (4.1) and (4.2) to sufficiently 
describe the experimental data. The averaged conductivity transients were found 
to be independent of the number of 3 MeV electron pulses used. Hence, all 
charges recombine between successive electron pulses (with repetition rate of ~ 1 
s-1) and charge accumulation does not affect our results.  

4.3.4 Initial Yield and Mobility of Charge Carriers 
We found from our fits that one type of charge carrier becomes trapped much 
faster than the other. Following a previous report on efficient electron trappings 
in Se, we attribute the charge carriers that are trapped fastest to electrons.126 We 
found electron survival fractions equal to 

 for 2 ns, 5 ns and 10 ns pulse 
duration, respectively. The increase with pulse duration, or equivalently with 
initial electron density, can be attributed to a larger fraction of traps being filled 
at higher initial electron density. The fits yielded , which implies that all 

holes survive from trapping during the 3 MeV electron pulse. 
 
The fits yielded , corresponding to 1D charge transport 

. In agreement with this, the helical chains in trigonal Se are held together 
by weak van der Waals forces causing transport along the chains to be much more 
efficient than from one chain to another, which leads to (almost) 1D charge 
transport. 
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Figure 4.2 (a) Temperature dependence of (a) the measured microwave mobilities 
of electrons and holes and (b) their trapping rates. 

The 1D mobilities of electrons and holes moving along the Se chains were found 
to be and at room 

temperature. The mobilities increase with temperature as shown in figure 4.2a. 
The increase of the mobility with temperature may be due to scattering on static 
structural defects or charged impurities that can be surpassed by thermal 
activation.1 At elevated temperature, the mobilities of electrons and holes tend to 
saturate. This can be attributed to a more prominent role of scattering on phonons, 
which has a reducing effect on the mobility.  
 
The microwave mobilities in figure 4.2a obtained from the measured conductivity 
data in figure 4.1 can be limited by scattering of charges at the ends of Se chains. 
In that case, the intra-chain mobility of charge carriers, , (that would be 

obtained in absence of such scattering) can be related to the measured ac mobility 
of charges, , moving on a chain with length L in an AC electric field 
oscillating with radian frequency , according to 
 
 

, 
 
(4.3) 

 
with .129 Figure 4.3 shows the ac mobility at the experimental 

frequency of 30 GHz, calculated according to equation (4.3), as a function of  
for chain lengths in the range 300 nm to 100 . The dashed horizontal line 

denotes a mobility value of , which is close to experimental results 
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for electrons and holes at room temperature. It can be seen from figure 4.3 that 
the Se chains should at least have a length of ~1  to reproduce the 
experimental mobility.  For longer chains the mobility can be close to the 
measured value or much higher. Experiments on Se chains with well-defined 
length are needed to further establish precise value of the intra-chain mobility.  
 

 
Figure 4.3 Microwave mobility as a function of intra-chain mobility for Se chains 
with lengths as indicated.  The dashed horizontal line indicates a mobility of 

, which is close to the experimental values for electrons and holes 
at room temperature. 

4.3.5 Charge Decay by Trapping and Recombination 
Figure 4.2b depicts the trapping rates for electrons and holes at different 
temperatures. The electron-trapping rate slightly decreases with temperature, 
while it increases strongly for holes. The reduction of the electron-trapping rate 
with temperature can be due to faster thermally activated release of electrons from 
shallow traps. The presence of shallow electron traps agrees with the thermally 
activated electron mobility in figure 4.2a. The strong thermally activated trapping 
rate for holes suggests that they need to overcome a potential barrier to get 
trapped. The second-order electron-hole recombination rate is 10-13 cm3s-1 and 
was found to be independent of temperature. This rate is likely due to relatively 
slow diffusion of charge carriers between different Se chains and therefore does 
not reflect the temperature dependence of the intra-chain charge mobility. 

4.4 Conclusions 
In conclusion, the 1D mobility of charge carriers along helical chains of Se in the 

trigonal phase is at least ca.  at room temperature, which is 
promising for applications in nanoelectronics. In addition, the fact that Se is a van 
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der Waals solid offers prospects for large-scale production of isolated chains or 
bunches via liquid exfoliation.  
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5.�Charge Mobility and Recombination 
Mechanisms in Tellurium van der 
Waals Solid 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter is based on the following work: 
P. Bhaskar, A. W. Achtstein, M. J. W. Vermeulen, L. D. A. Siebbeles, 
Journal of Physical Chemistry C 2019, 123, 841-847.
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5.1 Introduction 
Extensive studies on fundamental properties of two-dimensional (2D) van der 
Waals materials have revealed new possibilities for the development of next 
generation optoelectronic devices.20, 78-80, 82, 84, 134-135 2D materials, where layers of 
strongly bound atoms are weakly held together by van der Waals forces, exhibit 
the possibility of separating the layers via exfoliation techniques, allowing one to 
engineer their electronic and optical properties. Similar to 2D materials, in one-
dimensional (1D) materials, covalently bound chains of atoms are held together 
by weak van der Waals forces in the two perpendicular directions. Such 1D 
materials also have interesting promising applications in nanoelectronics. Two of 
such impeccable 1D systems are trigonal Selenium (Se) and Tellurium (Te), 
which have crystal structures that consist of helical chains of atoms. These 
materials exhibit potential for various applications due to their stability in air. As 
proposed for Se,21 exfoliation of bulk Te to obtain 1D atomic chains of Te has 
been demonstrated recently.26 However, Te is different from Se due to strong 
inter-chain electronic coupling in the bulk, thus being a quasi-1D system.29 In 
addition, the  band gap of Te22, 25 is much lower than the  band 
gap of Se. 13 
 
As a 1D van der Waals material, Te has been widely studied for its electronic 
structure,25, 124, 136-137 optical properties,22, 25, 138 Hall conductivity and extrinsic 
mobility in p-type Te.139-142 Very recently, it gained attention due to its high 
thermoelectric figure of merit.28, 143 The aforementioned studies on conductivity 
and mobility have mostly been performed at low temperatures (~77 K),141 with 
externally doped samples and using contact measurements.141, 144 Therefore, it is 
of great interest to study its intrinsic optoelectronic properties without external 
doping and at temperatures close to ambience. 
 
In the present investigation, we provide insights into temperature dependent 
intrinsic charge carrier mobility and decay mechanisms in trigonal Te with 
varying charge carrier density, building up on our earlier results on other van der 
Waals materials.21, 104 Quantitative analysis of our experimental observations 
reveals the characteristics of charge carrier mobility and recombination in the 
quasi-1D atomic chains of Te in bulk, laying the basis for further investigations 
of exfoliated Te. The high mobility and near unity quantum yield make Te of 
interest for nanoelectronics and optoelectronics. These properties and the low 
band gap make Te a promising material for use in far-infrared detectors. The 

0.33 eV 1.9 eV
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appreciably high mobility and quantum yield result in low device resistance and 
 noise, which are essential to realize a high S/N ratio.145  

5.2 Experimental Methods 
Te pellets with purity 99.999% were procured from Sigma Aldrich (now 
MERCK) and used as received without any further treatment. Te pellets were 
finely powdered using a mortar and pestle for studying contactless microwave 
conductivity at various temperatures and at various densities of excess electrons 
and holes. The microwave conductivity studies were performed at frequencies in 
the range of the Ka band (27-38 GHz), similar to our previous studies.21, 104 
Uniform densities of excess electrons and holes were generated by irradiation 
with 3 MeV electron pulses from a van de Graaff accelerator, along with 
Bremsstrahlung irradiation. Bremsstrahlung was produced by retarding the 
electron pulses by a 2 mm lead (Pb) sheet. The high-energy Bremsstrahlung 
photons generate electron-hole pairs along their paths through the sample. 
Successive irradiation of the sample had no effect on the transient conductivity, 
implying the absence of radiation induced damage. 
 
The powdered Te sample was filled into a polyetheretherketone (PEEK) sample 
holder with a groove of 1 mm along the direction of high-energy irradiation. In 
this sample holder, the sample height along the direction of electron irradiation is 
1 mm, whereas the sample holder size is close to 3.5 mm. Such a sample holder 
was designed to avoid non-uniform generation of charges, as would have occurred 
due to stopping of high-energy electrons within the sample, discussed next. As 
Tellurium is a heavy material, with atomic number , density 

, , it exhibits a comparatively higher 

stopping power ( ) for the 3 MeV electrons, as compared to 

materials we studied previously.21, 104 A higher stopping power leads to lower 
average penetration depth ( ) for the 3 MeV electrons in the sample, which 
leads to a non-uniform distribution of charges inside the sample. In order to avoid 
a non-uniform charge density, the sample height was reduced so that the high-
energy electrons could pass through the sample generating a close to uniform 
distribution. The stopping power and average penetration depth values were 
calculated using the equations (5.1) and (5.2) respectively, which were obtained 
by simplifying Bethe’s expression for the collisional mass stopping power (also 
known as linear energy transfer) for high energy electrons.146-149  
 

1 f

Z = 52
ρTe = 6.2 gcm−3 M Te =127.60 gmol−1

S E( )= −dE dx

Δx
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(5.1) 

 
 

 
(5.2) 

 
In equations (5.1) and (5.2),  is the mass density,60  the atomic number,  

the elemental or molecular weight and  is the 3 MeV energy of incident 
electrons. Equations (5.1) and (5.2) yield an average penetration depth of 3.5 mm. 
Since this significantly exceeds the sample width of 1 mm, a uniform density of 
electrons and holes is produced upon irradiation.  
 
The stacked dual-layered structure consisting of Te and PEEK sample holder 
results in a heterogeneity of the sample along the direction of irradiation. In such 
a case for studying microwave absorption, the effective dielectric constant of a 
heterogeneous sample can be estimated by considering the Maxwell-Wagner 
effect, which is described by32, 107, 150  

 
. 

 
(5.3) 

 
In the above equation,  is the total height of the layered sample,  is the height 

of the  layer,  ( ) is the real (imaginary) part of the permittivity of the  

layer  corresponds to the effective dielectric constant and . This effect 

introduces a sensitivity factor , which is used to obtain the conductivity in 
absolute values (discussed below).  
 
Due to very high conductivity signals of Te, nearly saturating the electronic 
regime of the experimental setup, even for a short electron pulse duration of 500 
ps, the radiation dose was reduced by using a 2 mm Pb plate placed at the top of 
the experimental cell containing the sample.  The introduction of the Pb plate 
resulted into a reduction of the irradiation dose by 70 times due to partial stopping 
of 3 MeV electrons in the plate and production of Bremsstrahlung. The reduction 
factor was deduced from a test experiment of Te using 300 ps electron pulse with 
and without using a Pb plate, for which the conductivity signal was well within 
the saturation range. The final dose on the sample is a result of slowed-down 
electrons as well as Bremsstrahlung. The incident high-energy electrons together 
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with the Bremsstrahlung resulted in the formation of uniformly distributed 
electrons and holes in the sample with number density  per unit time.  is 
given by the ratio of the known energy-transfer rate (radiation dose per unit time) 
from the irradiation and the energy required for the formation of an electron-hole 
pair.  
 
The radiation dose in Te, , was obtained from a reference measurement on 

benzene (Bz), which was found to be ,119 according to 

, followed by a reduction of 70 times due 

to the Pb sheet, where , , and  are the number of the electrons per 
atom/molecule, mass density, and atomic/molecular mass for Te or Bz, 
respectively. The electron-hole pair formation energy, , was estimated from 

the empirical relation provided by Alig et al.,105 which is given by 
, where  and ,25 the band gap of Te. 

The density of generated electron-hole pairs is given by the ratio , and the 

generation rate of electron-hole pairs during the 3 MeV electron pulse with a 

rectangular shape during time and duration is equal to  

 
The transient conductivity, , due to excess charge carriers is obtained from 

the measured change of microwave power reflected from the cell, according to 
, where  and  are sensitivity factors. While  

depends on the cell dimensions and dielectric constant of the sample,  takes 
into account the heterogeneity of the sample by introducing a factor 
corresponding to an effective dielectric constant of the sample, as described 
previously.150-151  

5.3 Results and Discussion 

5.3.1 Transient Microwave Conductivity due to Excess Electrons and 
Holes 
Figure 5.1 shows the transient microwave conductivity traces, obtained for 
various pulse durations and temperatures as indicated. The traces with markers 
are the experimental results, while the solid traces overlaid on top of them are 
obtained upon theoretical modelling as discussed below. 
 

G G
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N ρ M
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Figure 5.1. Transient microwave conductivity due to excess charge carriers in 
Tellurium at room temperature (298 K) for various durations of the 3 MeV 
electron pulse (curves with markers) and as obtained from theoretical modelling 
(solid curves) (a) and for various temperatures, as labeled (b). The inset shows 
the conductivity at the end of the electron pulse , as a function of pulse 

duration .    

The transient conductivity increases during the 3 MeV electron pulse, due to 
generation of excess mobile electrons and holes in the sample. Also, the end-of-

the-pulse conductivities  increase as the pulse duration becomes longer 

from 0.3 ns through 5 ns (see in figure 5.1a), due to a higher charge carrier density 
for a longer pulse. The inset in figure 5.1a shows  as a function of pulse 

duration ( ). The sub-linear increase of  with  is due to higher-order 

recombination of charges in addition to the first-order trapping. Subsequently, the 
electrons and holes decay by recombination or trapping.  
 

5.3.2 Theoretical Model of Charge Carrier Generation and Decay 
Dynamics 
The transient microwave conductivity is given by 

, where  and  are mobilities for charge 

particles of type  and . Since we cannot distinguish electrons from holes, 

charges of type  and  correspond to electrons and holes, respectively, or 

vice versa. The excess charge densities are equal to  and , and  

is the elementary charge. We describe the conductivity signals theoretically by 
taking into account the generation of excess electrons and holes with a generation 
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rate during the 3 MeV electron pulse, followed 

by recombination with each other, or with the intrinsic electrons and holes that 
are already present with equal densities , at temperature , or by trapping 

at defects. The thermal generation and recombination at a given temperature 
results in significant equilibrium densities of electrons and holes, due to the low 
Te band gap of .25   

 
Charge mobilities and decay kinetics were obtained from fitting a theoretical 
model to the measured conductivity traces, where excess electron and hole 
transient densities are described according to the coupled differential equations 
given by  
 

 

 

 
 
 

(5.4) 

. 

 

 
 

 
(5.5) 

  
The total electron or hole density is  (and 

), where  (and ) is the density of excess electrons or holes produced 

by the incident high-energy irradiation. Note, that the initial excess densities are 
equal; i.e. . Further, the first term describes the 

generation of electrons and holes with a rate , 

where  is the Heaviside function making the expression non-zero only during 
the high-energy irradiating pulse with duration . Furthermore,  and  

denote the fraction of initially generated charges surviving from direct trapping 
or geminate electron-hole recombination during the 3 MeV electron pulse. Terms 
containing the factor  take into account generation of electron-hole pairs by 

deviation from the thermodynamic equilibrium carrier density  through 
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absorption of blackbody radiation, thermal excitation, or impact ionization by 
sufficiently energetic intrinsic thermally excited charge carriers.71 The intrinsic 

density of charge carriers is given by  

for a three dimensional semiconductor,152 with ,  the effective masses of 

electrons and holes taken from previous reports.22, 137 Furthermore,  denotes 

the Boltzmann constant,  the temperature and  is the reduced Planck constant. 
Note, that Liu et al.29 reported that the inter-chain electronic coupling of Te atomic 
wires is comparable to the intrachain electronic coupling. This causes Te to 
behave almost like an isotropic 3D system, rather than a 1D system such as Se, so 
that the use of the 3D intrinsic carrier density above is substantiated.  
 
The second terms in equations (5.4) and (5.5) take into account trapping and 
subsequent non-radiative electron-hole recombination according to the Shockley-
Read-Hall (SRH) model,71 neglecting defect parameters (the densities of electrons 
and holes in case the Fermi energy coincides with the trap level69). The parameters 

 and  denote the trapping rate constants for SRH recombination. In an 

ideal case they are proportional to the trap density and electron- and hole-capture 
coefficients, which depend upon the thermal velocity of charges.70 However, the 
temperature dependence of trapping rate constants may, nevertheless, deviate 
from the ideal case; e.g. when trapping processes are thermally activated. The 
third terms in equations (5.4) and (5.5) represent charge trapping with the 
characteristic rate  (and ), which by themselves yield a stretched-

exponential (quasi-exponential or Kohlrausch)153 decay given by 
,154-155 where  is a parameter that characterizes 

dispersive charge diffusion in an exponential energy landscape. For an 
exponential distribution of trap site energies of width , the  parameter is 

given by .154, 156-158 The fourth terms in equations (5.4) and (5.5) account 
for radiative recombination of an electron-hole pair with rate coefficient 

with  a constant independent of temperature.70, 104, 159 The 

decrease of  with temperature is understood in terms of the decreasing 
likelihood of matching equal but opposite momenta of free carriers, imposed by 
momentum conservation during recombination, as the average thermal energy and 
hence Fermi vector increases with temperature.159 
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Figure 5.2. Temperature dependence of fitting parameters obtained from the 
theoretical model: (a) the combined mobility of electrons and holes, (b) radiative 
recombination rate constant , (c) and (d) SRH recombination rate constant 

and decay rate for stretched-exponential trapping for electrons or holes ( ) and 

their respective counter charges ( ).  

5.3.3 Temperature Dependent Electron and Hole Mobility and Decay 
Rate Coefficients  
Figure 5.1 shows that the theoretical model, given by equations (5.4) and (5.5), 
reproduces the measured transient conductivities. The fitted parameters, 
combined electron and hole mobility ( ), band-to-band radiative 

recombination ( ), Shockley-Read-Hall rate constants (  and ) and 

characteristic rate constants for stretched exponential decay of charges ( and 

) are shown in figure 5.2 as a function of temperature. The trapping rates for 

electrons and holes cannot be distinguished, as they are interchangeable. In our 
previous work on Se, electrons and holes could be distinguished because it was 
known from literature that electrons are trapped faster than holes.21, 126 Such 
information is not available for Te and consequently we cannot distinguish 
electrons and holes. Hence, the charge carrier densities and related rates and 
mobilities are denoted as  for one type of charge and  for the counter charge. 
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As mentioned earlier, the numerical fits were found to reproduce the experimental 
results only for the calculated intrinsic density valid for a three-dimensional 
system and not for a one-dimensional system, in agreement with the finding of 
Liu et al.29 Additionally, the numerical fits could only reproduce the experimental 
data by taking the values for the initial yield of charges (  in equation (5.3)) equal 
to unity. This implies that the initially generated charges do not undergo geminate 
recombination to form excitons, as could be expected since the exciton binding 
energy in Te is only 1.2 meV.25 Furthermore, the charges are generated far apart 
in the sample, larger than the critical escape radius determined by the thermal 
energy.  
 
The mobility obtained at room temperature is . This value is 
somewhat lower than the values near  reported for thin layers of 
1D and 2D Te nanostructures in field effect transistors.144, 160 The latter values can 
be higher than ours due to enhancement of the mobility for thinner samples160 
and/or due to the high charge density in field effect transistor (FET) measurements 
resulting in filling of trap states. The high mobility in Te may be in part due to the 
absence of polar optical phonon scattering, which significantly limits the mobility 
in compound 2D semiconductors.161 Figure 5.2a depicts that the combined 
electron and hole mobility decreases with temperature, which is typical for band-
like transport. This can be due to the combined effect of various types of electron-
phonon scattering processes. Classically, ionized impurity scattering of charges 
generally occurs due to elastic scattering of charges with ionized shallow-donor 
impurities in a semiconductor. Due to this scattering, the mobility is expected to 
increase with  at low temperature.70 Ionized impurity scattering leads to 
increase in mobility with temperature, which can be a reason for the initial flatness 
in the mobility trend up to 200 K together with another process decreasing the 
mobility with temperature. Above 200 K the mobility decreases due to electron-
phonon scattering. The observed decrease in the mobility with temperature in Te 
is in line with the trends in previous reports.28, 141  
 
Figure 5.2b shows the temperature dependence of the second-order band-to-band 
radiative recombination rate constant ( ), which decreases with temperature, as 
expected form theory (see theoretical model section).  The numerical fits to the 
experimental data in figure 5.1 yield a room temperature value of  equal to 

. In case of diffusion-limited radiative recombination the 
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rate constant would be related to the combined mobility of charges according to 

. Taking , ,162 the 

recombination rate for the diffusion-limited  is then estimated to be 

, which is almost 3 orders of magnitude higher than the value 
obtained from the fitting. Therefore, the radiative recombination in Te is 
concluded to be a reaction-limited process, rather than a diffusion-limited process.  
 
Figures 5.2c and 5.2d show the temperature dependence of trap-assisted SRH 
rates, as well as rates to trapping of charges into an energetically exponential 
distribution of trap sites. Incorporation of two pathways for charge decay via 
trapping is the result of the inability to reproduce our experimental data with either 
type of processes individually. SRH mostly deals with trap-assisted 
recombination, implying capture of an electron (or a hole) from the conduction 
band (or valance band) followed by successive recombination with a hole (or an 
electron) in the valance band (or conduction band). The associated rate constant 

 (or ) depends upon the total trap density , and capture coefficients 

 (or ) according to the relation , where .  

is the electron or hole capture cross-section and  the  thermal velocity of 

charges, given by .70 Therefore, the SRH recombination 

rate increases with temperature, in contrast to our results in figure 5.2c where a 
decrease with temperature is observed above 300 K. The decrease could be due 
to filling of trap sites at higher temperatures by thermally generated intrinsic 
charges. These competing processes could give rise to a trend as can be clearly 
seen for one of the charges in figure 5.2c in blue color. For the case of the other 
type of charges, as shown in figure 5.2d, the thermally generated intrinsic charges 
may not simply fill the traps, thus, the rate constant does not decrease at higher 
temperatures. The stretched exponential parameter  is found to be 

, corresponding to an energetic width of . It is also 
observed that the stretched exponential parts in the equations (5.4) and (5.5) only 
determine the longer time scale of the conductivity signals in the range of roughly 
25 ns to 40 ns. The temperature dependence of characteristic trapping rate 
constant of the charges , as shown in green color in figure 5.2c, is not very 

pronounced for one type of charges, while it is strongly thermally activated for 
the other type of charges in figure 5.2d. This is similar to the trends observed for 
trapping of charges in Selenium.21 
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5.3.4 Radiative Yield of Charges 
The radiative yield ( ), by definition, is the ratio of the number of photons 
emitted from the sample and the net number of electrons and holes annihilated 
radiatively or non-radiatively equaling the generated charge carrier number. The 
ratio for the instantaneous radiative yield ( ) is given by 

 
 

 , 

 

 
 
 
(5.6) 

 
with . Integrating the numerator and denominator over time 

yields an estimate for the total (time-integrated) radiative yield ( ), as 
discussed later. From the theoretical analysis, the 5 ns pulse (peak value in figure 
5.1a) yields excess densities of electrons and holes equal to density of 

. In order to compare the significance of decay, namely 

radiative recombination, SRH recombination and stretched-exponential decay, 
the instantaneous radiative yield expression can be further rewritten, taking the 
densities of electrons and holes equal, as they fall in the aforementioned 
uncertainty. This simplification enables direct comparison of the processes in the 
same units. In such a case, the second-order radiative decay rate can be simplified 
into  corresponding to a pseudo first order decay with rate 

. At room temperature, the obtained value for  is 

, which yields a value for 

, while for long-

time scale the value is . 

Additionally, the room temperature SRH recombination rate and the characteristic 
decay rate by stretched-exponential decay are  and 

, respectively, and hence considerably lower than the number 

above. Using the values for the decay rate constants,  and equation 

(5.6), the obtained value for the instantaneous  is ca. 0.98 (or 98 %), 
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which decreases to ca. 0.92 (or 92 %) for long-time scale (~40 ns), where most of 
the pulse generated charges have decayed. 
 
The total RY is obtained by integrating the numerator and denominator, as shown 
in the following equation  
 

 

 . 

 
 
 
 
 
(5.7) 

In the above equation,  and  are inverse of the corresponding rates  

and . Equation (5.7) yields a total RY of 0.98 (or 98 %). This result indicates 

predominant strong radiative recombination in van der Waals bound chains of Te.  
 
For excess densities of electrons and holes on the order of  the RY yield 
is much higher than for a similar band gap material such as black phosphorus104, 
where a comparable RY can be achieved only at an excess density of . 
The high RY at a density of  together with an appreciably high carrier 
mobility makes Te a material of high potential in efficient infrared LEDs or laser 
diodes.77 Note, that a high current is needed in laser diodes to achieve population 
inversion. On the other hand it is suitable for very efficient infrared photodetectors 
with high bandwidth and low Johnson noise at high frequency due to appreciably 
high carrier mobility, as e.g. in a photo resistor the noise (voltage) amplitude is 
proportional to the square root of the inverse mobility via 

 with the detector resistance  of a 

photodetector of length L.145 At low (modulation) frequencies and/or low 
temperatures  noise limits the detector performance resulting in a noise 

current ,145 with  the infrared signal power,  the 

bandwidth and  the photon energy. From the last equation it is apparent, that a 
high quantum yield ( ), as measured in Te, is desirable to obtain a high  

ratio, since the signal is proportional to the  and hence . Hence, 
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Te is an interesting material for applications due to high quantum yield and 
appreciably high mobility.      
 

5.4 Conclusions  
The mobility of charges in Te is thermally deactivated with a room temperature 
value of . Charges decay with near unity quantum yield via 
radiative recombination. Te, being a quasi one-dimensional van der Waals 
material, has a potential for in-depth studies of interesting optoelectronic 
properties with isolated atomic chains. Such chains can in principle be obtained 
by liquid exfoliation, which offers possibilities for large-scale production. 
Furthermore, the appreciably high mobility, and near unity radiative yield opens 
the potential for applications in nanoelectronics like as efficient far infrared 
detectors with high bandwidth or lasers with high efficiency. Further, far infrared 
imaging applications replacing micro bolometers may be of interest.  
  

190 ± 20 cm2V−1s−1
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Appendix 

A1. Stopping power of electrons 
As discussed in section 1.5, in pulse-radiolysis microwave conductivity studies it 
is important to generate uniformly distributed charges in the sample. However, in 
case the stopping power of the sample is high, the primary electrons (3 MeV from 
van de Graaf accelerator) lose a larger fraction of their energy near the side where 
they enter the sample and a significant of the incident electrons may even stop 
inside the sample. This leads to a non-uniform distribution of secondary (tertiary 
etc.) charges. In addition stopping of primary electrons in the sample defies 
charge-neutrality. Figure A1.1 shows a schematic diagram of a non-uniform 
distribution of charges along the vertical direction.  
  
 

�
Figure A1.1 Schematic diagram depicting a non-uniform distribution of charges 
along the vertical direction. 

The non-uniformity of secondary etc. charges along the direction of irradiation 
(vertical in figure A1.1) results in different inter-particle distances. In the high 
density region the interparticle distances between electrons and holes are shorter 
than in a region of low density. Second-order recombination of charges is more 
pronounced in a region with higher charge density. This causes the recombination 
kinetics of charges to vary along the direction of irradiation, which complicates 
quantitative analysis of the decay of the microwave conductivity with time.    
 
The stopping power of 3 MeV electrons can be calculated as discussed in section 
5.2. The stopping power of a material is the average amount of energy dissipated 
by the incident charged particles (with energy E) per unit length x; i.e. 
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. The energy dissipation occurs mainly due to collision of 

incident electrons with the electrons in the sample and due to emission of 
radiation. We calculated the penetration depth of primary electrons in our 
samples, using equations (5.1) and (5.2 Using relativistic quantum mechanics 
Bethe60 derived the following expression for the stopping power of a medium for 
heavy charged particles. 
 

,  
 
(A1.1) 

where  

  

The collisional stopping power for electrons is different from that for heavy 
charged particles. Heavy charged particles continuously lose small fractions of 
their energy via electronic collisions inducing ionizations and/or electronic 
excitations in a medium, with negligible deflection. However, electrons lose a 
large fraction of their energies in a single collision with electrons in the sample, 
which results into large deflections. Due to this, electrons deflect at large angles. 
In addition, electrons get scattered by nuclei resulting into generation of 
bremsstrahlung. Moreover, upon collision of an incident electron with an electron 
in the sample, the identity of the former and the latter cannot be distinguished. 
Taking this indistinguishability into account gives stopping power for electrons 
given by equation (A1.2).60, 149  

,  
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In A1.2,  is the kinetic energy of the incident electrons. The equation in (A1.2) 
can further be simplified to the following, by putting the values of various 
constants mentioned above.  

  

 
 
(A1.3) 

 
The total stopping power for electrons in materials is due to collisional as well as 
radiative processes, so that 
 

  
(A1.4) 

 
In contrast to collisional stopping power, an analytical expression to estimate the 

radiative stopping  power  does not exist. Numerical analysis of 

experiments on electron stopping in water has established that the radiative 
energy-loss rate in a material is proportional to  and hence . Additionally, the 
radiative energy-loss rate increases nearly linearly with incident electron energy. 
For in-depth knowledge about stopping power, linear energy transfer and 
radiation chemistry, it is recommended to consult books on radiation chemistry 
such as those by A. Hummel,66 J. Turner60 and A. Mozumder.149    
 
From equation A1.3, the values of the stopping power (in ) of 3 MeV 
electrons in various media are calculated and compared with NIST (ESTAR) 
values as shown below.  
 

Material Stopping power (A1.4) Stopping power (ESTAR)*  
Water 1.86 1.88 
Tellurium 8.61 8.67 

 
*Note: The ESTAR program can be used to calculate the stopping power, density 
effect parameters, range, and radiation yield for electrons in various materials. 
A web-only version of the program is available at the website of National Institute 
of Standards and Technology (NIST) with the following link: 
(http://physics.nist.gov/PhysRefData/Star/Text/ESTAR.html) 
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The obtained dependence of the stopping power on the kinetic energy of electrons 
is shown in figure A1.2.   

�
Figure A1.2 The stopping power of electrons in various materials as a function of 
the kinetic energy of electrons in the range of  0.1 MeV to 3 MeV. 

It can be seen in figure A1.2 that the stopping power first decreases with the 
energy of incident electrons and then increases with energy. Further, it depends 
on the type of materials primarily due to variation of the electron density . 
Calculation of the stopping power from equations (5.1) and (5.2) yields similar 
values as those from equations (A1.3).  
 
To complement the above described calculations, a Monte Carlo Simulation 
package (CASINO**) was used to simulate the trajectories of 3 MeV electrons in 
a system composed of a 0.4 mm layer of copper, 3.5 mm layer of sample and 1 
mm of copper, mimicking the sample configuration used in microwave 
conductivity experiments. Figure A1.3 shows a comparison of trajectories of 
primary electrons in water and tellurium.  
 

**Note: CASINO (monte CArlo Simulation of electroN trajectory in sOlids) is a 
Monte Carlo package to simulate trajectories of electrons in solid materials. This 
simulation was performed as an alternative to the calculations done in the earlier 
section to check the obtained values of the stopping power and the penetration 
depth of electrons.   �
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�  

Figure A1.3 Electron trajectories in (a) water and (b) tellurium.  �
Figure A1.3 shows that 3 MeV electrons can easily pass through a water sample 
of thickness 3.5 mm. In tellurium, due to higher stopping power, the 3 MeV 
electrons are stopped within the sample of thickness 3.5 mm (generic sample 
holder as shown in figure A1.4(a)). In such a case, the distribution of secondary 
charges generated by the primary electrons would no longer be uniform, therefore 
the sample groove was reduced from 3.5 mm to 1 mm to avoid non-uniform 
generation of secondary charges, as shown in figure A1.4(b).  
 

�
Figure A1.4 (a) Generic sample holder, (b) modified sample holder.  �
A similar Monte Carlo simulation of electron trajectories was performed for the 
modified sample holder filled with tellurium. Figure A1.5 shows the obtained 
trajectories of 3 MeV electrons passing through 0.4 mm copper, 1 mm tellurium, 
2.5 mm PMMA and 1 mm copper, respectively.  
 

(a)� Configuration C1 

 

(b)� Configuration C2 
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��
Figure A1.5 Trajectories of 3 MeV electrons in tellurium filled in the C2 
configuration of sample holder.  

The modification of the sample holder enabled us to perform pulse-radiolysis 
experiments on more dense materials such as tellurium, while avoiding the 
complication of non-uniform charge generation.  

A2. Schematic diagram of the PR-TRMC setup 
Figure A1.6 shows a schematic diagram of the pulse-radiolysis transient 
microwave conductivity setup, consisting of a van de Graaff electron accelerator 
and a Ka-band microwave system.  
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A1.6 A schematic diagram of van de Graaff electron accelerator with microwave 
conductivity setup. 
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Summary �
This doctoral thesis reports studies on effects of temperature and density on the 
mobility and recombination dynamics of charge carriers in low-dimensional van 
der Waals materials. ��
Chapter 2. In this chapter we studied mobility and decay dynamics of charge 
carriers in two-dimensional black phosphorus (BP) using contactless microwave 
conductivity technique. A global analysis scheme is used to reveal the impact of 
radiative second-order decay and the presence of intrinsic carriers in BP. The 
combined electron and hole mobilities in BP increases at low temperatures with 
temperature due to ionized impurity scattering, and after reaching a maximum 
near 250 K it drops to about half the maximum value due to deformation potential 
scattering. The rate coefficients for second-order radiative recombination and for 
non-radiative Shockey-Read-Hall (SRH) recombination are found to decrease 
with temperature. Non-radiative third-order Auger recombination is negligible for 
the studied densities of excess electron-hole pairs. For densities of 

 a major fraction (78 %) of the excess electrons and holes undergo 
radiative recombination. For higher excess charge densities on the order of 

 electron-hole recombination is expected to occur with near unity 
radiative yield. This makes BP an interesting material for efficient infrared emitter 
devices like LEDs or lasers around .  �
Chapter 3. In this chapter, we studied charge carrier mobility and their decay 
dynamics in another two-dimensional material, tin disulfide (SnS2), which is an 
indirect semiconductor. We found that the mobility of charge carriers of type 1 is 

and of the opposite charges it is . The 
decrease of the mobility at higher temperature is typical for a band-like transport 
mechanism. Theoretical analysis of the charge carrier decay kinetics reveals that 
electron-hole recombination occurs by thermal promotion of electrons from the 
indirect to the direct band gap, followed by radiative recombination. Phonon 
assisted recombination via the indirect band gap is found to be negligible.  �
Chapter 4. In this chapter, we studied the mobility and decay dynamics of charge 
carriers in trigonal selenium (Se), which is a one-dimensional van der Waals 
material. The one-dimensional mobility of charge carriers along helical chains of 
Se in the trigonal phase is at least ca.  at room temperature, which 
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is promising for application in nanoelectronics. In addition, the fact that Se is a 
van der Waals solid offers prospects for large-scale production of isolated chains 
or bunches via liquid exfoliation.   �
Chapter 5. In this chapter, we studied mobility and charge carrier decay dynamics 
in one-dimensional tellurium (Te) van der Waals material. The mobility of 
charges in Te is thermally deactivated with a room temperature value of 

. Charges decay with near unity quantum yield via radiative 
recombination. Te, being a quasi one-dimensional van der Waals material, has a 
potential for in-depth studies of interesting  optoelectronic properties with isolated 
atomic chains. Such chains can in principle be obtained by liquid exfoliation, 
which offers possibilities for large-scale production. Furthermore, the appreciably 
high mobility, near unity radiative yield opens the potential for applications in 
nanoelectronics like as efficient far infrared detectors with high bandwidth or 
lasers with high efficiency. Further, far infrared imaging applications replacing 
micro bolometers may be of interest.  ��  

190 ± 20 cm2V−1s−1
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Samenvatting �
Dit proefschrift rapporteert studies aan effecten van temperatuur en dichtheid op 
de mobiliteit en recombinatiedynamica van ladingsdragers in laag-dimensionale 
van der Waals materialen.  
 
Hoofdstuk 2. In dit hoofdstuk hebben we de mobiliteit en vervaldynamica van 
ladingsdragers in tweedimensionaal zwart fosfor bestudeerd met behulp van een 
contactloze microgolfgeleidbaarheidstechniek. Door middel van theoretische 
analyses werd de importantie van radiatieve landingsrecombinatie en 
aanwezigheid van intrinsieke ladingsdragers bepaald. De som van de elektron en 
gat mobiliteiten zijn thermisch geactiveerd bij lage temperaturen als gevolg van 
verstrooiïng aan defecten. Na het bereiken van een maximale mobiliteit bij 250 K 
daalt deze tot ongeveer de helft van de maximumwaarde als gevolg van 
deformatiepotentiaalverstrooiïng. De snelheidscoëfficiënten voor tweede-orde 
radiatieve recombinatie en voor stralingsloze Shockey-Read-Hall recombinatie 
dalen met de temperatuur. Derde-orde Auger-recombinatie is verwaarloosbaar 
voor de bestudeerde dichtheden van elektron-gat paren. Voor dichtheden van 

 recombineert een grote fractie (78%) van de elektronen en gaten 
radiatief. Voor hogere ladingsdichtheden in de orde van  wordt 
verwacht dat elektron-gat recombinatie bijna 100% radiatief optreedt. Dit maakt 
zwarte fosfor een interessant materiaal voor efficiënte infrarood-emitter-
apparaten zoals LED's of lasers werkend bij een golflengte nabij . 
 
Hoofdstuk 3. In dit hoofdstuk hebben we de mobiliteit van ladingsdragers en hun 
vervaldynamiek bestudeerd in het tweedimensionale materiaal tindisulfide 
(SnS2), een indirecte halfgeleider. We vonden dat de mobiliteit van één van de 
ladingsdragers gelijk is aan �en van de tegengestelde ladingen 
is deze .�De afname van de mobiliteit bij hogere temperaturen 
is typisch voor een bandachtig transportmechanisme. Theoretische analyse van de 
vervalkinetiek van de ladingsdragers laat zien dat elektron-gat recombinatie 
plaatsvindt door thermische excitatie van elektronen van de indirecte naar de 
directe band gap, gevolgd door radiatieve recombinatie. De fonon-geassisteerde 
recombinatie via de indirecte band gap is te verwaarlozen. 
 
Hoofdstuk 4. In dit hoofdstuk hebben we de mobiliteit en vervaldynamica van 
ladingsdragers in trigonaal selenium (Se) bestudeerd. Dit is een ééndimensionaal 
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van der Waals materiaal. De ééndimensionale mobiliteit van ladingsdragers langs 
helische ketens van Se in de trigonale fase is minstens  bij 
kamertemperatuur, hetgeen veelbelovend is voor toepassing in nano-elektronica. 
Daarnaast biedt het feit dat Se een van der Waals material is, perspectieven voor 
grootschalige productie van geïsoleerde ketens of bundels via exfoliatie in een 
oplosmiddel. 
 
Hoofdstuk 5. In dit hoofdstuk hebben we de mobiliteit en de vervaldynamica van 
ladingdragers in het ééndimensionaal tellurium (Te) van der Waals materiaal 
bestudeerd. De mobiliteit van ladingen in Te is thermisch gedeactiveerd met een 
waarde van bij kamertemperatuur. Ladingsdragers vervallen 
met bijna 100% efficiëntie via radiatieve recombinatie. Een quasi-
ééndimensionaal van der Waals materiaal toont potentie voor diepgaande studies 
aan de opto-elektronische eigenschappen van geïsoleerde atomaire ketens. 
Dergelijke ketens kunnen in principe worden verkregen door exfoliatie in een 
oplosmiddel, hetgeen mogelijkheden biedt voor grootschalige productie. Verder 
biedt de aanzienlijk hoge mobiliteit en efficiënte radiatieve recombinatie 
mogelijkheden voor toepassingen in nano-elektronica, zoals efficiënte verre 
infrarooddetectoren met hoge bandbreedte of lasers met hoog rendement. 
Daarnaast kan Te interessant zijn voor verre infrarood 
beeldvormingstoepassingen ter vervanging van microbolometers.���� �
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