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Abstract 

 

We investigated the photoconductivity effect in 10 and 14 nm well thickness n-type PbTe/Pb1-

xEuxTe quantum wells, with x values of 0.12 and 0.1, for a temperature range of 300–10K using 

infrared light. Also, magnetotransport properties measurements are performed in 8, 10, 15, 20 and 

30 nm well width p-type PbTe/Pb0.9Eu0.1Te quantum wells, at magnetic fields up to 33 T and 

temperature varying from 0.35 to 300 K, under dark and illuminated condition. For the n-type PbTe 

quantum wells, the measurements revealed that at high temperatures, the photoresponse has small 

amplitude. As temperature decreases to T~75 K, the photoconductivity amplitude increases 

reaching a maximum value 10 times higher than the original value before illumination. From Hall 

measurements performed under dark and light conditions, we show that this effect is a result of 

carrier concentration increase under illumination. Unexpectedly, for further reduction of 

temperature, the amplitude starts to decrease again. The electrical resistance profiles indicate that 

the transport occurs through barriers and the well that behave as two parallel channels. For 

temperatures below 75K, transport is more effective in the quantum well, where the signal 

reduction can be associated with the electron-electron scattering due to the increase in the carrier 

concentration that occurs under illumination. We also used the random potential model to explain 

the origin of the persistent effect observed in the photoconductivity curves. We compare 

magnetotransport measurements in p-type PbTe/Pb0.9Eu0.1Te quantum wells with different widths: 

10, 15 and 20 nm, revealing clearly QHE and SdH oscillations, which evidences the two-dimension 

electron gas formation and the high quality of the samples. The 10 nm well width presented odd 

non-integer filling factors sequence (2.3; 3.4; 5.6; 6.9 and 8.8). The non-integer values may be 

associated to edge states, since that parallel conduction in the interface, between the barrier and 

well, was not enhanced or destroyed by illumination, although the carrier concentration was 

enhanced. Further investigations are necessary to clarify this effect and we consider the 

approximated integers 2; 4; 6; 7 and 9 calculated from experimental B values. For the 15 and 20 

nm QW thickness, the SdHO and QHE also appear, however, it reveals an even integer filling 

factors sequence. The 10 nm QW thickness odd sequence originated from the first sub-band Landau 

level spin splitting; according to the Fermi level compared to the longitudinal and transversal 

resistance together with the first longitudinal sub-band spin splitting simulation. This assumption 
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agrees with the FFT analysis that reveals the main frequency peak and two other ones, which may 

be the second harmonic spin splitting, up and down. The same FFT profile appears for the other 

two samples. Nevertheless, the 8 and 30 nm well width sample presented an insulator profile 

behavior and neither SdHO nor QHE were present. It is probably because the indium contacts do 

not diffuse through the PbTe layer well. 
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1. Introduction 

 

PbTe based quantum wells (QWs) have been widely used to fabricate infrared (IR) lasers, IR 

detectors, and thermo generators during the last decades [1-4]. Also, due to the large spin-orbit 

(SO) coupling interaction effect, PbTe based structures have emerged as potential candidates for 

spintronic based devices development [5-9]. In fact, Peres et al. (2014) [10] reported a large Rashba 

spin-orbit coupling effect in n-type PbTe quantum wells and Chitta et al. (2005) [11] showed a 

complex transport mechanism due to the multivalley band structure that leads to an unusual 

quantum Hall effect. Optical and electrical transport properties have been investigated in details 

over the years for PbTe compounds in order to fully describe the physical properties of this 

compound for potential applications. However, a topic that lacks investigation is the disorder effect 

on the physical properties PbTe based structure. This is important from the theoretical as well as 

from the practical point of view. For example, to develop high-performance sensors, it is mandatory 

to reduce the noise intensity and increase the electrical response. One way to reduce noise is 

increasing carrier concentration; this can be done by deviation from stoichiometry or doping. 

However, there is a limit since both processes generate disorder in the crystal lattice.  

Since there is a lack of information about p-type PbTe/PbEuTe QW electrical transport 

properties in the literature (until this investigation begin), the main goal of this work is to present 

a detailed description of magnetotransport and photoconductivity effect on PbTe QWs, 

investigating the Shubnikov-de Haas and Quantum Hall Effect at high magnetic fields and low 

temperatures, for a sample series with different PbTe layer thickness. The Shubnikov-de Haas 

effect can provide carrier concentration, Landé g factor, effective cyclotron masses, mobility gap, 

and Landau broadening. The Quantum Hall Effect provided the filling factor sequence, presenting 

the occupation of the subbands as a function of the applied magnetic field. In addition, we 

performed photoconductivity measurements in two n-type PbTe/PbEuTe:Bi QWs. The n-type QWs 

were well studied in the past few decades; however, some gaps concerning the doping effect on 

electrical transport needs to be filled. Photoconductivity measurements enabled the investigation 

of the effect of trap states on transport properties as a function of temperatures and to address the 

position of the trap level within the band structures.  
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This work is divided into five chapters. In Chapter 2 there is a literature review related to 

structures based on PbTe, PbEuTe alloys, and PbTe QW. Also, some important effects used to 

analyze the experimental data presented in Chapter 4 are discussed.  

In Chapter 3, the experimental setup used to obtain the data is presented along with the 

molecular beam epitaxy (MBE) technique, which was used to grow the samples. In this chapter, 

we discuss the MBE equipment and the growing procedure. Also, the setup used for the Hall, 

photoconductivity, magnetoresistance, and high magnetic fields measurements are explained. 

In chapter 4, the results for n and p-type QWs are presented. For n-type QW, an insulator 

character was observed at room temperature for R(T) curves, presenting small response under 

infrared (IR) light. A metallic behavior is observed for lower temperatures, showing a high 

photoresponse when the sample is irradiated. Also, the persistent photoconductivity (PPC) 

(discussed in section 2.2) was observed, which indicates that the disorder plays an important role 

in this kind of sample. Furthermore, a fast photoresponse was observed, which is a crucial 

characteristic for IR sensor devices application. We compare the results of 10 nm and 14 nm QW 

thickness, obtaining the same behavior which ensures the reproducibility of this work. These results 

are minutely discussed in section 4.1.  

In section 4.2 we discuss the results for p-type PbTe/Pb0.9Eu0.1Te samples. The QW thickness 

influence on the transport properties was first investigated in a series of QWs with a thickness of 

10 nm, 20 nm and 30 nm. The 10 nm QW thickness sample presents a metallic behavior for all 

temperature range (300 K - 1.9 K). The Shubnikov-de Hass oscillations (SdHO), as well as the 

Quantum Hall effect (QHE), manifest at temperatures lower than 50 K and for magnetic fields (B) 

values starting from 4 T. However, the 20 nm and 30 nm QW thickness present metallic and 

insulator behavior at different temperatures range, showing the barrier contribution for electrical 

transport. Also, for magnetic fields (B) up to 9 T, neither SdHO nor QHE are observed for these 

samples. Unlike the previous samples, the one with a thickness of 10 nm presents oscillations and 

QHE for B > 7 T.  

In Chapter 5, the results are summarized. For n-type samples, we verified that the contribution 

from each channel depends on the temperature region. Also, we have showed that the decrease in 

photoconductivity amplitude for temperatures below 75 K is due to the electron-electron scattering 
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enhanced by conduction via multiple valleys, which leads to a reduction of carrier mobility. For p-

type samples, the 10 nm thickness one presents the best results, showing metallic behavior for all 

temperature range, presenting clearly QHE and SdH oscillations starting at B = 4 T. We associated 

the odd filling factor (ff) sequence to the Landau level spin splitting that appears as two close 

frequencies which is in good agreement with the high g factor value obtained from the main 

oscillatory component of the magnetoresistance (MR). 
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2. Literature review 

 

In this chapter, the fundamental theory of electrical transport and photoconductivity properties 

based on PbTe compounds are presented. In addition, the recent results presented in the literature 

about these structures are discussed. The information provided in this chapter supports the analysis 

presented in the “Results and discussion” chapter. 

 

2.1. PbTe based structures 

 

Lead salt compounds present peculiar physical properties and have been investigated for at least 

50 years. The electrical, optical, thermal and mechanical properties were well established by many 

investigators [1, 12-19]. The advent of molecular beam epitaxy (MBE), since 1968, among other 

growth techniques, has allowed the growth of epitaxial films with high crystalline quality, thus, 

has enabled a better understanding of condensed matter physics. For the investigation of 

nanostructures, the sample quality is of great concern.  

In this work, we investigated, doped and undoped, PbTe quantum wells (QWs) structures, 

confined between insulating Pb1-xEuxTe barriers. The properties description of each material 

forming the single quantum well structure is given next. This description helps to analyze the data 

presented in Chapter 4. 

 

2.1.1. PbTe films 

 

Even though there is vast information on several PbTe properties in literature, in this section, 

only the relevant properties for our analysis are discussed.  
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PbTe belongs to the IV-VI group elements and is a direct-gap multivalley semiconductor with 

a Fermi surface consisting of four equivalent ellipsoids of revolution, around the axes <111>. There 

is one ellipsoid in the [111] direction and three others making an angle of 70.53o with this axis in 

the directions: [1̅11], [111̅] and [11̅1], Figure 2.1(c), with energy minima at the Brillouin zone L 

point (𝐿6
− − 𝐿6

+), Figure 2.1(a). The energy gap value is ~300 meV at room temperature and its 

crystalline structure is fcc type (NaCl type crystalline structure), Figure 2.1(b). 

 

Figure 2.1 (a) Band structure of PbTe. (b) Schematic illustration of the NaCl unit cell (rock-salt type, face-centered 

cubic structure, fcc) used to represent PbTe, where the big spheres represent the Pb and the small ones represent the 

Te. (c) Illustration of the revolution ellipsoids for PbTe, oriented in the directions [111], [1̅11], [11̅1] and [111̅] for 

the valence band in the first Brillouin zone. (d) Schematic representation of the constant energy ellipsoid (Fermi 

surface) in the [111] direction and the respective indication of the effective masses: longitudinal (𝑚𝑙) and transversal 

(𝑚𝑡).  

 

This unusual Fermi surface also leads to a high mass anisotropy, which is the relation between 

the longitudinal and transversal mass (𝑚𝑙 𝑚𝑡⁄ ), shown in Figure 2.1(d). The value found in the 

literature is ~10 for PbTe [20], a high value when compared, for example, with GaAs, which has 

anisotropy of ~5 [21].  
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Another important characteristic of PbTe is its large dielectric constant that reaches 𝜖~ 380 at 

room temperature and ~1400 at 4.2 K [19]. This huge value arises from the lattice contributions 

and leads to an effective screening against impurity scattering. This allows high carrier mobility 

values [22] that can reach up to 2 × 106 cm2/Vs [23]. 

As pointed out earlier in the introduction, the spin-orbit interaction is very strong in these 

materials. Due to strong Fermi surface anisotropy, longitudinal and transversal effective g-factor 

components appear and their values are found to be around 𝑔∥
∗~55 and 𝑔⊥

∗~25 [24] , respectively. 

The effective g-factor is defined in terms of the energy that spin contributes to the total electronic 

energy under a magnetic field: 

𝐸𝑛 = (𝑛 − 1)ℏ𝜔𝑐 ±
1

2
𝑔𝜇𝐵𝐵                                                  (2.1) 

This high g-factor value causes the twofold Kramers degeneracy of energy bands, splitting each 

level by two, as represented in Figure 2.2 [25]. 

 

 

Figure 2.2 Degeneracy of energy bands, showing the spin splitting due to high g factor.  

 

This quadruplet degeneracy can be broken by strain or two-dimensional confinement. This 

complex energetic structure induces non-trivial electrical transport. It was verified in n-type PbTe 

quantum well (QW) structure that the multiple valleys and a high electronic density allow the 

observation of an anomalous sequence of filling factors in the Integer Quantum Hall effect [11]. 
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For p-type QWs, there are no results in the literature so far concerning the investigation of the 

integer quantum Hall effect.  

For the majority of papers presented in the literature, structures based on PbTe are grown on 

BaF2 substrates. However, due to the strain arising from the lattice mismatch between the substrate 

and the film, the valley along the longitudinal axis oriented in the [111] direction is shifted down, 

suffering an energy reduction of about 5 meV, in relation to the other three oblique valleys [26]. 

As a consequence, for an n-type PbTe film, the three oblique valleys may undergo depopulation 

with electrons migrating to the longitudinal valley. In the case of p-type PbTe film, the opposite 

occurs, the holes migrate from the longitudinal valley to the obliques. However, for high carrier 

concentrations or high temperatures, all valleys will be occupied, i.e., when the Fermi level is 

higher than 5 meV.  

PbX (X = Te, Se, S) also have some advantages compared to other semiconductors. The n-type 

charge carriers can be controlled by doping with bismuth (Bi) and also by means of intentional 

deviations in the stoichiometry since metal and chalcogens vacancies and interstices act as donor 

and acceptor centers, respectively (Chapter 3). For p-type carriers, doping with thallium (Tl), BaF2 

or intrinsic doping, due to stoichiometry deviation, increases the p-type carrier density [27]. 

Therefore, as mentioned, the doping addition or stoichiometry deviation leads to disorder in the 

crystal lattice that gives rise to defect states in PbTe. Such disorder may lead to effects that alter 

the electrical properties and play an important role in the photoconductivity and magnetoresistance 

measurements, for example, persistent photoconductivity [28] and linear magnetoresistance [29], 

as discussed in Sections: 2.2 and 2.4, respectively. 

Theoretical studies predict that IV-VI compounds, such as PbTe, may exhibit the Spin Hall 

effect (discussed in Section 2.3) also due to spin-orbit coupling [30] [31] opening possibilities for 

future applications on spintronic-based devices [32] [33] [34]. It should be emphasized that 

epitaxial growth techniques are indispensable in the sample preparation for such measurements, 

since the low defect density, unique in these growth techniques, avoids undesired suppression of 

such effects.  
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2.1.2. PbEuTe alloys 

 

The introduction of Eu2+ atoms to form Pb1-xEuxTe alloy drastically changes the optical and 

electrical properties of this compound. One direct consequence is the increase of the energy gap 

allowing large energy tunability with a variation of Eu concentration. This allows these alloys to 

be applied for the development of light sensors that operate from infrared (IR) to visible region in 

the light spectra. Another drastic consequence of the introduction of Eu atoms in PbTe is the metal-

to-insulator transition (MIT) observed when Eu concentration varies between x=0.0 and x=1.0. The 

Eu atoms create disorder in the net decreasing the carrier mobility [35]. The transition that occurs 

due to disorder in the net is an Anderson type transition [36] and, for p-type films, this transition 

occurs around x=0.06 [35-37] and for n-type films it is around x=0.10 [26] as present in Figure 2.3. 

If the disorder is high enough, the carriers are no longer described by the free electron wave 

function and the carriers become localized leading to the metal-to-insulator transition. From the 

temperature dependence of the resistivity profile presented in Figure 2.3, it is possible to obtain the 

Eu concentration for which this transition occurs.  

 

 

Figure 2.3 Temperature dependence of the resistivity for Pb1-xEuxTe epitaxial layer, (a) for a p-type film showing the 

MIT at x~0.05 and (b) for an n-type film with MIT at x~0.1. Source: [26] [37]. 
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In Figure 2.3(a), for the p-type sample (x=0), the curve presents a metallic profile and the 

resistance drops as the temperature decreases. For x close to 0.06 curves start to change to an 

insulator behavior and the resistance increases as temperature decreases. The same changes occur 

in Figure 2.3(b). For the PbTe sample, the metallic behavior is present and for x values close to 0.1 

curves start to behave like an insulator. 

A system can present metallic or insulator behavior according to the values of the product of the 

Fermi wave vector 𝑘𝐹 and the electron mean free path 𝑙. According to the Boltzmann’s classical 

theory of conduction if 𝑘𝐹𝑙 ≫ 1 the system is metallic and if 𝑘𝐹𝑙 ≪ 1 the system should present 

an insulator behavior. If 𝑘𝐹𝑙~1 the system is a transition region [35] where both phases can coexist. 

The 𝑘𝐹 can be derived from the equation: 

𝑘𝐹 = (
3𝜋2𝑝

𝑁
)

1

3
                                                              (2.2) 

𝑁  is the number of valleys and 𝑝  is the carrier concentration. 𝑙  can be derived from the 

expression: 

𝑙 =
ℏ𝑘𝐹𝜇

𝑒
                                                                   (2.3) 

The carrier concentration (p) and electron mobility () can be obtained from Hall measurements 

that will be described in details later in the section. Figure 2.4 presents the 𝑘𝐹𝑙 product as a function 

of Eu concentration for p-type Pb1-xEuxTe samples, according to [38]. It is possible to see that for 

𝑘𝐹𝑙 ≫ 1 Eu content is 𝑥 < 0.05 and for 𝑘𝐹𝑙 ≪ 1 Eu content is 𝑥 > 0.05, which is in accordance 

to Figure 2.3(a). 

In the region of weak disorder, 𝑘𝐹𝑙 > 1 but not 𝑘𝐹𝑙 ≫ 1, the phenomenon of weak localization 

can occur, i.e., the disorder gives rise to the quantum interference between the partial carrier wave 

functions leading to a partial MIT. Weak localization manifests at low temperatures as an increase 

of the electrical resistance. In case of an application of a magnetic field, negative magnetoresistance 

takes place which indicates a delocalization of carriers when the magnetic field is applied. For the 

study presented in this work, this effect is important since it helps to probe the existence of spin-

orbit coupling effects. In the case of strong spin orbit-coupling, the weak localization is suppressed 

and the electrical resistance suffers a drop at some point at low temperatures, differently from the 
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asymptotic expected behavior. If a magnetic field is applied, a positive non-parabolic behavior is 

observed at low fields. Figure 2.5(a) presents the resistance of the p-type Pb1−xEuxTe epitaxial films 

for x varying from 0 up to 0.05, as a function of the temperature [35]. According to this figure, the 

system behaves like a metal for x values up to 0.04, i.e., the resistance decreases as the temperature 

is lowered. Figure 2.5(b) shows the magnetoresistance in the region of low magnetic fields. It is 

clear the presence of spin-orbit coupling effect for the sample with x=1%, 3% and 5%. Thus, the 

disorder can be useful to probe the existence of spin orbit (SO) effects. 

 

 

Figure 2.4 Present the 𝑘𝐹𝑙 relation in the function of Eu concentration for p-type Pb1-xEuxTe samples. Source: [38] 

 

Based on the MIT presented in this section, the Pb1-xEuxTe barriers are grown with x ~0.1 in 

order to guarantee that the electrical transport will occur mainly through the QWs. In the next 

section the main features of PbTe QWs are presented. 
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Figure 2.5 (a) Resistance in the function of temperature for Pb1-xEuxTe films with Eu concentration varying from x=0 

until x~0.05, presenting an exponential behavior for certainly x>0 values indicating the antilocalization effect. (b) 

Magnetoresistance measurements for x~0.01 until x=0.05 showing the positive magnetoresistance, the signature of 

the antilocalization effect, especially pronounced for x~0.03 film and the negative magnetoresistance, indicating the 

weak localization effect. Source: [35]. 

 

2.1.3. PbTe QWs 

 

The investigation on the transport properties of PbTe QWs has been carried out over the last 

decades. During this time, very interesting features were provided for the basic physics point of 

view as well as for potential applications. Laser diode devices are one of the first applications for 

PbTe QWs once this material has a small band gap in the midinfrared spectral range with a 

wavelength around 2.5 µm – 6 µm [39-41]. Ishida et al (1986) [39] studied PbTe/EuTe multiple 

quantum wells (MQWs) grown using the hot wall technique. They analyzed their structural 

properties by x-ray diffraction and measured the optical and magnetoresistance properties. An 

MQW laser was prepared to obtain a pulsed laser of 4.4 µm. The quality was not good due to the 

fluctuations of EuTe compositions and other imperfections resulting from the low-quality sample 

growth using hot wall technique. Partin et al. [41, 42] have grown a single PbTe QW diode laser 

using MBE technique and found that the signal tuned from 6.45µm at T~13K to 4.41 µm at T~174 

K and to 4.01 µm at T~241 K in the pulsed regime. Also, preliminary experiments showed that for 

a higher energy barrier, it was possible to achieve a temperature of operation of 260 K. This 
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demonstrates that the operating temperature depends on the height of the energy barriers. More 

recent works involving PbTe compounds are found in the literature involving laser diode devices 

with better quality samples and higher temperature of operation [2, 43]. 

PbTe QWs are also suitable for thermoelectric devices being among the best bulk thermoelectric 

materials in the temperature range of 500 K to 700 K [44, 45]. The MBE technique allows the 

manufacture of high-quality QWs samples with a lower thickness (down to 2 nm). Harman et al. 

[45] were the first ones to investigate the thermoelectric properties of PbTe/Pb1-xEuxTe MQWs 

growth over a BaF2 substrate using the MBE technique. They found an enhancement in the figure 

of merit (ZT) from 0.45 (for bulk PbTe) to 1.2 in the best QW. The figure of merit is a well-defined 

metric to evaluate thermoelectric materials given by  𝑍𝑇 = 𝑆2𝜎𝑇 𝜅⁄  [46], where 𝑆 is the seed back 

coefficient or thermoelectric sensitivity. It is a measure of the magnitude of an induced 

thermoelectric voltage in response to a temperature difference across the material. 𝜎 is the electric 

conductivity, 𝜅 is the thermal conductivity and T is the temperature. The enhancement is attributed 

to the large density of states per unit volume that occurs for small PbTe layer thickness. The 

investigative works about thermoelectric power devices applications for these materials remain 

active nowadays [47, 48]. 

Despite the device development interest, basic physics research also has a large potential in 

PbTe QWs. Integer quantum Hall effect (IQHE) and Shubnikov the Haas oscillations (SdHO) can 

be investigated, with great interest, once PbTe presents a non-conventional Fermi surface and large 

g factor. Springholz et al. (1993) [23] investigated the electronic properties of PbTe/Pb1-xEuxTe 

MQWs, regarding the Eu concentration in the structures. The results showed a decrease in the 

mobility of the Pb1-xEuxTe barriers with the increase of Eu content, indicating two-dimensional 

(2D) confinement of the carriers in the PbTe layer. This agrees with the discussion presented in the 

last section. For Eu concentration larger than x~0.047 the parallel conduction in the Pb1-xEuxTe is 

minimized, making possible to observe the IQHE and the SdHO (see Figure 2.6(a)). On the other 

hand, the non-zero minimum the SdH oscillations mean that remaining parallel conduction in the 

Pb1-xEuxTe layer still exists. This effect will be also present in some of the results presented in 

Chapter 4. 
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Figure 2.6 (a) Hall resistance (left scale) and longitudinal resistance (right scale) at 1.6K for PbTe/Pb1-xEuxTe MQW 

sample with x=0.047 as a function of the magnetic field applying a constant current of 100µA [23]. (b) Magnetic 

field dependence of the longitudinal resistance 𝑅𝑥𝑥 for increasing temperatures from 4 to 76K. Source: modified 

from [11]. 

 

One expects that if the Eu concentration in the barrier is increased, the parallel conduction 

should be reduced or suppressed. Chitta et al. (2005) [11] successfully investigated the IQHE in n-

type PbTe/Pb1-xEuxTe QWs, with Eu concentration around x=0.1 in the barriers. Figure 2.6(b) 

shows the zero plateau for longitudinal resistance at B~15 T, indicating that the carriers conduction 

is fully occurring in the PbTe layer. They also explained the unusual filling factor sequence 

obtained taking into account the electron transference between the longitudinal and oblique valleys. 

The large SO interaction mentioned before in PbTe is Rashba type, i.e., caused by the 

asymmetry of the QW or heterojunction. Peres et al. (2014) [10] presented an experimental 

investigation of the SO coupling effect in n-type PbTe/Pb1-xEuxTe QWs by means of weak 

antilocalization effect. Using the model developed by Hikami, Larkin, and Nagaoka (HLN) [49] 

the zero filed spin-splitting was derived. Also, it was verified that the electron-electron interaction 

is one of the main scattering mechanisms in n-type PbTe quantum wells [10]. In another 

experiment, using a high asymmetric PbTe QW, Jin et al. (2009) [50] also observed large Rashba 

spin-splitting. In that case, the QW was intentionally grown with asymmetric barriers in 

CdTe/PbTe/PbSrTe structure. 
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The PbTe/Pb1-xEuxTe QWs investigated in this work, present a rich system to investigate all the 

effects cited above. Besides, our samples are p-type, and we expect to observe new features in the 

experimental data. We also guarantee that barriers are insulating enough to ensure hole 

confinement in the QWs. The parameters to be determined after the detailed investigation of these 

nanostructures must provide additional information for the questions that are still open regarding 

the Anderson localization and the Integer Quantum Hall effect. One powerful tool used to 

investigate samples in this work is the photoconductivity effect, presented in the next section. 

 

2.2. Photoconductivity effect  

 

Photoconductivity (PC) is the effect in which the conductivity of a solid is modified under 

illumination. Full understanding of this effect is crucial for fabrication and improvement of light-

sensitive devices [51-53]. Moreover, photoconductivity measurements can provide important 

information about electrical properties as lifetime, mobility, charge carriers and impurity centers 

energy [54]. 

To understand the conductivity effect, it is necessary to know how electrons behave in 

semiconductor materials. In a solid, electrons can occupy many levels, frequently grouped as 

energy bands, but in a pure semiconductor crystal, the near Fermi level bands are called valence 

band (VB) and conduction band (CB), separated by a forbidden band, named energy gap (Eg) as 

shown in Figure 2.7. For an intrinsic semiconductor material, at T=0 K, the VB is fully occupied 

and CB is fully depleted. However, for a finite temperature, a considerable electron number (e-) 

can “jump” from VB to CB, leaving empty states at the VB. These states behave like quasiparticles 

and are designated as holes (h+). Therefore, the conduction can occur in VB by holes and in CB by 

electrons and the total electrical conductivity is the composition of both contributions (see Equation 

(2.4)). 



22 

 

Figure 2.7. Schematic illustration of allowed bands in a pure semiconductor crystal, valence band (VB), conduction 

band (CB), and the forbidden energy gap (Eg) band show including carrier behavior for T=0 K and finite values. 

 

The transition between the valence and conduction bands can be direct or indirect. The direct 

transition occurs when the top of the conduction band (Ec) and the bottom of the valence band (Ev) 

have the smallest gap in the same position of reciprocal lattice, as represented in Figure 2.8(a). The 

indirect transitions occur only assisted by phonons (ℏ𝜔𝑞) that transfer momentum to the electron 

while maintaining the conservation of the total momentum, as represented in Figure 2.8(b). Indirect 

transition is less likely than direct because it depends on the probability of an electron colliding 

with a compatible phonon. Some examples of indirect band gap semiconductors are Si, Ge and 

AlSb. 

Quantitatively, electrical conductivity can be determined by: 

𝜎0 = 𝑒(𝑛0𝜇𝑛0
+ 𝑝0𝜇𝑝0

)                                                        (2.4) 

where 𝑛0 and 𝑝0 are the electron and hole concentration, respectively, 𝜇𝑛0
 and 𝜇𝑝0

 are the electron 

and hole mobility and 𝑒 is the electron charge. 

Another way to promote an electron to the CB is by applying light. If the incident photon energy 

is equal to or greater than the Eg, the electrons in the VB can absorb a photon (ℏ𝜔) and be promoted 

to the CB. When this occurs, the conductivity varies according to: 

∆𝜎 = 𝜎𝐿 − 𝜎0                                                              (2.5) 



23 

where 𝜎𝐿 is the conductivity when the material is under illumination. 

 

 

Figure 2.8. Schematic illustration of photoconduction effect by (a) direct and (b) indirect transition (with the help of 

the network phonon). 

 

Assuming only one carrier type participating in the process, Equation 2.4 is reduced to 𝜎0 =

𝑒𝑛0𝜇0. Therefore, Equation 2.5 can be rewritten and expanded as: 

𝜎𝐿 = 𝜎0 + ∆𝜎 = 𝑒(𝑛0 + ∆𝑛)(𝜇0 + ∆𝜇) 

∆𝜎 = 𝑒(𝑛0 + ∆𝑛)(𝜇0 + ∆𝜇) − 𝑒𝑛0𝜇0 

∆𝜎 = 𝑒(𝑛0∆𝜇 + 𝜇0∆𝑛 + ∆𝑛∆𝜇) 

∆𝜎 = 𝑒𝜇0∆𝑛 + 𝑒∆𝜇(𝑛0 + ∆𝑛)                                         (2.6) 

Equation (2.6) shows that the conductivity variation under illumination may exhibit negative 

values, since it depends on the variation in the concentration and carrier mobility. For example, 

Tavares et al. (2017) [55] performed photoconductivity measurements using infrared LED on 

Pb0.66Sn0.44Te films in the 85 K to 300 K temperature range and observed negative 

photoconductivity (see Figure 2.9). The observed negative effect was attributed to the carriers that 

are trapped in the defect levels created by the disorder. In this case, the trapping mechanism plays 

an important role in the generation and recombination rates that are temperature sensitive.  
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Figure 2.9 Normalized time-dependent photoconductivity for Pb0.66Sn0.44Te film in the temperature range of 85–300 

K under illumination. Source: modified from [55] 

 

Another observable effect that can be caused by defects is the persistent photoconductivity 

(PPC) discussed in the next section. 

 

2.2.1. Persistent photoconductivity effect (PPC) 

 

The electron generation from the valence band (VB) to the conduction band (CB) is always 

followed by electron recombination from the CB to the VB. During the recombination process, 

however, carriers can be trapped by some potential barrier inside the band gap, caused by 

vacancies, interstices or impurities. When the carriers are trapped, the recombination time is longer 

when compared to a crystalline intrinsic sample, impurity free, and the recombination process can 

take long time periods to reach the ground state. This effect is known as persistent 

photoconductivity (PPC) and is an useful tool for investigating defect states in semiconductors. 

The persistence effect is well reported in the literature for different semiconductor materials as 
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materials based on PbTe [35, 36] and GaAs [56, 57]. Castro et al. [58] observed PPC, as shown in 

Figure 2.10, in p-type intrinsic PbTe and BaF2-doped PbTe at T~300 K. At t=0, the LED is turned 

on, increasing the carrier density participating in conduction. When the light is turned off (see 

arrows), a long tail appears on the resistance as a time function, indicating the PPC effect presence. 

Some mechanisms are proposed to explain the persistent effect. The most accepted are based on 

the existence of potential energy barriers that arise due to the surfaces, interfaces and impurities 

effects. These microscopic defects generate carrier trapping points, also called traps, slowing down 

the recombination process [59]. 

 

 

Figure 2.10 Photoconductivity normalized (σN) at t=0 under illumination by the blue LED for the undoped p-PbTe 

sample (open square) and p-PbTe:BaF2 (open circles) at T=300 K. The arrows indicate the lighting shutdown. Both 

samples exhibit PPC effect after switching off the light. Source: [58] 

 

The conductivity during the recombination process, when PPC is present in the system, exhibits 

an exponential decay profile, as in Figure 2.10, and can be described as [34]: 

𝜎 = 𝜎0𝑒𝑥𝑝 (
−𝑡

𝜏
)                                                          (2.7) 
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where 𝜏 is the recombination time and can be expressed as [60]: 

𝜏 = 𝜏0𝑒𝑥𝑝 (
∆𝜀

𝑘𝐵𝑇
)                                                         (2.8) 

where ∆𝜀 is the activation energy, which is the energy difference between the recombination center 

and the band edge. 

One can also study the PPC effect on semiconductors if a random potential modulates the energy 

bands, as represented in Figure 2.11 by the green line. Considering a semiconductor with random 

potential relief 𝑈(𝑟) [61], this random potential is characterized by percolation levels (𝐸𝑝) [62]. It 

is not easy to calculate the precise value of these percolation level. Fortunately for a 2D structure, 

it corresponds to the average value of the energy bands, in other words 𝐸𝑝
𝑒 ≡ 𝐸𝐶  and 𝐸𝑝

ℎ ≡ 𝐸𝑉, for 

p and n-type semiconductors respectively. For a 3D structures, the potential relief value is reduced 

[63].  

 

Figure 2.11 Figure 2.12 Schematic representation of the random potential in band energy. EC and EV are the 

conduction and valence band energy respectively; 𝐸𝑝
𝑒 and 𝐸𝑝

ℎ are the percolation energy for electron and hole 

respectively; EF is the Fermi energy; Eg is the energy gap; 𝐸𝑡 = 𝐸𝑝
𝑒 − 𝐸𝐹  is the potential barrier energy high due to 

trap level for n-type material; 𝛿𝑈 is the random potential amplitude and the cross-hatched area between Fermi level 

and the random potential are localized states. 
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Mathematically, Shik et al. [61] showed that the random potential leads to a trap with an energy 

barrier height 𝐸𝑡 given by: 

𝐸𝑡 =
𝑒2𝑁𝑡

2/3

𝜖𝑛0
1/3                                                                (2.9) 

where 𝜖 is the dielectric constant, 𝑛0 is the free carrier density and 𝑁𝑡 is the defect center density. 

𝑁𝑡 that can be extracted from linear magnetoresistance (LMR), which will be discussed in section 

2.4. 

Therefore, the PC effect can be used to obtain the energy depth of the impurity levels within the 

band gap and the recombination times as well. 

 

2.3. Hall effect 

 

Hall effect is an important tool to characterize materials, providing necessary information about 

electrical transport parameters, such as carrier concentration, carrier mobility, transport 

dimensionality, and spin effects. The Hall effect is separated into two different types: the classic 

Hall effect (CHE) and quantum Hall effect (QHE). In this section, we focus on the classical Hall 

Effect. 

The CHE is a phenomenon that occurs due to the carrier accumulation on the sample borders 

caused by the charge scattering induced by an applied magnetic field B. The distance between the 

two magnetic poles, called magnetic length ( 𝑙𝐵 ), in this case, corresponds to circular orbit 

performed by the carrier, which depends on the B intensity. As B increases, 𝑙𝐵 decreases to the 

point where the particle no longer collides with the material border. Instead, it will perform a 

circular movement in a x-y plane with angular frequency 𝜔𝑐, that causes a change in the curve 

profile from which is the signature of the quantum Hall effect (QHE). In this section, we will briefly 

describe the Hall effect, first the CHE and then the QHE. 
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2.3.1. Classic Hall effect 

 

The classical Hall effect can be derived from the Drude model. This model treats the solid as a 

fixed array of atoms in a free electron gas. In addition, the electrons do not interact with each other 

and are randomly scattered by the fixed atoms. In this model, the electron moves in a metallic 

material in the direction of an applied electric field (E). Figure 2.13 shows a representation of a 

metallic material under a magnetic field applied in the z-direction and an electric field applied in 

the x-direction. The sample dimensions are d, w, and l, and an electron current (I) is flowing in the 

x-direction. In this situation, the electron suffers the influence of the electric (FE) and magnetic 

(FB) forces. Initially, the electrical force is in the same direction as E, but due to the charge 

accumulation in the borders, the total electric field must be composed of two components such as 

�⃗� = �⃗� 𝑥𝑖̂ + �⃗� 𝑦𝑗̂. 

From Newton´s second law: 

𝐹𝐵
⃗⃗⃗⃗ + 𝐹𝐸

⃗⃗⃗⃗ +
𝑚�⃗� 

𝜏
= 𝑚

𝑑�⃗� 

𝑑𝑡
                                                       (2.10) 

where 𝑣  is the average velocity vector, 𝑚 is the carrier mass, 𝑡 is time and 𝜏 is the average time 

between collision. In the equilibrium, 
𝑑�⃗� 

𝑑𝑡
= 0 and since B is applied in the z direction and the 

electron is moving in the plane x-y, this equation can be written as: 

𝐸𝑥𝑖̂ + 𝐸𝑦𝑗̂ = (−
𝑚

𝑒𝜏
𝑣𝑥 − 𝑣𝑦𝐵) 𝑖̂ + (𝑣𝑥𝐵 −

𝑚

𝑒𝜏
𝑣𝑦) 𝑗̂                          (2.11) 

In matrix form it can be expressed as: 

(
𝐸𝑥

𝐸𝑦
) = (

−
𝑚

𝑒𝜏
−𝐵

𝐵 −
𝑚

𝑒𝜏

)(
𝑣𝑥

𝑣𝑦
)                                               (2.12) 
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Figure 2.13 Schematic illustration of a semiconductor or metallic material with dimensions d, w and l. An electric 

field applied in the x-direction, generating an electron current I in the x-direction. A magnetic field B is applied in 

the z-direction, generating a magnetic force (FB) in the y-direction, causing the carriers accumulated in the side of 

the material and appearing a Hall voltage (VH). 

 

From the relation 𝐽 = 𝑛𝑒�̅� , where 𝐽  is the current density vector and 𝑛  is the electron 

concentration: 

(
𝐽𝑥
𝐽𝑦

) = −𝑛𝑒 (
𝑣𝑥

𝑣𝑦
)    𝑜𝑟   (

𝑣𝑥

𝑣𝑦
) = −

1

𝑛𝑒
(
𝐽𝑥
𝐽𝑦

)                                   (2.13) 

using Equation 2.13 in 2.12: 

(
𝐸𝑥

𝐸𝑦
) = (

𝑚

𝑛𝑒2𝜏

𝐵

𝑛𝑒

−
𝐵

𝑛𝑒

𝑚

𝑛𝑒2𝜏

)(
𝐽𝑥
𝐽𝑦

)                                               (2.14) 

The current density is 𝐽 = 𝜎�⃑⃗� , σ is the electrical conductivity and 𝜌 = 1 𝜎⁄  is the electrical 

resistivity. To find the conductivity matrix, we use the matrix rule 𝜎 × 𝜎−1 = 𝐼0, where 𝐼0 is the 

identity matrix in the form 

(
𝑎 𝑏
𝑐 𝑑

)(

𝑚

𝑛𝑒2𝜏

𝐵

𝑛𝑒

−
𝐵

𝑛𝑒

𝑚

𝑛𝑒2𝜏

) = (
1 0
0 1

)  
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|
(𝑎

𝑚

𝑛𝑒2𝜏
−

𝑏𝐵

𝑛𝑒
) (

𝑏𝐵

𝑛𝑒
+ 𝑏

𝑚

𝑛𝑒2𝜏
)

(𝑐
𝑚

𝑛𝑒2𝜏
−

𝑑𝐵

𝑛𝑒
) (

𝑐𝐵

𝑛𝑒
+ 𝑑

𝑚

𝑛𝑒2𝜏
)
| = |

1 0
0 1

|                              (2.15) 

Solving Equation 2.15 we find the conductivity matrix: 

|
𝜎𝑥𝑥 𝜎𝑥𝑦

𝜎𝑦𝑥 𝜎𝑦𝑦
| =

𝑛𝑒2

𝑚
|
(

𝜏

1+𝜔𝑐
2𝜏2) (−

𝜔𝑐𝜏
2

1+𝜔𝑐
2𝜏2)

(
𝜔𝑐𝜏

2

1+𝜔𝑐
2𝜏2) (

𝜏

1+𝜔𝑐
2𝜏2)

|                                 (2.16) 

where 𝜔𝑐 is the cyclotron frequency. A classic electron under a magnetic field in the z direction 

and moving in the x-y plane will perform a circular trajectory with angular velocity: 

𝜔𝑐 =
𝑒𝐵

𝑚
                                                                 (2.17) 

𝐽 = 𝜎 �⃑⃗� in the matrix form: 

|
𝐽𝑥
𝐽𝑦

| = |
𝜎𝑥𝑥 𝜎𝑥𝑦

𝜎𝑦𝑥 𝜎𝑦𝑦
| |

𝐸𝑥

𝐸𝑦
|                                              (2.18) 

From equation 2.16 we assume that 𝜎𝑥𝑥 = 𝜎𝑦𝑦 and 𝜎𝑥𝑦 = −𝜎𝑦𝑥. Besides, at equilibrium 𝐽𝑦 = 0 

and 𝐽𝑥 = 𝐼𝑥 𝐴⁄ , where 𝐴 is the cross-sectional area of the surface where the current is flowing. 

From these considerations and solving the matrix in Equation 2.18 we obtain: 

𝜎𝑥𝑥𝐸𝑥 + 𝜎𝑥𝑦𝐸𝑦 = 𝐽𝑥
−𝜎𝑥𝑦𝐸𝑥 + 𝜎𝑦𝑦𝐸𝑦 = 0

  

Solving these systems for 𝐽𝑥: 

𝐽𝑥 = 𝐸𝑦 (
𝜎𝑥𝑥

2+𝜎𝑥𝑦
2

𝜎𝑥𝑦
)                                              (2.19) 

From 2.16 and 2.18 we have that 𝜎𝑥𝑦 = 𝜎𝑥𝑥𝜔𝑐𝜏, then: 

𝐽𝑥 = 𝐸𝑦
𝑛𝑒2

𝑚𝜔𝑐
                                                    (2.20) 

replacing 𝜔𝑐: 
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𝐸𝑦

𝐽𝑥
=

𝐵

𝑛𝑒
                                                            (2.21) 

Using Van der Pauw geometry it is possible to consider the cross-sectional area as a square, 

according to Figure 2.13, A=wd and replacing 𝐽𝑥 = 𝐼𝑥 𝑤. 𝑑⁄  and 𝐸𝑦 = 𝑉𝑦 𝑤⁄  we have: 

𝑉𝑦

𝐼𝑥
=

𝐵

𝑑𝑛𝑒
                                                         (2.22) 

That can be written as: 

𝑅𝑥𝑦 = 𝑅𝐻
𝐵

𝑑
                                                      (2.23) 

where 𝑅𝑥𝑦 is the Hall resistance and 𝑅𝐻 is the Hall factor. For a 2D structure, where the thickness 

is negligibly, it is given by: 

𝑅𝐻 =
1

𝑛𝑒
                                                       (2.24) 

According to Figure 2.14, where 𝑅𝑥𝑦 is plotted as a function of B, it is possible to obtain the 

carriers concentration from the slope, using the Equation 2.24. 

The electronic mobility (𝜇) of the carriers can also be extracted. From Equation 2.16 we have: 

𝜎𝑥𝑥 =
𝑛𝑒2

𝑚
(

𝜏

1+𝜔𝑐
2𝜏2)                                                      (2.25) 

When B=0, the cyclotron frequency is 𝜔𝑐 = 0. 𝜇 = 𝑒𝜏 𝑚⁄ , and 𝜌 = 1 𝜎⁄ , for a 2D material we 

have 𝑅𝑥𝑦 = 𝜌𝑥𝑦. Therefore for B=0: 

𝑅0 =
1

𝑛.𝑒.𝜇
                                                          (2.26) 

𝜇 =
1

𝑛𝑒𝑅0
=

𝑅𝐻

𝑅0
                                                       (2.27) 
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Figure 2.14 Hall resistance (Rxy) as a function of B for a 10 nm thick PbTe/Pb0.9Eu0.1Te QW. The red line is a linear 

fit to obtain the Hall factor in accordance with Equation 2.49. 

 

The classic analysis is valid for low values of B when the curve profile is linear. If B is increased 

and reach the limit 𝜏𝑖𝜔𝑐 > 1, the classic prediction fails. The curve profile can change, presenting 

some plateaus and entering in the quantum domain, where interesting effects happen. The QHE is 

treated in detail in the next section. 

 

2.3.2. Quantum Hall effect 

 

At low temperatures and high magnetic fields, the classic Hall effect, as mentioned, no longer 

describes the phenomenon observed. As B increases, the magnetic length (𝑙𝐵), given by Equation 

2.28, decreases until the particle makes a circular motion in the x-y plane. This causes a linear 

profile change in plotting the Rxy curve for the appearance of some plateaus, which characterizes 

the quantum Hall effect (QHE) domain. 

𝑙𝐵 = √
ℏ

𝑒𝐵
                                                          (2.28) 
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This effect was first observed by Von Klitzing in 1980 [64] and exhibit the profile shown in 

Figure 2.15, where Rxy and Rxx were measured for a GaAs/AlxGa1-xAs heterostructure. Both 

resistances presented interesting behavior. Resistance plateau appears for one interval B and then 

jump to another plateau. In addition, the resistivity in these plateaus is quantized. The effect on Rxx 

resistance is discussed in Section 2.4. 

 

 

Figure 2.15 Experimental curves for Hall resistance (𝑅𝑥𝑦 = 𝜌𝑥𝑦) and resistivity 𝜌𝑥𝑥~𝑅𝑥𝑥 of a heterostructure as a 

function of the magnetic field at a fixed carrier density corresponding to a gate voltage 𝑉𝑔 = 0 𝑉. The temperature is 

around 8mK. Source: [64]. 

 

To understand the QHE, first we solve the Schrödinger equation using the Landau-Gauge 

method. For a planar sample under an orthogonal and uniform magnetic field the Hamiltonian is: 

𝐻 =
(𝑝 −𝑞𝐴 )

2

2𝑚
                                                               (2.29) 

where 𝑞 is the charge and 𝐴  is the magnetic potential vector: 

�⃗� = ∇⃗⃗ × 𝐴                                                                  (2.30) 
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From Equation 2.29 we obtain the Schrodinger equation: 

(𝑝 −𝑞𝐴 )
2

2𝑚
𝜓 = 𝐸𝜓                                                           (2.31) 

1

2𝑚
(−𝑖ℏ∇⃗⃗ − 𝑞𝐴 )

2
𝜓 = 𝜓                                                   (2.32) 

Considering a uniform magnetic field in �̂� direction and choosing the potential vector as 𝐴 =

(0, 𝐵𝑥, 0) we can rewrite Equation 2.32 as: 

[−
ℏ2

2𝑚

𝑑2

𝑑𝑥2 +
1

2
𝑚𝜔𝑐

2 (𝑥 +
ℏ𝑘

𝑒𝐵
)
2

] 𝑢(𝑥) = 𝜀𝑢(𝑥)                                    (2.33) 

Equation 2.33 is the Schrödinger equation for the harmonic oscillator with a radius described 

by Equation 2.28. 𝑘 is wavelength and 𝑢(𝑥) is the random potential. The wave functions and their 

solutions for the electron movement in the x-y plane, when B is applied, are described by Equations 

2.34 and 2.35 respectively:  

𝜙𝑛𝑘(𝑥, 𝑦) ∝ 𝐻𝑛−1 (
𝑥−𝑥𝑘

𝑙𝐵
) 𝑒𝑥𝑝 [−

(𝑥−𝑥𝑘)2

2𝑙𝐵
2 ] 𝑒𝑥𝑝(𝑖𝑘𝑦)                              (2.34) 

𝜀𝑛𝑘 = (𝑛 +
1

2
) ℏ𝜔𝑐  (𝑖𝑛𝑑𝑒𝑝𝑒𝑛𝑑𝑒𝑛𝑡 𝑜𝑓 𝑘)                                       (2.35) 

 

where 𝑛 = 1, 2, 3, … are integers and 𝐻𝑛 are the Hermit polynomials. The solutions of Equation 

2.35 show that energy depends on 𝑛 instead of 𝑘, so the states with the same 𝑛, but different 𝑘 are 

degenerated as shown in Figure 2.16. 
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Figure 2.16 Energy levels degeneracy. Modified from [65]. 

 

For high magnetic fields, the 2D density of the states collapses giving rise to the delta functions 

𝛿, called Landau Levels (LL) shown in Figure 2.17(a) with energies values given by Equation 2.35. 

The number of states allowed in each LL per unit area considering the spin degeneration and 

the cyclotron energy (ℏωc) must be exactly the same number of states given by the classic 2D 

band model: 

𝑁𝐵 =
2𝑒𝐵

ℎ
=

2𝑚𝜔𝑐

2𝜋ℏ
=

𝑚

𝜋ℏ
ℏ𝜔𝑐                                                 (2.36) 

Equation 2.36 represents an ideal system, however, in real materials the disorder effect is always 

present, causing the electron scattering in a finite average time interval (𝜏𝑖). This time interval is 

called quantum lifetime and differs from a transport lifetime  (𝜏). In addition, the disorder effect 

causes a broadening (𝛤) of the LL delta functions. This enlargement is show in Figure 2.17(b) and 

is written as: 

𝛤 =
ℏ

𝜏𝑖
                                                                  (2.37) 

If the limit  ℏ𝜔𝑐 > 𝛤  is reached, the separation between LL increases promoting a greater 

enlargement of the delta functions and significant changes in the state density as shown in Figure 

2.17(c). This limit can be written as 𝜏𝑖𝜔𝑐 > 1 and is the limiting factor between classic (low fields) 

and quantum (high fields) Hall effect domain. 



36 

 

 

Figure 2.17 Density of states neglecting the spin effect. States that were continuous, concentrated in the Landau 

levels. (a) the ideal system, with the δ-functions. (b) A more realistic system when the Landau levels are broadening 

(𝛤) due to the disorder present in the material. (c) By raising B, the levels become more distinct if ℏ𝜔𝑐 > 𝛤, ou 

𝜏𝑖𝜔𝑐 > 1. Modified from: [66]. 

 

When the magnetic field increases beyond 𝜏𝑖𝜔𝑐 > 1, the separation ℏωc and the number of 

states supported by each LL increase. To keep constant the state density, the number of occupied 

LL (filling factors - 𝑣) must change as a function of B , as shown in Figure 2.17 according to: 

𝑣 =
𝑛2𝐷

𝑁𝐵
=

ℎ𝑛2𝐷

𝑒𝐵
= 2𝜋𝑙𝐵

2𝑛2𝐷                                                (2.38) 

𝑛2𝐷 is the carrier density in two dimensions. If 𝑣 is an integer, it is called the integer quantum Hall 

effect (IQHE). If 𝑣 is not an integer, it is called the fractional quantum Hall effect (FQHE). 
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Figure 2.18 Illustrative representation of Landau level occupation, neglecting the spin effect. Showing how the Fermi 

level changes to accommodate the electrons while maintaining the constant state density. a) B=2 e 𝑣 = 2. b) B=3 

𝑣 =
1

3
. c) B=4 𝑣 = 1. Source: modified from [66]. 

To observe the LL with good resolution, a high-quality sample is required and 𝑘𝐵𝑇 ≪  ℏωc, 

i.e., low temperatures and high magnetic fields are required. When these criteria are satisfied, LL 

separation causes the transversal resistance (𝑅𝑥𝑦) quantization according to Equation 2.39, and 𝑅𝑥𝑦 

shows plateaus, as shown in Figure 2.18 [64-66]. 

𝑅𝑥𝑦 =
ℎ

𝑒2

1

𝜐
                                                               (2.39) 

ℎ e2⁄  is the resistivity quantum also named as Von Klitzing constant, after Klaus von Klitzing, 

Nobel Prize winner for the IQHE discovery [64]. The magnetic field corresponding to the center 

of the plateaus can be calculated, according to Equation 2.23 and 2.24, (𝑅𝑥𝑦 = 𝐵 𝑛𝑒⁄ )  and 

Equation 2.39 we have: 

𝐵 =
𝑛ℎ

𝑒𝑣
                                                                (2.36) 
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Figure 2.19 Experimental curves of 𝑅𝑥𝑦 (full line) as a function of B for a n-type PbTe/Pb0,9Eu0,1Te QW at T~4.2 K. 

 

Magnetic field also affects the longitudinal resistance, Rxx, as show next in a classical and 

quantum limits. 

 

2.4. Magnetoresistance 

 

Magnetoresistance (MR) occurs in metals and semiconductor materials and is the change in 

electrical resistance under an applied magnetic field. For nonmagnetic materials, in low fields, the 

effect is small, but can become very large for high fields and low temperatures. In addition, MR 

can change the profile depending on the angle between B and the sample surface.  

The first theoretical treatment for this effect was by R. Gans in 1906 [67]. Since then much 

effort has been made to elucidate the different experimental MR results that appear. In this section, 

we will discuss the classic magnetoresistance (CMR), linear magnetoresistance (LMR) and the 

Shubnikov-de Haas (SdH) oscillations. 
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2.4.1. Classic Magnetoresistance 

 

The classic magnetoresistance presents a quadratic profile at low B and saturating at a constant 

value for higher fields. We can derive a mathematical relation applying the same initial Hall effect 

arguments from section 2.3, using Equation 2.19 and remembering that 𝐽 = 𝜎𝐸, we have: 

𝜎𝑥𝑦 =
𝜎𝑥𝑥

2+𝜎𝑥𝑦
2

𝜎𝑥𝑦
                                                    (2.41) 

𝜎𝑥𝑥 =
𝜎𝑥𝑥

2+𝜎𝑥𝑦
2

𝜎𝑥𝑥
                                                    (2.42) 

Consequently, as 𝜌 = 𝜎−1 we have: 

𝜌𝑥𝑦 =
𝜎𝑥𝑦

𝜎𝑥𝑥
2+𝜎𝑥𝑦

2                                                    (2.43) 

𝜌𝑥𝑥 =
𝜎𝑥𝑥

𝜎𝑥𝑥
2+𝜎𝑥𝑦

2                                                    (2.44) 

For low B the resistivity variation (∆𝜌) is low, so that 𝜌 → 𝜌0, where 𝜌0 is the resistivity at B=0. 

With this assumption and using the magnetoresistance definition, we have: 

∆𝜎

𝜎0
=

𝜎𝑥𝑥−𝜎0

𝜎0
=

1

𝜌𝑥𝑥
−

1

𝜌0
1

𝜌0

=
𝜌0−𝜌𝑥𝑥

𝜌𝑥𝑥
                                      (2.45) 

Since 𝜌 → 𝜌0: 

∆𝜎

𝜎0
=

𝜌0−𝜌𝑥𝑥

𝜌𝑥𝑥
=

𝜌0−𝜌𝑥𝑥

𝜌0
= −

∆𝜌

𝜌0
                                        (2.46) 

Using Equation 2.44 in 2.46 and 𝜔𝑐 = 𝑒𝐵 𝑚⁄ , we have: 

 

−
∆𝜌

𝜌0
=

𝑛𝑒2

𝑚
(

𝜏

1+𝜔𝑐
2𝜏2

)−
𝑛𝑒2

𝑚

𝑛𝑒2

𝑚
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−
∆𝜌

𝜌0
= (

1

1+
𝑒2𝐵2

𝑚2 𝜏2
) − 1                                                (2.47) 

A Equation 2.47 simulation is shown in Figure 2.19. The insert shows the exponential profile at 

low B. When B is raised, the profile changes and begins to saturate to high B. 

 

Figure 2.19 Rxx simulation curve as a B function according to Equation 2.47, the inset shows the exponential profile 

at low B. 

 

If we assume low values of B, the term 𝜔𝑐
2𝜏2 is very small and (2.47) can be expanded in the 

first order in Taylor series. Equation 2.47 can be rewritten as: 

−
∆𝜌

𝜌0
= (1 −

𝑒2𝜏2

𝑚2 𝐵2) − 1  

∆𝜌

𝜌0
=

𝑒2𝜏2

𝑚2
𝐵2                                                   (2.48) 

The electron mobility is = 𝑒𝜏 𝑚⁄  , so the above relation becomes: 

∆𝜌

𝜌0
= 𝜇2𝐵2                                                 (2.49) 

This means that for low magnetic field values, the curve presents a parabolic profile.  
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2.4.2. Shubnikov-de Haas Oscillations 

 

Figure 2.20(a) shows Rxx for a SnTe/BaF2 sample. The oscillation pattern that appears in Rxx, for 

B > 7.5 T, can be understood when we consider the Landau broadening of Equation 2.37 to 

calculate the state density (DOS). For a 2D semiconductor, it becomes [11]: [Figure 2.21(a) shows 

Rxx for a SnTe/BaF2 sample. The oscillation pattern that appears in Rxx, for B > 7.5 T, can be 

understood when we consider the Landau broadening of Equation 2.37 to calculate the state density 

(DOS). For a 2D semiconductor, it becomes 

𝐷𝑂𝑆(𝜀) =
𝑒𝐵

ℎ

1

Γ√2𝜋
𝑒𝑥𝑝 [

−(𝜀−𝜀𝑛)2

2Γ2 ]                                                (2.50) 

where 𝜀𝑛 is given by Equation 2.35. The Fermi energy, obtained from the DOS oscillation is show 

in Figure 2.20(b), where the LL energies for different quantum numbers, including spin-splitting, 

are simulated together with the Fermi energy represented by the blue line. 

 

Figure 2.20 (a) Longitudinal resistance Rxx measured at 4.2 K as a function of a perpendicular magnetic field B in the 

SnTe/BaF2 sample. For B< 7.5 T, the classic MR profile is present and for B>7.5 T Shubnikov-de Hass oscillations 

appear. Source: Modified from [68]. (b) Landau Level energy simulation of the 2D different quantum numbers, 

including spin splitting with increasing magnetic field. The big blue line is the Fermi energy, which represents the 

oscillations seen in measurements due to the change in the DOS. Source: Modified from Inge 

 

Therefore, from Equation 2.50 the oscillation of the DOS is justified. The oscillations 

reverberate and can be seen on the Rxx curve if the LL splitting is greater than the Landau 
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broadening. This condition is generally satisfied at low temperatures if 𝑘𝐵𝑇 ≪ ℏ𝜔𝑐  and high 

magnetic fields if 𝜏𝑖𝜔𝑐 > 1. Lifshitz and Kosevich [69] describe this behavior mathematically as: 

𝜌𝑥𝑥 ∝ 𝑅𝑇𝑅𝐷𝑅𝑆 sin (
2𝜋𝐹

𝐵
+ 𝜙)                                               (2.51) 

The Equation 2.51 first term, 𝑅𝑇, is the temperature dependent part, also called the damping term, 

given by: 

𝑅𝑇 = 𝐴0

𝛼𝑚∗𝑇

𝐵

sinh(𝛼𝑚∗𝑇

𝐵
)
                                                           (2.52) 

with 𝛼 = 2𝜋2𝑘𝐵 ℏ𝑒⁄ , where 𝐴0 is an adjustment constant that depends on the material;  𝑚∗ is the 

effective mass and 𝑘𝐵 the Boltzmann constant. The second, 𝑅𝐷, is the Dingle term, related to the 

finite quantum lifetime of the electrons and can be expressed as: 

𝑅𝐷 = 𝑒𝑥𝑝 (
𝜋2𝑘𝐵𝑚∗

𝜏𝑖𝑒𝐵
)                                                     (2.53) 

where 𝑅𝑆 is the term related to spin: 

𝑅𝑆 = cos (
𝜋𝑔𝑚∗

2𝑚0
)                                                        (2.54) 

where 𝑔 is the Landé factor and 𝑚0 is the rest mass.  

These four Equations (2.51; 2.52; 2.53 and 2.54) allow us obtain the fundamental frequencies 

of the oscillations, effective mass, quantum lifetime, Landau broadening (using Equation 2.37), g 

factor and the carrier concentration  that can be obtained, since: 

2𝜋(𝜈 + 𝛾) = 𝜋𝑘𝐹
2 ℏ

𝑒𝐵
                                                     (2.55) 

For two-dimensional electron gas: 

𝑛 = 𝑛2𝐷 =
𝑘𝐹

2

4𝜋
                                                             (2.56) 

where 𝑘𝐹 is the Fermi wave vector and 𝛾 is a phase shift that must be zero for normal fermions 

[70-73]. 
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In addition, it is possible to obtain information about the Fermi surface of the material. Since 

frequency depends only on the B perpendicular component and it is related to the extreme cross-

section (𝐴) of the Fermi surface by Onsager relation [74] expressed in Equation 2.57, 

𝐹 =
ℏ𝐴

2𝜋𝑒
                                                              (2.57) 

According to this relation, if the angle between the sample and applied B changes, the 

frequencies must change to anisotropic Fermi surfaces and remains constant for isotropic surfaces. 

In addition, a fundamental oscillation frequency can be obtained by replacing Equation 2.57 in 

2.55, since  𝐴 = 𝜋𝑘𝐹
2
 and considering normal fermions: 

𝜈 =
𝐹

𝐵
+ 𝛾                                                               (2.58) 

That is, if the filling factors are plotted as a function of 1/B, the frequency can be obtained directly 

from the slope of the curve. 

Moreover, from the SdH oscillations, it is possible to obtain the g factor value, provided that the 

Zeeman effect is sufficiently strong so that the separation can be observed in the Rxx oscillations. 

Taking the total electronic energy, considering the Landau level and the spin splitting: 

𝜀𝑛± = (𝑛 +
1

2
) ℏ𝜔𝑐 ±

1

2
𝑔𝜇𝐵𝐵                                               (2.59) 

where 𝜇𝐵 = 𝑒ℏ 2𝑚𝑜⁄  is the Bohr magneton. The SdH oscillation peaks must match with the Fermi 

energy (𝜀𝐹), crossing with solutions of Equation 2.59. For values of n and 1/B, when this happens, 

we have: 

1

𝐵𝑛+
=

1

𝜀𝐹
[(𝑛 +

1

2
)

ℏ𝑒

𝑚𝑐𝑦𝑐 +
1

2
𝑔

𝑒ℏ

2𝑚𝑜
]                                            (2.60) 

1

𝐵𝑛−
=

1

𝜀𝐹
[(𝑛 +

1

2
)

ℏ𝑒

𝑚𝑐𝑦𝑐 −
1

2
𝑔

𝑒ℏ

2𝑚𝑜
]                                            (2.61) 

1

𝐵(𝑛+1)+
=

1

𝜀𝐹
{[(𝑛 − 1) +

1

2
]

ℏ𝑒

𝑚𝑐𝑦𝑐
+

1

2
𝑔

𝑒ℏ

2𝑚𝑜
}                                 (2.62) 

From Equations 2.60, 2.61 and 2.62 we have: 
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1

𝐵𝑛+
−

1

𝐵𝑛−
=

1

𝜀𝐹
𝑔

𝑒ℏ

2𝑚𝑜
                                              (2.63) 

1

𝐵𝑛+
−

1

𝐵(𝑛+1)+
=

1

𝜀𝐹

ℏ𝑒

𝑚𝑐𝑦𝑐
                                            (2.64) 

Then, we obtain: 

(
1

𝐵
)
𝑛+

(
1

𝐵
)
𝑛−

(
1

𝐵
)
𝑛+

(
1

𝐵
)
(𝑛+1)+

=
𝑚𝑐𝑦𝑐𝑔

2𝑚
                                           (2.65) 

For sufficiently high magnetic fields, the Landau level spin splitting can be attributed directly, 

since the Rxx peaks begin to separate in two different peaks. The correct association of these peaks, 

with the spin up and down levels, is required. Figure 2.21 shows the association made by Burke at 

al. [75] for a p-type PbTe film. 

 

Figure 2. 21 Normalized oscillatory components of the resistivity versus 1/H (H is the magnetic field). The doubling 

of the peaks is due to the Landau level spin splitting. Source: modified from [75] 

 

The effects described in this chapter will support the analysis of experimental data presented in 

Chapter 4. 
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2.4.3. Linear Magnetoresistance 

 

Another interesting and unusual MR is the appearance of a linear profile, rather than the classic 

behavior discussed in Section 2.4.1. This linear magnetoresistance (LMR) has attracted the 

scientific community attention due to the potential application in magnetosensor devices, that can 

be used in the development of recording heads, magnetic storage devices, magnetic position, speed 

sensors and magnetic levitating train [76] [77]. The LMR behavior was first reported by Kaptiza 

in 1928 [78], where he describes a device to create a pulsed magnetic field up to 32 T (huge advance 

for that period). The measurements were performed in a polycrystalline Bi sample which, to his 

surprise, presented a linear behavior for the whole B range. It was only in 1959 that Lifshitz and 

Perschanskii [79] developed a theory after publishing a series of articles on galvanomagnetic 

phenomena (GMP) in a strong magnetic field. They showed that in cases where the metal samples 

have open Fermi surfaces, the polycrystalline material would present LMR in magnetic field [79]. 

This LMR classic theory is called LP (Lifshitz and Perschanskii) theory. However, the Bi sample 

measured by Kaptiza does not have an open Fermi surface, so the LP theory is not applied, and the 

mystery remains. 

Later, in 1969, Abrikosov [80] constructed a mathematical theory on GMP in metals, using 

Landau’s quantization of the electron motion in a magnetic field (discussed in Section 2.3). In the 

Abrikosov’s theory, he considers the extreme case, where all the electrons are only at the lowest 

Landau level, if the resistance varies linearly with the magnetic field. His theory has two 

conditions: 

𝑛 ≪ (
𝑒𝐵

ℏ
)
3

2⁄

 𝑎𝑛𝑑, 𝑇 ≪
𝑒ℏ𝐵

𝑚𝑐𝑦𝑐
                                                (2.66) 

where 𝑚𝑐𝑦𝑐 is the cyclotron effective mass. The first condition in Equation 2.66 requires the lowest 

Landau level to participate in the conduction mechanism and the second requires the temperature 

to be less than the band splitting. Both conditions are satisfied in the Kaptiza experiment. This is 

called Abrikosov quantum linear magnetoresistance (QLMR) theory, and states that the magnetic 

field and resistivity temperature dependence are given by: 
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𝜌(𝐵,𝑇)−𝜌(0,𝑇)

𝜌(0,𝑇)
=

 𝑁𝑡𝐵

𝜋𝑛2𝑒𝜌(0,𝑇)
                                                          (2.67) 

where 𝜌(𝐵, 𝑇) is the resistivity as a function of the temperature and the magnetic field, 𝜌(0, 𝑇) is 

the resistivity value at B=0,  𝑁𝑡 is the impurity density (defect center density) and 𝑛 is the carrier 

density. 

However, the samples investigated in this work are monocrystals, so these theories discussed 

above are not applicable. Nevertheless, in 1997, R. Xu et al. [81] published the LMR discovery in 

slightly non-stoichiometric silver chalcogenides sample, for B up to 5.5 T and for temperatures 

ranging from 4.5 to 300 K. Recent work shows that the linear profile persists for B up to 55 T [82]. 

At lower temperature, these materials are intrinsic semiconductors with a narrow direct gap. There 

is no way to explain this behavior in a homogenous material. Abrikosov [83] proposes two 

mechanisms to explain this discovery. First, real samples contain inhomogeneity, which can lead 

to small regions with high and small carrier concentration. In the lower concentration regions, the 

extreme quantum conditions for QLMR theory occur. Second, the disorder present in the sample 

causes the bands to overlap, transforming the narrow gap semiconductor into a gapless 

semiconductor with quasi-linear band structure [84]. Although there is no direct observation of this 

gapless state, it has been mathematically proven [80] and the QLMR theory has been applied 

successfully in recent works [29] [36] [85].  

The effect discussed in this section can be used to experimentally obtain the impurity density 

according to Equation 2.66 and with this value it is possible to calculate the energy depth of the 

impurity levels within the band gap, according to Equation 2.9 from the PC effect. 
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3. Experimental setup 

 

In this chapter, we describe the experimental set up used to perform the growth and 

measurements of samples investigated in this study. We present the MBE growth technique, which 

assures the high crystalline quality of samples. Also, the photoconductivity and magnetoresistance 

configurations are described in details. 

 

3.1. Molecular beam epitaxy (MBE) 

 

In this study, the samples were grown by Molecular Beam Epitaxy (MBE) which is a 

monocrystalline thin film deposition technique. This technique presents a very good cost/benefit 

relation, providing good crystalline quality samples and has high reproducibility. Furthermore, this 

technique ensures accurate atomic scale control of the deposition layers width and doping 

concentration [86].  

The growing process in the MBE technique starts with the heating of solids sources, releasing a 

particle beam that reaches a hot substrate surface. Briefly, the growth process by the MBE 

technique consists of the vaporization, in general, of solid charge sources, by means of resistive 

heating. A molecular beam resulting from this action emanates from the sources directly to the 

heated surface of a substrate. This process occurs in an ultrahigh vacuum (UHV) chamber which 

ensures that the mean free paths of the vaporized species are much larger than the distances between 

sources and substrate. Furthermore, the epitaxial process occurs outside the thermodynamic 

equilibrium, since both the substrate and the source's temperature are different. In this way, it is 

possible to compensate for the differences between the sticking coefficient of the chemical 

compounds and the vapor pressure values of the deposited materials. In addition, it allows precise 

control of the thickness, composition and doping level of the epitaxial layers [87]. 

The samples investigated in this study were epitaxially grown in an MBE system, Riber 32P, 

located in the Sensor and Material Associated Laboratory (LABAS) of the National Institute for 
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Space Research (INPE). This equipment is exclusively dedicated to IV-VI and V-VI compounds 

[87].  

Before starting the epitaxial layer growth, the substrate is chosen to meet the best possible 

adjustment of its parameters, that is, the lattice constant and coefficient of thermal expansion, with 

those of the layer. For example, for structures based on IV-VI compounds, barium fluoride, BaF2, 

single-orientation volumetric crystal (111), is the best substrate choice. Therefore, in this work, 

synthetic monocrystals, produced by Korth Kristalle GmbH [88, 89], oriented and cut into regular 

prism shape and, as mentioned, with a cross-section in the plane (111) and a 15x15mm area, were 

used as a substrate. In the beginning, during the preparation process, thin BaF2 slices, with a 

thickness of less than 1mm, are separated from the crystalline bar by cleavage. These freshly 

cleaved slices are, then, chosen by visual inspection, taking into account the better surface 

morphological appearance, i.e., wherever possible, with a reduced surface defect density, for 

example, low-angle tilt boundaries and restricted density of cleavage steps. Thereafter, these slices 

are attached, by the superficial tension of gallium-indium, Ga-In, liquid solution in a molybdenum 

holder and this assembly is then taken to the system loading chamber, Figure 3.1, label 1, where a 

schematic illustration is shown, from the top view, of MBE system, Riber 32P. As shown, this 

MBE system is composed of three chambers: in addition to the mentioned loading chamber, there 

is also a preparation chamber, Figure 3.1, label 2, and a main chamber or growth chamber, Figure 

3.1, label 3, where the epitaxial process actually occurs. The preparation chamber is intended for 

substrate degassing and/or annealing process up to 700° C, under UHV condition created by ionic 

pumping. This chamber is isolated from the other chambers by manually operated UHV gate 

valves; the transfer of the sample holder between the chambers is done by magnetically coupled 

slide rods, Figure 3.1, labels, 1a and 2a. After the degassing, the substrate is taken into the growth 

chamber, Figure 3.1, label 3. In this location, the sample holder is coupled to a mechanical 

manipulator, Figure 3.2, which allows adjusting the angle between the molecular beam and the 

sample plane as well as rotating it around its axis. In addition, the substrate remains surrounded by 

a cryogenic panel built with a double hollow wall, which during growth is kept filled with liquid 

nitrogen to act as a cryogenic trap for the residual vapors. A second liquid nitrogen circuit involves 

the sources, shown in Figure 3.2, providing thermal insulation between them. Along with the 

cryogenic action, the UHV condition in this chamber is also aided by the simultaneous operation 

of two different types of pumping systems, ion vacuum pump and titanium (Ti) sublimation pump. 
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In the growth chamber, before the film deposition process, the substrate surface receives a 

thermal cleaning treatment at 300° C, for 10 minutes, and then the deposition procedure begins. 

[90]. 

 

Figure 3.1 Top view schematic illustration of MBE, Riber 32P system, where the label (1) refers to the loading 

chamber, (2) to the preparation chamber and (3) to the growth chamber. Transfer of the sample holder between the 

chambers is carried out manually by means of magnetically coupled slide rods, labeled by (1a) and (2a); while (3a) 

shows the location of the RHEED electron gun. Source: modified from [91]. 

 

The Riber 32P MBE growth chamber has eight independent sources, each equipped with a 

mechanical shutter which interrupts the molecular beam, at up to 0.2 s intervals, accessed manually 

or remotely. In addition, there is also a central shutter that simultaneously blocks the gaseous flow 

from all sources. Substrate and source temperatures are set by computerized PID controllers and 

can be stabilized around the reference value with variations of ± 0.1° C [88]. In the manipulator, 

as mentioned, the sample holder can be rotated at angular velocities from 8 rpm, ensuring greater 

homogeneity and uniformity of the film. Vaporized flux calibration from the sources is performed 

through a nude Bayard-Alpert type hot cathode ionization vacuum gauge [92] which can be moved 

to the position previously occupied by the sample holder, Figure 3.2. This operation is simple, by 

construction; the manipulator allows to expose to the molecular beam or to protect from it, 

alternatively, either the substrate or the meter. Strictly speaking, these measurements refer to the 
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pressure variation in the meter, when it is exposed or not to the molecular beam. This property is 

due to the direct relationship between the two quantities: flux rate (number of molecules impinging 

on unit area per unit time) and pressure. For this reason, this measurement is sometimes called 

beam equivalent pressure (BEP). 

 

Figure 3.2 Schematic illustration of the MBE, Riber 32P, growing chamber, highlighting the sources, RHEED 

surface analysis technique (RHEED electron gun and fluorescent, phosphor coated, screen), cryogenic chambers and 

other parts, indicated by the red arrows. Source: modified from [87].  

 

Due to the compatibility of the surface analysis technique by reflection high-energy electron 

diffraction (RHEED) with MBE, it has become useful to monitor in situ and real-time, thin film 

growth processes, as shown in Figure 3.2. In the RHEED technique brief description: an incident 

electron beam, generated by a hot filament cathode, referred to as an electron gun, is accelerated 

and collimated towards the sample surface through a system mounted by grids and multiple 

magnetic lenses. The energy of the electron beam typically ranges from 10 to 50 KeV, depending 

on the electron gun characteristics. At the sample surface, the beam is directed at small angles, 

below 5 °, so that its penetration occurs only in the outermost atomic layers, close to the surface, 

where it undergoes scattering. The diffracted beam, which emerges from the sample, is then 

reflected in the above-mentioned fluorescent screen, forming diffraction patterns. Due to the 

surface two-dimensionality, the reciprocal lattice degenerates into a column lattice, that is, the 
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points of the reciprocal lattice are transformed into a column lattice, parallel to each other in the 

normal direction of the surface which diffracts the beam, and the diffracted point patterns, reflected 

in the fluorescent screen, can be understood as the intersection of these columns with the surface 

of the Ewald sphere, determined by the wave vector of the incident electrons [93, 94]. By way of 

illustration, Figure 3.3 shows typical RHEED diffraction patterns related to the equivalent 

direction's family <110> based on the variation of the azimuth angle relative to the electron beam 

direction, along with the different steps of the epitaxial deposition process of compounds IV-VI on 

BaF2 substrate. In particular, the images report some sequential steps of a 8 nm thick, p-PbTe single 

quantum well preparation, sandwiched between two Pb0.9Eu0.1Te thick layers, with 2 μm, in this 

case, accommodated as barriers. However, the layer directly deposited on BaF2 is also intended to 

serve as a buffer layer to reduce the difference between the PbTe and BaF2 lattice parameters, 

𝛥𝑎 =  4.1 %, aware of the known similarity of the thermal expansion coefficient of the mentioned 

compounds. In the structural stacking order, Figure 3.3 (a) shows a typical diffraction pattern of a 

flat monocrystalline surface, whose crystalline quality is confirmed by the presence of Kikuchi 

lines, visualized in the image as tenuous diagonal lines. They originate from Bragg electron 

reflections, scattered inelastically, by the diffuse thermal effect of the incident beam on the 

crystalline planes, for example, due to the all atoms thermal vibration [95, 96]. Also, along the 

Kikuchi lines, two distinct points are observed: the one with the highest luminous intensity refers 

to the incident electron beam specular reflection diffraction, and the other, located higher up in the 

figure, refers to the diffraction by transmission, also referred to as a direct beam. Finally, the zero 

order Laue Zone [97], where the diffraction points are shown elongated, in the form of vertical, 

parallel stripes, with intensity and discontinuous thicknesses. The presence of these stripes, rather 

than well-defined diffraction points with intense brightness, typical in the pattern diffracted by flat 

monocrystalline surfaces with a high degree of perfection. When an electron beam with low 

dispersion in energy focuses on them, is based on the fact that the pristine surface of the BaF2 slice, 

although flat, exhibit undesirable cleavage step sequences along the disruption plane, originating 

in the cleavage process, whose plane family <111> is linked to the octahedral shape. The image, 

shown in Figure 3.3 (b), records an immediate instant after the beginning of the Pb0.9Eu0,1Te 

compound deposition, which occurs in a pseudomorphic growth regime, that is, the epitaxial layer 

is laterally tensioned by compressive force, seeking to align with the BaF2 lattice, whose lattice 

parameter is smaller than that of the compound Pb0.9Eu0.1Te. In this case, the Pb0.9Eu0.1Te lattice 
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parameter is larger than BaF2 and, so, the distance between the stripes is closer. Because of that, in 

the reciprocal space the diffraction point spacing is inversely proportional to the distance in real 

space and, therefore, the diffraction pattern in Figure 3.3 (b), has a higher stripe density compared 

to the previous one. It is worth noting that the growth mode, at the beginning of Pb0.9Eu0.1Te 

deposition on BaF2 can be adjusted by varying the ratio Eu to Te2 at the beam flow, according to 

the source temperatures. That is, at an early stage, growth can occur in islands, as discussed in the 

next section, and, therefore, a typical diffraction pattern, by transmission across the Pb0.9Eu0.1Te 

islands, is displayed on the RHEED screen. However, as the deposition proceeds, with a few tens 

of nanometers, the islands coalesce, and the last dot pattern is gradually replaced by a typical flat 

surface pattern with some roughness, for example, as shown in Figure 3.3 (c). Otherwise, the layer-

by-layer growth mode can be established from the beginning, as shown in Figure 3.3 (b). At the 

end of this step, the main shutter closes, blocking the vapor flow on the sample surface. As 

expected, after 3 h; 26 min of growth, with the deposition rate of 1.62 Å/s, we have an epitaxial 

film, with a thickness of 2 μm, relaxed of the strain induced at the Pb0.9Eu0,1Te/ BaF2 interface, due 

to the elastic potential energy stored during the Pb0.9 Eu0,1 Te film thickening. This assertion is 

confirmed by the presence of finer and well-defined stripes, exhibited in the diffraction pattern in 

Figure 3.3 (c). However, this image quality degrades in the next step, Figure 3.3 (d), i.e. at the time 

of the main shutter reopening, for the p-PbTe quantum well deposition. In this case, in particular, 

the deposition occurred in the time of 1 min and 1 s which, with the growth rate of 0.131 nm / s, 

corresponds to the tensioned epitaxial film stacking, with 8 nm thickness. Therefore, by comparison 

with the previous diffraction pattern, the stripe thickening becomes evident. In addition to the 

degradation in the stripe definition, also the distance between them is a little bit bigger than in 

Figure 3.3 (c), although it is almost imperceptible because of the similarity between the 

heterojunction lattice parameters, as was intentionally thought. For the same reason, the beginning 

of the Pb0.9Eu0,1Te barrier deposition on the, previously deposited, PbTe epitaxial film presents a 

diffraction pattern with stripes more intense and better defined, Fig. 3.3 (e), in relation to Figure 

3.3 (b), when deposition occurred on BaF2. As expected, the film surface epitaxial quality improves 

gradually with the barrier thickening, which, similar to the Pb0.9Eu0.1Te intermediate layer, or 

buffer layer, after 3 h and 26 min, reached 2 μm and, thus, the sample structure growth was 

concluded. Finally, undoubtedly, the diffraction pattern, shown in Figure 3.3 (f), among those 

shown in the same figure, reports the best image quality due to the high epitaxial organization. 
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Figure 3.3. RHEED patterns related to the stacking sequence of a p-PbTe single quantum well structure grown 

between Pb0.9Eu0.1Te layers, ID-(17041): (a) BaF2 pristine surface, applied as a substrate, from reference [98] (b) 

Pb0.9Eu0.1Te buffer layer at the growth beginning; (c) Pb0.9Eu0.1Te buffer layer at the growth end; (d) p-PbTe single 

quantum well layer growth; (e) Pb0.9Eu0.1Te barrier layer at the growth beginning; f) Pb0.9Eu0.1Te barrier layer at the 

growth end. 

 

In short, as mentioned, the epitaxial growth process by MBE occurs through the interaction of 

a gaseous phase in direct contact with the organized surface of a heated monocrystal, and then 

referred to as the substrate. This interaction involves physical-chemical mechanisms that may result 

in the adherence of the vaporized material molecules in different initial modes of deposition, as 

discussed in the next section.  
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3.1.1. Crystallization processes 

 

During the epitaxial deposition, there are physical and chemical processes that can change 

significantly the properties of the grown film. Some of these mechanisms are shown in Figure 3.4 

[86, 99]:  

 Atom or molecule adsorption on the substrate surface; 

 Atom or molecule thermal desorption that does not adhere to the film; 

 Migration or dissociation of the adsorbed molecules; 

 Atom incorporation into the crystalline lattice or to the growing film. 

 

 

Figure 3.4. Schematic Illustration of some surface process that can occur during the epitaxial deposition. Source: 

modified from [99]. 

 

At the initial stage, vapor phase epitaxial deposition can present at least three distinct modes 

depend mainly on the lattice parameter difference of the materials involved and their surface free-

energy [86, 100]. These deposition modes, in essence, are shown in Figure 3.5 and are 

distinguished, according to the epitaxial film surface morphological aspect, as two-dimensional 
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growth mode, case (a); three-dimensional, case (b); or an intermediate condition of these two 

modes, case (c): 

I. Frank-van der Merwe mode, Figure 3.5(a), grows one layer after another, also known as 

a layer-by-layer mode; in this mode, the molecules integrated to the surface are more 

strongly bonded to the substrate than to each other. Therefore, the first molecules 

incorporated into the crystal lattice form a complete monolayer on the surface. This 

newly formed monolayer is, in turn, covered by another monolayer, and so on; 

II. Volmer-Weber growth mode, Figure 3.5(b), small three-dimensional clusters, which 

become islands of aggregates, form on the substrate surface, or sample. These islands 

grow independent of each other until they coalesce and form a single layer with 

monolayer dozens. This occurs when the binding force between the molecules is stronger 

than between the vaporized material and the substrate The island volumetric aspect, 

whose height greatly exceeds the thickness of a monolayer, gives rise to the 

denomination of the mode of "island growth", or three-dimensional; 

III. Stranski-Krastanov mode Figure 3.5(c), consists of the epitaxial film initially deposited 

in layer-by-layer mode and then in island mode. That is, this deposition mode stands out 

because it does not favor subsequent layer growth in the Frank-van der Merwe mode 

after elastic potential energy relaxation accommodated in the first stressed monolayers. 

In other words, even if the previously deposited layer is flat, the surface gradually 

becomes rough and deposition in island mode is established as the thickness increases. 

As mentioned, the spontaneous shift from the Frank-van der Merwe mode to Volmer-

Weber mode is because of the high deformation degree existing between the epitaxial 

film and the substrate, caused by the difference between its lattice parameters.  

It may be noticed that if the epitaxial growth occurs by any of the latter two modes, the surface 

will be rough with lower crystalline quality relative to the Frank-van der Merwe mode. However, 

it should be borne in mind that all growth modes are essential, each dedicated to the sample-specific 

preparation. 
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Figure 3.5. Different growth modes of epitaxial layers: (a) Frank-van der Merwe ;(b) Volmer-Weber growth and (c) 

Stranski-Krastanov. Source: modified from [87]. 

 

3.1.2. Sample growth data 

 

As alluded to earlier, the sample epitaxial films were grown in MBE system, Riber 32P, on 

freshly cleaved BaF2 (111) substrates, whose temperature was set at 240º C and no annealing 

periods were used. Initially, two n-PbTe/n-Pb1-xEuxTe:Bi (0.06 – 0.08%) QWs, with PbTe well 

width ranging from 10 to 14 nm, were grown between symmetric doped Pb1-xEuxTe:Bi layers, 30 

nm thick, on Pb1-xEuxTe buffer layer, 2,4 and 2,7 µm thick, respectively, according to the schematic 

representation shown in Figure 3.6 (a). The PbTe/Pb1-xEuxTe system is particularly suited for the 

quantum well manufacture consisting of a narrow gap well combinations and wide gap barrier, 

since the Pb1-xEuxTe energy gap increases steeply with Eu content (𝑥), which, in this case, ranges 

from 12 % to 10% for the 10 nm and 14 nm thick QW, respectively. Buffer and barriers were grown 

from the simultaneous sublimation of PbTe and Eu source, apart from Te offer and, consequently, 

𝑥 corresponds to the nominal film concentration, which, as mentioned (Section 3.1), is obtained by 

the material source beam equivalent pressure (BEP),                     𝑥 =
BEP(Eu)

BEP(Eu)+BEP(PbTe)
 . Just to 

keep in mind, the BEP measurements were taken on a hot-cathode Bayard-Alpert nude gauge and 

the ion gauge is placed in the substrate position, just before starting the film deposition, returning 

to its place of origin after reading. Pb0.9Eu0.1Te buffer, 2 µm thick, was deposited having the same 

x content and thickness as the barrier in the QW structure.  

With respect to the PbTe electrical properties, they are usually dominated by nonstoichiometry, 

and the lattice defects, which can be used in a manner similar to the impurity addition. That is, Pb 

vacancy acts as acceptor (two holes) and Te vacancy behaves as a donor (two electrons), while the 
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Pb interstitial contributes one hole and the Te interstitial bears from neutral to weakly n-type. 

Therefore, doping can also be achieved by stoichiometry control, i.e. providing excess Pb or Te 

during growth, so it is impossible to produce undoped intrinsic PbTe. For this reason, n-PbTe layers 

are grown from nonstoichiometry PbTe charge, for example, in this case, rich in Pb to ensure the 

n-type character of the quantum well. Another QW series was prepared, but with p-PbTe well, that 

is p-PbTe/Pb1-xEuxTe, where the Pb1-xEuxTe buffer layer and the barrier layer Pb1-xEuxTe were 

deposited with the same Eu content, x = 10 %, and thickness of 2 μm.  

 

Figure 3.6 Schematic illustration of quantum well series structures: (a) n-PbTe/n-Pb1-xEuxTe:Bi, with 10 and 14 nm 

well width, sandwiched between 30 nm barriers, seated on, 2.4-2.7 μm thick, buffer layer; (b) PbTe/Pb0,9Eu0,1Te, 

with 8, 10, 15, 20 and 30 nm well width, sandwiched between, 2 μm thick, Pb0.9Eu0.1Te, buffer and barrier, layers. 

The diffusion profile of the fused indium (In) contacts is also shown in the illustration  

 

According to previous information, the PbTe source is filled with nonstoichiometric charge, but 

intentionally metal-rich, so that an additional flux of tellurium (Te2) has always been 

simultaneously sublimated to obtain, in all QW structure layers, p-type intrinsic films. In each 

sample, the undoped p-PbTe QW layer thickness is not the same, but: 8, 10, 15, 20 and 30 nm, as 

schematically shown in Figure 3.6 (b). It should be said that the drastic deterioration effect on the 

Pb1-xEuxTe electronic transport properties with increasing Eu-content is used to minimize parallel 

conduction in the Pb1-xEuxTe layers: buffer and barrier.  

The growth characteristics of p-type samples described above are present in Table 3.1 and Table 

3.2. The table presents the beam equivalent pressure (BEP), the growth time of the barriers and the 

well and the estimated layer thickness.  
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Table 3.1 Some information on the p-PbTe/Pb0.9Eu0.1Te QW epitaxial growth well width of 8, 10, 15, 20 and 

30nm related to the beam equivalent pressure (BEP) measurements at the growth end, each layer growing time and 

the respective layer thickness  

 p-PbTe/Pb0.9Eu0.1Te QW structures 

Layer 
Sample 

ID 

well 

width 

(nm) 

BEP (Torr), measurement after growing 
Time 

(h:min:s) 

estimated layer 

thickness PbTe Te1 Te2 Eu 

Barrier 

"Buffer" 

17041 8 9.3x10-7 7.7x10-8 8.0x10-8 1.2x10-7 03:26:00  

2μm 

16022 10 9.6x10-7 6.7x10-8 7.3x10-8 1.2x10-7 03:26:00 

17042 15 9.3x10-7 7.4x10-8 7.8x10-8 1.2x10-7 03:26:00 

16024 20 9.5x10-7 6.2x10-8 8.4x10-8 1.1x10-7 03:26:00 

16025 30 9.5x10-7 6.5x10-8 8.6x10-8 1.2x10-7 03:26:00 

Well 

17041 8 9.4x10-7 3.0x10-8 8.4x10-8 ---------- 00:01:01 8nm 

16022 10 9.3x10-7 5.0x10-8 6.0x10-8 ---------- 00:01:18 10nm 

17042 15 9.4x10-7 3.1x10-8 8.1x10-8 ---------- 00:01:54 15nm 

16024 20 9.4x10-7 4.4x10-8 6.3x10-8 ---------- 00:02:35 20nm 

16025 30 9.3x10-7 5.1x10-8 6.1x10-8 ---------- 00:03:53 30nm 

Barrier 

"Cap" 

17041 8 9.2x10-7 7.5x10-8 7.8x10-8 1.2x10-7 03:26:00 

2μm 

16022 10 9.7x10-7 6.6x10-8 7.4x10-8 1.0x10-7 03:26:00 

17042 15 9.3x10-7 7.4x10-8 7.8x10-8 1.1x10-7 03:26:00 

16024 20 9.7x10-7 6.0x10-8 8.5x10-8 1.0x10-7 03:26:00 

16025 30 9.4x10-7 6.2x10-8 8.6x10-8 1.1x10-7 03:26:00 

 

From the data presented in Table 3.1, we notice that the BEP values are quite constant which 

allows excellent control in the single quantum well structure manufacturing and, consequently, the 

epitaxial structure reproducibility in terms of layer thickness, Eu concentration in the Pb1-xEuxTe 

alloys and surface morphologies. Undoubtedly, they are indispensable prerequisites, but not 

sufficient, for this scientific research activity success. 
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3.2. Photoconductivity setup 

 

Photoconductivity (PC) measurements were performed on 10 nm and 14 nm thick PbTe/Pb1-

xEuxTe:Bi QWs. To make the electrical contacts, small indium pellets are placed on the sample 

surface in the Van der Pauw geometry together with Au wires. This is set on a hot plate heated up 

to T=180 ºC. In this way, the indium diffuses through the heterostructure and crosses the layers 

(barriers and well), see Figure 3.5 [9]. Then, golden contacts connect the indium to the sample port. 

For the illumination of the sample, an infrared light emitting diode (LED) with a peak wavelength 

of 940 nm and ~12 mW/m2 was used.  

The PC measurements were performed in the “Laboratório de Caracterização Eletro-óptica de 

Materiais” at “Universidade Federal de Itajubá”, under the supervision of Dr. D. A. W. Soares and 

at Sensor and Material Associated Laboratory (LABAS) at INPE. The system at “Universidade 

Federal de Itajubá” consists of a measuring source unit Keithley 237 as a current source. This 

equipment operates as a current source or voltage meter. The characteristic scales are ±1.0000 nA 

with steps of 100 fA until 100.00 mA, supporting 10 μA. As voltage meter of ±1.1000 𝑉 with a 

resolution of 10 𝜇𝑉 until 110.0 𝑉 and 10 mV.  

The measurements were made using 4 contact points and the LED were positioned right over 

the sample, to illuminate the surface homogeneously, Figure 3.7(a) shows an illustration of this 

setup. Then DC current from Keithley 237 is applied in two contacts while the tension is measured 

in the other two using a Keithley 2001, gathering an apparent electrical resistance value. The 

specifications of Keithley 2001 are: multimeter of 71
2⁄  digits, 200 mV band, resolution of 10 𝜇𝑉 

until 200 𝑉 and resolution of 10 mV. 

The energy gap value 𝐸𝑔(𝑥, 𝑇) at T=77 K, is ~190 meV and ~727 meV for the well and the 

barrier, respectively, according to the expression 𝐸𝑔(𝑥, 𝑇) = 189.7 + 0.48[𝑇2 𝑇 + 29⁄ ](1 −

7.56𝑥) + 4480𝑥 , where x is the Eu content in the alloy and T is the temperature [101]. The 

simplified illustration of the energy band diagram of this quantum well is shown in Figure 3.7(b), 

assuming 55:45 conduction to valence band offset [8], resulting in a potential barrier with height 

energy of 295 meV for the conduction band (∆Ec) and 242 meV for the valence band (∆Ev).  
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Figure 3.7 (a) Illustration of the sample port, with the indium and golden sample contacts, and the LED used for PC 

experiments. (b) A simplified illustration of the energy band diagram of these 10 nm and 14 nm PbTe/Pb1-xEuxTe:Bi 

QWs assuming 55:45 conduction to valence band offset. 

 

3.3. Magnetoresistance experimental setup 

 

Preliminary magnetoresistance measurements on PbTe/Pb0.9Eu0.1Te were performed at Physical 

Properties Measurements System (PPMS) from Quantum Design. This equipment permits 

magnetotransport measurements in a closed Helium circuit with an internal recovery system that 

allow almost total Helium recovery. The temperature can reach from 1.9 K until 400 K and a 

magnetic field up to 10 T. PPMS system is shown in Figure 3.8 where (a) is the enclosure 

superconductor magnetic, (b) and (c) are the human interface and the controller system. This 

automated closed system permits accurate measurements once it is equipped with a closed 

dedicated lock-in, lowering the noise signal and the human error. Also, it permits an excellent 

temperature and magnetic field control. However, it minimizes the students learning since the 

interaction with the assembly and operation of the equipment is minimal, once that it is an 

automated closed system. 
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Figure 3.8 PPMS equipment, (a) enclosed superconductor magnetic and the sample chamber, (b) and (c) Human 

interface and controller system. 

 

Sample preparation in PPMS is similar to PC set, without the LED. Indium pallets were diffused 

in the sample in Van der Paul geometry and golden wires connect the sample to the sample port. 

Figure 3.9 shows the mounted samples at the sample port (a) with two available channels that 

permit measurement of the bottle at the same time. The set is in the user bridge (b) that allows 

testing the samples contact before inserted in the PPMS system. 

 

 

Figure 3. 9 (a) Sample port with two available channels with samples mounted and (b) the user bridge that allows the 

contact tests before inserting the set inside the PPMS system. 
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Low temperatures are crucial to decreasing thermal and phonon interferences permitting the 

observation of QHE and SdHO when the magnetic field is perpendicularly applied to the sample. 

The measurements performed using PPMS system, provided enough results to justify the internship 

at HFML – in the Netherlands, with lower temperatures and higher B, in order to better understand 

these effects. 

 

3.4. Setup for Hall characterization 

 

For the samples used to perform PC measurements (PbTe/Pb1-xEuxTe:Bi QW), Hall 

characterization was performed at LABAS-INPE using a Keithley 80A system, assembled together 

with a Walker Scientific HV4 magnet up to 0.72 T. To make the electrical contacts, the same 

procedure from PC setup was followed. The contacts are made as illustrated in Figure 3.10. The 

Hall configuration requires transversal contacts, unlike Figure 3.7 that shows the configuration 

used for PC measurements. The Hall measurement system from INPE performs 8 measurements 

changing the configuration of the contacts at each round. For example, first, it applies current (I) 

in (1) and (3) and measures voltage (V) in (2) and (4), we can call it I1,3V2,4, than at I2,4V3,1 

configuration until all possibilities are done. After that, the system takes the average over all values 

obtained at each configuration, leading to a more prudent value minimizing the problems generated 

by contacts geometry and edge effects. 

Also, preliminary Hall characterization (discussed in section 4.2) was performed for 

PbTe/Pb0.9Eu0.1Te QW using PPMS device (presented in section 3.3) following the same 

configuration shown in Figure 3.10. Instead of average overall values obtained at each 

configuration, in PPMS was just took one measure of longitudinal resistance (Rxy) in the function 

of B, at fixed configuration. The carriers and mobility can be calculated in accord with Equations 

2.44 and 2.47. 
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Figure 3.10 Schematic illustration of Hall configuration showing the transversal contacts. The current  (I) is applying 

at contacts 1 and 3 while voltage (V) is measuring in 2 and 4. 

 

However, at HFML, the laboratory structure is completely different from those discussed above. 

All equipment is mounted by the user according to the necessity. This setup is discussed in the next 

section. 

 

3.5. Experiments performed at High Fields Magnetic 

Laboratory (HFML) 

 

In order to investigate the electronic transport in PbTe/Pb0.9Eu0.1Te QWs, magnetoresistance 

and Hall measurements were performed at HFML using a superconductor reaching magnetic field 

up to 15 T and a resistive magnetic with B up to 33 T. The resistive magnet (RM) illustrated in 

Figure 3.11(a), consist of a bitter coil composed by several single cooper plates discs stacked upon 

each other with insulator layers between them, as shown in Figure 3.11(b). Figure 3.11(c) shows 

the current applied in the copper plates that generate a magnetic field, also heating the plates which 

require a cool down with the water-based system. The cool water enters through the coil holes and 

hot water leaves the system. The probe with the sample is aligned in the center of the magnet, 

where B is maximum and equivalent in all directions, the data is captured by the mounted 
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equipment. The Bitter magnet used is located at cell 5 in HFML facility and the coils are powered 

by 17 MW power supply and a maximum current of I~36.7 KA. 

 

Figure 3.11 (a) schematic illustration of resistive magnet with the electric cable, water pipes, the probe and the coils. 

(b) Outer bitter coil, consisting of several singles plates discs stacked upon each other with isolation layer between 

them and (c) show the current flow through the coils (red line) heating the system that is cool down by demineralized 

water running through the holes (blue line). Source: modified from [102] and [103]. 

 

A He3 cryostat was used to reach temperatures until 4.2 K and a He4 close system to decrease 

temperature down to 0.35 K. To make the electrical contacts, small indium pellets are placed on 

the sample surface in the Van der Pauw geometry. This is set on an Annealing Oven AO 500 from 

MBE Components GmbH, heated up to 200 oC, at a closed chamber with argon gas evacuated until 

10-40 mbarr pressure. In this way, the indium diffuses through the heterostructure and crosses the 

layers (barriers and well) [9]. After this process, Au wires with silver ink support are soldered over 

the diffused Indium pallets and then connected to the sample port. 

Figure 3.12 (b), (c), (d) and (e) show the back and front side of the sample holder, the tip of the 

stick and schematic illustration, respectively. The sample holder accommodates until 4 samples at 

the same time, 3 in the front side (c) and 1 in the back side (b) and is coupled in the extremity of 

the stick, making possible to reach the center of the magnet. The stick (Figure 3.12(d) and (e)) is 
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equipped with a manual rotator allowing the user to change the angle between the sample and the 

B direction. 

 

Figure 3.12 Pictures and illustration at HFML of (a) mounted current sources and temperature controller setup, (b) 

and (c) are the front and back side of the sample holder with samples, showing the available connections (d) the 

sticker point where the sample holder is attached allowing to reach the center of B in the bitter magnet and the rotator 

wire, (e) the entire sticker diagram. 

 

In HFML all equipment is mounted by the user in accord with the necessity. Figure 3.12(a) 

shows the set mounted without the source for LED. We use one current source for each sample, a 

total of four, one more for the Hall probe and another for the LED. Also, a lakeshore temperature 

controller was used to stabilize the temperatures higher than 4.2 K. All equipment is connected to 

the sticker using co-axial cables by a connection box. The measurements performed using the 

superconductor magnet, follow the same procedures with B up to 15 T. 

With all these arrangements above, it was possible to obtain crucial data in order to better 

understand the transport properties of the measured samples as presented and analyzed in the next 

chapter. 
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4. Results and analysis 

 

In this chapter, the results of photoconductivity and magnetotransport measurements performed 

on PbTe QWs are presented. For the analysis, the theoretical models described in chapter 2 were 

used.  

 

4.1. Photoconductivity results 

 

In this section, we present photoconductivity measurements performed in a 10 nm and 14 nm 

PbTe/Pb0.88Eu0.12Te:Bi quantum well for temperatures from 300 K to 10 K using infrared light. 

The following results presented in this section were published in the Applied Physics Letter [104].  

Figure 4.1(a) presents the normalized photoconductivity (𝜎 𝜎0⁄ , where 𝜎0  is the electrical 

conductivity under dark conditions) measured for the 10nm PbTe/Pb0,88Eu0,12Te QW at 

temperatures ranging from 10 K up to 300 K using infrared illumination. An infrared light emitting 

diode with a peak wavelength of 940 nm and 12 mW/m2 was used for the photoconductivity 

experiments. The illumination is switched on at t = 0 and off at t = 100 s. According to this figure, 

at high temperatures, the photoconductivity presents small amplitude (< 1%) but, as temperature 

reduces, a huge increase of photoresponse is observed. At T=75 K, the maximum amplitude reaches 

a value 10 times higher than the original value before illumination. On the other hand, according 

to this figure, further decreasing the temperature leads to a photoconductivity amplitude reduction. 

The inset in Figure 4.1(a) details the photoconductivity amplitude temperature dependence 

(𝜎𝑀/𝜎0), where 𝜎𝑀 is the maximum photoconductivity value. This behavior is unexpected since 

for most experiments in narrow gap semiconductors the photoconductivity amplitude increases as 

the temperatures decreases [11] [38] [58] [104]. This effect can be related to the QW structure, 

which may allow transport via a combination of two channels, in this case, the barrier and the well 

itself. As mentioned (Section 3.1.2), this is an unexpected scenario, because the Pb(1-x)Eu(x)Te 

electronic transport properties deteriorate with increasing Eu-content, 𝑥, minimizing the parallel 
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conduction in the buffer and barrier layers. However, the measurement results show that the 

bismuth addition alters the Pb0.88Eu0.12Te barrier electrical insulator property. Therefore, the QW 

resistivity depends on the temperature region, as explained below. 

 

 

Figure 4.1 FIG. 2. (a) Normalized photoconduction of the PbTe/Pb0.88Eu0.12Te QW structure under infrared 

irradiation (λ~940 nm) for temperatures ranging from 300 to 10 K. (b) Electrical resistivity as a function of 

temperature showing the conduction channel change from the barrier to the well, under dark (off) and illuminated 

(on) conditions. The inset displays the derivative of the resistivity concerning temperature without illumination. 

 

Figure 4.1(b) presents the electrical resistivity 𝜌 as a function of temperature under dark (off) 

and light (on) conditions. Without illumination (open circles), 𝜌 decreases smoothly until 100 K 

and drops about one order of magnitude for lower temperatures down to 10 K. The insert in the 

figure shows the derivative of electrical resistivity with respect to temperature (𝑑𝜌/𝑑𝑇), where it 

is possible to observe a rapid increase below 100 K reaching a maximum value around 75 K and 

further decrease for lower temperatures. These curves suggest that an additional mechanism is 

effective in this temperature region, so that its contribution leads to the behavior observed in the 

electrical resistivity. Based on the measurement data, it is reasonable to assume that the transport, 

in the modulated structure, can be described by a combination of contributions from barriers and 
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the well, like in a parallel association of resistors, and, since each one responds differently to 

temperature variations, the association can explain, in a simple but satisfactory way, the profile 

observed in the resistivity. To verify this assumption, we measured the electrical resistivity as a 

function of the temperature of a 2 µm thick film similar (same composition and carrier density) to 

the constituent layers that compose the QW heterostructure: Pb0,88Eu0,12Te (buffer), 

Pb0,88Eu0,12Te:Bi (barrier) and PbTe (well). The measurement data are show in Figure 4.2(b). From 

this figure, we verify that Pb0,88Eu0,12Te buffer has practically no contribution to the total resistivity, 

since it is insulating, and the resulting resistivity is basically a combination of the conduction 

through the two 30 nm thick barriers and 10 nm thick well. 

 

Figure 4.2 (a) Carrier concentration as a function of the temperature of Pb0.88Eu0.12Te:Bi single layer, where it is 

possible to determine activation energy that relates to a donor level located around 6.3 meV, below the conduction 

band edge. (b) Electrical resistivity as a function of the temperature of 2 m thick film similar to the constituent 

layers that compose the QW heterostructure: Pb0.88Eu0.12Te (buffer), Pb0.88Eu0.12Te:Bi (barrier) and PbTe (well), the 

same figure also shows the n-PbTe/Pb0.88Eu0.12Te QW resistivity curve. The solid line represents resistivity of the 

parallel association of each layer considering the respective thickness in the structure.  

 

To understand the conduction through the Pb0,88Eu0,12Te doped with bismuth, we measured the 

carrier concentration as a function of the temperature of a 2.3 µm thick Pb0,88Eu0,12Te:Bi film, 

presented in 
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Figure 4.2 (a). We obtained an activation energy that relates to a donor level located around 6.3 

± 0.6 meV below conduction band edge, whose thermal energy, kBT, correspond to 73 K. This 

value is very close to the temperature where the derivative of electrical resistivity with respect to 

temperature, presented in insert of Figure 4.1(b) for the 10 nm sample, is maximum. An analysis 

shows that at high temperatures (T>75 K, kBT>6.3 meV), transport occurs through the barriers and 

well. On the other hand, for T<75 K (kBT<6.3 meV), electrons are transferred from the donor state 

in Pb0,88Eu0.12Te:Bi barriers to the PbTe layer, in which case the transport is mainly through the 

well. The charge carrier transference from the barriers to well has already been reported in the 

literature for similar heterostructures based on PbTe compounds [23, 45]. 

 

Figure 4.3 Electron density (a) and carrier mobility (b) of the 10nm n-PbTe/ Pb0.88Eu0.12Te:Bi QW structure, with 10 

nm thick, measured as a function of temperature under the infrared light off and on. 

 

Under illumination, red square symbol in Figure 4.1(b), the drop in resistivity occurs below 200 

K for 10 nm QW, exhibiting a huge effect of light on transport properties. Infrared light (λ~940 

nm) promotes carriers directly from the valence to conduction bands in the PbTe well and 

Pb0,88Eu0,12Te:Bi barriers. However, recombination rates depend on temperature. At temperatures 

above 200 K, recombination rates are high enough to reduce considerable the photoconduction 

effect. The Hall measurements performed on the QW structure, under dark and light conditions, 

corroborate very well with this result. As shown in Figure 4.3(a), an expressive increase in electron 
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concentration under illumination (red squares) is observed only below 200 K. For T>200 K, due to 

the high recombination rates, the photogenerated carriers practically do not contribute to the total 

electron density. In addition, the curve without illumination (blue circles symbol) in Figure 4.3(a) 

also exhibits an increase in carrier density for T<80 K, which is due to the carrier transfer from 

barriers to well, in accordance to the previous discussion.  

Figure 4.3(b) presents the carrier mobility of the PbTe/Pb0,88Eu0.12Te:Bi QW structure as a 

function of temperature. Without illumination (blue circles shape), mobility increases in the whole 

temperature range presenting a small saturation close to 10 K. Under illumination (red squares 

shape), the mobility curve is basically the same as that of dark conditions in the temperature range 

of 300 K to 200 K. In the region of 200 K to 80 K, it is possible to observe an increase of the 

mobility in relation to the curve without illumination and, for 10 K < T < 80 K, mobility under 

illumination becomes smaller than the curve under dark conditions. The decrease in carrier mobility 

indicates that the drop in the photoconductivity amplitude between 80 K and 10 K observed in 

Figure 4.1(a), is caused by an additional scattering mechanism, probably electron-electron 

interaction due to excess of photogenerated carriers. In addition, the scattering mechanism can be 

further enhanced by the contribution of multiple valleys in the QW [105]. This can be verified by 

calculating the Fermi level position in the QW at low temperatures, where the conduction in the 

QW structure occurs basically through the PbTe well. This can be derived taking into account the 

mass anisotropy and integrating the density of states for all possible subbands (one longitudinal 

and three oblique valleys) according to: 

 𝑛 = ∫ dε
ml

πℏ2

εF

0
+ 3∫ dε

mo

πℏ2

εF

0
                                                     (4.1) 

We found that: 

𝜀𝐹 =
𝑛𝜋ℏ2

(𝑚𝑙+3𝑚𝑜)
                                                                   (4.2) 

where 𝑚𝑙 and 𝑚𝑜 are the longitudinal and oblique effective masses, respectively [11]. At 10 K, the 

Fermi energy calculated for the PbTe QW under dark conditions, taking 𝑛 ≈ 1.55 × 1016 𝑚−2, is 

𝜀𝐹 ≈ 12.3 meV. This indicates that only one longitudinal level (EL1) is occupied at 10 K, according 

to Figure 4.4, where the confinement energy levels in the well conduction band, considering the 

longitudinal and oblique valleys, were obtained from Peres et al. [10] once the samples are similar. 
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The levels derived from the longitudinal valley correspond to 11 meV, 38 meV, 78 meV, 123 meV, 

170 meV and, 219 meV, while the confined levels of the oblique valleys correspond to 45 meV 

and 154 meV, these values were extracted from reference [10]. 

  

Figure 4.4 Simplified representative illustration of quantized energy levels within the 10 nm thick QW structure, 

derived from longitudinal (L) and oblique (O) valleys, using the effective mass approximation method from 

reference [10]. All energy values are in units of meV, where the upper level (CBb) corresponds to the barrier 

conduction band energy, while (CBw) corresponds to the well conduction band energy. 

 

This means that, under dark conditions, a contribution from multiple valleys to scattering 

mechanism should not be observed. Under illumination, taking 𝑛 ≈ 7.8 × 1016 m−2 at 10 K, we 

obtain 𝜀𝐹 ≈ 62.2 meV (±4 meV) . In this situation, there are two longitudinal levels (EL1 and EL2) 

and one oblique level (EO1) occupied, as show in Figure 4.4. Thus, the longitudinal and the three 

oblique valleys contribute to transport under illumination at low temperatures. This effect leads to 

an enhancement of electron-electron scattering in this temperature range (10 K to 80 K), causing 

the reduction of carrier mobility and photoconductive amplitude as observed in Figure 4.3(b) and 

Figure 4.1(a), respectively. 

The photoconductive effect in the PbTe/Pb0,88Eu0.12Te:Bi QW structure can be analyzed in more 

details. As the light is turned on, (t = 0 s in Figure 4.1(a)), the sample presented very fast 
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photoresponse and saturation with an almost noise-free signal. When light is switched off, however, 

the curve measured at 10 K exhibits strong persistent photoconductivity effect while curve at 150 

K returns much faster to its original position, even though it also presents a persistent effect which 

is not visible in the graphic scale (see arrow in Figure 4.1(a)). The interplay between well and 

barrier in carrier transport has important consequences for the photoconductivity effect and trap 

levels within both channels are relevant to determine the persistent effect in the QW structure 

photoconductivity. Concerning the barrier, it is known that trap levels are present in films of Pb1-

xEuxTe [36, 106]. Otherwise, information about trap levels in PbTe wells would not be available. 

We can obtain information about the trap levels by analyzing the decay curves, when the light 

is switched off at t = 100 s in Figure 4.1(a), using the expression 𝜎(𝑡) = 𝜎0𝑒𝑥𝑝 (− 𝑡 𝜏⁄ ) (Equation 

2.7) [34], which describes the conductivity as a function of time. Figure 4.5 exhibits the natural 

logarithm of recombination times (𝜏), obtained from the exponential fitting to the decay curves, as 

a function of 1/kBT. As expected, the recombination time increases as temperature decreases. 

However, this behavior changes in the region where the transport starts to be dominated by the QW 

and, therefore, the recombination time reduces abruptly for temperatures below ≈75 K. It is 

possible to obtain the trap level energy, ∆𝜀, responsible for the persistent effect on the barriers 

making a linear fitting to the curve in Figure 4.5, considering the expression [60] 𝜏 = 𝜏0𝑒
∆𝜀/𝑘𝐵𝑇 

(Equation 2.8), the obtained value is ∆𝜀 = 54 𝑚𝑒𝑉(±5 meV). This trap level is originated from 

disorder which is present in the sample and comes mainly from Eu atoms addition [36]. We can 

consider the random inhomogeneity model, detailed in Chapter 2, and we obtain the energy 

associated with the trap level using the expression 𝐸𝑡 = 𝑒2𝑁2 3⁄ 𝜀𝑛1 3⁄⁄  (Equation 2.9), where N is 

the impurity density, n is the carrier concentration and ε is the dielectric constant. The impurity 

density N can be obtained from magnetoresistance (MR) measurements. It is known that one of the 

impurities presence effects in semiconductors is the linear magnetoresistance (LMR) effect [29] 

and that LMR must behave according to the expression [𝜌(𝐵, 𝑇) − 𝜌(0, 𝑇)] 𝜌(0, 𝑇)⁄ =

 𝑁𝑖𝐵 𝜋𝑛2𝑒𝜌(0, 𝑇)⁄  (Equation 2.89), where 𝜌(𝐵, 𝑇) is the electrical resistivity as a function of the 

magnetic field (B) and temperature (T). We performed Hall characterization (Figure 4.2 (a)) and 

MR measurements (inset of Figure 4.5) in a Pb0,88Eu0.12Te film of 2.3 µm thickness in order to 

obtain the parameters necessary to determine N from the slope of magnetoresistance curve. The 

used values were 𝜌 ≈ 6.25 × 10−1 Ω𝑐𝑚, 𝑛 ≈ 6.0 × 1017 cm−3and the slope of the MR curve is 
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≈ 0.022 T−1, approximately (see inset in Figure 4.5). These values give 𝑁 ≈ 2.5 × 1019 cm−3, 

which is a huge defect value when compared to N~5×1017 cm−3 from Pirralho et al. [36]. This is 

expected since disorder in these films increases with Eu concentration. With these values we obtain 

𝐸𝑡 ≈ 30.5 meV (±3 meV) which differs from about 20 meV from the value obtained from the 

photoconductivity curves (≈54 meV). However, this difference can be a result of Bi doping of the 

barriers which should also introduce some disorder degree. In this case, the 54 meV value is an 

effective value, resulting from a disorder caused from Eu and Bi atoms. 

 

Figure 4.5 Natural logarithm of recombination time of PbTe/Pb0.88Eu0.12Te QW structure, obtained room the 

exponential fitting to the decay curves in photoconduction, as a function of 1/kBT. The blue line corresponds to a 

linear fit for T>100 K, from which the activation energy relative to a trap level in Pb0.88Eu0.12Te is determined. The 

inset shows the slope of the magnetoresistance curve for a Pb0.88Eu0.12Te film with 2.3 µm of thickness. 

 

In order to verify the reproducibility of the data presented so far, a similar sample, with 14nm 

thickness, n-type PbTe/Pb0.9Eu0.1Te QW was grown and photoconductivity measurements were 

performed. The results are shown in Figure 4.6 (a) and (b), where we plot the maximum amplitude 

σm ⁄σ0 as a function of temperature. The photoconductivity profiles observed in Figure 4.6 (a) are 

the same as those observed in Figure 4.1 (a). In addition, in Figure 4.6 (b) we observe an increase 
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of σm ⁄σ0 as temperature decreases from 300 K down to 100 K, and a decreasing of   σm ⁄σ0 for 

temperatures below 100 K. This observation is also in agreement with the profiles observed in 

Figure 4.1(b) for the QW with 10 nm thickness. It is important to point out that in this sample the 

maximum photoconductivity amplitude reaches a value about 1000 times higher than the value 

before illumination. This is probably due to the higher power density of the illumination since the 

LED was located much close to the sample in this case. 

 

 

Figure 4.6 (a) Normalized photoconductivity when LED is turned on and off, for temperatures from 300 K to 77 K. 

(b) The normalized photoconductivity peak under infrared irradiation as a function of temperature between 300 K 

and 77 K. 

This section presented the analysis of photoconductivity measurements and showed that 

multiple valleys contribution and disorder effect drastically change the transport properties on PbTe 

QWs leading to anomalous effects. Next section will present magnetotransport measurements in 

similar QWs that will take into account such effects.  
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4.2. Magnetotransport 

 

This section presents the magnetoresistance and Hall effect measurements in p-type 

PbTe/Pb0.9Eu0.1Te QWs samples with a thickness of 8, 10, 15, 20 and 30 nm well widths. 

We first exhibit preliminary measurements performed on the 9 T magnet for temperatures 

varying from 1.9 K up to 300 K. For preliminary transport properties, the QWs with a thickness of 

10, 20 and 30 nm were investigated. Figure 4.7 shows the behavior of electrical resistance 

normalized at T=300 K as a function of temperature for samples with 10, 20, and 30 nm QW 

thickness. The 10 nm well width showed metallic behavior for the whole temperature range 

measured, indicating that the two-dimensional electron gas (2DEG) is the main transport channel. 

Samples with 20 nm and 30 nm width wells presented insulator behavior for temperatures higher 

than ~180 K and ~200 K, respectively. However, between 50 K < T <220 K, specifically, for the 

20 nm well width sample and between 40 K < T <180 K, for the 30 nm well-width sample, both 

present metallic behaviors. Also, the sample with 30 nm well width presented a transition from 

metallic to insulator behavior around 50 K while the sample with 20 nm well width reveals 

saturation bellow this temperature. In addition, the resistance profiles presented by those two 

samples indicate the transport via more than one channel at high temperatures. 



76 

 

Figure 4. 7 Electrical resistance normalized in a relation to the value at 300 K, as a function of temperature for 10, 20 

and 30 nm well width. 

 

Figure 4.8(a) shows the longitudinal resistance (LR) profile for the 20 nm well width sample 

measured at 1.9 K. Only the classical behavior is observed, therefore no oscillations are present, 

indicating that quantum confinement is not effective for this sample under these conditions. Figure 

4.8(b) presents the LR profile for the 30 nm well-width sample measured at 1.9 K. The profile 

exhibit classical behavior. For both samples, it is possible that the carrier mobility is not high 

enough to produce quantum oscillations in this magnetic field range. 
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Figure 4.8. (a) p-PbTe 20 nm well width sample longitudinal resistance measured at 1.9 K. The profile shows 

only the classical behavior and no apparent oscillations, indicating that the quantum confinement effect is not 

effective for this sample under these conditions. (b) ) p-PbTe 30 nm well width sample longitudinal resistance 

measured at 1.9 K. oscillations Unlike the previous sample, the measured profile exhibits neither classical behavior 

nor quantum oscillations. 

 

Figure 4.9(a) exhibit LR for the 10 nm thick QW sample, measured in the 1.9 – 17 K temperature 

range. Unlike the previous samples, in this case, the oscillations are clear for magnetic field higher 

than 3.5 T (B > 3.5 T). The inset shows the reduced figure for B up to 7 T, showing that the 

oscillations are already present around 3.5 T. Figure 4.9(b) present the 𝑅𝑥𝑥 second derivative in 

relation to B showing more clearing the beating pattern. It is also clear that the oscillations diminish 

as temperature increase which agrees with the expected behavior, in accordance to Equation 2.52. 



78 

 

Figure 4.9. (a) LR measurements performed on the p-PbTe sample with 10nm well width, in the 1.9 K – 17 K 

temperature range, whose measure profile clearly shows oscillations for B>7T. The inset shows the measurement 

range reduced to B up to 7 T. (b) 𝑅𝑥𝑥  second derivative in relation to 1/B which shows more clearly the beat pattern. 

 

As discussed in section 2.4.3, it is possible to obtain the oscillations fundamental frequencies 

from the filling factors (ν) linear behavior in accordance to Equation 2.58: Figure 4.10(b) exhibit 

the Landau fan chart diagram, for a 1.9 K temperature, where odd and even filling factors values 

are associated to the d2Rxx/dB2 curve maximum and minimum points with the respective 1/B values, 

the data are extracted from Figure 4.9(b). From the slope, we obtain the main frequencies F1 = 18 

T (±1 T) and F2 = 35 T (±1 T). The F2 value is approximately the double of F1 (F2=2 F1), which 

means that F2 is the F1 second harmonic. These frequencies are proportional to the Fermi surface 

by Onsager relation, expressed in Equation 2.57, and are related to the 2D carrier concentration 

according to Equations 2.56. From this we obtain 𝑝1 = 4.35 × 1015 m−2 (±0.48 × 1015  m−2) 

and 𝑝2 = 8.45 × 1015 m−2(±0.48 × 1015  m−2) for F1 and F2, respectively. The sum of these 

values leads to a total carrier concentration of 𝑝1 + 𝑝2 = 1.28 × 1016 m−2, that differ from 7.20 ×

1015 m−2  when compared with the 𝑝𝐻𝑎𝑙𝑙 = 2.00 × 1016 m−2  obtained from the Hall effect 

measurements. This difference may originate from a different conduction mechanism. For further 

investigation we perform a Fast Fourier Transform (FFT) analyses on Figure 4.9(b) curves, the 

result are shown in Figure 4.10(a) for 1.9 – 17 K temperatures and 3 - 9 T magnetic field range, 
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respectively. The more prominent frequencies peaks are 18 T (±1 T) and 35 T (±1 T), same as F1 

and F2 calculated from the Landau fan chart diagram of Figure 4.10(b). From this analysis, two 

other frequency peaks are found which values are, F3 = 30 T and F4 = 41 T. These frequencies 

peaks are surging aside from the F2, one lower (F3) and one higher (F4) and may be due to the 

Fermi surface splitting caused by Rashba effect [10, 68]. Furthermore, from the frequency peak 

dumping, as show in Figure 4.10(c) for the F1 peak, it is possible to calculate the carrier cyclotron 

effective mass from the amplitude hyperbolic sine behavior as a function of the temperature in 

accord with the Equation 2.52. The calculated mass for F1 peak is 𝑚𝑐𝑦𝑐
𝐹1 = 0.061𝑚𝑒. However, 

further analysis and investigations at high magnetic fields are necessary to correctly address which 

effect is occurring, once that the peaks are interfering between with other. This analysis is shown 

next. 

According to Figures 4.8, 4.9 and 4.10, the 10 nm well width sample seems more promising to 

be investigated at higher magnetic fields and lower temperature, where additional features could 

be evidenced. In fact, all samples were measured at higher fields and lower temperatures, including 

the 8 and 15 nm well width ones. However, the SdHO and the QHE are only present in the 10, 15 

and 20 nm thicknesses QW. The higher magnetic fields measurements data are showed as follow 

for the 10, 15 and 20, 8 and 30 nm well widths, respectively. 
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Figure 4. 10. (a) Fast Fourier Transform (FFT) on a 10 nm width well p-PbTe sample performed on the d2Rxx/d(1/B)2 

curves for the 10nm width QW, show in Figure 4.9(b), for 1.9 – 17 K temperatures, using Hanning windows function 

and for 3 -9 T magnetic field range. (b) Landau fan diagram for the temperature of T = 1.9 K, where odd and even 

filling factors values are associated to the d2Rxx/d(1/B)2 curve maximum and minimum points with the respective 1/B 

values. The linear fitting provides the fundamental frequencies associated with the SdHO. (c) FFT amplitude for the 

18.6 T peak as a function of temperature and the hyperbolic sine fitting, in accord with the Equation 2.48, providing 

an effective cyclotron mass value of 0.061me. 

 

For the 10nm well width, the electrical longitudinal resistance (LR) Rxx (solid curve) and the 

Hall resistances Rxy (dotted blue curve) are shown in Figure 4.11(a). Measurements are performed 

for magnetic fields up to 33 T and for the temperature of 0.35 K. Rxy exhibit very clear plateaus, 

indicating the Landau level quantization. The SdH oscillations are also presented in Rxx curve. In 

15 T, a flat plateau in Rxy and the near zero resistance in Rxx are well defined. These profiles indicate 

high sample quality and the 2DEG electronic quantum confinement in the QW. The non-zero 

plateaus in Rxx indicate that the conduction is occurring through more than one channel. In section 

4.1, this extra channel was associated with the parallel conduction due to the remaining contribution 

of the PbEuTe layer as already reported in the literature [23, 104]. However, for this samples, the 

Eu content in the barriers is x=10%, which guarantee an insulator profile once the MIT occurs at 

x=6% as discussed in Section 2.1.2 from the data presented in Figure 2.3. 
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Figure 4.11 (a) Rxx and Rxy for T=0.35 K. (b) 1/Rxy in units of e2/h and the inset is the Landau fan diagram. 

 

The filling factors can be obtained directly by plotting the inverse of the Hall resistance in units 

of (𝑒2 ℎ⁄ ) as a function of B, as shown in Figure 4.11(b), and the obtained values are 2.3; 3.4; 5.6; 

6.9 and 8.8. According to the literature [11, 23], these fractional filling factors values are not 

expected since the Rxy curve exhibit flat plateaus. These can be originated from remaining parallel 

conduction through the barriers of PbEuTe [23] or from the edge states [107-109]. Therefore, for 

this analysis, we consider the approximated values: 2; 4; 6; 7 and 9 calculated according to Equation 

2.40, using the experimental B values corresponding to the observable Rxy plateaus. We plot these 

filling factors as a function of (1/B) where the Rxx minima occur (B ~ 8.7 T; 11.7 T; 14 T; 21 T and 

33 T). The expected linear dependence is observed as shown in the inset of Figure 4.11(b). From 

Equation 2.54 (𝑣 ∝ 𝐹 𝐵⁄ , where 𝑣 is the filling factor), we obtain the fundamental frequency (F) 

of the SdH oscillations [110, 111]. The obtained value is F = 82 T (±5 T) and from this frequency, 

it is possible to obtain the 2D carrier concentration, according to Equations 2.56 and 2.57, 𝑝2𝐷 =

𝑘𝐹
2 4𝜋⁄  and 𝑘𝐹

2 = 𝐹𝑒 𝜋ℎ⁄ , where 𝑘𝐹 is the Fermi wave vector, ℎ is the Planck constant and 𝑒 the 

electron charge. The carrier concentration calculated from the Landau fan diagram frequency is 

𝑝𝐿𝐿 = 𝑝2𝐷 = 1.98 × 1016 m−2 (±0.24 × 1016 m−2), which is in good agreement with the value 
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obtained from Hall effect measurements 𝑝𝐻𝑎𝑙𝑙 = 1.97 × 1016 m−2(±0.29 × 1016 m−2) at T~0.35 

K. 

A detailed analysis of the filling factor values can be derived from the equations that calculate 

the energy levels in the QW, which should include the PbTe Fermi surface multivalley character. 

The PbTe first Brillouin zone is composed of four-revolution ellipsoids in k-space: one longitudinal 

(𝑙), parallel to the growth direction, <111>, and three other oblique (𝑜) equivalents, tilted at 𝜙 =

70.53𝑜 with the reference axis, as shown in Figure 4.12. This constitutes the multivalley structure 

of PbTe with is longitudinal and oblique valleys. Due to the strong mass anisotropy 

(𝑚∥ 𝑚⊥⁄ ≈ 10), the valleys splitting causes large confinement energy difference between the 

longitudinal and the threefold-degenerated ones [75, 112]. The odd filling factor sequence can 

originate in these multi–valley channels, if oblique and longitudinal valleys participate in the 

charge transport process [11, 23]. In order to determine the quantum confinement energies, we use 

the envelope function model, developed for lead-salt QWs, using the Ben Daniel-Duke like 

boundary conditions, considering the even and odd solutions [113]: 

𝜒

𝑚𝑏(𝐸)
=

𝑞

𝑚𝑤(𝐸)
tan (

𝑞𝐿

2
)                                                      (4.1) 

𝜒

𝑚𝑏(𝐸)
= −

𝑞

𝑚𝑤(𝐸)
cot (

𝑞𝐿

2
)                                                    (4.2) 

where, 

𝜒 = ±√(2𝑚𝑏(𝐸) ∗ (Δ𝐸 − 𝐸)) ℏ2⁄                                           (4.3) 

and 

𝑞 = ±√(2𝑚𝑤(𝐸)𝐸) ℏ2⁄                                                (4.4) 

where 𝜒 and 𝑞 are the plane wave vectors for the well and barriers, respectively, L=10 nm is well 

width, Δ𝐸 is the energy barrier height, taking into account the 55:45 band offset parameter between 

the conduction and valence bands [8]. 𝑚𝑤(𝐸) and 𝑚𝑏(𝐸) are the effective masses for the well (w) 

and the barriers (b), respectively. For the longitudinal valley the effective masses are: 

𝑚𝑙;𝑤(𝐸) = 𝑚𝑙;𝑤
𝑐𝑦𝑐(𝐸) = 𝑚∥;𝑤(𝐸)                                               (4.5) 
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𝑚𝑙;𝑏(𝐸) = 𝑚𝑙;𝑏
𝑐𝑦𝑐(𝐸) = 𝑚∥;𝑏(𝐸)                                               (4.6) 

and for the transverse valleys: 

𝑚𝑡;𝑤(𝐸) = 𝑚𝑡;𝑤
𝑐𝑦𝑐(𝐸) =

1

3
𝑚⊥;𝑤(𝐸) (1 +

8𝑚∥,𝑤(𝐸)

𝑚⊥;𝑤(𝐸)
)
1/2

                            (4.7) 

𝑚𝑡;𝑏(𝐸) = 𝑚𝑡;𝑏
𝑐𝑦𝑐(𝐸) =

9𝑚∥,𝑏(𝐸)𝑚⊥;𝑏(𝐸)

8𝑚∥,𝑏(𝐸)+𝑚⊥;𝑏(𝐸)
                                      (4.8) 

where 𝑚𝑙;𝑡;𝑤
𝑐𝑦𝑐 (𝐸)  is the cyclotron mass for longitudinal and transverse valleys, given by the 

projection of masses ellipsoids on x-y plane presented in Figure 4.12 as  𝑚𝑙 and 𝑚𝑡, respectively. 

 

Figure 4. 12 Schematic illustrations of the four <111>-oriented revolution ellipsoids of PbTe Fermi surface, showing 

the parallel (𝑚∥) and the oblique (𝑚⊥) mass and their projection (𝑚𝑙 and 𝑚𝑡) into the x-y plane. 

 

In this work, we chose a more complex approach, following Andrada et al. [113] using the 

energy-dependent effective mass describing the nonparabolicity of the bands, given by: 

𝑚∥;⊥(𝐸) =
ℏ2

2𝑃∥,⊥;𝑤,𝑏
2 (𝐸 + 𝐸𝑔;𝑤,𝑏)                                                (4.9) 

where  

𝑃∥,⊥;𝑤,𝑏 =
ℏ2𝐸𝑔;𝑤,𝑏

2𝑚∥,⊥;𝑤,𝑏(0)
                                                      (4.10) 



84 

are the effective momentum matrix elements [11, 113, 114] which reproduce the experimentally 

determined band edge effective masses 𝑚∥,⊥;𝑤,𝑏(0) listed in reference [113]. 

The 𝑚∥,⊥(0) for PbTe are extracted from Erasmo et al. [113]. For Pb0.9Eu0.1Te, the 𝑚∥,⊥(0) are 

calculated from Equations 4.11 and 4.12 obtained experimentally from Prinz et al. [26].  

𝑚∥;𝑏(0) = 0.31 + 3.23𝑥                                                    (4.11) 

𝑚⊥;𝑏(0) = 0.022 + 0.453𝑥                                                 (4.12) 

The energy gap value was calculated from the experimental Equations 4.13 and 4.14 obtained 

from Abramof et al. [114] and Yuan et al. [101] for the well and barriers, respectively: 

𝐸𝑔;𝑤(𝑇) = 190.5 +
0.45𝑇2

𝑇+23
 (meV)                                              (4.13) 

𝐸𝑔;𝑏(𝑇) = 𝐸𝑔;𝑤(𝑇) + 0.48 (
𝑇2

𝑇+29
) (1 − 7.56𝑥) + 4480𝑥 (meV)                                  (4.14) 

The energy gap and the masses used to calculate the confinement energies are summarized in 

Table 4.1 for Pb0.9Eu0.1Te [26] and PbTe [113]. 

Table 4.1 Energy gap at T=0,35 K and masses for Pb0.9Eu0.1Te and PbTe. The masses are in units of me. 

 Eg (meV) 𝑚∥(0) 𝑚⊥(0) 

PbTe 190.5 0.310 0.022 

Pb0.9Eu0.1Te 638 0.633 0.067 

 

Figure 4.13(a) shows the calculated confinement energies for the 10nm wide p-type QW 

(ordinate axis negative part) given by the curve cross sections from Equations 4.1 and 4.2. The sub-

bands energies, relative to the valence band bottom, are three longitudinal, 18 meV (±1 meV), 59 

meV (±3 meV), 105 meV (±5 meV) and 158 meV (±8 meV) and one oblique with the energy of 

68 meV (±7 meV). These values are summarized in Table 4.3. For n-type QWs Valmir et. al [11] 

and Peres et. al [10] found 6 longitudinal and 3 oblique sub-band. The difference is mainly due to 

the valence band offset and the electrons and holes effective mass values. In order to verify how 
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many subbands are participating in the conduction mechanism, the Fermi level value is necessary. 

Therefore, we integrate the two-dimensional density of states for all possible subbands (one 

longitudinal and three obliques) and obtain the Fermi level (𝐸𝐹), according to: 

𝑝 = ∫ 𝑑𝜀
𝑚𝑙

𝜋ℏ2
+ 3∫ 𝑑𝜀

𝑚𝑜

𝜋ℏ2

𝐸𝐹

0

𝐸𝐹

0
                                              (4.15) 

follows that 

𝐸𝐹 =
𝑝𝜋ℏ2

(𝑚𝑙+3𝑚𝑜)
                                                             (4.16) 

At T=0.35 K, the carrier concentration from the Hall effect measurements curve is 𝑝 = 𝑝𝐻 =

1.97𝑥1016 m−2 which allows to calculate 𝐸𝐹 = 54 meV (±3 𝑚𝑒𝑉). These values indicates that 

only the first longitudinal sub-band with 18 meV participates in the conduction, as show in Figure 

4.13(b), where the diagram shows the Fermi energy and confinement energies. Therefore, the odd 

filling factors are not a consequence of the PbTe multivalley character as was the case for n-type 

QW [11]. 

 

Figure 4.13 (a) Confinements energies calculated from Equations 4.1 and 4.2. (b) Confinement energy diagram with 

the Fermi level calculated for p-type QW. 
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We can also analyze the sub-bands energy taking into account the Landau level spin splitting 

and compare with the Fermi energy. As mentioned in Chapter 2, the high g factor value leads to a 

well resolved spin splitting even at low magnetic fields [115, 116]. For higher fields, this may result 

in a spin splitting in the order, or higher, than Landau level splitting [23]. The sub-bands energy 

for the case with B parallel to the [111] direction can be written as [11, 117]: 

𝜀↑(𝐸𝑖, 𝑛, 𝐵) = 𝐸𝑖 +
1

2
(𝑎𝑛 + 𝑏𝑛) +

1

2
[(𝑎𝑛 − 𝑏𝑛)

2]
1

2                             (4.17) 

𝜀↓(𝐸𝑖, 𝑛, 𝐵) = 𝐸𝑖 +
1

2
(𝑐𝑛−1 + 𝑑𝑛−1) +

1

2
[(𝑐𝑛−1 − 𝑑𝑛−1)

2]
1

2                   (4.18) 

where 𝐸𝑖 is the confinement energy already calculated and shown in Figure 4.13(a), n = 0, 1, 2,… 

is the orbital number, ↑ and ↓ is for a spin up and down states respectively, and the terms 𝑎𝑛, 𝑏𝑛, 

𝑐𝑛 and 𝑑𝑛 are defined below: 

𝑎𝑛 = ℏ𝜔𝑡
− (𝑛 +

1

2
) +

1

2
𝑔𝑙

−𝜇𝐵𝐵                                             (4.19) 

𝑏𝑛 = ℏ𝜔𝑡
+ (𝑛 +

3

2
) −

1

2
𝑔𝑙

+𝜇𝐵𝐵                                             (4.20) 

𝑐𝑛 = ℏ𝜔𝑡
+ (𝑛 +

3

2
) −

1

2
𝑔𝑙

−𝜇𝐵𝐵                                             (4.21) 

𝑑𝑛 = ℏ𝜔𝑡
+ (𝑛 +

1

2
) +

1

2
𝑔𝑙

+𝜇𝐵𝐵                                            (4.22) 

The term 𝜔𝑡
± = 𝑒𝐵 𝑚𝑡

±⁄  corresponds to the transversal cyclotron frequency, while  𝑚𝑡
+ =

0.12𝑚𝑒  and 𝑚𝑡
− = 0.10𝑚𝑒  are the transverse masses;  𝑔𝑙

+ = 2.61  and 𝑔𝑙
− = 1.72  are the 

longitudinal g factors. The mathematical symbols (+) and (-) denote the valence and conduction 

bands, respectively, and 𝜇𝐵 is the Bohr magneton. Thus, for p-type PbTe QW the terms 𝑎𝑛 and 𝑐𝑛 

are zero and the other parameters used are summarized in Table 4.2 and extracted from [86]. 

Table 4.2 PbTe band parameters from Bauer et al. [86] used to calculate the Landau levels spin splitting. Masses are 

expressed in units of me. 

Eg (eV) 2𝑃∥
2 𝑚𝑒⁄  𝑃⊥ 𝑃∥⁄  𝑚𝑡

− 𝑚𝑡
+ 𝑔𝑙

− 𝑔𝑙
+ 

0.19 6.02 eV 3.42 0.10 0.12 1.72 2,61 
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The splitting simulation for this sample is shown in Figure 4.14(a), taking into account the first 

longitudinal 20 meV sub-band and n = 0, 1, 2, 3 and 4. The calculated Fermi level value   (EF = 54 

meV) plotted together with the Rxx and 1/Rxy (e
2/h), in Figure 4.13(b), shown that below the Fermi 

level, the number of degenerated sub-bands is equal to the integer filling factors 2, 4, 6, 7 and 9. 

This means that the sub-bands splitting, due to the magnetic field, taking into account the Zeeman 

and Landau effect, may justify the odd filling factors sequence. 

 

Figure 4.14. Landau spin splitting fan chart diagram where (a) are the calculated Landau spin splitting energy levels 

for the first longitudinal sub-band (L1=18 meV), which the dotted and solid curves being the spin down and up, 

respectively; the red, green, dark blue, brown and light blue curves corresponding to the quantum numbers 0, 1, 2, 3 

and 4, respectively and the violet line is the Fermi level, with EF=54 meV, calculated from the Hall effect carrier 

concentration. (b) The 1/Rxy in units of e2/h (blue curve), along with Rxx (red curve) data for T=0.35 K. The vertical 

dotted blue lines that cross Rxx peaks and 1/Rxy plateaus reaching EF curve, delimit how many sub-bands are 

participating in the conduction mechanism, corresponding to the calculated LL 2, 4, 6, 7 and 9. 
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The spin effect should appear in the SdH oscillations as two close frequencies, instead of just 

one, originating from the 18 meV sub-band that participates in the conduction mechanism. 

Therefore, to better understand the transport mechanism, fast Fourier transform (FFT) analysis is 

necessary. To withdraw the linear background, the first derivative of Rxx was performed and plotted 

as a function of the inverse of the magnetic field for temperatures varying from 0.35 K up to 30 K, 

as shown in Figure 4.15(a). The obtained frequencies are shown in Figure 4.15(b) for the same 

temperatures range. We notice the appearance of three main frequencies peaks at 19 T (±3 T); 32 

T (±3 T) and 45 T (±2 T). The two more intense ones, 32 T and 45 T, result in a total frequency of 

77 T, close to the 82 T value obtained from the Landau fan diagram (inset of Figure 4.11(b)), 

considering the associated errors. Furthermore, the figures present smooth intensity depletion as 

temperature decreases. Also, from Figure 4.15(c), that shows the FFT for different magnetic field 

range, it is clear that these two peaks appear together. This indicates that they originate from spin 

up and down degeneracy [118, 119]. The third one (19 T) is close to the 18 T obtained from Figure 

4.10 (a) for B up to 9 T. However, 19 T second harmonic should be 38 T and it is situated around 

the middle of the other two. It is possible that the 32 T and 45 T peaks are the 19 T second harmonic 

splitting. Another indication that 19 T frequency peaks originated from the SdH oscillations is its 

presence when different windows function, applied for the same B interval, are used, as shown in 

Figure 4.15(d).  
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Figure 4.15 (a) first derivative of Rxx as a function of the inverse of magnetic field for different temperatures (b) 

frequencies obtained from FFT analysis for temperatures varying from 0.35 K, which present the higher intensity, up 

to 30 K, with almost no beat pattern (c) FFT for different magnetic field range and (d) FFT for different windows 

function in the same field range. 

 

The g factor, related to the Zeeman effect, can be extracted from the oscillations if B is 

sufficiently high to show the Landau level separation, due to the spin splitting. This calculation can 

be carried out using Equation 2.65. Figure 4.16(a), shows the plot of dRxx/dB as a function of 1/B. 

The splitting becomes clear for higher fields as expected since the energy Zeeman spin-splitting 

varies with 𝑔𝜇𝐵𝐵 2⁄ , appearing as double peaks in the oscillatory component of Rxx. By making 

the correct association of these peaks in Figure 4.16(a), with the Landau level splitting, shown in 

Figure 4.16(b), and with the Equation 2.65, we calculate the g factor values of 43, 53, 33 and 31 
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for the respective n-values of 1, 2, 3 and 4 in accord with Figure 4.16(a). These high g values are 

in agreement with the discussion above and may be responsible for the odd filling factor sequence. 

 

 

Figure 4.16 (a) First derivative of the normalized Rxx as a function of 1/B at 0.35 K showing the doubling of the 

peaks due to the Landau level spin splitting and the associated 𝑛𝑖 ± peaks used to calculate the g factor. (b) Landau 

level n and (n-1) splitting into spin down (-) and spin up (+) states. 

 

Once the fractional filling factors (ff) values may be originated from remaining parallel 

conduction through the barriers of PbEuTe, we illuminated the 10 nm well width sample using a 

commercial red LED in order to enhance the conduction through the well channel. This 

enhancement occurred for the photoconductivity results discussed in section 4.1. Figure 4.17(a) 

shows the 10nm QW thickness Rxx (full line) and Rxy (dotted line) curves with (ON) and without 

(OFF) illumination at 3 K temperature. The illuminated and non-illuminated sample presented clear 

SdHO and the QHE. However, unlike expected, it also presented fractional filling factors values: 

3.8; 4.7; 5.9; 8.1 and 9.6. Therefore, for this analysis, we consider the approximated values: 4; 5; 

6; 8 and 10, calculated according to Equation 2.40. These are higher values when compared with 

the 2; 4; 6; 7 and 9 from the non-illuminated sample. The increase in the ff is due to the carrier 
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concentration increase by the illumination. This assumption is in accordance with Figure 4.17(b), 

where the carrier concentration obtained by Hall effect measurements for illuminated (red triangle 

curve) and dark (blue circle curve) condition are shown. From this figure, the carrier concentration 

increases from 𝑝𝑂𝐹𝐹 ≈ 2.01 × 1016 m−2 to 𝑝𝑂𝑁 ≈ 2.32 × 1016 m−2 for 3 K.  

Also, as done for the 10nm well width in the dark condition, the odd ff sequence may be justified 

by the Landau spin splitting fan chart diagram presented in Figure 4.17(c) and comparing with the 

Rxx oscillations peak and the 1/Rxy(e
2/h) plateaus as shown in Figure 4.17(d). For the Landau spin 

splitting fan chart diagram, we use the 18 meV first longitudinal sub-band and the 61 meV (±4 

meV) Fermi level, calculated taking into account all possible sub-bands (Equation 4.16), using the 

3 K temperature carrier concentration value and the quantum numbers of 0, 1, 2, 3 and 4. 

Comparing Figure 4.17 (c) and (d), for all Rxx oscillations peak, the corresponding ff values are the 

same as the number of degenerated sub-bands below the Fermi level. 
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Figure 4.17 (a) shows the Rxx and Rxy for 10 QW thickness at T = 3 K with (ON) and without (OFF) illumination. (b) 

Carrier concentrations obtained by Hall effect measurements with illumination (red triangles) and without 

illumination (blue circles). (c) and (d) are the Landau spin splitting fan chart diagram where (c) are the calculated 

Landau spin splitting energy levels for illuminated sample which the dotted and solid curves being the spin down and 

up, respectively; the red, green, dark blue, brown and light blue curves corresponding to the quantum numbers 0, 1, 

2, 3 and 4, respectively and the light green line is the Fermi level, of EF=61 meV and (d) is the 1/Rxy in units of e2/h 

(blue curve), along with Rxx (red curve) data for T=3 K. The vertical dotted blue lines that cross Rxx peaks and 1/Rxy 

plateaus reaching EF curve, delimit how many sub-bands are participating in the conduction mechanism, 

corresponding to the calculated LL 4, 5, 6, 8 and 10. 

 

In Figure 4.8, the 20 nm well width sample shows a possible initial oscillation profile, for B up 

to 9 T, however, a higher magnetic field is necessary. In order to obtain further information about 

the magnetotransport properties well width dependence, a 15 nm QW thickness is investigated. 

Thus, the 15 and 20 nm QW thickness measurements data are discussed next, following the same 

procedure used above for the 10 nm well width sample. Figure 4.18 (a) and (b) show the 15 and 20 

nm well width electrical longitudinal Rxx (solid curve) and the Hall resistance Rxy (dotted curve), 

respectively. The measurements are performed for a magnetic field up to 33 T and at 2.2 K 
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temperature. In these figures the Rxy plateaus are clearly visible, for both samples, indicating the 

Landau level quantization. The SdHO are also present in the Rxx curves. These profiles indicated 

the 2DEG electronic confinement and high samples quality. For the 15 nm QW thickness, Figure 

4.18(a), for 11, and 17 and 32 T magnetic field values, flat plateaus in Rxy and the zero resistance 

in Rxx are well defined. An exception occurs in Rxx curve at B > 27 T where an interference appears 

in the signal, turning it into negative values that prevent the expected zero Rxx resistance at B=32 

T. This negative signal may be associated to contact issues. The QHE and SdHO profiles are also 

present in Figure 4.18(b), for the 20 nm well width, at 10 and 27 T magnetic field values. However, 

an Rxx anomalous behavior appears for B > 22 T preventing the expected zero profile at B=28 T. 

This anomaly does not seem to be originated from contact issue as it differs from the 15 nm well 

width behavior for B > 27 T, however, it is already known that the edge states can cause anomalies 

in the SdHO [107]. 

Figure 4.18 (c) and (d) present the plotting of the inverse of the Hall resistance in units of (𝑒2 ℎ⁄ ) 

as a function of B for 15 and 20 nm QW thickness, respectively, at 2.2 K. From this figure, the 

filling factors (𝑣) values directly obtained are 1, 2 and 3 for the 15 nm QW thickness and 1.4 and 

2 for the 20 nm one. The 20 nm well width sample exhibit one integer value of 𝑣, at B=10 T, and 

one fractionary, at B=27 T. The expected 𝑣 values, considering the corresponding B, are 1 and 2. 

Besides, the factionary 𝑣 value is in the region where the anomaly appears in the Rxx curve and may 

be caused by the edge states. The 15 nm QW, unlike the 10 and 20 nm well widths, exhibit 

sequential integers 𝑣 as expected for these samples [11]. From Equation 2.54 (𝑣 ∝ 𝐹 𝐵⁄ ), a linear 

behavior is expected between 𝑣 and 1/B, however, only a few plateaus are visible in Figures 4.18 

(c) and (d). We then associated multiple of 1 (one) and 0.5 (half) to the Rxx peaks and valleys, 

respectively, plotting it with the corresponding B values, as shown in the insets of Figures 4.18 (c) 

and (d). From the linear fittings, the obtained frequency values are 26 T (±2 T) and 13 T (±1 T) for 

the 15 nm and 20 nm QW thicknesses, respectively. The calculated values obtained from the 

frequencies are 𝑝15𝑛𝑚 = 6.43 × 1015 m−2((±0.48 × 1015 m−2) and 𝑝20𝑛𝑚 = 3.17 × 1015 m−2 

(±0.36 × 1015 m−2). The values obtained from the Hall effect measurements are 𝜌15𝑛𝑚
𝐻𝑎𝑙𝑙 = 8.49 ×

1015 m−2 (±0.30 × 1015 m−2) and 𝜌20𝑛𝑚
𝐻𝑎𝑙𝑙 = 7.08 × 1015 m−2 (±0.47 × 1015 m−2).  
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Figure 4.18. (a) and (b) show the Rxx and Rxy for 15 and 20 nm QW thickness, respectively, at T = 2.2 K. (b) and (c) 

present 1/Rxy in units of e2/h and the insets are the Landau levels fan diagram for 15 and 20 nm well width samples, 

respectively. 

The relation between the carrier concentrations calculated from the frequencies and from the 

Hall effect are 𝑝26 𝜌15𝑛𝑚
𝐻𝑎𝑙𝑙⁄ = 0.74 and 𝑝13 𝜌20𝑛𝑚

𝐻𝑎𝑙𝑙⁄ = 0.44 for the 15 and 20 well width samples, 

respectively. It is clear that the carrier concentration calculated by the Hall effect is higher than the 

value obtained from the Landau fan diagram frequencies. This difference is very large to be only 

caused by the edge states. Also, we can notice that the carrier difference increases with the rise of 

the QW thickness, being the differences, 0.94, 0.74 and 0.44 for the 10, 15 and 20 nm QW thickness 
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samples, respectively. It is possible that an extra conduction channel in the interface between the 

barrier and the well are participating in the conduction, the wider the well thickness, the greater the 

contribution to the total conduction. This interface channel can be responsible for the carrier 

difference. 

The frequency values can be verified by FFT analysis as a function of temperature, performed 

on the longitudinal resistance derivative curves, shown in Figure 4.19 (a) and (b) for the 15 and 20 

nm well width samples, respectively. The obtained FFT results are presented in Figure 4.19 (c) and 

(d) for the 15 and 20 nm QW thickness, respectively. For the 15 nm QW thickness, Figure 4.19 (c), 

a Hanning windows function applied for the 6 – 23 T magnetic field range, provided a value of 23 

T (±2 T) and a carrier concentration of 𝜌23 = 5.56 × 1015 m−2 (±0.48 × 1015 m−2). Considering 

the error, these values are in agreement with the calculated from Figure 4.18 (c) inset. However, 

the difference when compared to the carrier value obtained from Hall effect remains. Also, 41 (±1) 

and 50 (±3) T frequencies peaks appears with low amplitude and may be the second harmonic spin 

splitting. As observed for the 10 nm QW thickness, in this case, the 23 T second harmonic (46 T) 

should be between the 41 T and 50 T peaks. Figure 4.19 (d) exhibit the FFT for the 20 nm well 

width and three frequencies peaks are present, 13 (±1), 26 (±1) and 40 (±2) T that leads to carriers 

concentration values of 𝜌13 = 3.24 × 1015 m−2 (±0.24 × 1015 m−2) , 𝜌26 = 6.29 ×

1015 m−2 (±0.24 × 1015 m−2)  and 𝜌40 = 9.67 × 1015 m−2 (±0.48 × 1015 m−2 . Considering 

these tree frequencies, the total carrier concentration will be: 𝜌13+26+40 = 1.90 ×

1016 m−2 (±0.15 × 1016 m−2), a value which is much higher than Hall values, 𝜌20𝑛𝑚
𝐻𝑎𝑙𝑙 = 7.08 ×

1015 m−2 (±0.47 × 1015 m−2). Moreover, in accordance to Figure 4.18 (d) the frequency of 13 T 

should appear. Therefore, further information is necessary and can be obtained from the multi-

valleys channels that may participate in the charge transport process. 
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Figure 4.19 15 and 20 nm QW thickness (a) and (b) first derivative of Rxx as a function of the inverse of the magnetic 

field for different temperatures. (c) and (d) frequencies obtained from FFT analysis for temperatures varying from 

0.35 K, which present the higher intensity, up to 55 K, with almost no beat pattern. 

 

Following the same procedure from 10 nm well width sample, we solve the Equations 4.1 and 

4.2 for the 15 nm QW thicknesses. The results are shown in Figure 4.20 (a) and from the 

intersections of the curves, the confinement energies (Ea) are obtained. Figure 4.20 (c) exhibits, 

schematically, the Ea values together with the Fermi level of 23 (±2) meV for the 15 well width 

samples. The Fermi level is calculated in accord with Equation 4.16, using 𝜌15𝑛𝑚
𝐻𝑎𝑙𝑙 = 8.49 ×

1015 m−2 (±0.30 × 1015 m−2) employing the mass values presented in Table 4.1. The calculated 
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confinement energies are summarized in Table 4.3 with their respective errors. In accordance to 

Figure 4.20 (c), the 15 nm well width sample should present only one frequency related to the EL1 

= 7 meV (±1 meV) sub-band. This result is in agreement with Figure 4.19 (c) and Figure 4.18 (c), 

where the main frequency peak of ~23 T should arise from the first longitudinal sub-band (L1 = 7 

meV) that participate in the conduction mechanism. It also supports our previous assumption that 

the two other peaks (41 and 50 T), from Figure 4.19 (c), arise from the spin splitting.  

 

Figure 4.20 (a) and (b) Confinements energies calculated from Equations 4.1 and 4.2, given by the cross sections 

curves; (c) and (d) are the confinement energy diagram with the 23 (±2), 19 (±2) meV Fermi level calculated for the 

15 and 20nm p-type QW, respectively. 
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Table 4.3 Confinement energies calculated using the envelope function model, developed for lead-salt QWs, using 

the Ben Daniel-Duke like boundary conditions, considering the even and odd solutions and their respective 

calculated errors for the 10, 15 and 20 nm QW thickness samples. 

 Confinement energy (meV) 

Degenerated 

level 
L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 O1 O2 O3 O4 

10 nm well 

width 
18 59 105 158 X X X X X X 68 X X X 

Error (±) 4 10 16 23 X X X X X X 12 X X X 

15 nm well 

width 
7 26 50 80 112 145 181 X X X 29 89 163 X 

Error (±) 1 3 5 8 11 13 15 X X X 3 9 11 X 

20 nm well 

width 
4 14 30 48 70 92 115 140 165 191 15 57 98 150 

Error (±) 1 1 3 4 5 7 7 10 10 102 2 4 7 8 

 

Solving the Equations 4.1 and 4.2 for the 20 nm well width sample, we found the confinement 

energies (Ea). The results are shown in Figure 4.20 (b) where the Ea is obtained from the 

intersections of the curves. Figure 4.20 (d) schematically exhibit the Ea values together with the 

Fermi level of 19 (±2) meV, calculated in accord with Equation 4.16 using 𝜌20𝑛𝑚
𝐻𝑎𝑙𝑙 = 7.08 ×

1015 m−2 (±0.47 × 1015 m−2)  and the mass values presented in Table 4.1. The calculated 

confinement energies are summarized in Table 4.3 with their respective errors. According to Figure 

4.20 (d), the 20 nm well width sample should have three sub-bands participating in the charge 

conduction, two longitudinal (L1= 4 meV and L2= 14 meV) and an oblique one (O1= 15 meV). This 

result agrees with the three peak frequencies from the FFT analysis presented in Figure 4.19 (d). 

However, it disagrees with the only main frequency presented in the inset of Figure 4.18 (d). Also, 

if we take the carrier concentration of 𝜌13 = 3.24 × 1015 m−2  calculated from the 13 T frequency 

(see inset in Figure 4.18 (d)) we obtain 8.4 meV for the Fermi energy. Using this value to find how 

many sub-bands lay above the Fermi level in the confinement energy diagram, shown in Figure 

4.20 (d), we can notice that just the first longitudinal sub-band participates in the conduction. This 

also agrees with our previous assumption that an extra layer is formed by the PbEuTe, from the 
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barrier, diffusion through the PbTe layer. Furthermore, the 26 T and 40 T frequencies will be the 

13 T second and third harmonic, respectively. Further information about the calculated frequencies, 

and how many sub-bands are participating in the conduction mechanism, can be obtained from the 

Landau spin splitting fan chart diagram, shown next.  

Following the same procedure from 10 nm QW thickness sample, using the Equations 4.17 and 

4.18 and the PbTe band parameters from Table 4.2 we obtain Figure 4.21. In this figure the Landau 

spin splitting fan chart diagram, for the 15 and 20 nm well width sample, are shown together with 

the 1/Rxy in units of e2/h along with Rxx. Figure 4.21 (a) shows the spin splitting simulation for the 

15 nm QW thickness sample, where the first longitudinal sub-band (L1) spin up (full line) and spin 

down (dotted line), using the two first quantum numbers n= 0 (red curve) and n= 1 (blue curve) are 

shown together with the 23 meV Fermi level. Comparing Figure 4.21 (a) with Figure 4.21 (b), 

where the 1/Rxy in units of e2/h, along with Rxx for the 15 nm well width is shown, it is clear that 

for all Rxx oscillations peak, the corresponding ff values are the same as the number of degenerated 

sub-bands below the Fermi level. Satisfactorily agreeing with the 15 nm well width analysis from 

above, where just the first longitudinal sub-band (L1= 7 meV) is participating in the conduction 

mechanism. For the 20 nm QW thickness sample, Figure 4.21 (c) shown the spin splitting 

simulation using the first longitudinal sub-band (L1= 4meV) spin up (full line) and down (dotted 

line), for the first quantum number n= 0 (red curve) together with the 19 meV Fermi level; and 

Figure 4.21 (d) present the 1/Rxy in units of e2/h, along with Rxx. From these figures, it is clear that 

the corresponding ff values, for all Rxx oscillations peak, are the same as the number of degenerated 

sub-bands below the Fermi level. This leads us to assume that the other frequencies, 26 and 40 T, 

are in fact the 13 T frequency second and thirty harmonics, respectively. Also, the carrier 

concentration difference, between Hall measurements and the frequency calculations, can originate 

from an extra conduction channel formed by the PbEuTe diffusion through the PbTe. Thus the 

conduction through this extra channel may be enhanced with illumination, as occurred for the 10 

nm well width sample. 
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Figure 4. 21 Landau spin splitting fan chart diagram where (a) and (c) are the calculated Landau spin splitting energy 

levels for the first longitudinal sub-band, L1=7 and 4 meV for the 15 and 20 nm well width samples, respectively. 

With the dotted and solid curves being the spin down and up, respectively; the red and blue curves corresponding to 

the quantum numbers 0 and 1, respectively and the green (dark and light) line being the Fermi level, with 23 and 19 

meV, calculated from the Hall effect carrier concentration for the 15 and 20nm QW thickness, respectively. (b) and 

(d) shown the 1/Rxy in units of e2/h (green and blue curves), along with Rxx (violet and brown curves ) data for 15 and 

20 nm well width samples, respectively, at T=2.2 K. The vertical dotted lines that cross Rxx peaks and 1/Rxy plateaus 

reaching EF curve, delimit how many sub-bands are participating in the conduction mechanism, corresponding to the 

calculated LL. 

 

Figure 4.22 shows the magnetotransport results for the illuminated 20 nm QW thickness sample. 

Figure 4.22 (b) shows the Rxx measurements results, with (ON - red full curve) and without (OFF - 

blue dotted curve) illumination. In this figure, it is clear that the SdHO peak, under illumination, 
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suffers a shift for lower B values when compared with the non-illuminated sample, as indicated by 

the green arrows in the Figure 4.22 (b) inset, where an Rxx zoon-in is shown. Also, the illuminated 

Rxx curve amplitude, exhibit higher resistance for B>10 T and rapidly increasing for B>25 T, when 

compared with the non-illuminated sample curve. The resistance gain reaches a value of 4550% 

higher than the 20 nm QW thickness without illumination at 33 T. Similar behavior is observed for 

the illuminated and non-illuminated Rxy measurement results as shown in Figure 4.22 (a), where 

the Rxy with (ON - red full curve) and without (OFF - blue dotted curve) illumination are presented. 

In this figure, it is clear that the transversal resistance curves, for illuminated and non-illuminated 

sample, present almost the same amplitude for B<25 T and rapidly increase for B>25 T reaching, 

at 33 T, a value 820% higher than the curve without illumination. These effects can originate from 

the change in the carriers concentration when light is applied, as discussed in section 2.2.  

 

Figure 4. 22 Show the 20 nm QW thickness, under dark (blue dotted curve) and light (red full curve) conditions for 

(a) Rxy and (b) Rxx resistances at T = 2.2 K. 
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From the classic Hall effect, as discussed in section 2.3.1, it is possible to obtain the carrier 

concentration. Figure 4.23 (c) shows the calculated values for the illuminated (red open circles) 

and non-illuminated (blue open square) 20 nm well width sample. We notice a slight carriers 

concentration reduction when illuminated, it is unexpected once the light should enhance the 

carriers in the VB. However, it can be explained if the red light used to illumination is promoting 

carriers from the PbEuTe barrier to the extra layer, originated from the PbEuTe diffusion through 

the PbTe layer. This agrees with our previous assumption and also explain the fast increase in the 

resistance, exhibited in Figure 4.22 (a) and (b) for B>25 T, once that the conduction through the 

extra channel is enhanced. Although there is a carrier concentration reduction, the filling factors 

do not change, as shown in Figure 4.23 (b), where the ff can be directly obtained from the Rxy (e
2/h) 

as a function of 1/B plot. Also, the anomalous behavior seems to have increased for B>10 T, 

appearing a peak in Figure 4.23 (b) at B~25 T, when illuminated. These effects can be due to the 

conduction enhancement in the extra conduction channel. 

From Figure 4.22 (b) (Rxx) maximum and minimum, shown in Figure 4.23 (a), we obtained the 

main frequency of 13 T (±1 T). This is the same value as that obtained from the sample under dark 

conditions (Figure 4.19 (d)). From the FFT analysis, shown in Figure 4.23 (d), we also obtained a 

14 T (±1 T) main frequency which is in agreement with the discussion above. Also, two other 

frequencies, 24 T (±2 T) and 32 T (±3 T) appear, being different when compared with the 26 and 

40 T found for the no-illuminated 20 nm well width sample. It is possible that the different B range 

used to perform the FFT analysis, for the illuminated (4 – 24 T) and no-illuminated (3 – 33 T) 

samples, is the cause of this difference.  
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Figure 4. 23 Show the 20 nm QW thickness results for (a) maximums and minimums from illuminate SdHo Rxx 

(Figure 4.22 (b)) as a function of B and the linear fit that give a frequency value of 13 T. (b) Present the 1/Rxy in units 

of e2/h, for illuminated (ON – red curve) and non-illuminated (OFF - blue curve) condition, where the filling factors 

are directed obtained. (c) Carriers concentrations as a function of temperature, for illuminated (ON – red circles) and 

non-illuminated (OFF - blue squares) condition. (d) FFT analysis of the SdHO at the illuminated condition for 

different temperatures. 

 

Lastly, the 8 and 30 nm QW thickness measurements are shown in Figure 4.23. Clearly, no SdH 

oscillations are present in the Rxx resistance as a function of B, as shown in Figure 4.23 (a) and (b). 

Also, we can notice that these samples present high initial resistance values, compared with the 

others 10, 15 and 20 nm QW thicknesses. It may be possible that the indium contacts do not reach 
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the well, only diffusing through the barrier. This assumption is in agreement with the 8 nm Rxx(T) 

plotted in the inset of Figure 4.23 (a) which exhibited insulator worth mention that for all samples 

measured, several attempts to make contact were made. Most of those presented insulator profiles; 

however, the ones that show SdHO have a metallic behavior profile. This may also be associated 

with PbEuTe diffusion through the PbTe well. In this diffused PbEuTe layer, the Eu content is not 

enough to guarantee an insulator behavior. This allows parallel conduction between the PbTe well 

and this diffused PbEuTe layer similar to occur for the n-type PbEuTe QW discussed in section 

4.1. 

 

Figure 4. 24(a) and (b) Show longitudinal Rxx resistance for the 8 and 30 nm QW thickness, respectively, at T =4.2 K. 

The inset present the 8 nm well width sample Rxx as a function of temperature. 

 

In short, magnetotransport measurements performed in n and p-type PbTe/PbEuTe QWs were 

presented in this chapter. The n-type samples presented positive photoconduction and fast 

photoresponse and also showed a parallel transport contribution between the PbTe well and the 

PbEuTe:Bi barriers that depend on the temperature region. Furthermore, magnetotransport 

properties of p-type 10, 15 and 20 nm well width samples were investigated, exhibiting SdHO and 

QHE at low temperature and high magnetic fields. We found that only the first longitudinal sub-
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band, calculated using the envelope function model developed for lead-salt QWs, participate in the 

conduction mechanism. This was in agreement with the FFT oscillations analysis and with the 

calculated frequencies from the maximum and minimum oscillations. The filling factors sequence 

was justified by the Landau level spin splitting simulation, taking into account the calculated Fermi 

Level and the first longitudinal sub-band. Also, the 8 and 30nm QW thickness showed high 

resistance value and no SdHO or QHE. This can be associated with the PbEuTe barriers diffusion 

through the PbTe well, forming a PbEuTe layer with Eu content lower than the barrier. 
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5. Conclusions 

 

From the results presented for n-type QWs, we found that the photoresponse to infrared light 

has contributions from different channels, barriers, and well. We verified that the contribution of 

each channel depends on the temperature region. For high temperatures, the transport via barriers 

is more effective since the thermal energy is comparable to the bismuth donor level located below 

the Pb0.88Eu0.12Te conduction band edge. On the other hand, at low temperatures, the transport 

mechanism is dominated by the conduction through the PbTe well. The photoconductivity 

amplitude temperature dependence corroborates qualitatively well with the electron concentration 

and mobility, measured by Hall effect, under darkness and illumination conditions. We also found 

the persistent photoconductivity effect presence across the measured temperatures range and we 

were able to calculate the trap energy depth in the barriers from the experimental data and compare 

with the random potential model. The values are similar, although they differ due to the Bi atoms 

inclusion in the barriers, which was not considered in the model. Besides, we have shown that the 

photoconductivity amplitude decreasing at temperatures below ≈75 K is due to the electron-

electron scattering, enhanced by conduction via multiple valleys, which leads to a reduction in 

carrier mobility.  

For the p-type QWs, we compare three different well widths and found that 20 nm and 30 nm 

thick samples exhibit metallic or insulator behavior for different temperature ranges. However, the 

10nm thick sample presented metallic behavior in all temperatures measured, showing clearly QHE 

and SdH oscillations, starting at 4 T. The QHE exhibit odd non-integers filling factor sequence 

(2.3; 3.4; 5.6; 6.9 and 8.8). However, for the analysis, we consider the approximated integers: 2; 4; 

6; 7 and 9 calculated by the experimental B values corresponding to the observable Rxy plateaus. 

This odd sequence cannot be originated from the multi-valley transport mechanism, since only the 

first longitudinal valley participates, according to the Fermi level compared to the quantum 

confinement energy levels. However, this odd sequence may be associated with the Landau spin 

splitting fan chart diagram, presented in figure 4.14. In addition, the spin effect was observed as 

two main different peak frequencies, extracted from the FFT analysis, as 32 T and 45 T values that 

added become close to the principal frequency of 82 T, obtained from the Landau fan chart 



107 

diagram. These frequencies should be the second harmonic spin splitting of the main 18 T peak 

obtained from the FFT from at B up to 9 T. The high g factor, extracted from the oscillatory Rxx 

component is in agreement with the presented data, confirming that the odd filling factor sequence 

is due to the Landau level spin splitting. However, the fractional ff values may be related to the 

edge states, once that parallel conduction in the interface, between the barrier and well, was not 

enhanced or destroyed by illumination. However, further investigations are necessary to clarify this 

effect. 

Furthermore, the 15 nm well width samples presented QHE with even integers filling factor 

values of 1, 2 and 3, unlike the 10 nm one. This sequence is also justified by the first longitudinal 

Landau level spin splitting fan chart diagram and the calculated Fermi level. The SdHO FFT 

analysis provided main frequencies peaks of 23, 41 and 50 T. The lower amplitude frequencies 

may be the main peak and the others are the second harmonic spin splitting. Also, the SdHO exhibit 

anomalous behavior at high B values that may be associated with the edge states. However, the 

carrier concentrations calculated from Hall measurements and the ones calculated from the main 

frequencies peak do not match, presenting a large difference. It is possible that the PbEuTe from 

the barrier is diffused through the PbTe well, which originated a PbEuTe layer with lower Eu 

content. This diffused layer can allow the transport via two channel, PbTe well and the PbEuTe 

diffused layer, similar to what occurred to the n-type PbTe/PbEuTe:Bi QW. This multi-channel 

conduction assumption can be responsible for the carrier concentration difference and also explain 

the observed anomalies in SdHO. Also, unlike the 10 nm well width sample, the 15 nm well width 

sample second harmonic spin splitting peaks, presented low amplitudes compared to the main peak. 

The 20 nm well width samples also presented QHE with even integers filling factor values of 1 

and 2, like the 15 nm one. This sequence is also justified by the first longitudinal Landau level spin 

splitting fan chart diagram and the calculated Fermi level. The SdHO FFT analysis provided main 

frequencies peaks of 14, 26 and 40 T. The lower amplitude frequency is the main peak and the 

others are the second and third harmonic, respectively. As found for the 15 nm QW thickness, the 

carrier concentrations calculated from Hall measurements, and the ones calculated from the main 

frequencies peak do not match. This result agrees with PbEuTe diffusion through the PbTe previous 

assumption. Also, the 20 nm QW thickness under illumination measurements corroborated with 

the discussion above. It shows a longitudinal resistance increase for higher B values and a decrease 
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in the carrier concentration. This can be due to the PeEuTe diffused layer carrier population, once 

the red light which is used to illuminate, has energy higher than the VB QW, making possible to 

have the carriers concentration enhancement in the diffused PbEuTe layer. 

Finally, the 8 and 30nm QW thickness present high resistance and do not show SdHO, neither 

QHE. This also agrees with the assumption that an extra PbEuTe layer is formed from the PbEuTe 

barrier diffusion through the PbTe well. 

We propose, for future research to calculate the possibles traps levels in the band gap, by 

performing photoconductivity measurements over the p-type QW samples investigated in this 

work, in order to further investigate these fractional filling factor sequence and the anomalous 

resistance profile behavior. Also, a new p-type sample series, varying the PbEuTe barrier thickness, 

can be grown to investigate the PbEuTe diffusion layer, by x-ray analysis. 
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