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Abstract 

Electronic transport properties of as-grown and thermally annealed n- and p-type modulation-doped 

GaAsBi/AlGaAs quantum well (QW) structures were investigated. Hall mobility of as-grown, n- and p-

type modulation doped QW structures are found from raw experimental data as ~ 1414 and 95 cm2/Vs at 

room temperature. A comparison between reported two dimensional (2D) electron density determined 

from the analyses of Shubnikov de Haas (SdH) oscillations and the 2D Hall electron density indicates a 

presence of parallel conduction in barrier layer (AlGaAs) and QW layer (GaAsBi) in n-type samples, 

therefore a parallel channel conduction theory is used to separate the electron mobility in the QW and the 

barrier layers in n-type modulation doped GaAsBi/AlGaAs QW structure. The extracted electron mobility 

of the as-grown n-type GaAsBi/AlGaAs QW sample is determined as ~ 5975 cm2/Vs at 4.2 K, which is 

closer to the electron mobility in GaAs.  It is found that thermal annealing at lower temperature than 

growth temperature increases electron mobility of 2D electron gas, while annealing at higher temperature 

than growth temperature decreases electron mobility. The temperature dependence of the extracted 

electron mobility using parallel conduction approximation is analytically calculated by considering 

possible scattering mechanisms. Analysis of temperature-dependent electron mobility shows that the 

dominant scattering mechanisms are interface roughness, acoustic, and alloy-potential scatterings at low 

and intermediate temperature range, and interface roughness and optical phonon scattering at the high-

temperature range in n-type modulation doped GaAsBi/AlGaAs QW structures. 
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Introduction 

Since the discovery of the dramatic influence of Bi alloying on the valence band structure of GaAs, 

bismide alloys have become attractive due to Bi-related band tailoring effects as well as promising 

properties for optoelectronic devices [1–3]. Electron and hole transport properties and mechanisms in 

these optoelectronic devices have vital importance for controlling and manipulating the functionality of 

the devices. The transport mechanism of the electron and hole depends on the electronic band structure of 

the devices as well as design and dimension of the devices. An electronic band structure of the Bi 

containing III-V alloys is expressed with Valence Band Anti-Crossing Model (VBAC) with virtual crystal 

approximation (VCA). The VBAC model with VCA projection for valence bands (VB) are strongly re-

constructed with the incorporation of the Bi atom, while conduction (CB) is slightly altered so it is 

expected that the electron transport properties slightly deteriorated. Fluegel et al. reported that electron 

mobility in GaAsBi layers tends to decrease with Bi up to 0.88% Bi, due to the weak effect of the Bi on 

the CB[4].  Kini et al. reported that the electron mobility in intentionally doped GaAsBi epilayer on SI- 

GaAs is not significantly affected by introducing Bi atoms into GaAs for up to 1.2% Bi content, while it 

substantially deteriorates with Bi content higher than 1.6% for n-type GaAsBi epilayers [5]. Cooke et al. 

also investigated electron mobility in unintentionally doped GaAsBi epilayer on GaAs and AlGaAs layer 

utilizing time-resolved terahertz spectroscopy measurements [6,7]. They found that electron mobility is 

independent of the substrate/buffer layer for ~0.9%Bi, the samples grown on GaAs and AlGaAs are almost 

independent of the presence of the Bi atom in GaAs for up to 1.4% but degrades after 1.4%Bi. Kini et al. 

revealed that hole mobility in Be-doped GaAsBi epilayer is deteriorated by incorporation of the Bi [8]. 

Pettinari et al. reported that resistivity of the GaAsBi epilayer is very high, so hole mobility of the 

nominally undoped GaAsBi could be measured at a high magnetic field, higher than 10 T [9]. Contrary to 

these reported hole mobility results, Kado et al. disseminated that hole mobility in the Be-doped GaAsBi 

with ~4%Bi is comparable to p-type GaAs grown at nominal temperature, but above 5% Bi, the hole 

mobility degrades [10]. So far, all reported studies have been carried out on bulk or epilayer forms of p-

type GaAsBi structures.   
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The efficiency and performance of the optoelectronic devices improve by decreasing the dimensionality 

of the design.  When dimensions of the GaAsBi is reduced, it is seen weak conduction band offset or 

confinement of the electron in CB for low Bi content, due to the weak interaction of the Bi with CB. In 

order to overcome the weakness, one way is to exploit large bandgap material for barrier layers. Ludewig 

et al. showed that this AlGaAs layer for the barrier is good at carrier confinement within QW layers[11]. 

Contrary to bulk and epilayer GaAsBi materials, there are limited studies on the investigation of the 

electrical transport mechanism of the low dimensional GaAsBi structures apart from our previously 

published papers [12,13]. In our previous studies on n-type modulation doped GaAsBi/AlGaAs QW 

structures, we determined fundamental electrical transport parameters such as electron effective mass, 

quantum mobility, the carrier density in QW, Fermi level position, and deformation potential energy at 

low temperatures  [12,13]. So far, there have not been any reports about the analyses of temperature 

dependent electron mobility in Bi-containing QW structures, which is important to have a knowledge on 

temperature dependent characteristic of carrier mobility at the stage of designing electronic and 

optoelectronic devices based on Bi-containing QW structures.  

  

In this paper, we investigate the temperature dependent characteristics of electron and hole transport 

mechanisms in as-grown and post-growth thermally annealed modulation-doped n- and p-type 

Al0.15Ga0.85As/GaAs0.96Bi0.04 QW structures. A parallel conduction theory is used to extract true 

temperature dependence of 2D electron gas in GaAsBi/AlGaAs QW. We have analytically calculated the 

possible scattering mechanisms, and dominant scattering mechanisms limiting the electron mobility are 

determined at different temperature ranges. In the analytical calculations of possible scattering-limited 

electron mobility, we have utilized the fundamental transport parameters reported in our previous study 

[12,13]. We have also presented the temperature dependence of Hall mobility and 2D hole density for p-

type modulation doped GaAsBi/AlGaAs QW structures down to 160 K. At temperatures lower than 160 

K, the resistivity of the as-grown and annealed p-type samples have drastically increased, which we 

attribute to the trapping of free holes.  

Experimental Methods 

In order to determine the effects of Bi and thermal annealing on the electronic transport properties of the 

2D electron and hole gases, n-and p-type modulation-doped GaAs1-xBix/Al0.15Ga0.85As QW samples were 

grown on SI-GaAs substrates by molecular beam epitaxy (MBE). The sample structures are given in Table 
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I. The GaAsBi layer in the samples was grown at 370 °C, and the other layers were grown at 580 °C. The 

Bi composition of alloy compositions was determined by HR-XRD measurement as 4%. The growth 

details can be found in Refs. [12,13]. The Bi-free reference GaAs/AlGaAs QW sample has an identical 

structure but the QW layer does not contain Bi atoms, and is grown at the typical growth temperature. 

 

Table I: Schematic diagram of the grown samples used in this study. Si and Be are used for n-and p-type doping, 

respectively. 

Material Thickness (nm) Dopant type /density 

GaAs (cap) 5 Si/Be- 5 × 1017cm−3 

Al0.15Ga0.85As (barrier) 10 Si/Be -1× 1018cm−3 

Al0.15Ga0.85As (spacer) 5 Undoped 

GaAs0.96Bi0.04 (quantum well) 7 Undoped 

Al0.15Ga0.85As (spacer) 5 Undoped 

Al0.15Ga0.85As (barrier) 10 Si/Be-1 × 1018cm−3 

GaAs buffer layer   

GaAs semi-insulating substrate 

 

 

Post growth rapid thermal annealing was applied under N2 gas flow at 700 °C (higher than the growth 

temperature of the GaAsBi layer) for the 60 s for n- and p-type samples, and 350 °C (lower than growth 

temperature) for 180 s for n-type samples. Since we did not obtain clear signal for all p-type samples at 

temperatures lower than 160 K, we will only present experimental results between 160 and 300 K. 

However, we report a detailed analysis of effect of the annealing on the temperature dependent electronic 

transport properties of the 2D electron gas at temperature range between 4.2 and 300K. We have analyzed 

the electronic transport of two n-type samples, annealed at 350 °C and annealed 700 °C. Afterall, we give 

the results for all as-grown and annealed n- and p-type samples, but we have only analyzed the electronic 

transport properties of as-grown and annealed n-type samples at 350 °C and 700 °C. 

 

The electronic transport properties of the two dimensional (2D) electron were studied using the orthodox 

Hall Effect method [14]. In this method, a fixed magnetic field is employed perpendicular to current 

density, but parallel to the growth direction. Bruker Hall Effect System with a 2T copper coil 

electromagnet at 4 cm distance between coils and Oxford-Heliox-VL 3He cryostat equipped with an 18T 

superconducting magnet were used to carry out Hall Effect measurements between 77 K-300 K and 
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between 2 K-80 K, respectively. All samples were defined with standard photolithography techniques as 

having a Hall bar geometry with a length of 1.75 mm and a width of 0.7 mm. Au(200 nm)/Ni(20 

nm)/Au:Ge(120 nm)/Au(5 nm) and Au(200 nm)/Ti(20 nm) contacts were fabricated using thermal 

evaporation technique using a VAKSIS Twin Chamber Thermal Evaporator system for n- and p-type 

samples, respectively. A fixed 50 µA current was applied to the samples during the measurements. 

 

Analytic Modeling of Temperature Dependence of Electron Mobility  

Here, we present analytical modeling of the temperature dependence of electron mobility considering all 

possible scattering mechanisms, which restrict carrier mobility and are well-defined in the literature. The 

temperature dependence of hole mobility could be determined at a limited range of temperatures due to 

the extremely high resistance of the p-type samples at temperatures lower than 160 K; therefore, we have 

only modeled the temperature dependence of the electron mobility. In the calculations, electron effective 

mass, 2D electron densities, and Fermi levels in n-type samples are essential parameters and obtained 

from the analyses of the SdH oscillations in our earlier paper[12]. It is known that the analyses of the SdH 

oscillations give the 2D electron density, when SdH oscillations is observed in 2D systems. On the other 

hand, Hall effect measurements give not only the 2D electron density in the QW layer but also the total 

electron density in heterostructures in the case of any parallel conducting layers from out of the QW layer. 

Especially, in modulation-doped heterostructures, parallel conduction from the doped barrier layer is a 

common observation [15,16]. A comparison between electron densities obtained from Hall Effect 

measurements and analyses from SdH oscillations presented in one of our recent papers (see Table II for 

the values of electron densities) indicates that the electrons in the barrier layer (AlGaAs) also contribute 

to the electronic transport for all n-type samples studied here[12]. We have discussed the analyses of the 

SdH results in our recent papers [12,13]; therefore, we will only use the determined material parameters 

(effective electron mass, Fermi level, and 2D electron density) from SdH oscillations in the calculations. 

We have shown for n-type samples that the 2D electron gas occupies the states in both GaAsBi QW and 

AlGaAs barrier layer for all n-type samples. Therefore, we will also consider scattering mechanisms for 

electrons in the barrier AlGaAs layer. 

 

It is worth noting that components of the conductivity tensor can be separated with a simple parallel 

conduction extraction method (SPCEM), multi-carrier fitting procedure (MCF), mobility spectrum 

analysis (MSA), improved quantitative mobility spectrum analysis (i-QMSA), etc.  [15,17–19]. In order 
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to separate the contribution of each layer to total conductivity, the well-known Hall Effect should be 

measured under low different magnetic field values and some strict assumptions are required.  Also, in 

our previous studies, parallel conduction is analyzed with the SPCEM model with strict assumptions [16]. 

However, we separate parallel conduction mechanisms using a low magnetic field measurement (Hall 

effect) and previously reported magnetoresistance results without making any assumptions in this study. 

Then, the extracted temperature dependence of electron mobility of 2D electron gas in GaAsBi/AlGaAs 

QW structures is quantitatively analyzed using all possible scattering mechanisms, which limits electron 

mobility.   

   

In order to evaluate the temperature dependence of the electron mobility in the QW and barrier layer, 

different scattering mechanisms affecting the temperature dependence of the electron mobility have been 

considered as given below, and  the total mobility is calculated with the well-known Matthiessen’s rule, 

expressed as[17] 

1

𝜇𝑡𝑜𝑡𝑎𝑙
= ∑

1

𝜇𝑖
𝑖                                                                                                                             (1) 

where 𝜇𝑖 is attributed to different scattering mechanisms.  

The possible scattering mechanisms limiting electron mobility in n-type samples are briefly defined 

below. 

 

i) Ionized impurity scattering limited electron mobility (µII) 

Since the barrier layer (Al0.15Ga0.85As) is doped and some of the electrons occupy the states in the barrier 

layer, we consider the ionized impurity scattering mechanism, one of the dominant scattering centers at 

low temperatures. In this layer, both electrons and their parent donor ions are in the same space; hence 

ionized impurity scattering mechanism must be included. The standard definition of the ionized impurity 

scattering limited electron mobility is formulated as  

 

 𝜇0 =
64√𝜋(2𝑘𝐵𝑇)3 𝜀2

𝑁𝑍2𝑒3√𝑚𝑒 
𝑓(𝑇)−1                                                                                                                    (3) 

 

where 𝑁 is a number of the ionized impurity center, 𝑍 is a charge on ionized impurity, 𝑚𝑒 is the electron 

effective mass,  is the dielectric constant of AlGaAs and 𝑘𝐵 is the Boltzmann constant. 𝑓(𝑇) is a 

temperature-dependent parameter; it must be solved under boundary conditions to obtain analytical 
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results. It is well-known that ionized impurity scattering has a temperature dependence of T3/2.   Eq. 3 is 

then modified as a function of electron density for un-screened (Conwell-Weisskopf (C-W) model)[20], 

screened (Brooks-Herring (B-H) model)[21–23], the intermediate case between screened and un-

screened[24], and strongly degenerate case[25]. We have found that the 3D electron density in the barrier 

layer, by subtracting Hall carrier density from the carrier density determined from SdH oscillations to 

determine which regime is applicable for our samples. Using the obtained 3D electron density values in 

the un-screened, screened, intermediate, and strong degeneration formulas for ionized impurity scattering 

limited electron mobility, we have calculated the temperature dependence of electron mobility as shown 

in Figure 1. It is obvious that the models for unscreened, intermediate and screened regimes do not exhibit 

a well-known T3/2 characteristic of the ionized impurity scattering. Szmyd et al. defined a limit for the 

strong degeneration for 𝑛3𝐷 ≥ 4 × 1018𝑐𝑚−3for n-type GaAs [25]. For the as-grown n-type Bi-free 

sample (reference sample), at ~4K, 𝑛3𝐷 = 4.6 × 1018𝑐𝑚−3, satisfying the strong degeneration condition. 

For strong degeneration, ionized impurity scattering limited electron mobility is expressed by Szmyd et 

al. as  

 

𝜇𝐼𝐼 = 3𝜀0
2 (

ℎ

𝑒
)

3
(

𝑛3𝑑

𝑁𝑑𝑜𝑝
) (

1

𝑚𝑒
)

2

(ln(1 + 𝜉) − 𝜉/(1 + 𝜉)  )−1                                                     (4)  

 

where 𝜉 is defined as 16𝜀0𝑚𝑒𝐸𝐹/3𝑒2𝑛3𝐷ℏ2. In our cases, the 3D carrier density is higher than 

4 × 1018𝑐𝑚−3. The result of Eq. 4 is almost independent of the temperature because the scattering of the 

electrons by ionized impurities is screened, as shown in Figure 1.  
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Figure 1. Calculated temperature dependence of the electron mobility limited by ionized impurity scattering for 

the barrier layer (AlGaAs) in the n-type Bi-free sample. Inset shows the enlarged results for the strongly 

degenerate case, used in analytical mobility calculation for n-type samples. 

 

 

ii) Remote ionized impurity scattering limited electron mobility (µRII) 

 

In modulation-doped heterostructures, electrons and their parent donor ions are separated from each other 

with a spacer layer, and electrons in the QW layer  are affected with positively charged ions in the barrier 

layer via remote Coulomb interactions, and the electron mobility is defined under the influence of remote 

ionized scattering as [16,26]  

 

𝜇𝑅𝐼𝐼 =
(64𝜋ℏ3𝜀0𝑆0

2(2𝜋𝑛2𝐷)3/2)
2

𝑒3𝑚𝑒
[

1

𝐿2 −
1

(𝑑+𝐿)2]
−1

                                                                           (5) 

 

where 𝑛2𝐷  is the 2D electron density in QW, d is the thickness of the spacer layer, L is the width of the 

QW, and S0 is the screening constant for the degenerate case.  

iii) Acoustic phonon scattering limited electron mobility µAP 

Acoustic phonon scattering is defined with deformation potential and piezoelectric phonon scatterings. 

The expression for the deformation potential is given by [27,28] 

 

𝜇𝑑𝑒𝑓 =
16𝜌𝑒𝑣𝐿

2ℏ3

3Ξ2𝑘𝐵𝑇 𝑚𝑒
2 𝑏𝑎𝑝 𝐽𝑑𝑝(𝑘)

                                                                                                      (6) 

 

where ρ is the density of the crystal, Lv  is the velocity of longitudinal acoustic phonons,  is deformation 

potential, 𝑏𝑎𝑝 is Fang-Howard expression, and the 𝐽𝑑𝑝 is a function of inverse screening length. 

Piezoelectric acoustic phonon scattering-limited mobility is expressed by  [27,28] 

 

𝜇𝑝𝑖𝑒 =
𝜋ℏ3𝜀0𝑘

𝑒𝐾𝑎𝑣
2 𝑘𝐵𝑇𝑚𝑒

2𝐽𝑝𝑖𝑒
                                                                                                                (7) 

 

where 𝐾𝑎𝑣 is the electromechanical coupling constant and 𝐽𝑝𝑖𝑒 is a function of inverse screening length. 



9 

 

The overall acoustic phonon scattering is defined as 1/𝜇𝐴𝑃 = 1/𝜇𝑝𝑖𝑒 + 1/𝜇𝑑𝑒𝑓. 

 

iv) Optic phonon scattering (OP) 

Ridley derived the equation for the polar optical phonon scattering-limited mobility as [27] 

 

𝜇𝑝𝑜 =
4𝜋ℏ2𝜀0𝜀𝑝

𝑒𝜔𝑝𝑜𝑚𝑒
2𝐿𝐹

[exp (
ℏ𝜔𝑝𝑜

𝑘𝐵𝑇
) − 1]                                                                                           (8) 

 

where 𝜀𝑝 is related to dielectric constant, ℏ𝜔𝑝𝑜 is the polar optic phonon energy, 𝜀𝑠ve 𝜀∞ are the high and 

low-frequency dielectric constants, 𝑚𝑒 is the carrier effective mass, and 𝐿𝐹 is the effective thickness of 

the layer. This model is used for the barrier layer and QW. Therefore, the 𝐿𝐹 is calculated from inverse 

3D and 2D Fermi wave vector for barrier layer and QW, respectively.  

v) Alloy scattering (µALL) 

Alloy disorder scattering- limited mobility is calculated by the following expression[29]: 

 

𝜇𝐴𝐿𝐿 =
16𝑒ℏ3

3𝑏𝐴𝐿𝐿𝑥(1−𝑥)Ω0𝑈𝑎𝑙𝑙
2                                                                                                           (9) 

 

where Ω0 is the volume of primitive cell, x is the alloy content, and 𝑈𝑎𝑙𝑙 is the alloy potential for ternary 

alloys, and 𝑏𝐴𝐿𝐿 is the self-consistent Hartree expression. In the alloy potential calculation, the strain effect 

is included. 

 

vi) Interface Roughness scattering (µIFR) 

 

Interface roughness scattering (IFR) for screened/degenerate cases is given as 

 

𝜇𝐼𝐹𝑅 =
𝜋ℏ3

𝑒3𝐽𝐼𝐹𝑅
                                                                                                                          (10) 

 

where the 𝐽𝐼𝐹𝑅 is the function of the inverse screening length,  the lateral size Λ and height Δ of the 

Gaussian fluactuation, 2D carrier density in QW. 𝐽𝐼𝐹𝑅 is analytically solved for degenerate cases [30].   
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All parameters used in the calculations are given in Table II, together with experimentally obtained 

parameters.  

 

Table II: The material parameters at ~ 4.2 K used in scattering calculations. GaAs-related parameters are taken 

from Ref.[31] and GaAsBi-related parameters are taken from Refs [32–35]. Some parameters are determined from 

the present study and ascribed as (exp.) in Table. The second subband parameters for Bi-free sample (TNR00) and 

Bi-containing sample annealed at 350 °C (TNBi04B) are given in bracket. 

Parameters Symbol TNR00 TNBi04 TNBi04A TNBi04B 

Electron effective 

mass, (Exp.)[12]  
𝑚𝑒

∗  (𝑚𝑒) 
0.080 

(0.073) 
0.077 0.078 0.076 (0.066) 

Fermi Level, 

(Exp.)[12]   
(𝐸𝐹 − 𝐸𝑖) (meV) 121 (58) 80 111 127 (63) 

2D electron density n2D  (1016m-2) 
3.96  

(1.76) 
2.56 3.6 

4.03  

(1.73) 

Hall Effect carrier 

density 
nHall  (1016m-2) 11.64 11.61 9.09 10.7 

Deformation potential, 

(Exp.) [13] 
Ξ (eV) 9.5 (7) 7.3 0.5 4 (4.2) 

Crystal density[31,34] 𝜌 (103kg/m3) 5.32 5.44 

Sound velocity[31,34] 𝑣𝐿 (103m/s) 4.79 4.75 

Electromechanical 

coupling 

constant[31,34] 
𝐾𝑎𝑣

2  0.025 0.045 

Dielectric 

constant[33,35] 
𝜀 (𝜀0) 12.9 11.3 

Elastic 

constants[31,34] 
𝐶11 (1011dyn/cm2) 12.21 7.3 

Elastic 

constants[31,34] 
𝐶12 (1011dyn/cm2) 5.66 3.27 

Elastic 

constants[31,34] 
𝐶44 (1011dyn/cm2) 6 3.6 

Piezoelectric stress 

constant[36] 
𝑒14 (C/m2) -0.16 -0.16 

 

Results and Discussion 

a) Experimental results 

Figure 2 (a) and (b) shows the temperature dependence of carrier mobility and 2D carrier density for as-

grown and annealed Bi-free and Bi-containing GaAsBi/AlGaAs QW samples. The p-type as-grown 

sample's resistivity is too high (over 500 MΩ at 230 K) to measure the Hall effect between ~2 K and 240 
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K. Hence, we could obtain consistent/stable mobility only above 240 K. The Bi atom is likely to generate 

a deep potential trap for the holes, which has activation energy at around room temperature and releases 

trapped holes around 240 K. Therefore, we suggest that holes are captured by the deep level defect and 

are emitted at approximately 240 K. 
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Figure 2. Temperature dependence of the Hall effect results: (a) carrier mobility, and  (b) carrier concentration in 

as-grown and annealed samples. (c) Temperature-dependent resistivity of the p-type as-grown samples. 

 

 

To confirm this, the temperature dependence of the resistivity is determined, and several activation 

energies are determined from slop of Arrhenius plot, as seen in Figure 2 (c). We have found three 

activation energies as well as a deep level defect at activation energy of 180 meV, which could be 
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responsible for hole depletion below 240 K in p-type samples. It is worth noting that our Hall effect 

systems are limited to a temperature below 300 K. Therefore, we could not carry out the Hall effect 

measurement above 300 K. Even the defect states is strongly dependent on the growth conditions [37–

42], the determined defect energy levels in this study are closed to the literature [43]. The hole mobility 

varies in the range of 60-95 cm2/Vs between 240 K and 300 K for the as-grown sample, which is smaller 

than the hole mobility in the Bi-free p-type sample, which fulfils the VBAC model. Pettinari et al. found 

that the hole mobility is 10 cm2/Vs for a p-type GaAsBi epilayer with Bi composition of 3.8%[9]. The 

higher hole mobility observed in p-type modulation-doped samples is a result of the decreasing interaction 

between ionized acceptors in the barrier layer and holes in the QW.  As seen in Figure 2(a), annealing 

does not enhance the hole mobility due to the increment in hole density upon annealing. Increased hole 

density upon thermal annealing can result from the release of the captured holes by impurities having low 

activation energies. It is also obvious that the electron mobility in the as-grown Bi-containing sample 

(TNBi04) is higher than that of electron mobility in Bi-free n-type sample (TNR00), which can be related 

to the surfactant effect of Bi [44,45]. Even as the n- and p-type samples are doped at the same nominal 

density of the dopant atoms, the electron density is about two orders of magnitude of holes, which can 

also be a suggestion of high-density acceptor-like defects in both p-type Bi-free and Bi-containing samples 

due to low temperature growth conditions. The electron mobility becomes smaller upon annealing above 

the growth temperature of GaAsBi (700 °C, TNBi04A) but is negligibly affected from annealing at 350 

°C. It is worth noting that the electron mobility values obtained from both Hall effect and SdH analyses 

are so small even for the Bi-free sample for typical modulation-doped structures. So far, we have presented 

the experimental parameters obtained from SdH analyses without a discussion on the electron Hall 

mobility values and only compared the results with those of a Bi-free sample in our previously published 

papers [12,13]. It is evident from a comparison of Hall effect results and SdH analyses that electrons 

occupy the states in both the QW and the barrier layers; hence the overall mobility is affected from both 

channels. To analyze the temperature dependence of the electron mobility, first, the contributions to the 

electron mobility from the QW and the barrier layers have to be distinguished. After the separation, the 

effects of Bi alloying and annealing process can be interpreted appropriately. To do that, the temperature 

dependence of 2D and 3D electron densities has to be determined.  

 

The electron density in the QW layer up to 40 K was determined from Shubnikov-de Hass (SdH) 

oscillations for all n-type samples and depicted in Figure 3. We found that the electrons occupy the first 
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subband in the Bi-containing as-grown (TNBi04) and thermally annealed at 700 °C(TNBi04A) samples, 

whereas they occupy the first two subbands in the Bi-free (TNR00) and annealed Bi-containing at 350 °C 

(TNBi04B) samples [12].  It is evident that the 2D carrier density is almost independent of the temperature 

between 2 K - 40 K. It is known that SdH oscillations give only the electron density in the QW for our 

sample structures under certain experimental condition (given in the Experimental method section), 

whereas the Hall effect gives the total electron density in the entire sample structure [46]. As clearly seen 

in Figures 2(b) and 3(a), the 2D carrier density determined from SdH oscillations is lower than that derived 

from the Hall Effect, indicating that the electrons occupy both the QW and barrier layer. Therefore, it is 

evident that there is parallel conduction in n-type modulation-doped samples.  

 

As we have shown in the band-profile calculations in our recent paper on these samples [47], electrons 

are well-confined in the GaAsBi QW layer thanks to the sufficiently high bandgap discontinuity between 

Al0.15Ga0.85As and GaAsBi QW, preventing escaping of electrons from the QW. Therefore, to determine 

the temperature-dependent electron density in QW in the temperature range of interest, we can exploit the 

2D electron density formula given as  

 

𝑛2𝐷
𝑖 = (

𝑚𝑒
𝑖

𝜋ℏ2  𝑘𝐵𝑇 ) ln (1 + exp (−
𝐸𝑖−𝐸𝐹

𝑘𝐵𝑇
) )                                                                                                 (11) 

 

where, 𝑚𝑒  and 𝐸𝐹 − 𝐸𝑖 are determined from SdH measurements. ℏ and 𝑘𝐵 are fundamental physical 

constants. As seen in Figure 3(a), the calculated temperature-dependent carrier density matches with 

experimental values recorded up to 40 K, which allow us to extrapolate the 2D electron density in the QW 

layer to the whole temperature range of interest. According to Eq. 11, the temperature-dependent 2D 

carrier density has a weak temperature dependence, which can also be seen in Figure 3(a). After the 

determination of the temperature-dependent electron density in the QW with Eq. 11, we can obtain the 

electron density in the barrier layer by subtracting the obtained values of the 2D carrier density as a 

function of temperature from the values of electron density determined from the Hall Effect measurements 

(Figure 2(b)). 
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Figure 3. Temperature-dependent a) 2D electron concentration in the QW and b) extracted carrier density in the 

barrier layer. The first and second subband results for the Bi-free (TNR00) and Bi-containing samples annealed at 

350°C (TNBi04B) are labeled in the bracket. 

 

Considering Figures 2(b), 3(a), and 3(b), it is clear that most of the electrons are in the barrier layer, which 

indicates that states in the QW are not sufficient to be occupied by electrons.  The highest electron density 

is observed in the barrier layer of the as-grown Bi-containing sample (TNBi04). There are two occupied 

subbands in the as-grown Bi-free sample (TNR00) and the Bi-containing sample annealed at 350 °C 

(TNBi04B). With Bi incorporation, the bandgap redshifts, and the effective electron mass decreases; 

therefore, the e1 subband is occupied in the as-grown Bi-containing sample (TNBi04), resulting in a higher 

electron density of electrons in the barrier layer.  Upon annealing, several factors can affect the change of 

the electron densities in the barrier layer, such as bandgap, barrier height, effective mass, the number of 

the available subbands in QW, and effects of annealing on electron density are explained in details in our 

previous paper[12]. We can conclude that the number of the available subbands to be occupied and 

effective electron mass in GaAsBi QW, which is responsible for the density of states of the subbands in 

the QW, changes the electron density of the barrier layer. 

 

b) Quantitatively analyzing the temperature dependence of electron mobility 

 

It is shown that the electrons occupy both the QW and barrier layer, which is an indication of the parallel 

conduction in Al0.15Ga0.85As/GaAs1-xBix (x=0.0, and 0.04). In the case of parallel conduction, the 

conductivity can be expressed as[15] 
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𝜎𝑥𝑥 = ∑
𝑒𝑛𝑖𝜇𝑖

1+(𝜇𝑖𝐵𝑧)2 𝑖                                                                                                                  (12) 

 

where 𝜇𝑖 and 𝑛𝑖 are the mobility and electron density of the ith channel, respectively. The conductivity of 

the samples has been determined from longitudinal and transverse magnetotransport measurements. We 

experimentally determined carrier densities in the barrier and QW layers, so we need to know electron 

mobility in the barrier layer or QW layer to extract the mobility in one of the parallel channels using Eq. 

12. The barrier layer of the n-type modulation-doped samples is AlGaAs, and fortunately, the optical and 

electrical properties of the AlxGa1-xAs (0 ≤ 𝑥 ≤ 0.45) alloy are well-known [36]. Hence, we can calculate 

the electron mobility in Al0.15Ga0.85As (bulk/epilayer). Considering the determined 3D carrier density 

given in Figure 3(b) for the barrier layer, we have calculated temperature-dependent electron mobility in 

Al0.15Ga0.85As considering the dominant scattering mechanisms including ionized impurity, acoustic and 

optic phonon scatterings, as given in the analytical modeling section. All parameters used in the 

calculations are listed in Table II.  The calculated temperature-dependent electron mobility in the AlGaAs 

barrier layer are presented in Figure 4 for all n-type samples, and their values are in good agreement with 

the literature [48]. The highest electron mobility in the barrier layer belongs to the Bi-containing as-grown 

sample (TNBi04, see Table II and Figure 4). The change of the electron mobility as an effect of annealing 

in the barrier layer results from changed electron density upon annealing.  
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Figure 4. Temperature dependence of the calculated electron mobility of the barrier (bulk/epilayer) layer 

(Al0.15Ga0.85As, taking into account the Ionized impurity and optical phonon scatterings.  
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The electron mobility of the as-grown GaAsBi (TNBi04) QW layer is extracted using Eq. 12 with the 

condition 𝜔𝑖𝜏𝑖 ≪ 1, the electron mobility in the barrier layer and the temperature-dependent characteristic 

analyzed using possible scattering mechanisms. As an example, Figure 5 shows that the temperature 

dependence of electron mobility in the as-grown Bi-containing sample (TNBi04) together with all possible 

scattering mechanisms. Figure 5 shows that calculated electron mobility matches with the extracted 2D 

electron mobility. To clarify the temperature-dependent scattering mechanisms that limits electron 

mobility, we separate the temperature regimes into two sub-regions: i) 2 < 𝑇 ≤ 150, and ii)  150 ≤ 𝑇 <

300. The dominant scattering centre are the alloy potential scattering, acoustic phonon for 2 < 𝑇 ≤ 150 

and are the optic phonon for 150 ≤ 𝑇 < 300. We split into two temperature regions, interface roughness 

scattering is almost dominant in both i and ii ) regions.  In the analytical calculations, the lateral size Λ is 

calculated from the mean value of Fermi wavelength (√2𝜋𝑛2𝐷) and the height of roughness (Δ) is chosen 

as fitting parameters. The analytically calculated electron mobility with parameters given in Table II does 

not fit perfectly to the experimental value in the high-temperature region (see Figure 6, dotted-line), due 

to the weak interaction of the electron-optic phonons. Similar behavior was observed for counterpart of 

Bi-containing QW structure, N-containing dilute nitride QW structures and attributed to screening of the 

electron-optic phonon interaction [16,49]. Hence, the origin of the mismatching at high temperature region 

may be a screening of the electron-optic phonon interaction in GaAsBi QW. In order to obtain a good 

match to experimental results, we added a coefficient for the Fermi-wave vector in analytical calculations. 

The effective scattering mechanisms are alloy disorder potential, acoustic phonon, interface roughness 

scattering, and optical phonon scattering for all samples. The remote ionized impurity scattering does not 

affect the electron mobility for all the samples. 
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Figure 5. Experimental results with calculated possible scattering mechanism for as-grown TNBi04. Symbols and 

solid lines are ascribed for experimental and calculated results, respectively. 

 

Figure 6 shows the extracted and analytically fitted temperature dependence of 2D electron mobility for 

all the samples. Since the Bi-free and annealed Bi-containing sample (TNBi04B) have two subbands 

occupied, we have also presented the electron mobility in the second subband for these samples. To 

determine the parallel transport among the barrier layer, the first and second quantized levels for the Bi-

free (TNR00) and Bi-containing annealed at 350 °C (TNBi04B), we use electron density in each subband 

given in Table II. Typically, it is expected that the electron mobility in each subband is directly 

proportional to the carrier density in the QW [50,51]. However, Zheng et al. reported that the electron 

mobility in each layer is inversely proportional to carrier density due to interface induced effects [52]. In 

reported studies[12], the proportion between carrier density and electron mobility is seen from Hall 

mobility.  Our results show that the first subbands are more populated with a factor of two in Bi-free 

(TNR00) and Bi-containing samples annealed at 350 °C (TNBi04B, see Table II), and the effective 

electron mass is smaller for the second subband in these samples. We have observed an inverse 

proportionality as reported by Zheng et al. for the mobility of electrons in the less populated second 

subband in Bi-containing sample annealed at 350 °C (TNBi04B). In contrast, the more populated first 

subband has higher electron mobility in Bi-free sample (TNR00). 

 

The 2D electron mobility at the lowest temperature (2K)  in the as-grown Bi-containing sample is ~5900 

cm2/Vs, which is closer to the electron mobility in GaAs [53] and higher than that of Bi-free sample, 

which can be due to the surfactant effect of Bi atoms during growth as well as lower electron density, 

smaller effective mass and one subband contribution to the electronic transport in Bi-containing sample. 

In the recent studies[54–56] as well as in our previous studies [12,13], it has been shown that the Bi atom 

indirectly affects electron transport parameters via changing the quantum confinement due to the redshift 

of the bandgap and Bi-related scattering events, interface roughness scattering. Since modulation doping 

drastically reduces the effect of ionized impurity scattering, the electron mobility in as-grown Bi-

containing (TNBi04) is observed to be much higher than the reported values for Bi-containing 

bulk/epilayer doped with a similar density of dopants [5,6].  
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As seen in Figure 6, the electron mobility deteriorate after thermal annealing.  The electron effective mass, 

the number of the occupied subbands, and electron densities are affected by the annealing process; 

therefore, the observed change in the electron mobility cannot be straightforwardly explained.  
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Figure 6. Temperature-dependent experimental and calculated electron mobility for all samples. Solid and dotted-

lines are ascribed for calculated results with and without a multiplying factor, respectively The different symbols 

represent different samples. The first and second subband results for Bi-free (TNR00) and Bi-containing sample 

annealed at 350 °C (TNBi04B) are labeled in brackets. 

 

 

The fitting parameters are given in Figure 7. The lateral height of the interface roughness increases with 

thermal annealing, which means the interface of the sample becomes worse after thermal annealing. 

Scanning electron microscopy patern show that the surface of the sample annealed 350 °C is not affected 

annealing treament. However, we observed the some dark area in line on the sample surface, which means 

the samples is deteriorated (not shonwn here).  At first sight, the electron mobility of Bi-containing sample 

annealed at 350 °C (TNBi04B) is lower than that of the as-grown Bi-containing sample (TNBi04). 

However, considering the effect of carrier concentration on Hall mobility given in Table II, and 

eliminating the carrier concentration effect, the mobility of Bi-containing sample annealed at 350 °C 

(TNi04B) is higher than that of the as-grown Bi-containing (TNBi04), which agrees with the transport 

properties given in Ref. [12,16]. The Fermi-wave vector factor is almost constant, resulting from a similar 

carrier density range for all samples. 
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Figure 7. Used fitting parameters for all samples. The different symbols represent different samples. 𝑘𝐹 is the 

Fermi-wave vector and calculated from carrier density. Δ  is the height of roughness and is defined as a function 

of lattice constant. 

 

Conclusions 

We investigated the temperature-dependent transport properties of the modulation doped n- and p-type 

GaAsBi quantum structures. It is shown that electron transport occurs in multiple channels. The hole 

mobility at room temperature is determined as  60-95 cm2/Vs, close to the reported value for Bi-containing 

alloys value, even if we could not measure at low temperature (<240K). These results also show the strong 

effect of Bi on the valence band of the GaAsBi alloys. Electron mobility in the as-grown Bi-containing 

sample is determined as 5900 cm2/Vs. It is slightly lower than the well-known value for GaAs/AlGaAs, 

even this demonstrates the validity of the valence band anti-crossing model with virtual crystal 

contribution, the reported electron mobility value is the highest in the literature.  Thermal annealing at 350 

°C for 180s improves electron mobility by eliminating the effect of carrier density on electron mobility.  

The dominant scattering mechanism is the alloy potential mechanism, and acoustic phonon (less effective) 

scatterings at low temperature, and optical phonon scattering at the high-temperature region. The interface 

roughness scattering affects the electron mobility on the entire temperature range.  
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