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Abstract: We report on the power loss mechanisms of hot electrons in as-grown and annealed n-type 

modulation-doped Al0.15Ga0.85As/GaAs1-xBix (x = 0 and 0.04) quantum well (QW) structures considering 

acoustic phonon interactions via the deformation potential (non-polar) and piezoelectric (polar) 

scatterings. The two-dimensional (2D) electron gas is heated by applying various electric fields under a 

steady-state magnetic field, and the effect of the applied electric field on the Shubnikov de Haas (SdH) 

oscillations is analyzed to investigate the power loss mechanism. The temperature of hot electrons (Te) 

has been obtained by comparing the lattice temperature and applied electric field dependencies of the SdH 

oscillation amplitude. The hot electron temperature is almost the same for both Bi-free and Bi-containing 

samples except for the sample annealed at higher temperature (700°C) than the growth temperature of 

GaAsBi. The electron temperature dependence of power loss is analyzed using current theoretical analytic 

models derived for 2D semiconductors. We find that energy relaxation occurs in the intermediate 

temperature regime, including mixing of piezoelectric and deformation potential scattering. The power 

loss of hot electrons is found to be proportional to (𝑇𝑇𝑒𝑒
𝛾𝛾 − 𝑇𝑇𝐿𝐿

𝛾𝛾)  with γ in the range from 2.4 to 4.2, which 

indicates that the hot electron relaxation is due to acoustic phonon scatterings via unscreened deformation 

potential and piezoelectric scattering. It is found that deformation potential scattering is dominant over 

piezoelectric scattering in the Bi-free sample, while the incorporation of Bi into the GaAs lattice makes 

these processes comparable. After thermal annealing at lower than growth temperature (350°C), the 

scattering mechanism switches from deformation potential to piezoelectric scattering. After thermal 

annealing at higher than growth temperature (700°C), the theoretical model does not fit to the experimental 

results due to degradation of the sample. 

Keywords: hot electron in GaAsBi; power loss; acoustic phonon scattering, n-type modulation doped 

GaAsBi quantum well, energy relaxation 
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Introduction 

Shrinking of semiconductor devices to the micro/nanoscale results in the generation of hot carriers under 

the application of small voltages due to strong electric fields. The physics of hot carriers is based on non-

linear effects related to the energy and momentum exchange between hot carriers and phonons, and/or 

between impurities and photons. Therefore, the study of energy and momentum relaxation mechanisms 

of hot carriers is essential for understanding the operation of novel semiconductor devices in a non-linear 

transport regime under high electric fields.  

 

GaAs1-xBix is a novel highly mismatched alloy which has attracted great attention due to its promising 

properties, such as higher flexibility in tuning the band gap [1–4], and allows the fabrication of novel 

semiconductor optoelectronic devices for the near- and mid-IR regions of the electromagnetic 

spectrum[5,6], as well as spintronic devices [7,8]. Semiconductor devices are essentially based on low 

dimensional structures, such as quantum wells (QW). However, in order to design novel GaAsBi QW-

based low dimensional devices, quantum transport mechanisms under large electric fields have to be 

understood. As the device sizes become comparable to the de Broglie wavelength of the charge carriers, 

even a small voltage creates very high electric fields and leads to the generation of hot carriers. Therefore, 

the physics of hot carries and their power loss mechanisms have to be well understood.  

 

Most of the published papers on the GaAsBi alloy have focused on the fundamental properties of the 

material, such as the Bi-dependence of band structures, optical and structural properties etc. Even though 

GaAsBi-based semiconductor lasers have been fabricated, the influence of Bi on the electrical transport 

properties of the material have been investigated in a very limited number of papers. So far, the 

composition dependence of the electron and hole mobility and the temperature dependence of carrier 

mobility have been reported [9–12]. Furthermore, Bi-related electron and hole effective masses have been 

reported for n- type GaAsBi epilayer structures [13]. In a recent study [14], we have reported that for n-

type modulation doped as-grown and annealed GaAsBi/AlGaAs QW structures, there is no significant 

direct effect of Bi on the electron effective mass, however there is an indirect effect, in which Bi can 

provoke changes in the 2D electron density. In addition, our recent results have revealed that both the 

quantum mobility and quantum scattering time of electrons decrease as an effect of possible Bi-related 
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scattering mechanisms such as interface, alloy and impurity scatterings in n-type modulation doped 

GaAsBi/AlGaAs QW structures. Apart from these very limited studies on electron transport properties of 

GaAsBi-based QW structures, to the best of our knowledge, the power loss mechanisms of hot electron 

in GaAsBi QW structures are yet to be published.  

 

In the high electric field transport regime, the fundamentals of electronic and optoelectronic devices are 

governed by electron-phonon scattering, therefore determination of the energy relaxation mechanisms and 

electron temperature under high electric field gives useful information for the design of devices. 

Comparison of experimental techniques for the investigation of energy relaxation of electrons can be 

found in reference [15]. In heavily modulation doped QW structures, the power loss mechanisms of hot 

carriers via electron-phonon scatterings can be determined by analyzing SdH oscillations under electric 

field heating [15–18]. The SdH oscillation method assumes that, since the density of optical phonons is 

negligible below ∼40 K, the energy relaxation of hot electrons can be achieved by acoustic phonon 

scattering (inelastic scattering). It is also assumed that the contribution of elastic scattering mechanisms 

such as the remote ionized impurity scattering, alloy scattering and interface roughness can be ignored at 

low temperatures [16,17,19].  

 

In this paper, we present an analysis of the power loss mechanisms in the scheme of acoustic phonon-

assisted cooling of the 2D hot electron gas in n-type modulation doped as-grown and annealed 

Al0.15Ga0.85As/GaAs1-xBix (x = 0, and 0.04) QW structures. The modulation doped samples are highly 

degenerate, therefore the SdH oscillations in magnetoresistance as a function of an applied electric field 

are employed to determine the temperature of hot electrons and the corresponding power loss mechanisms.  

 

Experimental 

An n-type modulation doped Al0.15Ga0.85As/GaAs0.96Bi0.04 QW structure was grown on semi-insulating 

GaAs using molecular beam epitaxy. In addition, a reference sample without Bi (Al0.15Ga0.85As/GaAs) 

was grown. The QW layer in the GaAsBi sample was grown at 370°C, while the GaAs QW for the 

reference sample was grown at a typical GaAs growth temperature of 580°C. The sample structures are 

listed in Table I. Growth details can be found in Refs. [14,20]. The samples were processed in the form of 
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the Hall bar bridge using standard photolithography techniques, and Ohmic contacts were obtained by 

alloying Au/Ge/Ni.  

 

In order to determine the effect of thermal annealing on the power loss mechanisms of the 2D electron 

gas, post-growth rapid thermal annealing was applied under N2 gas to the Bi containing sample at 700°C 

for 60s and at 350°C for 180s. The samples were capped with a GaAs wafer during thermal annealing.  

The sample codes used in this report are presented in Table II. It is worth noting that we conducted 

photoluminescence (PL) measurements for the samples annealed at temperatures above (550°C, 600°C, 

650°C and 700°C for 60 s) and below (350°C for 60 s and 180 s) the growth temperature of the GaAsBi 

QW layer. We observed that annealing at temperatures above the growth temperature decreased the PL 

intensity. The highest PL intensity is observed for the sample annealed at 350°C for 180 s. The optical 

characterization of the as-grown and annealed samples is out of the scope of this paper; therefore, we do 

not further discuss PL results here. Since we have observed an opposite effect from annealing at higher 

and lower temperatures than the growth temperature of GaAsBi layer, we have focused magnetoresistance 

measurements on the samples annealed at 700°C (TNBi04A) for 60s and at 350°C for 180s (TNBi04B).  

The power loss mechanisms of the 2D electron gas were studied using magnetoresistance measurements.  

An Oxford-Heliox-VL 3He cryostat equipped with a 20 T superconducting magnet was employed to apply 

a perpendicular steady magnetic field to the plane of the 2D electron gas at 4.2 K, and a uniform and 

steady (dc) current between 50 𝜇𝜇𝜇𝜇 and 2300 𝜇𝜇𝜇𝜇 was applied in-plain to the 2D electron gas. The 

experiments were carried out as a function of electric field at 4.2 K. 

 
Table I : Structure of the experimental samples. 

Material Thickness (nm) Dopant atom /density Tgrowth 

GaAs (cap) 5 Si- 5 × 1017cm−3 

580°C Al0.15Ga0.85As (barrier) 10 Si -1× 1018cm−3 

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

GaAs0.96Bi0.04 (quantum well) 7 Undoped 370°C 

Al0.15Ga0.85As (spacer) 5 Undoped 
580°C 

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

GaAs buffer layer    

GaAs semi-insulating substrate  
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Table II: Sample codes and annealing parameters. 

Material Code 
Annealing 

Temperature (°C) 

Annealing 

Time (s) 

Al0.15Ga0.85As/GaAs TNR00 as-grown (0) - 

Al0.15Ga0.85As/GaAs0.96Bi0.04 

TNBi04 as-grown (0) - 

TNBi04A 700 60 

TNBi04B 350 180 

 

Results and Discussion 

a) Experimental Results 

Figure 1 shows magnetoresistance results for all samples taken at different applied electric fields at 4.2 K. 

The applied electric field is increased until the amplitude of SdH oscillations is damped.  Pronounced SdH 

oscillations are observed at 4.2 K for all samples. The amplitude of the SdH oscillations increase 

monotonously with increasing magnetic field for the as-grown (TNBi04) and the GaAsBi sample annealed 

at 700°C (TNBi04A), while the increase is less monotonous for the reference sample (TNR00) and the 

GaAsBi sample annealed at 350°C (TNBi04B).  
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Figure 1: Magnetoresistance data taken with varying applied electric field at 4.2K. The applied electric field range 

is shown on the graph. The different line colors represent magnetoresistance curves taken at different applied 

electric field intensities. 

 

The unstable characteristic of the SdH oscillations with the increasing magnetic field is an indication of 

the contribution from more than one oscillation frequency. A Fast Fourier Transformation (FFT) method 

was applied to the magnetoresistance data to determine the number of subband levels contributing to the 

conductivity of samples and period of the SdH oscillations. We obtain two oscillation frequencies for the 

samples TNR00 and TNBi04B as seen in Figure 2, resulting from two occupied electron subbands, and 

one for samples TNBi04 and TNBi04A. Even the sample structures are identical for Bi-containing 

samples, the observation of one or two occupied electron subbands are related to the different 2D electron 

density in the samples (see Table III) and the reason behind this observation is explained in detail in our 

previous paper [14] 
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Figure 2: Fast Fourier Transform (FFT) of  fitting of background removed results of a) TNBi00 and b) 

TNBi04B[14] 

 

In order to exclude the effect of slow varying long-period background magnetoresistance and to separate 

the short-period SdH oscillations, the second derivative was taken. Figure 3 shows the second derivative 

of the SdH oscillations taken at different applied electric fields.  
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  Figure 3: Second derivatives of the magnetoresistance data measured at 4.2K as a function applied electric field 

for all the samples. a-b and e-f represent the separated SdH oscillations of two subbands for the reference sample 

(TNR00) and the GaAsBi sample annealed sample at 350°C (TNBi04B), respectively.  The applied electric field 

range is shown on the graph. The e1 and e2 superscripts correspond to the first and second subbands.  

 

The temperature-dependent damping of the SdH oscillations at a fixed magnetic field is determined as a 

function of the temperature, magnetic field and the electron effective mass with an assumption of constant 

Dingle factor [16,21,22]  
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where  𝑚𝑚𝑒𝑒
∗  is the effective mass, A(𝑇𝑇𝐿𝐿) and 𝜇𝜇(𝑇𝑇𝐿𝐿0) are the amplitudes of the SdH oscillation peak observed 

at lattice temperatures 𝑇𝑇𝐿𝐿 (TL > TL0) and  𝑇𝑇𝐿𝐿0, respectively. For III-V alloys, at temperatures below ≈40 

K, the optical phonon population is negligibly small; therefore, acoustic phonon scattering is the only 

scattering mechanism for energy relaxation. There are two commonly used experimental methods to 

determine the electron temperature in the acoustic phonon regime [17]: i) if the material degenerates, a 

comparison of the electric field and lattice temperature-dependent SdH measurements can be used to 

determine the electron temperature, and ii) if  the material does not degenerate, the electron temperature 

can be determined as a function of the applied electric field by comparing the electric field dependent and 

lattice temperature-dependent mobility curves. The samples used in this study are highly degenerate 

satisfying the (𝐸𝐸𝐹𝐹 − 𝐸𝐸1)/𝑘𝑘𝐵𝐵𝑇𝑇 ≫ 1 condition [14], where 𝐸𝐸𝐹𝐹 is Fermi level and 𝐸𝐸1 is the first quantized 

electron energy level in QW. Therefore, we benefit from the electric field and lattice temperature-

dependent amplitude variation of SdH oscillations to determine electron temperature.  

 

The amplitude variation of the SdH oscillations with applied electric field is explained in terms of electric 

field-induced electron heating, therefore the lattice temperature, 𝑇𝑇𝐿𝐿, can be replaced by the electron 

temperature Te in Eq. 1. Te can be found by comparing the relative amplitudes of the SdH oscillations as 

functions of temperature and electric field via 

 

� 𝐴𝐴(𝑇𝑇𝐿𝐿)
𝐴𝐴(𝑇𝑇𝐿𝐿0)

�
𝐹𝐹=𝐹𝐹0

= �𝐴𝐴(𝐹𝐹)
𝐴𝐴(𝐹𝐹0)

�
𝑇𝑇𝐿𝐿=𝑇𝑇𝐿𝐿0

                                                                                                                (2) 

 

where 𝐹𝐹0 and 𝑇𝑇𝐿𝐿0 are the lowest applied electric field and the base temperature TL0 = 4.2 K, where 

experiments were carried out. The left side of Eq. 2 is related to the lattice temperature-dependent results; 

analysis of the SdH oscillations was presented in our previous paper [14]. Therefore, we do not discuss 

lattice temperature-dependent results here. The obtained parameters (2D carrier density, electron effective 

mass, Fermi level, transport mobility) from analysis of the temperature dependence of the magnitude of 

the SdH oscillations are shown in Table III. 
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Table III: The material parameters used in the scattering calculations. The parameters for GaAs are taken from 

Refs. [23,24] and the GaAsBi parameters are taken from Refs. [25–28]. The parameters determined from this 

study are designated as (Exp.). The second subband parameters for TNR00 and TNBi04B are given in 

parenthesis. 

Parameters Symbol TNR00 TNBi04 TNBi04A TNBi04B 
Electron effective 
mass, (Exp.)[14] 𝑚𝑚𝑒𝑒

∗  (𝑚𝑚𝑒𝑒) 0.080 
(0.073) 0.077 0.078 0.076 (0.066) 

2D carrier density, 
(Exp.)[14] 𝑁𝑁2𝐷𝐷(1016𝑚𝑚−2) 3.96 

(1.76) 2.56 3.6 4.00 (1.73) 

Hall carrier density, 
(Exp.)  𝑁𝑁2𝐷𝐷(1016𝑚𝑚−2) 11.64 11.61 9.09 10.7 

Transport mobility, 
(Exp. )[14] 𝜇𝜇𝑡𝑡(m2/Vs) 0.22 

(0.121) 0.185 0.068 0.066 (0.124) 

Fermi Level, 
(Exp.)[14] (𝐸𝐸𝐹𝐹 − 𝐸𝐸𝑠𝑠) (meV) 121 (58) 80 111 127 (63) 

Quantum well width  𝐿𝐿 (nm) 7 
Power Loss exponent 𝛾𝛾 3.1(2.9) 2.4 4.2 2.3 (2.3) 
Power Ratio  𝑃𝑃𝑑𝑑𝑒𝑒𝑑𝑑/𝑃𝑃𝑝𝑝𝑠𝑠𝑒𝑒𝑝𝑝𝑝𝑝 8.3(2.1) 1.1 0.001 0.5 (0.2) 
Critical Temperature  𝑇𝑇𝐶𝐶 (K) 35(24) 29 34 36 (24) 
Deformation potential Ξ (eV) 9.5 (7) 7.3 0.5 4 (4.2) 
Crystal density[23,27] 𝜌𝜌 (103kg/m3) 5.32 5.44 
Sound velocity[23,27] 𝑣𝑣𝑆𝑆 (103m/s) 4.79 4.75 
Electromechanical 
coupling 
constant[23,27] 

𝐾𝐾𝑎𝑎𝑎𝑎2  0.025 0.045 

Dielectric 
constant[26,28] 𝜀𝜀 (𝜀𝜀0) 12.9 11.3 

Elastic 
constants[23,27] 𝐶𝐶11 (1011dyn/cm2) 12.21 7.3 

Elastic 
constants[23,27] 𝐶𝐶12 (1011dyn/cm2) 5.66 3.27 

Elastic 
constants[23,27] 𝐶𝐶44 (1011dyn/cm2) 6 3.6 

Piezoelectric stress 
constant[24] 𝑒𝑒14 (C/m2) -0.16 -0.16 

 

 

Figure 4 shows an illustration on how to define the electron temperature with a comparison of normalized 

amplitudes of the SdH oscillations at a fixed magnetic field as a function of the lattice temperature at the 

lowest applied electric field (𝐹𝐹0) and as a function of the applied electric field at 4.2 K (𝑇𝑇𝐿𝐿0) for TNBi04. 

The normalized amplitudes are obtained from the last three SdH oscillations of the magnetotransport 

curves presented in Figure 3. The electric field dependence of the amplitude of SdH oscillations is 

calculated by using Eqs.1-2, by replacing 𝑇𝑇𝐿𝐿 by 𝑇𝑇𝑒𝑒. 
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Figure 4: The amplitude ratio of the SdH oscillations as a function of applied electric field (left) and lattice 

temperature  (right) at a fixed magnetic field of 9.67T for sample TNBi04. The electron temperature is obtained 

by comparing the lattice temperature and electric field dependencies of the normalized amplitudes of SdH 

oscillations.  The squares represent experimental results, while the solid line in the right graph is calculated by 

using Eqs. 1-2, by replacing  𝑇𝑇𝐿𝐿 by  𝑇𝑇𝑒𝑒.  

 

 

Figure 5 shows the electron temperature versus applied electric field for all the samples at B ≈9.6 T. 

Measurements at different the magnetic fields show that the electron temperature is independent of 

magnetic field. It is obvious that incorporation of Bi in the GaAs lattice does not affect the electron 

temperature. However, variation is observed for the sample annealed at 700°C (TNBi04A). Furthermore, 

the electron temperature has an almost linear dependence on the applied electric field, which is an 

indication of the linear contribution of electron temperature to the power loss mechanism. The dependence 

tends to deviate from linear at higher electric fields for all the samples, as expected [29,30]. The lower 

electron temperature at the same applied electric field for TNBi04A can be related to a lower Hall carrier 

density (see Table III). It should be noted that the Hall carrier density is higher than the 2D carrier density 

for all the samples studied, indicating some carriers in the barrier layer. However, the SdH oscillations 

only give information about the transport characteristic of the 2D electron gas.  
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Figure 5: Electron temperature versus electric field for all samples at 𝐵𝐵 ≈ 9.6T. The electron temperature is 

obtained by comparing the lattice temperature and electric field dependencies of the amplitudes of SdH 

oscillations as depicted in Figure 3. The e1 and e2 superscripts correspond to the first and second subbands. The 

dotted-line is a guide to the eye.  

 

b) Analyzing the power loss mechanisms of hot electrons in 2D 

In the steady state, the power supplied from the applied electric field is equal to the power loss via the 

emission of acoustic phonons at low temperatures. The power loss per electron, 𝑃𝑃, can be calculated by 

𝑃𝑃 = 𝑒𝑒𝜇𝜇𝑡𝑡𝐹𝐹2                                                                                                                                     (3) 

where 𝐹𝐹 is the applied electric field and 𝜇𝜇𝑡𝑡 is the quantum transport mobility. We have found that 𝜇𝜇𝑡𝑡 is 

almost independent of temperature and applied electric field between 4.2 and 60K. The effect of the Bi 

atoms on the quantum transport mobility is discussed in our previous study[14]. The experimentally 

determined values for electron mobility and effective electron mass are presented in Table III. The power 

loss per electron is calculated using Eq. 3 and plotted as a function of electron temperature in Figure 6. 

The magnitude of the power loss per electron for the first subband of the Bi-free (TNR00) and as-grown 

Bi-containing samples (TNBi04) is almost the same. After annealing at 350°C, the magnitude of the power 

loss decreases. Since the only difference which can affect the power loss is 2D electron density (see Table 

III), the observed change in power loss per electron versus electron temperature can be related to the 2D 

electron density. In the following, the characteristic and variation of the power loss against electron 

temperature curves in Figure 6 will be explained in detail by fitting analytical expressions to the 

experimental data.  
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Figure 6: Power loss per electron versus electron-temperature for all the samples at B ≈ 9.6T. Power loss is 

calculated using Eq. 3. The e1 and e2 superscripts correspond to the first and second subbands. The dotted-lines 

are a guide to the eye.  

Analysis of the power loss mechanism due to acoustic phonon scattering has been carried out in the low- 

and high-temperature regimes in previous reports [15–18,29–32]. At the low-temperature regime (Bloch-

Grüneisen regime), the phonon population diminishes and the Pauli exclusion principle determines the 

allowed scattering process. At the high-temperature regime (equipartition regime), the phonon distribution 

can be considered as 𝑛𝑛(𝜔𝜔𝑞𝑞) ≈ 𝑘𝑘𝐵𝐵𝑇𝑇/ℏ𝜔𝜔𝑞𝑞, where ℏ𝜔𝜔𝑞𝑞 is the acoustic-phonon energy at wavevector 𝑞𝑞. In 

very low temperatures, only small-angle scattering is allowed.   

For our samples, the reduced Fermi level satisfies the �𝐸𝐸𝐹𝐹 − 𝐸𝐸1,2� ≫ 𝑘𝑘𝐵𝐵𝑇𝑇𝐿𝐿 condition and therefore the 

power loss mechanism is expected to have degenerate behavior [15,29,30]. In this case, the power loss 

dependencies on electron temperature for the unscreened deformation potential (non-polar) and the 

unscreened piezoelectric (polar) scattering are 𝑃𝑃𝑠𝑠𝑝𝑝𝐿𝐿𝑇𝑇 𝛼𝛼 (𝑇𝑇𝑒𝑒5 − 𝑇𝑇𝐿𝐿5) and 𝑃𝑃𝑝𝑝𝐿𝐿𝑇𝑇 𝛼𝛼 (𝑇𝑇𝑒𝑒3 − 𝑇𝑇𝐿𝐿3) in a very low-

temperature regime, respectively. In the low-temperature regime for a degenerate 2D electron gas, where 

the electron temperature satisfies 𝑇𝑇𝑒𝑒 ≪ 𝑇𝑇𝑒𝑒𝑐𝑐 (= [ 8𝑚𝑚𝑒𝑒
∗𝑉𝑉𝑆𝑆2�𝐸𝐸𝐹𝐹 − 𝐸𝐸1,2�]

1
2/𝑘𝑘𝐵𝐵), the power loss is given by the 

linear combination of these two scattering mechanisms as [15,29,30] 

𝑃𝑃 = 𝐶𝐶𝑠𝑠𝑝𝑝 [(𝑘𝑘𝐵𝐵𝑇𝑇𝑒𝑒)5 − (𝑘𝑘𝐵𝐵𝑇𝑇𝐿𝐿)5] +  𝐶𝐶𝑝𝑝 [(𝑘𝑘𝐵𝐵𝑇𝑇𝑒𝑒)3 − (𝑘𝑘𝐵𝐵𝑇𝑇𝐿𝐿)3]                                                    (4) 

where  

𝐶𝐶𝑠𝑠𝑝𝑝 = 6𝛯𝛯2𝑚𝑚𝑒𝑒
∗2𝐿𝐿

𝜋𝜋3𝜌𝜌ℏ7𝑎𝑎𝑠𝑠4𝑁𝑁2𝐷𝐷
                                                                                                                         (5a) 

and  



14 
 

𝐶𝐶𝑝𝑝 = 𝑒𝑒2𝐾𝐾𝑎𝑎𝑎𝑎2 𝑚𝑚𝑒𝑒
∗2

2𝜋𝜋2𝜀𝜀ℏ5𝑘𝑘𝐹𝐹𝑁𝑁2𝐷𝐷
                                                           (5b) 

which are the magnitudes of the deformation potential and piezoelectric interaction, respectively.  𝛯𝛯 is the 

acoustic deformation potential energy, L is the quantum well width, 𝜌𝜌 is the crystal mass density, 𝑣𝑣𝑆𝑆 is the 

speed of sound, 𝑁𝑁2𝐷𝐷 is the 2D electron density, 𝐾𝐾𝑎𝑎𝑎𝑎 is the average electro-mechanical coupling constant, 

𝜀𝜀 is the static dielectric constant, and 𝑘𝑘𝐹𝐹�= �2𝜋𝜋𝑁𝑁2𝐷𝐷� is the 2D Fermi wavevector. 

In the high-temperature regime for a degenerate 2D electron gas, where the electron temperature satisfies 

𝑇𝑇𝑒𝑒 ≫ 𝑇𝑇𝑒𝑒𝑐𝑐 , the power loss can be given by [15,29,30] 

𝑃𝑃 = (�̃�𝐶𝑠𝑠𝑝𝑝 + �̃�𝐶𝑝𝑝)(𝑘𝑘𝐵𝐵𝑇𝑇𝑒𝑒 − 𝑘𝑘𝐵𝐵𝑇𝑇𝐿𝐿)                                                                                (6) 

where,  

�̃�𝐶𝑠𝑠𝑝𝑝 = 3Ξ2𝑚𝑚𝑒𝑒
∗2 

2𝜌𝜌ℏ3𝐿𝐿
   (7a) 

and  

�̃�𝐶𝑝𝑝 = 3𝑒𝑒2𝐾𝐾𝑎𝑎𝑎𝑎2 𝑚𝑚𝑒𝑒
∗2𝑉𝑉𝑆𝑆

2

4𝜋𝜋𝜀𝜀ℏ3𝐿𝐿𝑁𝑁2𝐷𝐷
   (7b) 

which are the magnitudes of the deformation potential and piezoelectric interaction for the high-

temperature regime, respectively. Finally, the power loss in the intermediate regime between the low- and 

high-temperature regimes can be obtained as a weighting of both contributions [15,29,30],  

𝑃𝑃 = 𝑓𝑓(𝑇𝑇𝑒𝑒,𝑇𝑇𝐿𝐿) ��̃�𝐶𝑠𝑠𝑝𝑝 + �̃�𝐶𝑝𝑝�(𝑘𝑘𝐵𝐵𝑇𝑇𝑒𝑒 − 𝑘𝑘𝐵𝐵𝑇𝑇𝐿𝐿)                                                                     (8) 

where, �̃�𝐶𝑠𝑠𝑝𝑝 and �̃�𝐶𝑠𝑠 are given in Eqs. 7a and 7b, respectively, and  

  𝑓𝑓(𝑇𝑇𝑒𝑒,𝑇𝑇𝐿𝐿) = 𝑠𝑠𝑠𝑠𝑠𝑠ℎ (𝑥𝑥𝐿𝐿−𝑥𝑥𝑒𝑒)
𝑠𝑠𝑠𝑠𝑠𝑠ℎ 𝑥𝑥𝐿𝐿 𝑠𝑠𝑠𝑠𝑠𝑠ℎ 𝑥𝑥𝑒𝑒

� 𝑥𝑥𝐿𝐿𝑥𝑥𝑒𝑒
𝑥𝑥𝐿𝐿−𝑋𝑋𝑒𝑒

�  (9) 

where, 𝑥𝑥𝑒𝑒 = ℏ𝜔𝜔
2𝑘𝑘𝐵𝐵𝑇𝑇𝑒𝑒 

, 𝑥𝑥𝐿𝐿 = ℏ𝜔𝜔
2𝑘𝑘𝐵𝐵𝑇𝑇𝐿𝐿 

,  and ℏ𝜔𝜔 (= √2  ℏ𝑣𝑣𝑆𝑆𝑘𝑘𝐹𝐹) is the acoustic-phonon energy. The first pre-

factor of Eq. 8 approaches unity at high temperatures and decreases exponentially at low temperatures; 

thereby making this relation a useful approximation for the intermediate regime. 

The power loss per electron dependence on electron temperature has been often approximated by the 

relationship [15,16]  

𝑃𝑃 = 𝜇𝜇�𝑇𝑇𝑒𝑒
𝛾𝛾 − 𝑇𝑇𝐿𝐿0

𝛾𝛾 �                                                                                                                         (10) 
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where TL0 is the lowest lattice temperature and A is a proportionality constant, which depends on 2D 

carrier density, elastic constants, effective mass, speed of sound, QW thickness, and coupling constants. 

The value of the exponent γ, which is obtained by fitting Eq. 10 to the experimental data, gives information 

about the temperature range of energy loss of 2D electrons as well as simplified information about the 

energy loss regimes and mechanisms [19,30].  

The γ parameter for each populated subband is found to be between 2.1 and 4.2 by fitting Eq. 10 to the 

experimental data (see Table III). This can be explained by considering that the energy relaxation of hot 

phonons is due to acoustic phonons via the mixed contribution of unscreened piezoelectric and 

deformation potential scattering. The screening effect is expected to increase for a 2D electron gas as the 

temperature decreases [33,34]. Since the γ parameter is smaller than 5 for all samples, the 2D carrier 

density is high enough such that, at 4.2K, the electron-acoustic phonon interaction is not screened by 2D 

electrons. Barlow et al. [35] found the γ value between 3 and 5 in In0.53Ga0.47As/InP QW structures and 

they concluded that the power loss is achieved by both unscreened piezoelectric and deformation potential 

interactions. The value of γ ≅ 3 is also typical for experiments that are carried out between the low- and 

high-temperature ranges, i.e, the intermediate temperature regime [16,18,35]. In light of these reports, it 

can be concluded that the power loss mechanisms occur in intermediate-temperature regime and the 

interactions are unscreened by 2D electrons for the samples studied.  

To determine the power loss in the acoustic phonon regime, magnetoresistance experiments are usually 

carried out in the temperature range between 2 and 20 K, which is between the low- and high-temperature 

regimes. Therefore, we have carried out the measurements at 4.2 K, which indeed corresponds to the 

intermediate-temperature regime. We have also found γ to have values between 2.1 and 4.3, therefore, it 

is more suitable to use Eq. 8 to investigate the electron temperature dependence on the power loss rate of 

the 2D electron gas. However, to verify that the most suitable regime for our results is the intermediate 

temperature regime, we have fitted the experimental P(Te) data with the low (Eq. 4), high (Eq. 6), and 

intermediate (Eq. 8) temperature regime expressions. In all cases, we have taken the deformation potential 

energy as a fit parameter. Figure 7 shows each fit for sample TNBi04, where we find the intermediate-

temperature regime fitting function (Eq. 8) gives the best fit to the experimental data. 
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Figure 7: Electron temperature dependence of the power loss rate for TNBi04. Black square symbols represent 

experimental results. Solid, short-dashed, and short-dotted lines are ascribed for low (LT), intermediate (Int.), and 

high (HT) temperature regimes, respectively. 

 

By doing the same fitting process for all sample data, we found that Eq. 8 consistently gave the best fit 

results. Therefore, we only present the analysis of the results using the intermediate temperature regime 

of the power loss mechanism defined by Eq. 8. In the calculations, most of the physical parameters of 

GaAsBi were determined from Vegard’s law using parameters of the binary endmembers of GaAs and 

GaBi. Specifically, Wang and Ye [27] calculated the elastic constants of the GaBi semimetal using the 

first-principle plane-wave pseudopotential method; therefore, we exploit their results in our study. One 

should pay attention to Eqs. 5 and 7, because there are two unknown parameters: deformation potential 

energy and piezoelectric constant for the GaAsBi material. Batool et al. [36] reported that the deformation 

potential energy of Bi-containing alloys is drastically affected by introduction of Bi atoms into GaAs. To 

the best of our knowledge, there are no studies on the piezoelectric properties of GaBi or Bi-containing 

alloys. However, in conventional III-V alloys the alloying process does not significantly change the 

piezoelectric constant, in contrast with the deformation potential; therefore, we used the piezoelectric 

stress constant for GaAs, while the deformation potential energy was left as an adjustable parameter for 

Bi-containing samples [24,37]. All parameter values used for the calculations are given in Table III. 

 

Figure 8 shows the experimental data with fits for all samples. The Bi-containing samples exhibit an 

identical structure with each other; the observed variations in the magnitude of power loss can be related 

to disparities among 2D electron density, electron mobility and the number of occupied subbands (see the 

parameters in Table III).  
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The best fit to the experimental data is obtained with deformation potential energy as  9.5eV (e1) and 

7.0eV (e2) for the Bi-free sample (TNR00), which is close to the known value for single subband 

population in GaAs [17,24,38]. Although the power exponent of 𝛾𝛾= 3.1 indicates that the power loss 

mechanism can include both polar (piezoelectric) and non-polar (deformation) scattering in the 

intermediate temperature range, the deformation potential dominates over piezoelectric scattering with a 

ratio of 𝑃𝑃𝑑𝑑𝑒𝑒𝑑𝑑/𝑃𝑃𝑝𝑝𝑠𝑠𝑒𝑒𝑝𝑝𝑝𝑝 = 8.3 for the first subband, where the best fit is obtained at electron temperatures lower 

than 30K. However, the ratio for the second subband given in Table III is lower than for the first subband, 

which may be an effect of lower electron density of the second subband.  
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Figure 8: Power loss rate as a function of electron temperature for all the samples. Black square symbol represents 

experimental results. The dashed, dotted, and solid lines are ascribed for deformation (non-polar, NP), 

piezoelectric (polar, P) and total power loss results 

  

It is worth noting that all the power loss equations given above are derived for the single subband 

occupation. However, the second quantized energy level in TNR00 and TNBi04B is occupied by electrons 

because the carrier density in TNR00 and TNBi04B is greater than that in TNBi04 and TNBi04A [14].  

The total theoretical analysis of the energy loss per carriers for two-subband occupation is described as 

𝑃𝑃𝑡𝑡𝑝𝑝𝑡𝑡𝑎𝑎𝑡𝑡 = 𝑃𝑃11 + 𝑃𝑃12 + 𝑃𝑃21 + 𝑃𝑃22, where 𝑃𝑃𝑠𝑠𝑠𝑠 is the energy loss for electrons in ith subband and 𝑃𝑃𝑠𝑠𝑖𝑖 refers to 

the interaction of the electron at the ith subband with the jth subband level [16,39]. The expressions 

derived for the electron temperature dependencies of the intersubband scattering processes P12 and P21 are 

complex and different from the single band occupation characteristic of P11 and P22. Even as the 2D carrier 

concentration in the second subband given in Table III is smaller than that in the first subband for all the 

samples having two subbands, EF lies above the second subband and the separation of the E2 and E1 is 

high enough to weaken the interaction between the E1 and E2 levels. Therefore, P12 and P21 can be ignored 

[16,40].  The total power loss can be approximated as  𝑃𝑃 = 𝑃𝑃11 + 𝑃𝑃22 and the Eqs. 3-9 can be used 

separately for the scatterings in the first subband ( 𝑃𝑃11) and in the second subband (𝑃𝑃22).  

 

Decrease of the deformation potential energy (7.0eV) and the contribution of the deformation potential 

scattering to the power loss for the second subband of TNR00 can be related to the smaller 2D electron 

density of the second subband. The deformation potential (Eq. 7a) is independent of the carrier 

concentration, while piezoelectric scattering (Eq. 7b) is inversely proportional to carrier concentration. 

The decrease of carrier concentration in the second subband increases the contribution of piezoelectric 

scattering to the total power loss.   Therefore, the deformation potential energy of 7.0 eV for the second 

subband can originate from the smaller carrier concentration in the second subband.  

 

Incorporation of Bi into GaAs slightly changes the magnitude of the power loss parameters for TNBi04 

and TNBi04B, but the difference is significant for TNBi04A. As seen in Figure 8c, the power dissipation 

for the a-grown Bi-containing sample (TNBi04) is determined as a mix of the deformation potential and 

piezoelectric scattering as the power ratio Pdef/Ppiezo is 1.1. Moreover, the deformation potential is almost 

the same as the second subband of the Bi-free sample (TNR00). Comparison of the deformation potential 
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energy for TNBi04 with that of the first subband of TNR00 shows that it becomes smaller after introducing 

Bi atoms into GaAs. In our previous studies, we experimentally showed that the temperature dependence 

of the bandgap weaken after introducing Bi into GaAs[20,41,42]. Temperature dependence of the bandgap 

is proportional to the thermal expansion coefficient of the material, which becomes smaller as a result of  

the incorporation of Bi  [20,42,43].  It is known that the deformation potential of the electronic states at 

the Brillouin zone centre of the semiconductor fundamentally affects the transport properties of the 

carriers. The deformation potential of the semiconductor depends on the elastic constants 𝐶𝐶11 and 𝐶𝐶12 

[24]. The radius of the Bi atom is larger than the As atom, therefore introducing Bi into GaAs reduces the 

elastic constant of the GaAsBi alloy. Furthermore, Bi containing alloys contain various types of defects, 

which also affect the elastic constant. Therefore, a smaller value of the deformation potential for TNBi04 

can be expected.  

 

None of the analytical expressions gives a gratifying fit to the experimental data for TNBi0A and the 

deformation potential energy is determined as 0.5eV, which is not realistic and thus will not be discussed 

further. We have shown in our previous paper [14] that the high-temperature thermal annealing 

deteriorates the electrical properties of this sample. In addition, PL intensity of the sample decreases with 

thermal annealing at 700 ⁰C, which is also an indication of degradation of the crystal quality of the sample, 

therefore it is not meaningful to discuss the reason of the determined unrealistic value for the deformation 

potential in this sample.  

 

It is observed that  PL intensity  increases after thermal annealing at 350 ⁰C. This results showed that 

thermal annealing under specific conditions could remove some defects in GaAsBi samples and 

subsequently enhance electrical and optical properties, which could explain the lower deformation 

potential energy of 4.0eV for e1 and 4.2eV for e2 in TNBi04B. Also, it is clear from Figure 8 c, e, and f 

that the power loss mechanism in TNBi04B switches from deformation potential to piezoelectric 

scattering. 

 

The energy relaxation time for each subband can be obtained from the power loss measurements via 

𝑃𝑃 = 〈ℏ𝜔𝜔〉
𝜏𝜏𝐸𝐸

(𝑘𝑘𝐵𝐵𝑇𝑇𝑒𝑒−𝑘𝑘𝐵𝐵𝑇𝑇𝐿𝐿)
𝑘𝑘𝐵𝐵𝑇𝑇𝑒𝑒

                                                                                                                                       (10) 

where 〈ℏ𝜔𝜔〉 is √2ℏ𝑣𝑣𝑠𝑠𝑘𝑘𝐹𝐹. Figure 9 shows the energy relaxation time as a function of Te-TL0, which indicates 

that the relaxation times are almost the same for all samples. 
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Figure 9: Energy relaxation time versus Te-TL for all the samples. 

 

As seen in Figure 9, the trend of energy relaxation time versus electron temperature is similar at whole 

electron temperatures, but its magnitude is slightly different from sample to sample, which can be related 

to the different electron mobilities and 2D carrier densities. The large values of τe at low electron 

temperatures at around 4.2K (Te-TL = 0K) for all samples studied that indicate that the relaxation time is 

not sufficiently efficient for cooling of the device via acoustic phonon scatterings; thus a fast increase of 

the electron temperature is observed when the input power is increased (Fig. 6). An observed fast droop 

at the energy relaxation time as electron temperatures increases to 9K (Te-TL = 5K ) with an order of three 

(from 1µs to 1ns) means that the samples are effectively cooled via acoustic phonon scatterings.  The 

values of τe are higher with almost one order at 4.2K (Te-TL = 0K) than the one reported for 

InGaAs/InAlAs [16], but similar to the ones observed in GaInNAs/GaAs [16,19].The lower electron 

mobility in GaAsBi and its counterpart GaInNAs makes energy relaxation times larger than that in QW 

structures based on conventional III-V alloys such as InGaAs and GaAlAs. However, as electron 

temperature slightly increases, energy relaxation time becomes smaller in our samples than that in n-type 

modulation GaInNAs/GaAs QWs [16,19]. Since the localized Bi level does not significantly affect the 

CB, effective electron mass in GaAsBi is smaller compared to the effective mass of electrons in GaInNAs, 

which enable efficient cooling of hot electron in GaAsBi/GaAs QW structures above 9K. It can be 

concluded that under high electric field regime a device based on GaAsBi is more beneficial than a device 

based on GaInNAs thanks to its more efficient cooling process via acoustic phonon scatterings. 
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Conclusion 

The power loss mechanisms of 2D electrons in n-type modulation doped AlGaAs/GaAsBi QW have been 

investigated by analyzing the variation of the amplitudes of SdH oscillations as a function of the applied 

electric field at 4.2K. The energy relaxation of 2D electrons is found to be in the intermediate-temperature 

range, by comparing experimental results with the theoretical power loss models of a 2D electron gas. In 

the intermediate-temperature range, the deformation component is dominant over the piezoelectric 

component of the acoustic phonon emission for Bi-free samples. The incorporation of Bi decreases the 

electron temperature and alters the power loss mechanism from one dominated by deformation potential 

to one with equal contribution of deformation and piezoelectric scattering. After thermal annealing at 

350°C, the power loss amplitude and deformation potential energy are decreased, and the power loss 

mechanism switches to a dominant piezoelectric scattering mechanism.  The electron relaxation times are 

determined as a function of electron temperature and are found to be almost the same with Bi-free, Bi-

containing as-grown and annealed samples with a negligible difference at the amplitude of energy 

relaxation times, which can be arisen from differences in electron mobility and 2D electron carrier density. 
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