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Abstract. Apart from other factors, band alignment led conduction band offset (CBO) 

largely affects the two dimensional electron gas (2DEG) density ns in wide bandgap 

semiconductor based high electron mobility transistors (HEMTs). In the context of 

assessing various performance metrics of HEMTs, rational estimation of CBO and 

maximum achievable 2DEG density is critical. Here, we present an analytical study on 

the effect of different energy band parameters—energy bandgap and electron affinity of 

heterostructure constituents, and lattice temperature on CBO and estimated 2DEG 

density in quantum triangular-well. It is found that at thermal equilibrium, ns increases 

linearly with ΔEC at a fixed Schottky barrier potential, but decreases linearly with 

increasing gate-metal work function even at fixed ΔEC, due to increased Schottky barrier 

heights. Furthermore, it is also observed that poor thermal conductivity led to higher 

lattice temperature which results in lower energy bandgap, and hence affects ΔEC and 

ns at higher output currents.   

Key words: 2DEG density, CBO Conduction Band Offset, Heterojunction, HEMT, 

Lattice Temperature, Barrier, Buffer, Ga2O3 

1. INTRODUCTION 

Due to its suitable material properties and availability of high quality and cost-effective 

native substrates, gallium oxide (Ga2O3) is being exhaustively investigated for power 

electronics applications [1]. Currently, this domain of high-power and high-frequency devices 

are dominated by wide-bandgap semiconductors like silicon carbide (SiC) and gallium nitride 

(GaN). Some of the unique features—excellent carrier confinement in the form of 2DEG, high 
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carrier mobility, and large breakdown voltage of GaN-based HEMTs have made it one of the 

most useful devices for high-power and high-frequency applications [2-4]. Despite some key 

challenges on the substrate side, GaN technology however survived beyond the expected life 

cycle of a typical semiconductor technology [5]. Recently, researchers across the globe have 

started to look towards ultra-wide bandgap (UWB) semiconductors—Ga2O3, AlN, and 

Diamond for high voltage applications [6]. Among these UWB semiconductors, Ga2O3 has 

emerged as an ultimate choice for future power electronics devices on the back of preliminary 

results that are encouraging enough to prove its capabilities to supplement existing SiC/GaN 

technologies. It is worth noting here that, apart from lower bulk electron mobility, 150 - 200 

cm2/Vs [5-6], Ga2O3 has very low thermal conductivity, 0.13 – 0.27 W/cm K [5]. The following 

equation relates the electron affinity of a semiconductor with lattice temperature (TL), as given 

in [7]: 

 𝜒(𝑇𝐿) = 𝜒(300) − 𝐶𝐻𝐼. 𝐸𝐺. 𝑇𝐷𝐸𝑃 × (𝐸𝑔(𝑇𝐿) − 𝐸𝑔(300))  (1) 

where, parameter CHI.EG.TDEP is a ratio, in range (0 – 1) with a default value of 0.5 (used 

here), which specifies a fraction of the change in the bandgap due to the temperature change. 

For β-Ga2O3, the energy bandgap at TL is given by Varshni equation [8]: 

  𝐸𝑔(𝑇𝐿) = 𝐸𝑔(300) −
𝛼𝑇𝐿

2

𝑇𝐿+𝛽
 (2) 

where fitting parameters α, and β for AlN, and β-Ga2O3 are taken from [9], [10] respectively 

and extrapolated at higher temperatures. 

The different bandgaps of two materials of heterojunction create these band discontinuities, 

and the band offset parameters—conduction and valence band offset (ΔEC and ΔEV) have a 

large impact on the charge transport in the heterostructure [7]. Higher values of 2DEG density 

are anticipated for large ΔEC values [11], while ΔEC is also dependent on different electron 

affinity values of heterojunction materials besides their bandgaps as stated earlier. Considering 

the importance of 2DEG density in the operation of HEMTs, various physics-based analytical 

models for ns [12-18] are available mostly for AlGaN/GaN HEMTs. In this work, we primarily 

investigated the estimation of ns based on different values of alignment—a fraction of bandgap 

difference to ΔEC, at fixed Schottky barrier and at higher metal work function led increasing 

Schottky potential at fixed ΔEC through TCAD simulations. The study is also done considering 

the heat flow in the device as the poor thermal conductivity of Ga2O3 and high currents in power 

devices resulting in high lattice temperature. 

Table 1 Symbols Used and Meaning [1] 

Symbol Physical meaning Symbol Physical meaning 

χ Electron affinity ε Static dielectric permittivity 

Eg Energy bandgap D Density of states 

ϕB Schottky barrier height Ef Position of Fermi level 

ϕM Metal work function d Thickness of barrier layer  

q Electron charge qV0 Built-in potential 

ns Electron density in the 2DEG Vth Thermal voltage 

ΔEC Conduction band offset (CBO) NC Conduction band density  

ΔEV Valence band offset (VBO) NV Valence band density  
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Fig. 1 Energy band diagram of a typical heterojunction showing band offset [1]. 

The energy band diagram of AlN/β-Ga2O3 abrupt heterojunction, having β-Ga2O3 buffer 

layer (Eg1, and χ1) and AlN barrier layer (Eg2, and χ2), where Eg2 > Eg1 and χ2 < χ1 is shown 

in Figure 1. The developed model is used to optimize ns considering band parameters of 

barrier and buffer layer materials reported in Ga2O3 experimental HEMTs. The 2DEG 

charge density ns relating conduction band offset ΔEC, using charge control equation [12], 

can be written as:  

 𝑛𝑠 =
𝜀

𝑞𝑑
[𝑉𝑔 − 𝜙𝑏 + 𝑉𝑝𝑏 − 𝐸𝑓 + 𝛥𝐸𝑐]  (3) 

where Vpb is barrier layer pinch-off voltage and Vg is the applied gate voltage. The other 

symbols used along with their physical meaning are listed in Table 1. The device under 

study here is AlN/β-Ga2O3 HEMTs, as the experimental measurements of band offset 

parameters—ΔEV and ΔEC at the III-nitride (GaN, and AlN)/β-Ga2O3 heterostructure are 

readily available [19, 20]. Additionally, as the in-plane lattice mismatch between [-201] 

AlN and [0002] AlN planes is as small as 2.4 % [20], AlN/β-Ga2O3 is anticipated as a 

potential candidate for future high-power applications.  

2. 2DEG CHARGE DENSITY AND DEVICE MODEL DESCRIPTION 

In the triangular quantum well, 2DEG charge density ns is related with Fermi level Ef 

and two sub-bands E0 and E1, using Fermi-Dirac statistics, as given by [12] 

 𝑛𝑠 = 𝐷𝑉𝑡ℎ [𝑙𝑛 {𝑒(𝐸𝑓−𝐸0) 𝑉𝑡ℎ⁄ + 1} + 𝑙𝑛 {𝑒(𝐸𝑓−𝐸1) 𝑉𝑡ℎ⁄ + 1}]  (4) 

where first energy level E0 = γ0ns
2/3, and second E1= γ1ns

2/3. In case of complete ionization 

of barrier layer, equation (1) can be written as: 

 𝑛𝑠 =
𝜀

𝑞𝑑
{𝑉𝑔𝑜 − 𝐸𝑓} (5) 

where Vgo = Vg – Voff. The 2DEG density model, for AlGaN/GaN HEMT, developed so far 

explained ns behavior concerning Vg. It was assumed that only the first sub-band E0 lies 
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below Ef for Vg > Voff. Here, a more simplified expression of Fermi level (in volts) in terms 

of ns is obtained under steady-state conditions. 

 𝐸𝑓 =
𝑛𝑠

2𝐷
+

𝐸0+𝐸1

2
−

𝑉𝑡ℎ

2
 (6) 

The above equation is obtained using the approximation ln(1 + 𝑥) ≈ 𝑥, 𝑓𝑜𝑟 𝑥 ≪ 1 and 

after some mathematical manipulations. Next, E0 and E1 can be replaced to get the 

following explicit relation between Ef and ns: 

 𝐸𝑓 =
𝑛𝑠

2𝐷
+ (

𝛾0+𝛾1

2
) 𝑛𝑠

2/3
−

𝑉𝑡ℎ

2
 (7) 

Furthermore, higher charge confinement in the triangular well is anticipated based on higher 

energy difference between Ef  and E0 [21]. It is worth mentioning that, some fraction, say 60 or 

80 % and very rarely up to 100% [22], of the heterostructures’ material bandgap difference 

appears as CBO. Therefore, while estimating ns, careful measurement of CBO (ΔEC) is 

important. In this work, for the estimation of confined charge density in the quantum well, the 

relative position of E0 to Ef is analyzed under varying band alignment and varying Schottky 

barrier height under thermal equilibrium. This is illustrated in Figure 2. 

The device model analyzed here is comprised of an AlN barrier on β-Ga2O3 buffer layer 

having a thickness of 10 and 50 nm respectively. The layer sequence cum device cross-section 

is shown in Figure 3. Source and drain contacts are considered to be ohmic, while gate contact 

is Schottky type. Silicon nitride (Si3N4) is used for surface passivation and to limit the parasitic 

capacitances as mentioned in [23]. The various material parameters for β-Ga2O3 are taken from 

[24, 25] and are shown in Table 2 along with for AlN taken from [7]. Different material 

parameters used in the simulation of AlN/β-Ga2O3 HEMT constituents are listed in Table 2. 

 

Fig. 2 The relative position of E0 and Ef to CBO for fixed Schottky potential [1]. 

 

Fig. 3 Schematic diagram showing layer sequence of AlN/β-Ga2O3 HEMT; dashed line 

below AlN barrier represents 2DEG charges [1]. 
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Table 2 Material parameters of β-Ga2O3 and AlN used in different calculations of TCAD 

simulations, taken from [7, 24-25]. 

Symbol β-Ga2O3 AlN 

χ (eV) 3.15 1.4 

Eg (eV) 4.9 6.1 

NC (cm-3) 3.6 × 1018 4.42 × 1018 

NV (cm-3) 2.86 × 1020 6.76 × 1018 

𝒏𝒊 (cm-3)  2.23 ×10-22 1.51 × 10-33 

ε 10.2 8.5 

3. RESULTS AND DISCUSSION 

The device under the test (Figure 3) is simulated to estimate CBO and 2DEG density 

using Atlas TCAD under steady-state conditions and at different bias voltages enabling 

heat-flow in the device. The duo investigations are performed using the alignment-based 

rule—ΔEC as a fraction of ΔEg, due to the significant difference between band offsets 

estimated using standard values of electron affinity and experimental measurements. 

3.1. At Steady State Condition  

3.1.1. Fixed Schottky Barrier Height 

Earlier, various high-performance AlN Schottky barrier diodes were demonstrated [26-

28] and barrier heights ranging from 1.6 – 2.3 eV between AlN and different metals were 

measured [26]. Here, Ti and Au AlN Schottky contacts with a barrier height of 1.6 eV are 

used to estimate CBO and analyze 2DEG density under three different degrees of alignments—

60, 80, and 100%. As conduction band offset ΔEC increased from 0.65 to 1.15 eV, 2DEG 

density increases as higher conduction band alignment boost carrier confinement as illustrated 

in Figure 4. 

 

Fig. 4 Estimation of CBO keeping fixed barrier height of 1.6 eV under 60, 80, and 100% 

alignment of bandgap difference. 
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3.1.2. Fixed alignment of 60% 

Considering a moderate value of alignment, say 60% of the bandgap difference (ΔEg = 

1.24 eV) between AlN and β-Ga2O3 is assigned here as CBO. The three different metals—Ti, 

Ni, and Au on AlN with barrier heights of 1.6, 1.8, and 2.3 eV are considered to analyze to 

estimate ΔEC and consequently 2DEG density and are shown in Figure 5. Although, a fixed 

fraction of bandgap difference (0.6 of 1.24 = 0.744 eV) is assigned to conduction band 

discontinuity, the estimated value of ΔEC is slightly less than the assigned value. This may be 

attributed to surface and or interface states at the AlN/β-Ga2O3 boundary [26].     

 

Fig. 5 Estimation of ΔEC, and ns under three increasing Schottky barrier heights for fixed 

alignment of 60 %; decreasing values of ns (5.0, 4.9, and 4.7) × 1013 cm-2 are estimated. 

3.2. Heat-flow Simulation 

Poor thermal conductivity of Ga2O3 and higher output currents in Ga2O3 based power 

devices commonly result in high lattice temperature in absence of device-level thermal 

management. Here, after enabling the relevant model in simulation, maximum lattice 

temperature under the gate area is gauged under different bias voltages. The subsequent 

effects on electron affinity and energy bandgap are also estimated. The increased affinity 

values led to reduced energy bandgap results in higher bandgap difference at the 

heterointerface. The maximum lattice temperature at elevated currents is shown in Figure 

6, and resulting energy bandgap and electron affinity at different lattice temperature is 

shown in Figure 7. 
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Fig. 6 Maximum lattice temperature; extracted from ATLAS (left) at higher drain current, and 

plotted versus corresponding drain voltage at zero gate voltage (right). 

 

Fig. 7 Energy band gap and electron affinity as a function of maximum lattice temperature. 

3.2.1. Effect on Conduction band offset 

As the lattice temperature increases, the energy bandgap of β-Ga2O3 shrinks as per 

equation (2) and is shown in Figure 7. Now the maximum bandgap difference available 

between AlN and β-Ga2O3, corresponding to the maximum lattice temperature of 1063 K 

at VDS = 15 V (VGS = 0 V), is given as 

∆𝐸𝑔 = (𝐸𝑔
𝐴𝑙𝑁 − 𝐸𝑔

𝐺𝑎2𝑂3)  ≈ 5.8 − 3.2 ≈ 2.6 𝑒𝑉  

Here, it is evident that a larger change in Ga2O3 energy bandgap led to a 46 % higher 

bandgap difference between AlN and Ga2O3 compared to its value, 1.24 eV, at 300 K and 

consequently higher values of CBO result. Further, corresponding to 80 % alignment of 
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ΔEg (ΔEC = 0.8 × 2.6 = 2.08 eV), 2DEG density ns is estimated for trio barrier heights and 

is shown in Figure 8.  

 

Fig. 8 2DEG estimation at the fixed alignment of 80 % for different Schottky barrier 

heights. 2DEG density decreases with higher Schottky barrier heights.   

The important inferences from the results exhibited above are summarized in Table 3. It 

is found that a higher degree of CBO results in increased 2DEG density, both at steady-state 

and at higher bias voltages. However, 2DEG density in the latter scenario is relatively low as 

compared to the previous case. This is attributed to the enhanced electron-phonon interaction 

with increasing lattice temperature. Additionally, confined carrier density decreases with 

increasing Schottky barrier heights in both cases. This can be due to the presence of interface 

charges and defect states at the AlN-β-Ga2O3 boundary.           

Table 3 Estimated values of ΔEC, and ns under fixed Schottky barrier and fixed alignment 

Alignment (%) / 

Schottky height (eV) 

Under steady state (TL = 300 K) 
 𝐸𝑔

𝛽−𝐺𝑎2𝑂3 = 4.9 𝑒𝑉, 𝐸𝑔
𝐴𝑙𝑁 = 6.1 𝑒𝑉  

At VDS /VGS = 15 / 0V (TL = 1063 K) 
𝐸𝑔

𝛽−𝐺𝑎2𝑂3 = 3.2 𝑒𝑉, 𝐸𝑔
𝐴𝑙𝑁 = 5.8 𝑒𝑉 

ΔEC (eV) ns ( × 1013 cm-2) ΔEC (eV) ns ( × 1013 cm-2) 

60 / 1.6 0.65 5.0 1.47 4.6 

80 / 1.6 0.9 5.12 2.0 4.8 

100 / 1.6 1.15 5.23 2.5 5.0 

80 / 1.6 0.9 5.12 2.0 4.8 

80 / 1.8 0.9 5.0 2.0 4.7 

80 / 2.3 0.9 4.8 2.0 4.5 

4. CONCLUSION 

To summarize, the effect of energy bandgap difference enabled conduction band offset 

on 2DEG density in AlN/β-Ga2O3 HEMT is studied analytically. The analytical expression 

of Fermi level is derived to conclude that the relative position of Ef and E0 largely affects 

2DEG density. Alignment-based rule—CBO as a fraction of ΔEg is found in more 

agreement with its value measured in experimental devices. By varying band alignment 
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and Schottky barrier heights, the resultant effect on ΔEC and 2DEG density are estimated. 

It is found that apart from conduction band offset dependency, ns is also affected by 

Schottky barrier height. It is also shown that poor thermal conductivity led to higher lattice 

temperature which results in large ΔEg and CBO, but yielded relatively lower 2DEG 

density as compared to steady-state condition. In steady-state, for fixed Schottky barrier 

height of ϕB = 1.6 eV (Ti/AlN) , 2DEG density increases from 5.0 × 1013 to 5.23 × 1013 cm-2 

when ΔEC changes from 60 to 100 %, and from 4.6 × 1013 to 5.0 × 1013 cm-2 at VDS/VGS 

=15/0 V. On the other hand, even at fixed ΔEC, 2DEG density decreases from 5.12 × 1013 

to 4.8 × 1013 cm-2 when ϕB increases from 1.6 to 2.3 eV in steady-state, and 4.8 × 1013 to 

4.5 × 1013 cm-2 at lattice temperature of 1063 K corresponding to VDS/VGS =15/0 V. These 

conclusions can be beneficial to access the limitations in β-Ga2O3 HEMT performance, 

which critically depends on the careful estimation of 2DEG density. 
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