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In this study, a model has been developed to analyze AlGaN/GaN high-electron-transistor (HEMT) and metal-oxide semiconductor 
high-electron-transistor (MOSHEMT) based biosensors. The model focuses on detecting biomolecules such as ChOx, protein, 
streptavidin and uricase by modulating the dielectric constant. The sensitivity parameters used for biomolecule detection include drain 
current, transconductance, and drain off sensitivity. The dielectric constant is adjusted based on the specific biomolecule being sensed 
by the biosensor. The variation in dielectric leads to changes in drain current, with an increase or decrease depending on the positive 
charge of the biomolecules. The HEMT device exhibits greater variations in drain current, transconductance, and drain off sensitivity 
compared to the MOSHEMT device when the biomolecule is present in the cavity region. The simulation results are validated by 
comparing them with Atlas-TCAD (atlas-technology computer aided design) and experimental data, showing excellent agreement.  
Keywords: AlGaN/GaN; HEMT; MOSHEMT; Biosensors; Biomolecules 
PACS: 87.85.fk 
 

1. INTRODUCTION 
For the detection of biochemical compounds such as enzymes, biological molecules, antibodies, etc the biosensors use chemical 

reactions [1]. GaN-based devices are good compared to silicon-based devices due to their large bandgap (3.4 eV), large electron saturation 
velocity (2.5 × 107 cm/s), and high operating temperature [2, 3]. AlGaN/GaN HEMT structures are widely utilized in biosensors due to 
their remarkable biocompatibility, stable material characteristics, and remarkable sensitivity to surface charge. This is primarily assigned 
to the close proximity of the two-dimensional electron gas (2DEG) channel to the surface, which typically reaches a density of 
approximately 1013 cm-2. [4, 5]. The 2DEG are generated by spontaneous and piezoelectric polarization that are moderated by positive 
charges at the surface [6]. An oxide layer such as Al2O3 [7], is entered between barrier and gate metal which results HEMTs becomes 
MOSHEMTs [5, 8, 9]. The AlGaN barrier layer readily binds specific biomolecules, leading to variations in surface charges at the 
AlGaN/GaN interface [1]. Extensive research has been undertaken on AlGaN/GaN HEMT for the detection of various biomolecules, 
including proteins [10], Hg2+ [11], DNA [12], PSA [13], and c-erbB-2 [14]. This paper offers a comparative study between AlGaN/GaN 
HEMT and MOSHEMT based biosensors, focusing on the introduction of biomolecules into a nanogap cavity. The comparison aims to 
evaluate the impact of oxide material on the performance of these biosensors. To assess their suitability for biosensing applications, we 
simulated the Ids-Vgs, Ids-Vds, transconductance, and sensitivity parameters for different biomolecules detection. 

 
2. STRUCTURES OF AlGaN/GaN HEMT& MOSHEMT DEVICES 

The diagram in Fig. 1 illustrates the structure of AlGaN/GaN HEMT and MOSHEMT devices. In the case of HEMT, the layers are 
grown in the following order: metal/AlGaN/GaN. In the MOSHEMT case. Additionally, a GaN buffer layer is grown on an Al2O3 substrate. 

 
 

Figure 1. Model of AlGaN/GaN biosensors. (a) HEMT and (b) MOSHEMT 
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3. ANALYTICAL MODEL OF DEVICES 
In this paper, the analytical model taken from paper [15]. 

The analytical expression of the drain current can be formulated as 

 𝐼ௗ = ௐ೒ఓబ ஼೐೑೑௅೒ఋ  ൜∑ 𝑘௜ ଺௜ୀ଴ ൫𝜓௚ௗ௜ − 𝜓௚௦௜ ൯ + 𝑘଴𝑙𝑛 ట೒೏ట೒ೞൠ (1) 

where 𝜇଴  is low field mobility. 𝑊௚ and 𝐿௚ are the width and the length of gate, respectively.  𝜓௚௦ = ൫𝑉௚௦ − 𝑉௧௛ − 𝑉௦൯ଵ ଷ⁄ +2𝜃, 𝜓௚ௗ = ൫𝑉௚௦ − 𝑉௧௛−𝑉ௗ௦൯ଵ ଷ⁄ + 2𝜃, 𝛿 = 𝑉ௗ − 𝑉௦ 𝐸்𝐿௚⁄ , 𝜃 = 𝜆 3⁄ (𝐶௘௙௙ 𝑞⁄ )ଶ/ଷ and 𝐸் is the critical field. 
The transconductance (gm) is the derivation of the drain current by gate voltage at 𝑉ௗ௦ = 𝑐𝑜𝑛𝑠𝑡, it can be defined as 

 𝑔௠ =  డூ೏ೞడ௏೒ೞฬ௏೏ೞୀ௖௢௡௦௧. (2) 

The transconductance can be extracted from Eq. (1)  

 𝑔௠ = ఓబௐ೒஼೐೑೑ఘ௅೒ [ ଵଷ൫ట೒೏ିଶఏ൯మିଷ(ట೒ೞିଶఏ)మ]𝛺ଵ. (3) 

Where 

  Ωଵ = ቎ ଶ଼଼ఏల൫ట೒೏ିట೒ೞ൯ + 272𝜃ହ + 1920𝜃ସ൫𝜓௚ௗ − 𝜓௚௦൯ + 600𝜃ଷ൫𝜓௚ௗ − 𝜓௚௦൯ଶ−280𝜃ଶ൫𝜓௚ௗ − 𝜓௚௦൯ଷ + 195𝜃൫𝜓௚ௗ − 𝜓௚௦൯ସ − 18൫𝜓௚ௗ − 𝜓௚௦൯ହ ቏. (4) 

 
4. RESULTS AND DISCUSSION 

We will discuss the comparison of AlGaN/GaN HEMT and MOSHEMT based biosensors. The material parameters and their 
corresponding values employed for the simulation are outlined in Table 1 and Table 2. Furthermore, the biomolecule permittivity used 
in this study is listed in Table 3, and the specific values for the two different device types are delineated in Table 4. 

Table 1. Constants terms. [16] 

Constants Expressions 𝑘଴ −288𝜃଺ 𝑘ଵ 272𝜃ହ 𝑘ଶ −960𝜃ସ 𝑘ଷ 200𝜃ଷ 𝑘ସ −70𝜃ଶ 𝑘ହ 39 𝜃 𝑘଺ -3 

Table 2. Parameters used in numerical simulations 

Parameters Quantities Values Units Refs. 𝐸் Critical electric field 178 × 10ହ 𝑉 𝑚⁄  [3] 𝜑ெ Metal work function 4.5 𝑒𝑉 [3] 𝜑଴ Natural level Potential 1.2 𝑒𝑉 [3] 𝜇଴ Low field mobility 0.06 𝑚ଶ 𝑉𝑠⁄  [3] 𝑁஽ Doping concentration 1.5 × 10ଵ଺ 𝑚ିଷ [3] 𝛾଴ Experimental parameter 4.12 × 10ିଵଶ 𝑉𝑐𝑚ସ ଷ⁄  [17] 

Table 3. Dielectric constants of biomolecules [18, 19] 

Biomolecules Dielectric constants 
ChOx 3.3 

Protein 2.5 
Streptavidin 2.1 

Uricase 1.54 

Table 4. Device parameters used in simulation 

Parameters Description Fig. 2a [20] 
Sample 1 

Fig. 2b [21] 
Sample 2 

Fig. 4, 5 and 6 
Our model 𝑥 (%) Al mole fraction 15 20 30 𝜀௢௫(𝐹 𝑚ଶ⁄ ) Oxide permittivity - 9.1 𝜀0 9.1 𝜀0 
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Parameters Description Fig. 2a [20] 
Sample 1 

Fig. 2b [21] 
Sample 2 

Fig. 4, 5 and 6 
Our model 𝜎௣௢௟ (m-2) Spontaneous polarization charge 1.15 × 10ଵ଻ 

[22] 
1.7 × 10ଵ଻ 

[22] 
1.55 × 10ଵ଻ 

[22] 𝑑஺௟ீ௔ே(𝑛𝑚) Barrier thickness 22 30 15 𝐿௚(𝜇𝑚) Gate length 1 1 0.3 𝑊௚(𝜇𝑚) Gate width 75 100 100 𝑡௢௫  (nm) Oxide thickness - 16 10 ℎ௖௔௩௜୲୷  (nm) Cavity width - - 10 

The output characteristics of the AlGaN/GaN HEMT and MOSHEMT devices are compared in Fig. 2(a) and Fig. 2(b), 
respectively. The results from our model show a strong agreement with the experimental data [20] and [21]. Besides, the dimensions 
of the devices used in the experimental data were replicated exactly to validate our results. Furthermore, Matlab calculations and Atlas-
TCAD were used to simulate the devices for sample 1 and sample 2, as shown in Fig. 2. 

.   
Figure 2. I-V output characteristics of GaN HEMT and MOSHEMT devices. 

(a) HEMT and (b) MOSHEMT with experimental data [20] and [21], respectively 

Fig. 3 illustrates the transfer characteristics of the devices with and without biomolecules. When the biomolecule is present in the cavity 
region, a variation in the drain current is observed. This change in drain current can be considered as a sensing parameter for biomolecule 
detection. Specifically, at a drain voltage of 5 V, the change in drain current is superior in HEMT device compared to MOSHEMT device. For 
uricase, streptavidin, protein, and ChOx, the variation in drain current is (35.69, 64.45, 81.3, and 108.36) mA in AlGaN/GaN HEMT, 
respectively. In contrast, the change in drain current is (7.93, 15.2, 19.88, and 28.18) mA in AlGaN/GaN MOSHEMT, respectively. 

  

  
Figure 3. I–V transfer characteristics with different biomolecules of the both biosensors. 

Change of drain current for (a) uricase, (b) streptavidin, (c) protein and (d) ChOx, respectively 
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Furthermore, the transconductance characteristics of HEMT and MOSHEMT devices with different biomolecules are presented 
in Figs. 4(a) and 4(b). The introduction of biomolecules into the cavity region leads to a change in the threshold voltage (Vth) and 
subsequently affects the transconductance (gm). This change in transconductance can serve as a reliable sensing parameter. Notably, 
the HEMT devices demonstrate a greater variation in transconductance compared to the MOSHEMT devices, as shown in Figs. 4(a) 
and 4(b). Specifically, the variation in transconductance is (21.58, 20.05, 54.51, and 76.98) mS/mm for uricase, streptavidin, protein, 
and ChOx in the case of HEMT, respectively. Conversely, the variation in transconductance is (8.19, 15.86, 20.89, and 29.99) mS/mm 
for uricase, streptavidin, protein, and ChOx in the case of MOSHEMT, respectively.  

  
Figure 4. Comparison of the modeled transconductance characteristics with different biomolecules 

(a) HEMT and (b) MOSHEMT based biosensors 

In Fig. 5, the sensitivity parameter of HEMT and MOSHEMT devices is compared. The results clearly indicate that the sensitivity 
parameter (SIoff) is significantly greater in the HEMT device compared to the MOSHEMT device. Among all the biomolecules tested, 
the ChOx biomolecule exhibits the highest sensitivity for the HEMT device. 

 
Figure 5. Sensitivity for AlGaN/GaN HEMT and MOSHEMT biosensors 

Fig. 6 depicts an escalation in the relative change (sensitivity of drain current). The relative change in drain current is defined as ∆ூௗ௦= 𝐼ைே஺௜௥ − 𝐼ைே஻௜௢ [23]. The minimum and maximum relative change observed is (139.07 and 260.8) mA for uricase and ChOx for 
HEMT and (26.57 and 115.03) mA for uricase and ChOx for MOSHEMT, respectively. 

  

Figure 6. Relative drain ON current sensitivity for (a) HEMT and (b) MOSHEMT 
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Table 5. Comparative extracted values of AlGaN/GaN HEMT and MOSHEMT based biosensors. 

Biomolecules 
Change in drain current ΔID (mA) Drain-off sensitivity (SIoff) 

AlGaN/GaN 
HEMT 

AlGaN/GaN 
MOSHEMT 

AlGaN/GaN 
HEMT 

AlGaN/GaN 
MOSHEMT 

Uricase 35.69 7.93 1.23 0.96 
Streptavidin 64.45 15.2 1.36 0.92 

Protein 81.3 19.88 1.41 0.9 
ChOx 108.36 28.18 1.44 0.85 

 
CONCLUSION 

The analytical modeling of the both devices was proposed and compared between each other. There is a variation in drain current 
density and higher transconductance when the cavity region is occupied with biomolecules. This suggests that the GaN-based HEMT 
and MOSHEMT biosensors perform well for biosensing applications. The results obtained indicate that AlGaN/GaN HEMT based 
biosensors have been presented a greater change in drain current (ΔIon) and sensitivity for various biomolecules. The saturation drain 
current and 2DEG concentration increase as the distance between the sensing area and 2DEG channel increases. However, the 
modulation ability of surface charge on device performance decreases with the increased sensing area-to-channel distance [24]. This 
implies that the sensing sensitivity decreases in AlGaN/GaN MOSHEMT based biosensors.  
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У цьому дослідженні була розроблена модель для аналізу біосенсорів на основі високоелектронних транзисторів AlGaN/GaN 
(HEMT) і металооксидних напівпровідникових високоелектронних транзисторів (MOSHEMT). Модель фокусується на виявленні 
біомолекул, таких як ChOx, протеїн, стрептавідин і уриказа, шляхом модуляції діелектричної проникності. Параметри чутливості, 
що використовуються для виявлення біомолекул, включають струм стоку, транспровідність і чутливість стоку. Діелектрична 
проникність регулюється на основі конкретної біомолекули, яку відчуває біосенсор. Зміна діелектрика призводить до змін струму 
витоку зі збільшенням або зменшенням залежно від позитивного заряду біомолекул. Пристрій HEMT демонструє більші варіації 
струму стоку, транспровідності та чутливості стоку порівняно з пристроєм MOSHEMT, коли біомолекула присутня в області 
порожнини. Результати моделювання підтверджуються шляхом їх порівняння з Atlas-TCAD (система автоматизованого 
проектування атласної технології) та експериментальними даними, що демонструє чудову згоду. 
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