284

East EUROPEAN JOURNAL OF PHYSICS. 1. 284-289 (2025)
DOI:10.26565/2312-4334-2025-1-33 ISSN 2312-4334

COMPARATIVE STUDY AND ANALYTICAL MODELING OF AlGaN/GaN HEMT AND
MOSHEMT BASED BIOSENSORS FOR BIOMOLECULES DETECTION

Abdellah Bouguenna®*, ® Abdelhadi Feddag®, ©Driss Bouguenna®?, ®Ibrahim Farouk Bouguenna®
“Electrical Engineering Laboratory of Oran, Electronics Department, Electrical Engineering Faculty, Sciences & Technology
University of Oran (MB-USTO), 31000, Oran, Algeria
bDepartment of Electronics. Faculty of Electrical Engineering University of Sciences and Technology of Oran,
Microsystems and Embedded Systems Laboratory of Oran, Algeria
“Geomatics, Ecology and Environment Laboratory, Nature and Life Science Faculty, Mustapha Stambouli University of Mascara,
29000, Mascara, Algeria
4Common Core Science and Technology Department, Sciences and Technology Faculty, Mustapha Stambouli University of Mascara,
29000, Mascara, Algeria
¢Electrical Engineering Department, Sciences and Technology Faculty, Mustapha Stambouli University of Mascara,
Mascara 29000, Algeria
*Corresponding Author e-mail: abdellah.bouguenna@univ-usto.dz
Received December 19, 2024; revised January 22, 2025; accepted January 25, 2025

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: A/GaN/GaN; HEMT; MOSHEMT; Biosensors,; Biomolecules
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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 x 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 103 cm™. [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 A2Os [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 AIGaN/GaN HEMT for the detection of various biomolecules,
including proteins [10], Hg?* [11], DNA [12], PSA [13], and c-erbB? [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 lus- Vs, Lus-Vas, 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 A2Os substrate.
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Figure 1. Model of A1GaN/GaN biosensors. (¢) HEMT and () 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

_ Woko Cerr {56 i i Ygd
I = ML {50 ki (ha = ) + oln 22 (1)
where i is low field mobility. W and L, are the width and the length of gate, respectively. ¥4, = (I{qs —Vin — 175)1/3 +

20,150 = (Vys — Ven—Vas)'"* + 20,6 = Vg =V, /ErLy, 6 = 1/3 (Cops/q)?/* and Ey is the critical field.

The transconductance (g,) is the derivation of the drain current by gate voltage at V;; = const, it can be defined as
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The transconductance can be extracted from Eq. (1)
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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

ko —2886°

k, 27265

ko —9606*

ks 20063

ky —708?

ks 3960

ke -3

Table 2. Parameters used in numerical simulations
Parameters Quantities Values Units Refs.

Er Critical electric field 178 x 105 V/m [3]
[ Metal work function 4.5 eV [3]
[N Natural level Potential 1.2 eV [3]
Uo Low field mobility 0.06 m?/Vs | [3]
Np Doping concentration 1.5 x 106 m3 [3]
Yo Experimental parameter 412 x 10712 Vem*/3 | [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

o Fig. 2a [20] Fig. 2b [21] Fig. 4,5 and 6
Parameters Description Sample 1 Sample 2 Our model
x (%) Al mole fraction 15 20 30
g0y (F/m?) Oxide permittivity - 9.1 & 9.1 g0
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.. Fig. 2a [20 Fig. 2b [21 Fig. 4,5 and 6

Parameters Description S%lmpl!e 1] S%lmpl([. 2' (g)ur model

Opor (M2 Spontaneous polarization char 1.15 x 107 17 x 10% 1.55 x 107
pol P po on charge [22] [22] [22]
daigan (nm) Barrier thickness 22 30 15
Lgy(pum) Gate length 1 1 0.3
Wy (um) Gate width 75 100 100
toy (nm) Oxide thickness - 16 10
heavity (nm) Cavity width - - 10

The output characteristics of the AlIGaN/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.
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Figure 2. [-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 AlIGaN/GaN MOSHEMT, respectively.
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Figure 3. -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 (Vi) 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.
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Figure 4. Comparison of the modeled transconductance characteristics with different biomolecules
(a) HEMT and () MOSHEMT based biosensors

In Fig. 5, the sensitivity parameter of HEMT and MOSHEMT devices is compared. The results clearly indicate that the sensitivity
parameter (Siof) 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.
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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

Air

Apas=Ion — 18%

ON

HEMT and (26.57 and 115.03) mA for uricase and ChOx for MOSHEMT, respectively.
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Table 5. Comparative extracted values of AlGaN/GaN HEMT and MOSHEMT based biosensors.

Change in drain current AIp (mA) Drain-off sensitivity (Siog)
Biomolecules AlGaN/GaN AlGaN/GaN AlGaN/GaN AlGaN/GaN
HEMT MOSHEMT HEMT 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 (Alox) 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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29000, Mascara, Algeria

°Kagheopa enexmpomexnixu, Daxyivmem Hayku ma mexuonoeii, Yuieepcumem Mycmaghu Cmambyni ¢ Mackapa, Mackapa 29000, Anoscup
VY upomy fociipkeHHi Oyna po3pobiieHa Mozelb JAis aHaiizy 0i0CEHCOpiB Ha OCHOBI BHCOKOGNIEKTPOHHHUX Tpan3ucTopiB AlGaN/GaN
(HEMT) i MeTan00KCHIHHX HAMIBIPOBIIHUKOBHX BHCOKoeeKTpoHHuX Tpan3uctopiB (MOSHEMT). Monens GhokycyeTbest Ha BUSBIICHHI
6iomornekyn, Takux sik ChOX, mpoTeiH, CTpenTaBiIiH 1 yprKasa, IULIXOM MOAYILSILIT JieneKTpuuHoi npoHuKHOCTI. [TapamMerpu 4y TinBocCTi,
10 BUKOPHUCTOBYIOTHCS I BUSIBJICHHS O10MOJIEKYIN, BKIIIOYAIOTh CTPYM CTOKY, TPAHCHPOBIAHICTH 1 UyTIHBICTH CTOKY. /lienexkTpuyHa
TIPOHUKHICTH PETYIIIOETHCS Ha OCHOBI KOHKPETHOT 010MOJNEKYIH, SIKY BiT4yBae OioceHcop. 3MiHa HieIeKTPHKA IPH3BOJHUTH /10 3MiH CTPYMY
BUTOKY 3i 30LIbIIEHHSM 200 3MEHIIICHHSM 3aJIXHO Bifl TO3UTUBHOTO 3apsiny 6Giomonexyi. [Tpuctpiit HEMT nemonctpye 6inbii Bapiamit
CTpyMy CTOKY, TPAHCIIPOBITHOCTI Ta YyTIMBOCTI CTOKY MOpiBHAHO 3 npucTpoeM MOSHEMT, komm Giomonexyna mpucyTHS B obnacTi
MOPOKHUHM. Pe3ynbTaTn MOIENIOBaHHS IIITBEPIUKYIOThCS HUIIXOoM ix nopiBHsHHS 3 Atlas-TCAD (cucrema aBTOMaTH30BaHOIO
MPOEKTYBAHHSI aTJIACHOT TEXHOJIOTT) Ta eKCIIEPMMEHTAIILHUMH JAHUMH, 10 IEMOHCTPYE Yy/IOBY 3rOJY.

Kuarouosi cinoBa: AIGaN/GaN; HEMT: MOSHEMT; 6iocencopu, biomonexynu



