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Abstract. We theoretically study AlGaN/AIN/GaN heterostructures aimed at opti-
mizing the AlGaN barrier for GaN-based high-electron-mobility transistors (HEMTSs).
Self-consistent Poisson—Schrodinger calculations combined with semi-empirical transport
modeling are used to evaluate the two-dimensional electron gas (2DEG) concentration,
sheet resistance, and saturation drain current as functions of barrier thickness and alu-
minum mole fraction. Technologically relevant constraints, including unintentional Ga
incorporation, 2DEG-density-dependent mobility and saturation velocity, and the critical
thickness of AlGaN coherently strained to GaN, are taken into account. Well-defined
optimal barrier thicknesses minimize the sheet resistance to R, ~ 250 Q/o, while the sat-
uration drain current increases with barrier thickness and Al content, limited by strain-
induced cracking. The results provide practical guidance for barrier design in GaN-based
HEMTs.
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AnHoTtanmusa. B pabore TeopeTMUECKM HCCAEAyIOTCS reTepocTpykTypbl AlGaN/AIN/
GaN c¢ uenblo ontuMusaluu 6apbepHoro ciosi AlGaN mist TpaH3UCTOPOB € BBICOKOM
MOABMXXHOCTBIO 3JIEKTpOHOB Ha ocHOBe GaN. s olleHKM KOHIEHTPALUMKU IBYMEPHOTO
aJIeKTpoHHOro raza (219I'), cioeBoro CompoTUBICHUSI U HACBHILIEHHOTO TOKa CTOKAa B
3aBUCUMOCTH OT TOJIIMHBI Oapbepa U MOJbHOMN NOJU aJlOMUHUS MPUMEHSIIOCHh YMCIIeH-
HOe pellieHMe CaMOCOIJIacOBaHHOM cucTteMbl ypaBHeHU# [lyaccona—Illpéaunrepa B coue-
TaHUM C TTOJYSMITMPUICCKUM MOIETUPOBAHUEM TPAHCIOPTa. YUTEHBI TEXHOJIOTUYECKHE
OrpaHMYeHUs, TaKMe KaK HelpeITHaMepeHHoe BcTpamBaHWe aToMoB (Ga, 3aBUCHUMOCTH
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MOJABUXHOCTU M HAcChIleHHON ckopocTu 2JIOI° oT ero KOHLEHTpaluuu, a Takxke
kputuueckas TonmuHa AlGaN, HampsokeHHoro oTHocuteabHo GaN. HalineHa onTu-
MaJIbHasl TOJIIMHA 0apbhepHOTO CJIOSI, OOecIeunBarolias MUHUMAIbHOE CIIO€BOE COTPO-
tupneHue R~ 250 Q/O0, B TO BpeMs KaK HACBILEHHBIA TOK CTOKA yBEIMYUBAETCSA C
pPOCTOM TOJIIMHBI Oapbepa M COAEpPKaHUS aTlOMUHUS, HO OTPaHUYEH pacTpeCKUBAHUEM
CJI051 U3-3a MeXaHWYEeCKUX HampsikeHuii. [1ogyyeHHbIe pe3yabTaThl MPEACTABSIOT Mpak-
TUYECKME PEKOMEHAALMUU IO MPOESKTUPOBAHUIO OAPbepHOI0O CJI0SI B TPaH3UCTOpax Ha
ocHoBe GaN.

Kmouessie cioBa: GaN, AlGaN, TpaH3UCTOp, ABYMEPHBIM 3JIEKTPOHHBIN Ta3, ypaBHe-
nus Ilyaccona—lllpé€nuHrepa, ciioeBoe CONPOTUBICHUE, KPUTUUYECKAsT TOJIIMHA
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Introduction

High-electron-mobility transistors (HEMTs) based on IlI-nitride heterostructures are finding
increasing use in modern electronics. Gallium nitride, with its unique combination of properties
such as a wide bandgap, high electron saturation velocity, high breakdown electric field strength,
and relatively high electron mobility [1], offers superior performance compared with silicon and
conventional III-V semiconductors. These advantages, particularly in terms of breakdown voltage
and thermal stability, make GaN especially suitable for high-power applications.

In GaN-channel heterostructures, the AlGaN barrier layer is a critical element. Conventional
designs typically employ a barrier layer with a thickness of 20—30 nm and an aluminum mole fraction
of 20—30%, which provides a good balance of performance and reproducibility in metalorganic
vapor phase epitaxy (MOVPE) production. However, increasing performance demands on
electronic components are driving the development of novel heterostructure architectures. For
example, operation at higher frequencies requires heterostructures with thinner barrier layers.
For some applications, low sheet resistance is crucial, while for others, high operating current
is desired, necessitating optimization of the barrier layer’s thickness and composition while
accounting for practical technological constraints.

In this paper, we analyze the effect of AIGaN barrier thickness and Al mole fraction in
AlGaN/AIN/GaN heterostructures, taking into account technologically relevant constraints.

Materials and Methods

A typical HEMT heterostructure, consisting of a thick GaN channel, a thin (~1 nm) AIN
interlayer, and an Al Ga,_ N barrier of variable Al mole fraction x and thickness d was selected
as the model system. The GaN layer was assumed to be fully relaxed, while both the interlayer
and the barrier were treated as elastically strained to the GaN lattice. The two-dimensional
electron gas (2DEG) concentration N in the channel of the heterostructures was obtained through
a numerical self-consistent solution of the coupled 1D Poisson and Schrodinger equations [2]
using a predictor-corrector approach for faster convergence [3]. Spontaneous and piezoelectric
polarization, as well as a position-dependent electron effective mass were taken into account.
All calculations were performed for room temperature, and background doping was assumed
to be negligible in comparison with polarization-induced charge. Any underlying buffer layers
that might be present were also disregarded due to their minimal direct effect on the 2DEG
characteristics.

Unintentional incorporation of Ga atoms into subsequently grown Al-containing layers is a
well-known effect in epitaxial growth of HEMT heterostructures, particularly in MOVPE, where
Al mole fraction in nominally binary AIN interlayer can be as low as ~0.45 instead of ~1 [4, 5].
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However, it is still unclear whether the measured mole fraction reflects “true” atomic distribution
or it is simply a measurement artifact due to poor spatial resolution or surface roughness [6].
For our heterostructures, the nominally 1-nm-thick AIN interlayer was estimated to be ~1.5 nm
Al Ga N, so we used these values in calculations. The Al mole fraction in the AlGaN barrier
layer was also limited to a maximum value x = 0.65.

The calculation of 2DEG mobility that accounts for multiple occupied subbands and all
relevant carrier-scattering mechanisms can be computationally demanding. Moreover, such
calculations often fail to reproduce the experimentally observed mobility-density dependences a
priori [7]. For this reason, the dependence of the 2DEG mobility pu on the 2DEG concentration
N was approximated using empirical fits based on the highest experimentally measured mobilities
obtained for our heterostructures. This semi-empirical approach implicitly accounts for dominant
(intrinsic, unavoidable, as we believe) density-dependent scattering mechanisms and has previously
demonstrated good predictive capability in our earlier studies [8, 9], where the predictions were
experimentally verified. The dependence of the 2DEG saturation velocity v _(N) on the 2DEG
density N was taken from [10].

In addition, the mechanical stability of the AlGaN barrier layer was considered. Due to the
smaller in-plane lattice constant of AIN compared to GaN, an AlGaN film grown on GaN
experiences tensile strain. As the layer thickness increases, the elastic strain energy accumulates,
and once this energy exceeds a critical threshold, the layer may relax through the formation of
surface cracks. The corresponding critical thickness dcr for crack initiation was estimated using the
Griffith fracture criterion [11].

Results and Discussion

The calculated values of the 2DEG concentration N for various Al mole fraction x and
barrier thickness d, combined with the mobility dependence p(N), were used to obtain the
sheet resistance R, = (eeN-p)”!, shown in Fig. 1, a. These results reveal well-defined optimal
thickness values over a wide compositional range x > 0.30 in terms of minimal sheet resistance
R, = 250 Q/0o (the red dashed line in Fig. 1, @). These optima result from a trade-off between
increasing 2DEG concentration and the accompanying reduction in mobility at high carrier
densities. The optimal thickness values remain below the critical thickness (solid black lines
in Fig. 1) for all Al mole fractions. It should be noted that for the barrier layers with the Al
mole fractions x > 0.54, the optimal thickness falls below 2 nm, and when the 2DEG is located
very close to the surface, additional scattering mechanisms, such as remote surface roughness
scattering [12] or scattering by charged surface states [13] may become significant. These effects
are not considered in the present study; however, they do not appear to be inevitable and can be
mitigated through proper optimization of the growth process.

The saturation drain current was estimated as /) = e'N'v_. This expression is appropriate
for the high-field (velocity-saturation) regime, where the electron drift velocity approaches the
saturation limit, such as at sufficiently high drain voltage. The resulting values of / as a function
of Al mole fraction x and barrier thickness d are shown in Fig. 1, b. As one can see, in contrast
to R, the saturation drain current does not exhibit an optimum with respect to x and d. Instead,
it increases monotonically with increasing barrier thickness and Al mole fraction, indicating a
‘more is better’ behavior, despite the reduced saturation velocity for the high 2DEG density. In
practice, however, this trend is constrained by the strain accumulated in the AlIGaN layer, which
limits the maximum achievable thickness and Al content before cracking. At the same time,
when considering barrier layers with thicknesses equal to the critical value, a thinner barrier with
a higher Al mole fraction provides a higher drain current than a thicker barrier with a lower Al
mole fraction. Under these conditions, the maximum saturation drain current achievable for
AlGaN/GaN-based transistors grown by MOVPE technology is ~2.6 A/mm for = 0.65. This
value should be regarded as a rough upper-limit estimate, since the model used does not account
for several phenomena that may limit the drain current, such as self-heating, source and drain
contact resistance, short-channel transport effects, etc.
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Fig. 1. Dependence of sheet resistance R (a) and saturation drain current /, (b) on the Al mole
fraction x and thickness d of Al Ga, N barrier layer.
The black solid line represents the critical thickness of the AlGaN layer coherently strained to GaN. The red

dashed line indicates the minimal sheet resistance of ~250 Q/o

Conclusion

In this work, we analyzed the influence of AlGaN barrier thickness and aluminum mole
fraction on the transport properties of AlGaN/AIN/GaN heterostructures under technologically
relevant constraints. Self-consistent Poisson—Schrodinger simulations combined with semi-
empirical transport modeling revealed well-defined optimal barrier thicknesses that minimize
the sheet resistance to ~250 /0 over a range of Al compositions, while the saturation drain
current increases monotonically with increasing Al mole fraction and barrier thickness. It was also
shown that higher Al content is favorable for achieving a high saturation drain current, and the
achievable values are ultimately constrained by strain-induced critical thickness limitations. The
presented results provide practical guidelines for optimizing AlGaN barrier design in GaN-based
high-electron-mobility transistors.
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