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Abstract. The influence of n-type doping of the AlGaN barrier layer in AIGaN/AIN/GaN
single- and triple-channel heterostructures on their electrical properties was studied. It was
found that the optimal thickness of i-AlGaN spacer is 3 nm, and the Si concentration in
n-AlGaN is 7-10" cm=3. The lowest predicted sheet resistance at room temperature for the
triple-channel structure of the optimal design is ~ 90 Q sq!, three times lower than that of the
single-channel structure.
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MuorocnorHbie AlGaN/GaN retepocTpyKTypbl C HU3KMM CJ/I0€BbIM
CONpPOTUBJ/IEHUEM HA OCHOBE AABYMEpPHOro 3J/IEKTPOHHOro ra3sa
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AnHoTanusa. B naHHO#1 paGoTe OBLIO MCCIIEI0OBAHO BIMSHUE JIETMPOBAHUSI 0apbepHOTO CJI0ST
AlGaN mpuMechio n-Tuma B ogHO- 1 TpéxKaHaIbHBIX AlGaN/AIN/GaN reTepocTpyKTypax Ha
UX DJIEKTPUYECKUE CBOWCTBA. YCTAaHOBJIEHO, YTO onTuUMaibHas ToiuHa i-AlGaN creiicepa
COCTaBlsIeT 3 HM, a OITUMajbHas KoHLeHTpauuss Si mpumecu B n-AlGaN cocrasisger
7-10'8 cm3. HamMeHblllee pacCUUTaHHOE CIIOEBOE CONPOTUBIICHME TPEXKAHAIBHOM CTPYKTYPHI
MpY KOMHATHOI TeMmepaType ~ 90 OM/KBaapaT, 4TO B TPU pa3a MEHbIIIEe, YeM Y OTHOKaHAJIbHOM
CTPYKTYPHI.

Kmouesbie cimoBa: GaN, AlGaN, TpaH3UCTOP C BBICOKOI TOJBUXXHOCTBIO 3JEKTPOHOB,
JIIBYMEPHBIN 3JIEKTPOHHBIIM ra3, MHOTOKaHaIbHbII

Jdna maruposanusa: ApteeB J1.C., CaxapoB A.B., HwukomaeB A.E., 3aBapuu E.E.,
HauyabHukoB A.®. Muorocnoiinbie AlGaN/GaN rerepoCTpyKTypbl C HU3KUM CJIO€BBIM
COMPOTUBIIEHUEM Ha OCHOBE JIBYMEPHOIo »3JEeKTpOHHOro rasza // HayuHo-TexHUUYecKue
Benomoct CITOI'TTY. ®dusnko-marematnueckue Haykm. 2023. T. 16. Ne 1.1. C. 380—384.
DOI: https://doi.org/10.18721/JPM.161.164

CraTbsl OTKPHITOTO AocTyma, pacrmpoctpaHseMas mo juneH3uu CC BY-NC 4.0 (https://
creativecommons.org/licenses/by-nc/4.0/)

© Arteev D.S., Sakharov A.V., Nikolaev A.E., Zavarin E.E., Tsatsulnikov A.F., 2023. Published by Peter the Great St.Peters-
burg Polytechnic University.

380



4 Atom physics and physics of clusters and nanostructures

Introduction

AlGaN/GaN-based heterostructures allow the fabrication of devices, i.e., high-electron
mobility transistors and Schottky barrier diodes with high current (> 1 A/mm [1, 2]) and power
(> 40 W/mm [1]) due to the unique properties of the 111-N material system. The typical values of the
two-dimensional electron gas (2DEG) concentration in such structure are N, = 1.0—1.3-10" cm™
with electron mobility p ~ 2000 cm? V-!' s!. A further increase of the concentration by increasing the
Al mole fraction in the barrier layer is hindered by the strain relaxation [3]. Moreover, the 2DEG
mobility is usually strongly decreases when the 2DEG density increases [4], so the conductivity
remains unchanged or even becomes lower. The use of the structures with multichannel design
with multiple 2DEGs could be an alternative approach to achieve higher conductivity [5, 6].
For more details on progress, benefits and drawbacks of GaN multi-channel power devices, the
reader is referred to the recent review article [6]. Such design enables increasing the total electron
concentration without degrading the mobility. However, strong internal polarization electric fields
lead to a significant modification of the conduction band energy profile, so some channels of
unintentionally doped structures could be completely depleted, and the total conductivity turns
out to be significantly lower than expected. On the other hand, introducing too much dopants to
the barrier layers may result in the forming of parasitic conduction channels. Therefore, design
optimization is required.

In this paper, we investigated the influence of the design of single- and triple-channel
AlGaN/AIN/GaN heterostructures on their electrical properties.

Model description and experimental details

A single channel heterostructure consisted of 23 nm Al ,,Ga ,,N barrier layer, 1 nm AIN
interlayer and 50 nm GaN channel and thick GaN buffer layer. In a triple channel structure, first
three layers (i.e., AlGaN, AIN and GaN channel) were repeated three times. Python programming
language was used to solve 1D Schrédinger-Poisson equation system [7].

Three samples were grown by metalorganic chemical vapor deposition on c-face sapphire
substrates in our in-house Dragon-125 epitaxial system using trimethylgallium, trimethylaluminum,
ammonia precursor gases; monosilane was used as a source of Si atoms for n-type doping. The
electrical parameters of the structures were measured at several points using contactless eddy
current and the van der Pauw methods.

Results and Discussion

It is known that ionized donors can scatter electrons, resulting in a lower mobility. Modulation
doping technique could be used to reduce the impurity scattering. A simple expression for the
scattering rate of a perfect 2DEG associated with spatially separated donors could be derived [8]:

1 N m ez 2 2kp efzqdo _ e—zq(dwd&.) qdq
T m 27'Ch3kF 28580 0 2(q + qTF)2 | q 2
- E

where N,-mp is a 3D concentration of donors, d, is the thickness of i-AlGaN spacer and d; is the
thickness of the n-doped AlGaN layer. Other symbols are used in their conventional meaning
in the context of carrier scattering, i.e ¢ is the wavevector, k, is the Fermi wavevector, ¢, is the
Thomas-Fermi screening wavevector for 2DEG, m and ¢ are electron effective mass and relative
static dielectric constant, respectively. The dependencies of the 2DEG mobility limited by ionized
donor scattering and the 2DEG density versus Si concentration in the n-AlGaN for the structures
with different thickness of i-AlGaN spacer are shown in figure 1. As one can see, the mobility
associated with modulation doping could be as low as ~ 2-10* cm? V-! s”! for entirely doped AlGaN
barrier. We chose 3 nm of unintentionally doped i-AlGaN spacer to ensure almost negligible
impurity scattering not only at room temperature but at low temperatures as well. The 2DEG
density monotonically increases with increased doping concentration. One should note that very

(M

© Aprees [1.C., Caxapo A.B., Hukonaes A.E., 3aBapun E.E., LlauynbuukoB A.®@., 2023. WUznarens: Cankr-IlerepOyprekuii
rnosMtexHuueckuit ynusepcuret [lerpa Benukoro.

381



4St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2023. Vol. 16. No. 1.1

high Si concentrations > 7-10-10"® ¢cm™ result in a parasitic conduction channel in the AlGaN
barrier. For moderate Si concentrations, the 2DEG density depends weakly on the thickness of
the i-AlGaN spacer.
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Fig. 1. The 2DEG mobility limited by remote ionized impurity scattering (a) and the 2DEG density (b)
versus Si concentration in the n-AlGaN barrier in a single channel structure with different thickness
of i-AlGaN spacer. Symbols are experimentally measured 2DEG density

Next, we simulated triple channel structures with the thickness of undoped i-AlGaN spacer
of 3 nm. The dependence of the 2DEG density in each channel on the Si concentration is
shown in Fig. 2, a. Interestingly, that the middle channel is almost depleted for moderate doping
concentrations, and the total 2DEG density is almost the same as for single-channel structures.
The finding is consistent with the results of [5]. For the high Si concentration, the 2DEG densities
in all channels become the same, but, similarly to the single channel structures, an undesirable
conduction channel appears in the AlGaN barrier layer. The calculated band diagrams for the
cases of unintentionally doped (10" c¢cm-3) and heavily doped (10" cm™) barrier are shown in
Fig. 2, b. Therefore, the optimal Si concentration in the AlGaN barrier layer is ~ 7-8-10" cm?,

It is also interesting to predict the sheet resistance R, In order to avoid computationally
intensive calculations of the 2DEG mobility including all the relevant carrier scattering mechanisms
(which, however, cannot a priori reproduce experimentally observed strong decrease of the
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Fig. 2. The 2DEG density in upper, middle and lower channels versus Si concentration in n-AlGaN
barrier layer (a) and conduction band energy (). Dashed line is the 2DEG density in the single-channel
structure. Symbols are the experimentally measured 2DEG density in unintentionally doped (open
circles) and Si-doped (solid circles) single-channel and Si-doped triple-channel (squares) structures

mobility with increased 2DEG density; see [4]), we took the mobility values of the best single-
channel samples grown for our previous study [9] (the inset of figure 3), fitted the data and used
the obtained dependence p(N,) to estimate the sheet resistance of the single and triple channel
structures. As one can see in figure 3, R, for the single channel structure is almost independent
on doping concentration due to reduced mobility for high 2DEG densities and 260—280 Q sq'.
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Fig. 3. The estimated sheet resistance versus Si concentration in n-AlGaN barrier layer. Symbols are

experimentally measured data in unintentionally doped (open circles) and Si-doped (solid circles)

single-channel and Si-doped triple-channel (squares) structures; gray hexagon is the value from [10].
The inset shows the mobility model used in the calculations (see text for more details).

A reasonable agreement with the experimental values is observed. For the triple channel one, the
lowest predicted R, is < 90 Q sq' for Si concentration of 7-10'® cm=. The measured R, of our
triple-channel structure is ~ 160 Q sq' due to lower Si concentration ~ 2.5-10'® cm in the barrier
layers. However, R, of triple-channel structure with similar design from [10] is ~ 80 Q/sq' (gray
hexagon in figure 3), which is in a very good agreement with our predictions. Therefore, a simple
empirical mobility fit could be effectively used to optimize the design (including automated
optimization using, for example, genetic algorithm) and predict R, of different multichannel
structures at low computational cost.
Conclusion

The influence of the design of the AIGaN barrier layer on the electrical properties of single-
and triple-channel AlGaN/GaN-based heterostructures was investigated. It was found that the
optimal thickness of i-AlGaN spacer is 3 nm, and the Si concentration in n-AlGaN is 7-10¥ cm™.
The lowest predicted sheet resistance at room temperature for the triple-channel structure of the
optimal design is ~ 90 Q sq!, three times lower than that of the single-channel structure.
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