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Abstract
A series of AlN/GaNheterostructures were grown on 150mmSi substrates bymetal organic chemical
vapor deposition (MOCVD). Different cap layer structures, including galliumnitride (GaN) and
silicon nitride (SiNx), were used to passivate the heterostructure surface. A 3.5 nm thick SiNx cap is
able tomaintain the two dimensional electron gas (2DEG) stability in a long period. AnAlN/GaN
heterostructure with a 4.5 nm thickAlNbarrier exhibits the best 2DEGproperties, in terms of sheet
resistance, carriermobility and stability. The carriermobility of the 2DEG can be enhanced by a
combination of SiNx andGaN cap layers to over 1400 cm2/Vs.

1. Introduction

The commercialization of galliumnitride (GaN) based high electronmobility transistor (HEMT) has accelerated
in recent years [1, 2], owing to its proven capability in reducing switching losses, sustaining high breakdown
voltages, as well asmaintaining high temperature stability [3]. The progress in the epitaxial growth ofGaNon
large size Si substrate reduces the production cost.Meanwhile, HEMTdevices on Si can be easily integrated to
the existing Si foundries [4–6]. The above benefits bring theGaNbasedHEMTdevice closer to themassmarket
applications.

The barrier layer is one of the key components in theHEMTdevice, which determines the resistance of the
conduction channel. AlGaN is themost commonly used barriermaterial. The two-dimensional electron gas
(2DEG) formed at the AlGaN/GaN interface region shows good stability, low sheet resistance, high carrier
density, and high electronmobility [7, 8]. AlN as a barriermaterial also attracts attention due to the formation of
even higher 2DEGdensity at the AlN/GaN interface region [9]. A sheet resistance (Rs) value as low as 128Ω/sq
has been reported, with a 2DEGdensity of 3.21×1013/cm2 [10]. Besides, the alloy scattering can be avoided in
the AlN system, which enhances the 2DEGhallmobility [11, 12]. AlN barrier basedHEMTdevices, with low
gate leakage and high Ion/Ioff ratio, has been demonstrated [13]. Table 1. summarizes the recent studies onAlN/
GaNheterostructures with the best Rs performances.

However, the relaxation of AlN is onemajor challenge, due to the large latticemismatch (2.5%)with the
GaN channel layer. Silicon nitride (SiNx) cap has been employed as a surface passivation layer to avoid/reduce
the AlN relaxation [14]. However, the effect of the composition and thickness of the passivation cap layer on
suppressing the relaxation has rarely been studied. In this paper, we reported on the long term2DEG stability of
the AlN/GaNheterostructure incorporating in situ grownGaN and/or SiNx cap layers.

2. Experiments

A series of AlN/GaNheterostructures were prepared in anAixtron close coupled showerhead (CCS) 6×2
MOCVD systemon 150mmhighly resistive (>3000Ω·cm) Si (111)wafers. Trimethylgallium (TMGa) and
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trimethylallunium (TMAl)were used to provide themetal elements, while ammonia (NH3)was used as the
groupVprecursor. The Si wafer wasfirst heated to 1050 °C in hydrogen (H2) to remove the native oxide before
growth. After a short TMAl pretreatment, a 150 nmAlNnucleation layer was deposited. During theAlN growth,
a very lowV/III ratio (∼30)was used to suppress the gas phase reactions of TMAl. After that, four layers of step
gradedAlGaNwere grown, and theAl contents were 0.60, 0.50, 0.40 and 0.25, respectively. The total thickness of
the AlGaNbuffer layer was∼1000 nm. Then, a 1000 nm thick unintentionally dopedGaN channel layer was
grown.H2was used as the carrier gas during the (Al, Ga)Nbuffer and theGaN channel layer growth. TheAlN
barrier layer with thicknesses ranging from2.5 to 7 nmwas grown at∼900 °C.Nitrogen (N2)was used as the
carrier gas, which promotes the diffusion of Al atoms on the surface, and suppresses theGaNdecomposition in a
lowNH3 ambient. During theAlN barrier growth, trimethylindium (TMIn)was used as a surfactant to improve
the layer quality. Unintentional gallium incorporation during the InAlN alloy growth inCCS reactors has been
demonstrated [16–18]. Itmay also happen during the (In)AlNbarrier growth and impact the 2DEGproperties.
Finally, the in situ SiNx cap layers with different thicknesses were deposited at the AlN barrier growth
temperature, i.e., 900 °C. TheNH3/SiH4 ratio during the growthwas∼3500, and the growth ratewas
∼1.3 μmh−1 After cooling down, the bowof these wafers wasmeasured to be less than 10 μmand the surface
was crack free with<3 mmedge exclusion. Table 2 lists all the structural parameters of the samples studied.

A Lehighton contactlessmobilitymapping system (LEI-1600)was used tomeasure andmap the sheet
resistance of the heterostructure across thewholewafer. The 2DEG sheet carrier density andmobility can also be
measured, usingHallmethod embedded in the LEI-1600 system [19]. The ParkXE15Atomic ForceMicroscope
(AFM)was used to evaluate the sample surface roughness. The BrukerD8Discover x-ray diffraction (XRD) tool
was used to characterize the Al composition in the step-graded buffer layer. TheAlNbarrier and cap layer
thicknesses were deduced from the x-ray reflectivity (XRR) curves, whichwere alsomeasured by the BrukerD8
XRD system.

3. Results

To study the influence of SiNx cap layer thickness on the relaxation behavior of AlN barrier, in situ grown SiNx

layer with thicknesses of 0 (no cap layer), 2.0 and 3.5 nmon the sameAlN/GaNheterostructure were prepared,
labeled as sample A, B andC, respectively. TheAlNbarrier thickness was 7 nm.Due to the large lattice
mismatch, strong tensile stress exists in the AlN layers grown onGaN, and the critical thickness was reported in
the range of 6–8 nm [20]. Therefore, the current heterostructure could possibly undergo a lattice relaxation after
the epitaxial growth. TheRs values of these samples were recorded once per week in the followingmonth.
Figure 1 showed the sheet resistance changes of theAlN/GaNheterostructure as a function of time after growth.
The initial Rs values for samples A, B andCwere 320, 192 and 190Ω/sq, respectively. Among these samples,
sampleC exhibited the highest Rs stability, with a∼10% increase from190 to 209Ω/sq threeweeks later.

Table 1. Summary of the AlN/GaNultrathin heterostructure parameters.

Sample AlN (nm) Cap (nm) Substrate Rs (Ω/sq) Ns (/cm2) Growthmethod

[14] 6 6 (SiNx) Si 186 2.5e13 MOCVD

[15] 4.5 1 (GaN) sapphire 409 2.2e13 MBE

[10] 3.5 none sapphire 128 3.2e13 MBE

[12] 3 2 (GaN) sapphire 1.3e12 MOCVD

D 6 3.5 (SiNx) Si 178 3.9e13 MOCVD

Table 2. Structural parameters of samples A-H.

sample

AlN barrier

thickness (nm)
GaNcap thick-

ness (nm)
SiNx cap thick-

ness (nm)

A 7 0 0

B 7 0 2

C 7 0 3.5

D 6 0 3.5

E 4.5 0 3.5

F 3.5 0 3.5

G 2.5 0 3.5

H 4.5 2 3.5

2

Mater. Res. Express 7 (2020) 065902 YXia et al



Actually, the Rs value remained almost unchanged after the secondweek, which indicates a stable structure in
sampleC. In contrast, the Rs of samples A andB quickly increased in the first week and gradually stabilized
afterwards. The Rs of sample A, which has no SiNx cap layer, deteriorated∼133% from320 to 748Ω/sq by the
end of the thirdweek. This change ismainly due to the sheet carrier density decrease, suggesting that a strong
relaxation in the AlN layer happened. Based on the observed Rs changes, the degrees of barrier layer relaxation
depends on growth conditions, barrier thickness, as well as the cap layer design. Themuch higher initial Rs value
of sample Awith a 7 nmAlNbarrier could also imply a fast early stage relaxation right after growth completion.
The oxidation of AlNmay also contribute to theRs increase, as the AlN barrier is exposed directly to the
atmosphere environment, without the protection of a cap layer.

Next, we investigated the Rs stability with different AlN barrier thicknesses, ranging from2.5 to 7 nm, as
shown in table 1. These samples all had a 3.5 nmSiNx cap layer, whichwas effective in improving theRs stability
of the AlN/GaNheterostructures. The time evolution of Rs was recorded over amonth, as illustrated infigure 2.
All samples with AlNbarrier thicker than 3 nm showed stable Rs values during this timeframe. The only sizable
increase in the Rswas observed from sampleG, which has a barrier thickness of 2.5 nm. The root cause of this
increase is still under investigation.

Figure 3(a) showed the variation of Rs and carrier density (Ns) as a function of the barrier layer thickness.
Datawere collected threeweeks after growth, when the electrical and structural parameters of the
heterostructures became stable.When theAlN barrier was thinner than 6 nm, theRs value decreased from452
to 178Ω/sqwith the increasing barrier thickness. The Rs increased slightly to 209Ω/sqwhen the barrier was

Figure 1.The variation of the Rs of AlN/GaNheterostructures with SiNx cap layer thickness ranging from0 to 3.5 nm. TheAlN
barrier thickness is 7 nm.

Figure 2.The variation of Rs as a function of time, for AlN barrier thicknesses ranging from2.5 to 7 nm.All the samples have a 3.5 nm
thick SiNx cap layer.
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7 nm. TheRs variationwas closely correlatedwith that of carrier sheet density (Ns), as also shown infigure 3(a).
When the barrier was relatively thin, the accumulation of 2DEG increased as the AlN thickness increased,
reducing the sheet resistance.When the barrier thickness increased to 7 nm, a decrease ofNswas observed. It
could be attributed to the relaxation of AlN layer, as it approaches the critical thickness of AlN onGaN [20].
Carriermobility was another important 2DEGparameter. A highermobility translated to a higher
transconductance of theHEMTdevices [21–23]. Figure 3(b) showed the carriermobility as a function of the
barrier thickness. The highestmobility of 1178 cm2/Vswas observedwhen the barrier was 3.5 nm. It dropped to
a low value of 893 cm2/Vswhen the barrier was 6 nm concomitant with the highest carrier density. The
degradedmobility could be attributed to the stronger interfacial scatteringwhen the peak of 2DEGwas shifted
closer to the AlN/GaN interface [15]. Finally, the decrease ofNs andmobility leads to the increase of Rs, when
the AlNbarrier is thick (>6 nm).

Figure 4(a) showed the surfacemorphology of sample A, which has a 7 nm thick AlN barrier and no cap layer
was grown. Themeasurements were conducted onemonth after growth. Lot of cracks presented on the surface,
which should be the result of lattice relaxation. It gave an explanation to the significant Rs increase observed in
figure 1. Figure 4(b) showed the surface of sampleC, which has a 7 nm thick barrier and 3.5 nm thick SiNx cap
layer. The surface is still very smooth over onemonth after growth, with a rootmean square (RMS) roughness as
low as 0.20 nm. The stable surface state is one important reason for the stable Rs performance. The comparison
between the surface state of sample A andC suggested that a SiNx capmay counter balance the tensile strain in
the AlNbarrier, andmaintain a stable surface state. Similar surface characteristics have been observed byCheng
et al in [14]. The above results indicate that a SiNx cap is effective in improving the reliability of AlN barrier
HEMTdevices.

In order to fabricate a high performanceHEMTdevice, both low 2DEG sheet resistance and high electron
mobility are desired. Although the 4.5 nmAlNbarrier gave a slightly lower carriermobility than that of 3.5 nm
barrier, the Rs valuewasmuch lower. Therefore, we used the 4.5 nmAlNbarrier as a baseline to further improve
themobility. In sampleH, a 2 nm thickGaN cap layer was inserted between the 4.5 nmAlNbarrier and the
3.5 nmSiNx cap. As shown infigure 4(c), a smooth surfacewith RMS roughness of∼0.19 nmwas obtained.No

Figure 3.The variation of (a)Rs andNs, (b) carriermobility as a function of the AlN barrier thickness. All the samples have a SiNx cap
layer thickness of 3.5 nm.
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sign of relaxationwas observed. Figure 5 showed the sheet resistance, sheet carrier density andmobilitymapping
of sampleH. The average carriermobility is enhanced to 1423 cm2/Vs, which is among the highest values
reported for the sameAlN/GaNHEMTdevices on Si substrates byMOCVD [14, 15]. Compared to sample E,
themobility was enhanced by∼29%, even though the carrier density dropped from2.66×1013 to
1.70×1013/cm3. AsGaNhas a smaller bandgap thanAlN, the insertion ofGaNmodified the conduction band
edge relative to the Fermi level, thus partially depletes the carriers in the 2DEG channel [24]. According to
previous discussions, the enhancement of themobility could be partially attributed to the reduced interfacial
carrier scattering. The sheet resistance, whichwas a product of carrier density andmobility, increased from225
to 259Ω/sq. This value was still among the best reported in the literature. As shown infigure 3(a), the sheet
resistances are very sensitive to the AlN barrier thicknesses, which could be further related to the growth
temperature. By carefully adjusting thewafer temperature distribution during the growth, anAlN thickness
uniformity of 1%was obtained, and it resulted in a highRs uniformity of∼3%, as illustrated infigure 5(c). The
2DEGproperties were examined again after onemonth and no appreciable changes of Rs, Ns andmobility were
observed.We believe that both SiNx andGaN cap layers contribute to the long term stability of theAlN/GaN
heterostructure. Further enhancement of the 2DEGmobility could be achieved by optimizing the growth
conditions [10].

4. Conclusions

AlN/GaNheterostructures with different AlNbarrier thicknesses and cap layers were studied. The cap layer
structure has significant effects on the initial 2DEGproperties, as well as the long term stability. SiNx capwas
proven to be able to suppress theAlN relaxation. It was found that a 3.5 nmSiNx cap could adequatelymaintain
the 2DEG stability after a long period of storage time. A 4.5 nmbarrier AlN/GaNHEMTdevice with 3.5 nm
SiNx cap layer showed good performance and stability in terms of sheet resistance, carrier density andmobility.
We further demonstrated that an additional GaN cap layer could improve the 2DEGmobility.

Figure 4. Surfacemorphology of sample A(a), C(b) andH(c), characterized by the tappingmodeAFM.The scan scales are all
2×2 μm2 and the RMS roughness are 0.40, 0.20 and 0.19 respectively. The z-scale is 5 nm.

Figure 5.The sheet resistance (Rs), sheet carrier density (Ns) andmobility distribution over thewhole wafer of sampleH.

5

Mater. Res. Express 7 (2020) 065902 YXia et al



Acknowledgments

This researchwas supported by theNational Key Research andDevelopment Project of China (No.
2017YFB0403003).

ORCID iDs

YouhuaZhu https://orcid.org/0000-0002-9004-3121

References

[1] Roberts J, LafontaineH andMcKnight-Macneil C 2014Advanced SPICEmodels applied to high powerGaNdevices and integrated
GaNdrive circuits IEEEApplied Power Electronics Conf. and Exposition (FortWorth, TX) 493

[2] Parikh P et al 2014Commercialization of 600 VGaNHEMTs SSDM(Tsukuba) (https://doi.org/10.7567/SSDM.2014.E-3-1)
[3] LidowA, Strydom J, de RooijM andReuschD 2014GaNTransistors for Efficiency Power Conversion 2nd edn (El Segundo, CA:Wiley)
[4] LeeKT et al 2017GaNdevices on a 200mmSi platform targeting heterogeneous integration IEEE ElectronDevice Lett. 38 1094–6
[5] MarconD, Jaeger BD,Halder S, VranckxN,Mannaert G,HoveMVandDecoutere S 2013Manufacturing challenges of GaN-on-Si

HEMTs in a 200mmCMOSFab IEEE Trans. Semicond.Manuf. 26 361–7
[6] HokeWE et al 2012Monolithic integration of siliconCMOS andGaN transistors in a currentmirror circuit Journal of Vacuum Science

&Technology B, Nanotechnology andMicroelectronics:Materials, Processing,Measurement, and Phenomena 30 02B101
[7] HokeWE,Kennedy TD, Torabi A, LymanP S,Howsare CA and Schultz BD2014Highly uniformAlGaN/GaNHEMT films grown

on 200-mmsilicon substrates by plasmamolecular beam epitaxy Journal of VacuumScience&Technology B, Nanotechnology and
Microelectronics:Materials, Processing,Measurement, and Phenomena 32 030605

[8] SuryC, Curutchet A,MalbertN and LabatN 2009 Low frequency noise evolution of AlGaN/GaNHEMTafter 2000 h ofHTRB and
HTO life testsAIPConf. Proc. 1129 625

[9] AmbacherO et al 2000Twodimensional electron gases induced by spontaneous and piezoelectric polarization in undoped and doped
AlGaN/GaNheterostructures J. Appl. Phys. 87 334–44

[10] CaoY,WangK, Li G, Kosel T, XingH and JenaD2011MBE growt h of high conductivity single andmultiple AlN/GaNheterojunct
ions J. Cryst. Growth 323 529–33

[11] XieX,GaoK, Li S, ZhouD, ZhouW, SunY and LinT 2019Magneto-transport property of anAlInN/AlN/GaNheterostructure
Physica B 562 112–5

[12] Narin P, Arslan E,OzturkM,OzturkM, Lisesivdin S B andOzbay E 2019 Scattering analysis of ultrathin barrier (<7 nm)GaN-based
heterostructuresAppl. Phys. A 125 278

[13] BacaA, Armstrong A, AllermanA,Douglas E, Sanchez C, KingM,ColtrinM, Fortune T andKaplar R 2016AnAlN/Al0.85Ga0.15N
high electronmobility transistorAppl. Phys. Lett. 109 033509

[14] ChengK,Degroote S, LeysM,Medjdoub F,Derluyn J, Sijmus B, GermainMandBorghsG 2011AlN/GaNheterostru ctures grown by
metal organic vapor phase epitaxywith in situ Si3N4 passivation J. Cryst. Growth 315 204–7

[15] Bairamis A, Zervos C, Adikimenakis A, Kostopoulos A, KayambakiM, Tsagaraki K, Konstantinidis G andGeorgakilas A 2014 Electron
density and currents of AlN/GaNhigh electronmobility transistors with thinGaN/AlNbuffer layerAppl. Phys. Lett. 105 113508

[16] HirokiM,Oda Y,WatanabeN,MaedaN, YokoyamaH,KumakuraK andYamamotoH2013Unintensional Ga incorporation in
metalorganic vapor phase epitaxy of In-containing III-nitride semiconductors J. Crystal Growth 382 36–40

[17] BouveyronR andCharlesM2017Growth byMOCVDof In(Ga)AlN alloys, and a study of gallium contamination in these layers under
nitrogen and hydrogen carrier gas J. Crystal Growth 464 105–11

[18] ZhouK, RenH, IkedaM, Liu J,MaY,Gao S, TangC, Li D, Zhang L andYangH2017Unintentional gallium incorporation in InGaN
layers during epitaxial growth SuperlatticesMicrostruct. 101 323–8

[19] LEI-1600 seriesmobilitymeasurement system theory of operation https://semilab.com/category/products/non-contact-sheet-
resistance-by-eddy-current

[20] CaoY and JenaD2007High-mobility window for two-dimensional electron gases at ultrathin AlN/GaNheterojunctionsAppl. Phys.
Lett. 90 182112

[21] Alekseev E, EisenbachA and PavlidisD 1999 Low interface state density AlN/GaNMISFETs Electron. Lett 35 2145–6
[22] HigashiwakiM,Mimura T andMatsui T 2006AlN/GaN insulated-gateHFETs using cat-CVDSiN IEEE ElectronDevice Lett. 27 719–21
[23] KawaiH,HaraM,Nakamura F and Imanaga S 1998AlN/GaN insulated gate heterostructure FETwith regrownn+GaNohmic

contactElectron. Lett 34 592–3AlN/GaN insulated gate heterostructure FETwith regrownn+GaNohmic contactAlN/GaN insulated
gate heterostructure FETwith regrown n+GaNohmic contact

[24] Mizutani T, YamadaH, Kishimoto S andNakamura F 2013Normally off AlGaN/GaNhigh electronmobility transistors with p-InGaN
cap layer J. Appl. Phys. 113 034502

6

Mater. Res. Express 7 (2020) 065902 YXia et al

https://orcid.org/0000-0002-9004-3121
https://orcid.org/0000-0002-9004-3121
https://orcid.org/0000-0002-9004-3121
https://orcid.org/0000-0002-9004-3121
https://doi.org/10.1109/APEC.2014.6803354
https://doi.org/10.7567/SSDM.2014.E-3-1
https://doi.org/10.1109/LED.2017.2720688
https://doi.org/10.1109/LED.2017.2720688
https://doi.org/10.1109/LED.2017.2720688
https://doi.org/10.1109/TSM.2013.2255897
https://doi.org/10.1109/TSM.2013.2255897
https://doi.org/10.1109/TSM.2013.2255897
https://doi.org/10.1116/1.3665220
https://doi.org/10.1116/1.4873996
https://doi.org/10.1063/1.3140552
https://doi.org/10.1063/1.371866
https://doi.org/10.1063/1.371866
https://doi.org/10.1063/1.371866
https://doi.org/10.1016/j.jcrysgro.2010.12.047
https://doi.org/10.1016/j.jcrysgro.2010.12.047
https://doi.org/10.1016/j.jcrysgro.2010.12.047
https://doi.org/10.1016/j.physb.2019.03.030
https://doi.org/10.1016/j.physb.2019.03.030
https://doi.org/10.1016/j.physb.2019.03.030
https://doi.org/10.1007/s00339-019-2591-z
https://doi.org/10.1063/1.4959179
https://doi.org/10.1016/j.jcrysgro.2010.09.025
https://doi.org/10.1016/j.jcrysgro.2010.09.025
https://doi.org/10.1016/j.jcrysgro.2010.09.025
https://doi.org/10.1063/1.4896026
https://doi.org/10.1016/j.jcrysgro.2013.07.034
https://doi.org/10.1016/j.jcrysgro.2013.07.034
https://doi.org/10.1016/j.jcrysgro.2013.07.034
https://doi.org/10.1016/j.jcrysgro.2016.11.013
https://doi.org/10.1016/j.jcrysgro.2016.11.013
https://doi.org/10.1016/j.jcrysgro.2016.11.013
https://doi.org/10.1016/j.spmi.2016.11.026
https://doi.org/10.1016/j.spmi.2016.11.026
https://doi.org/10.1016/j.spmi.2016.11.026
https://semilab.com/category/products/non-contact-sheet-resistance-by-eddy-current
https://semilab.com/category/products/non-contact-sheet-resistance-by-eddy-current
https://doi.org/10.1063/1.2736207
https://doi.org/10.1049/el:19991407
https://doi.org/10.1049/el:19991407
https://doi.org/10.1049/el:19991407
https://doi.org/10.1109/LED.2006.881087
https://doi.org/10.1109/LED.2006.881087
https://doi.org/10.1109/LED.2006.881087
https://doi.org/10.1049/el:19980464
https://doi.org/10.1049/el:19980464
https://doi.org/10.1049/el:19980464
https://doi.org/10.1063/1.4775494

	1. Introduction
	2. Experiments
	3. Results
	4. Conclusions
	Acknowledgments
	References



