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Abstract: Despite otherwise advantageous properties, the performance and reliability of devices manufactured in 3-Ga20s3 on

semi-insulating GaxOs substrates may degrade because of poorly mitigated self-heating, which results from the low thermal

conductivity of Ga2Os substrates. In this work, we investigate and compare self-heating and device performance of B-Ga20s
MESFETs on substrates of semi-insulating Ga203 and 4H-SiC. Electron mobility in B-GaxOs is negatively affected by increasing
lattice temperature, which consequently also negatively influences device conductance. The superior thermal conductivity of
4H-SiC substrates resulted in reduced 3-Ga203 lattice temperatures and, thus, mitigates MESFET drain current degradation. This,
in turn, allows practically reduced device dimensions without deteriorating the performance and improved device reliability.
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Fig. 1. A schematic cross section of the simulated B-Ga>Os MESFET device
with (a) homostructure [device (A)] and (b) heterostructure [device (B)].
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Fig. 2. Output characteristics obtained from TCAD for (a) device (A)
and (b) device (B).

Table 2. Simulation parameters for the MESFET structure.

Parameters B-Ga:0; 4H-SiC
Table 1. Parameters of the structure for MESFET.
Bandgap energy (eV) 4.8 3.26
Parameters Value Description
Electron affinity (K*J/mol) 4.0 4.05
Lo 4 um Gate length
Ny 3.27x10% ¢cm?? Channel doping Permittivity (V/m) 10 9.66
Lsa 8 pm Source to gate spacing Substrate mobility (cm?/V"s) 20 460
Lap 8 um Gate to drain spacing .
- Channel mobility (cm?/V-s) 118 -
Ten 300 nm Channel thickness
Toubstrate 300 um Substrate thickness Thermal conductivity (W/cm'K) 0.13 3.3
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Fig. 3. Output characteristics obtained from TCAD compact model for (a) device (A), and (b) device (B) compared with w/ self-heating effect
and w/o self-heating effect. (c) Comparison of Ips with self-heating effect on the FETs.
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Fig. 4. The cross-sectional electron mobility profiles at Vgs=0 V and
Vps=40 V for f-Ga2O; MESFETs with (a) device (A), and device (B).
The mobility of the FET on different substrates, viz., 4H-SiC and -
Ga203, (b) mobility profile of region that above from 0.1 um substrate,
and (c) mobility profile from surface to below 20 um, at x=17 pum.

cm/Vs, device (A)= 9F 858 cm/VsQ] XX} o]l =& ZFE
71X}, Device (A)o]] 8|3l device (B) AXH= XA 5
o]z & (field-effect mobility)7}  &71& 4~ 9J&
A 4 ot 1™ 4c)= X=17 pmoj| A AX1e] mHE
20 pm7tx|©] A} o] 5 &2 LHERACE,

39 55 VesZ7F 0V, VpsZF 40 VY Tjo] Z17] o8 & A
Ao AA B REES HO|EH & AR 7| H 2 B
& 300 Ko 2 A5ttt Device (A)= 710l v]s #|o]

ﬂ-l|O l:nl

e &

537K

458K

379K

At 300K At 300K

300K

342K

I 340K

(d) 200
g —s—Device(A)
Devi
- 150} evice(8)
<]
=i
= 100}
E
= 50
=
0 1
0 100 200

Power density (W fmmz)

Fig. 5. Temperature profiles obtained at Vas=0 V and Vps=40 V for
(a) device (A) and (b) device (B). (c) The temperature of the device
(A) and device (B). (d) Maximum temperature rise (AT) in the devices
from the TCAD model.

E H1o] oF 317 K 443t 617 Ko 11, device (B)= <F
12K 453to] 342 K02 Uehgth. § Axb: colol &
Aol £9] Thgatelol A 7hg B L& H5EL Bt
ol FAL o] 529 ol 71 A WArE Qo vl 2stct.
Self-heating©.2 013t 4x}o] @& Ar2al MA} o] &
Tt Aol 92 4= 9ck[12.13). 13 4d)E
Afo] MY AT 28 A5 ES LE Tefmoln,
A o] device (A)oIA9] &5 5ol 45] 2 A

Sk A
Q18 4 et

mo my N
Jok rlo P~



90 J. Korean Inst. Electr. Electron. Mater. Eng., Vol. 35, No. 1, pp. 86-92, January 2022: Kim et al.

@ 3.5x10° .
X1 Device(A)
2.8x10°T
<
— 2.1x10°T
172
a
b 5
1.4x10
7.0x10°
0.0,
(b) -5 -
3:5x10°1 Device(B)
2.8x10°[ Ly
» :
4
=, 21x10 T=400 K
a
= 5
1.4x10 T=500 K
. T=600 K
7.0x10
T=700 K
iy 10 30 40

20
VDS (V)

Fig. 6. Substrate temperature dependent Ips-Vps of MESETs.

I3 62 7| 225 300 KojlA 700 K7HA] 5-7HA1 A
o] Ips-Vpsolth. & AKX} B& &7t Z71d45 AR/
Zol gagtth. Eot A7 &L, Vps7h 40 VL T 9]
AFZe APol= 2 &9] Z7t whet ZdAastth £H 2%
7} =OobR|H, self-heatingo] £At9] F7]|A /40 F+=
FPol dude=r ZAastty 300 K, Vps=40 VofA
device (B)9] A&+ 25.9 pA, device (A)= 9.33 pAR 0]
& axto] MBI} oF 2.776) A} L&} E7bek] wet
5 279 A7 AFol7F Z4stoq, 700 Kojl A<= device (B)
o] M=7} 5.49 pA, device (A)Q] H=7} 4.49 nAojct. o]
= device (B)9] A&7} device (A)Q] &9 v]sf 1.28]
o 2 = UErdtt

I 72 Ao EL} E|Ql Atol] Az|of whE Ipso] Tt}
2 7(a)oll A =1 4~ /1%0], device (B)]l H5H device
(A)= self-heating 2 Qlst M &9] ZFAarF It 2™ 7(b)
o A Vps@] HHE 30 VOllA 40 VE AFA|3] B H, device
(B)o] 9 Aol £o} =3¢l Afole] 712]7} 12 pm T 7}
A} MEot A astol, A2)7t 4 yme o) ARl 2a
Zol] 7 Aot sHA|TE device (A)olA= ol2{st FFF

(@) 1.0
0.8}
A
- 0.6 F
2 = Lsp =4 pm - Device(A)
= 04} == Lgp=28 um - Device(A)

= Lgp = 12 pum - Device(A)
02F ===+ Lop =4 pm - Device(B)

----- Lgp = 8 um - Device(B)
----- Lgp = 12 pm - Device(B)
0.0 : . .
0 10 20 30 40
Vs V)
(b) 0.75
o701 --...,::::::::::::!2:!::::::::g:: """"
I Lgp =4 pm - Dev}-(;;ix:)::::
'_‘g 0.65 Lgp = 8 pum - Device(A)
= = Lgp = 12 pm - Device(A)
B 060} s=xss Lgp =4 pm - Device(B)
..... Lgp = 8 um - Device(B)
0.55 Fammnnree Lgp = 12 pm - Device(B)
0.50 : : 5

30 32 34 36 38 40

¥ (V)

Fig. 7. Characteristics of Ips-Vps, with variety of value of gate to drain
spacing, obtained at Vas=0 V (a) the drain voltage from 0 to 40 V
with a 0.1 Vstep and (b) Vps from 30 V to 40 V.

5

M

Jm

2ot ol A/ Fas Ade] Holot, 2AA
SYAA dFol AL 4 AT [14-17].

d 82 7Ol ERRE Q] Ao g 2= 54
Folo] A2jofl weh U Zlo2 AR U 2=
2 matstgich. 213 8(a)oll E71H X-X'of whe} 12 8(b)
= device (A), (c)&= device (B) £%19] 2= £S5 Eo
&, Device (B)ollA] M= 7t 72]71 4, 8, 12 pmof|A] Z}
7to] 2| w9 3|4 %0 &fol 217} 0.8, 0.673
0.57 Koz A= 7ro] Af7t Zojo me} 2= 455
& 7t4gtet 3HA| gt device (A)l A= A2]7t 2 4, 8 Y
12 i of 232 220k A& 22| Ak 747F 5, 4.32
o} 6.60]ct. o= 18 79] MEY 7tA Jejmo] Hakut
v] 5t

2 Lo Al B-Gaz03 MESFET AX}9] self-heating
S WAshL, 71we] B/44& naigt ARt & stk
Wdste = AtstATt. Self-heating2
F =7 257t 48t 92 A0l 9 =28

(o] . O 71w

ox K
ojn 1

|d
R

uu njo

i N
l

>

O, ofm Jm
b oox

ol
2

o]
i 7t

O:



J. Korean Inst. Electr. Electron. Mater. Eng., Vol. 35, No. 1, pp. 86-92, January 2022: Kim ef al. 91

(a) . Pt/Ti/Au
Ti/Au

Ti/Au'

| oo
n-Ga,Os 300 nm
X X
T
Semi-insulating
substrate

11.5 um

: L =4um
GD *

630 F

620

610
L =12pm
600 |

0 5 10 15 20
Distance from Gate (jum)

Temperature (K)

(c) BT s
. 348 L =4um
GD y

345F

L.,=8um
m

342F

Temperature (K)

L.,=12pum
A—&f"'%

0 5 10 15 20
Distance from Gate (um)

Fig. 8. The bias condition is Vas=0 V, Vps=40 V. (a) The device cross
section. Temperature distribution along lateral position from gate
(XX") of 1.5 um below interface with various gate to drain spacing (b)
device (A) and (c) device (B).

>~
-
2

FAY A7t 57t 5 self-heating®] o] 7
= 25t 3t B-Ga03 7|3 of 254 o 2
LT 2 7l 4H-SiCo = tfA|sto] AR U 2L 2%
7 Koj|A 342 KO & &o|1l, self-heating @ 2 QIst
TAZZ 9 55% &Y 2 AU 3t 7|3 vhg

AAF 271 Yol AAAQ 7ol x|

o 2 i e P>
Fudu o 2 u&"

X

o
22 &

2,638 (Vos=1 V), &4 1.418)(Vos=-2 V) F73}9irk. o
£ 2L ARG Ol 4710 238} hsele] nUE
=g b5 E T

ORCID

Sang-Mo Koo https://orcid.org/0000-0002-9827-9219

ZAtel 2

This work was supported by the National Research
Foundation of Korea grant (2021R1F1A1057620)
funded by MSIT, Technology Innovation Program
(20016102) funded by MOTIE, Korea, and the
Excellent Researcher Support project of Kwangwoon
University in 2021.

REFERENCES

[1] Y.J.Lee, M. A. Schweitz, J. M. Oh, and S. M. Koo, Materials, 13,
434 (2020). [DOI: https://doi.org/10.3390/mal3020434]

[2] M. Higashiwaki, K. Sasaki, A. Kuramata, T. Masui, and S.
Yamakoshi, Appl. Phys. Lett, 100, 013504 (2012). [DOI:
https://doi.org/10.1063/1.3674287]

[3] D. W.Byun, Y.J. Lee, J. M. Oh, M. A. Schweitz, and S. M. Koo,
Electron. Mater. Lett., 17, 479 (2021). [DOI: https://doi.org/10.
1007/s13391-021-00297-6]

[4] S. A.Russell, A. Pérez-Tomas, C. F. McConville, C. A. Fisher, D.
P. Hamilton, P. A. Mawby, and M. R. Jennings, /EEE J. Electron
Devices Soc., 5, 256 (2017). [DOL: https://doi.org/10.1109/JEDS.
2017.2706321]

[5] B.J. Baliga, IEEE Electron Device Lett., 10, 455 (1989). [DOI:
https://doi.org/10.1109/55.43098]

[6] B.K.Mahajan, Y.P. Chen,J. Noh, P.D. Ye, and M. A. Alam, App!.
Phys. Lett., 115, 173508 (2019). [DOI: https://doi.org/10.1063/
1.5116828]

[7]1 S. Périchon, V. Lysenko, B. Remaki, D. Barbier, and B.
Champagnon, J. Appl. Phys., 86,4700 (1999). [DOI: https://doi.org/
10.1063/1.371424]

[8] Y.Chang, Y. Zhang, Y. Zhang, and K. Y. Tong, J. Appl. Phys., 99,
044501 (2006). [DOI: https://doi.org/10.1063/1.2171776]

[9] Z.Ramezani and A. A. Orouji, IEEE Trans. Electron Devices, 61,
3570 (2014). [DOI: https://doi.org/10.1109/TED.2014.2352317]

[10] S.Jo, G. Yoo, and J. Heo, J. Korean Phys. Soc., 74, 1171 (2019).
[DOI: https://doi.org/10.3938/jkps.74.1171]

[11] A.S. Royet, T. Ouisse, B. Cabon, O. Noblanc, C. Arnodo, and C.



92 J. Korean Inst. Electr. Electron. Mater. Eng., Vol. 35, No. 1, pp. 86-92, January 2022: Kim et al.

Brylinski, /EEE Trans. Electron Devices, 47, 2221 (2000). [DOI: Transfer, 18, 7 (2015). [DOI: https://doi.org/10.1615/Annual
https://doi.org/10.1109/16.877187] RevHeatTransfer.2015011335]

[12] T. H. Shim, S. J. Kim, G. S. Lee, K. S. Kim, W. J. Cho, and J. G. " [15] J. W. Yu, P. C. Yeh, S. L. Wang, Y. R. Wu, M. H. Mao, H. H. Lin,
Park, J. Appl. Phys., 103, 094522 (2008). [DOI: https://doi.org/10. and L. H. Peng, Appl. Phys. Lett, 101, 183501 (2012). [DOI:
1063/1.2913498] https://doi.org/10.1063/1.4764554]

[13] M. Higashiwaki, K. Sasaki, T. Kamimura, M. H. Wong, D.  [16] D. Madadi and A. A. Orouji, Mater. Today Commun., 26, 102044
Krishnamurthy, A. Kuramata, T. Masui, and S. Yamakoshi, Appl. (2021). [DOT: https://doi.org/10.1016/j.mtcomm.2021.102044]
Phys. Lett., 103, 123511 (2013). [DOL: https://doi.org/10.1063/1.  [17] J. Oh, J. Ma, and G. Yoo, Results Phys., 13, 102151 (2019). [DOL:
4821858] https://doi.org/10.1016/1.rinp.2019.02.087]

[14] J. Cho, Z. Li, M. Asheghi, and K. E. Goodson, Annu. Rev. Heat




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


