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Äuì�Ôn©Û�{, (Üp|[£Ç!�AÄ»³^ü$!³^�B�Ôn�., ©Û
U?.É�»(
�é�æ��»�%z7�AÄ»|�A¬N+��>³!Yä>Ø±9»e>|©Ù�K�. ÏL�DÚ»(
�ì�A5�é'L², É�»(�3%z7�AÄ»|�A¬N+���>³¥Ú\
õ�F©Ù, \r
C
à>|; ,��¡, �'uV»ì�, U?.É�»ì�����>³� ��là, Ïd16f3��¥\��
¯, 3�½§Ýþ¶-
¦ØÚå�>³Cz, �Ð³�
á���A. d	, ïÄ
ØÓ(�ëê�É�»éá�
�ì�A5�K�, ¼�
`z��O�Y, ~�
ì��æK���Ïf. �u�%z7ì�3�õÇA^¥�
`³, �O
�é¡É�»(�, Uõ
»>4>��>|©Ù, Jp
�»�ì��FØ.

'�c: %z7, �AÄ»|�A¬N+, É�», á���A

PACS: 72.10.–d, 72.20.Ht, 73.43.Cd

1 Ú ó

%z7 (SiC) á�äk°B� (3.26 eV)!p
>f�Ú¤£�Ç (2×107 cm/s)!p�.ÂB|
r (3×106 V/cm)!p9�Ç (3.5 W/cm·K) �`û
A5, ���´U7!�z;����Ì6A^
�1n���Ná��� [1]. �XÃ�Ï&Eâ
���uÐ, épª!pOÃ!�õÇA^�I
¦FÃ½�, Äu SiC á���AÄ»|�A¬N
+ (MESFET) Åì¤��ÅõÇì�+��ïÄ
9:, �'nØïÄ½���\ [2−8]. �X��5
�8¤>´Eâ�uÐ, DÚ7ì��º�®²?
\B���, �dÓ�, �
Øä÷vpªãA^
�I¦, SiC MESFET �»�l��?�æ��±
9�æ��?Øä �. Cc5, IS	k���

»�� 1 µm, 0.6 µm, 0.5 µm Ú 0.4 µm �p5
U SiC MESFET ï�¤J [9−12].

7ì��A�º� ��Ñ¦�þÝÓ�þ
?�, î�>|��^�uwÍ, ��ì��5«
K�>Øeü!¦�³^ü$ (DIBL) �á���
A, éupª!�õÇA^� SiC MESFET TK¡
�A��²w [13]. Ïd, �¢yá�ì�3�Å
ªã�A^, I�3ì�(�þ\±U?, ±ü$
�?Ôn�A�K�. 3DÚ7ì�uÐL§¥,
ïÄ<
JÑ
��,¦ (LDD) � MOSFET (�
5~�¦àr>|éì��K� [14], 3�½§Ý
þ³�
 DIBL �A, ¿�~�
K�>Ø�¤£.
,, du SiC á��zÆ½5�~^�,�f
3 SiC ¥�U?��, 8cÌ6 SiC MESFET ì�
þ´ÏLé½��	ò¡?1gþe�\ó¼
�, �	ò���>a.�,�ßÝ3	ò)��
ÏL� �,®²(½, J±ÏL�Y�5\ó²
¢yf(��Û��,. ý��.þ7 (SOI) Eâ
±ÙÕA�á�(�k�/�Ñ
N7á��Ø
v, �f
á���A¤�5�Ø|K�. ,, d
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u%z7á��0�á��m�3�p�Ý.¡
�, ÚåNá�[£ÇîPò, éì��ÅA5
k��K¡K� [15−17]. Ïd�'u SOI (�, �
éý�Ôþ%z7(� (SiCOI) �ïÄ��. V»
(� (dual-material-gate) |�A¬N+�JÑ, ³
�
á���5�K¡�A [18], ¿k�'��ò
T(�A^u7Ä SOI MESFET, ïá
���>
³ÚK�>Ø�. [19].

�©Äuþã�Ä, �éÓ�	ò)�� SiC
MESFET ì�, JÑ
U?.�É�»(�, ©Û

Ù�'uDÚì��V»ì��`:, ¿�(Ü
¢Só²^�e�ÿÁ(J�O
ØÓ�É�»
(�, ïÄ
Ùé�æ��»� SiC MESFET A5
�K�, ±Ï��'+�ì��O�ï�Jøë�.

2 ì�(��Ôn�.

2.1 ììì���(((���

ã 1 �É�»(� HMG (hetero-material-gate)
� SiC MESFET «¿ã, ì�ÏL3�ý��.þ
Ó�	ò�g)��À�!���!l�. �D
Ú(� MESFET �', ÙA:3u»>4dØÓ
�7áá��¤, �ÏL7áõ¼êN�ó²Ú7
áp*Ñó²\±¢y [20]. duØÓ7áá��
���/¤��AÄ(äkØÓ�³^pÝ, ÏL
3�C4�»>4¥æ^õ¼ê�p�7á, �
����%z7á�/¤�p��AÄ³^, ?
¦���>³�����Cà. �©(Ü�
> f ó ² 35 nm � “A � º � 4 �” � é » �
0.2 µm � SiC MESFET �O
oá��É�»
(�.

ã 1 É�»(�� SiC MESFET «¿ã

�©�ýïÄ¤æ^�ì�(��äNëê

3L 1 ¥�[�Ñ.

L 1 ì�(�ëê

ì�ëê É�»(�

»�/µm 0.2

»må/µm 0.5

»¦må/µm 1.5

l�þÝ/µm 0.3

l��,ßÝ/cm−3 1×1019

���þÝ/µm 0.24

����,ßÝ/cm−3 3.1×1017

�À�þÝ/µm 1

�À��,ßÝ/cm−3 4×1015

2.2 ÔÔÔnnn���...

$|[£Çæ^|�Aì��ý¥~^�²
��. [21]

µ0 = µmin +
µmax − µmin

1 +
(

N+
D

Nref

)α , (1)

Ù ¥ N+
D � > l � Ì ß Ý, µmax, µmin, Nref ,

α � [ Ü ë ê, © O � 950 cm2/Vs, 40 cm2/Vs,
2×1017 cm−3, 0.76.

�
O(£ã[£Ç�>|rÝ��6'
X µ (E) = v (E)/E, 16f¤£�Çæ^·ÜL
�°B���Ná�A5�õëê�. [2]:

v (E) =
µ1E + µ0E

(
E
E0

)θ

+ Vsat

(
E
E1

)η

1 +
(

E
E0

)θ

+
(

E
E1

)η
, (2)

Ù¥ µ1, E0, E1, θ Ú η ©O�¤£�Ç¸�!>|
rÝ¸�±9�Ý�Ú�Ý�K�Ïf, äNëê
�©z [2] ¥£ã���.

�
ïÄ»Øéì�A5����^, �Ä

�AÄ³^ü$�A. ³^ü$¦^±eúª?1
Lã:

∆ΦB(E) = a1

[(
E

E0

)p1

−
(

Eeq

E0

)p1
]

+a2

[(
E

E0

)p2

−
(

Eeq

E0

)p2
]

, (3)

Ù ¥ E � > | r Ý, Eeq � 9 ² ï � � | r,
E0, a1, p1, a2, p2 �[Üëê, ©O� 1 V·cm−1,
2.6×10−4 eV, 0.5, 0 eV, 1. é n .á���AÄ�
>, �ª�³^pÝ� ΦB − ∆ΦB(E).
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d	, ¢S�AÄ(��B�.é MESFET ì
���ý°Ýc��, BL³^��B>6�Ý
�Lã� [22]

Jst(ε) = A∗T 2

∞∫
ε

ΓWKB(r(ε′))

× ln
(

1 + exp
(

εF − ε′

kBT

))
dε′, (4)

Ù¥ e � u r ?�>f�Uþ, A∗ �gd>f
�k�n�Ü~ê, T �16f�§Ý, ΓWKB �Ä
u WKB Cq��BVÇ, �L«�

ΓWKB = exp

− 2
h

r∫
0

[2mt (ϕ − ϕ(r′)

+
χ − χ(r′)

q

)]1/2

dr′

)
, (5)

Ù¥ ϕ �·>³, χ �á�¥>f��Ú³, mt

�>f��B�þ. éu SiC á�, χ Ú mt ©O
� 3.1 eV Ú 0.92.

3 (J�?Ø

�©¦^ ISE TCAD[23] ^�éì��A5?
1
�[, ÏLé^�¥Si�.?1?�¢y

� 2.2 !¥¤ãÔn�.��Ü, ±¼��\°(
��ý(J. ã 2 �� 2.1 !¥0��ì�(�ä
k�Ó	ò�þÝÚ�,ßÝ�DÚ»(�ì�
=£A5�[(J, Ù¥ì��»� Lg d 1.5 µm
~�� 0.3 µm. �±w�, Yä>Ø Vp (pinch-off
voltage) �ýé��»��~��5��, �X Lg

���þÝ'��~�, ì��5�J±Yä, �
Yä>ØCz�\²w, Åì¥yÑá���A.

ã 2 ØÓ»�ì��=£A5ã

ã 3 �[���ØÓ»�ì��Yä>Ø�¢�(Jé'

ã 3 ��â�ý���äkØÓ Lg �ì�� Vp

�¢�ÿÁ(J [24] �é', ���©�ý(J�
¢�ÿÁ(J3ª³þ��, �ÎÜ�Ð, L²

�.�ëê��(5, ���©?�Ú�ïÄó�
Jø
|±.

ã 4 �äkØÓ Lg �ì�3»>Ø Vgs =
0 V ���6ÑÑ�, Ù¥ Lg = 0.5 µm �A5
�©z [24] �ÿÁ(J��. du SiC á�äk
' Si �°�B�, SiC |�Aì��±3	\ê�
Ï�>Øe�~ó�,  Si ì�®��; ,��¡,
SiC �>f�Ú¤£�Ç�� Si �ü�, Ïd, >
f3�p>|e�±��¿©�\�, ¦ì�äk
���>6�Ý. dã 4 ��±w�, �X»��
~�, 3éAu�»�ì���Ú«S, �»�ì
��¦>6 Ids �ÎÉ¦>Ø Vds �K���,
Ids � Vds ¥�5O�'X.

ã 4 ØÓ»�ì�� I-V A5

� ? � Ú L � ù « K �, ï Ä 
 Ø Ó » �
� SiC MESFET �Yä>Ø�¦Ø�Cz'X,
Xã 5 ¤«. dã 5 ��, �X»��~�, Yä>
ØÉ¦>Ø�K�ÅìO�, �»�~�� 0.5 µm
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±e�, DIBL �AÅì²w, ù´Ï�� Lg ü�
���þÝ�'[����, ��¥>³Ø2´�
�ì�¥Cq���©Ù, î�>|��^Åìw
Í, »Øé�����Uå~f, ì���>³Ì
�É Vds K�. Ïd, �¦��æ�� SiC MESFET
Yä, I����K»Ø.

ã 5 ØÓ»�ì�Yä>Ø VP �¦Ø Vds �Czª³

SiC MESFET � DIBL �A�d��>³ ϕ �
î��é � x/Lg �Cz�¹?1£ã. ã 6 �
ØÓ»�ì����L¡>³©Ù, �±w�, �
»����, 3���Ý��°��S, ��>³
Ñ�±�ð½�, ì�L¡>³����Ñy3»
>4e¡�Cà� �. �X»��~�, �k
��Í��]ø©Ùu)UC, ]øÅìC��Ô
�G, d�, L¡>³��$�Ñy3»>4e¥
m �, Ø´�Cà?. � Lg < 0.5 µm �,
ϕ ,p, ����áù«Cz�²w, ùÌ�´Ï
��»���� (Lg > 0.7 µm), ���Ý��u�

�þÝ, d�ì���¥�>|©Ù�Cq���
©Ù, � Lg Cz��u 0.5 µm �, ���ÝÚ
þÝ��'[, d�ì�S���>|©Ùé��
³^�K�C�, �� ϕ ,p, �L¡>³���
� �Åì�là, ¥yÑá���A.

ã 6 ØÓ»�ì�L¡>³©Ù

�ü$»�~����K¡�A, Uõ�º�
ì��A5, �©(Ü¢Só²^�JÑ
ná
��É�»(� TMG (triple-material-gate) ±9o
á��É�»(� QMG (quadri-material-gate) ì
�, ¿�DÚ�ü»(� SMG (single-material-gate)
ÚV»(� DMG (dual-material-gate) ì�A5?
1
é'ïÄ. ¤æ^õ¼ê�p�7á�C
à, ���/¤�p�³^, äN/¤�³^��
XL 2 ¥¤«. SiC á�äk' Si �$�>f�
Ú³ (�� 3.1 eV, Si �� 4.05 eV), Ù�7á/¤
�AÄ�>�³^' Si á��7á�>��AÄ
³^�p, Ïd, òÉ�»(�A^u SiC MESFET
¥, U?�ÚO�»e>³FÝ.

L 2 o«ØÓ»(���AÄ³^ [25−28]

ØÓ»(��Sï>³ Vbi/eV Vbi1/eV Vbi2/eV Vbi3/eV Vbi4/eV

SMG 1.4 — — — —

DMG — 1.8 1.2 — —

TMG — 1.8 1.4 1.2 —

QMG — 1.8 1.6 1.4 1.2

ã 7 w«
Ú\É�»(��ì��DÚ»
(�ì���L¡>³©Ù, DÚ»(��º�ì
�duá���A, ��L¡>³���� ϕmin

Ñy3�C��¥m �, �là. É�»(�

òõ¼ê�p�7áÙ�3�C4, õ¼ê�$
�7áÙ�3�C¦4, Ïd, »>4���/¤
��AÄ³^gà�¦àdp�$Cz, òL¡
>³���UC��Cà?. æ^oá��É
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�»(�¦�ì�L¡>³���Ñy3åà
�C� �, ��V»(�Ún»á��É�»
(��', oá��É�»(��ì����>
³Ñy3ålà��� �, é'u©z [19] ¥
ÏL�OV»(��º�ò ϕmin UC��Cà
��{, �©JÑ�U?(��Uò��>³��
� ϕmax � �UC��C¦à, ~f
¦Øé�
�>³�K�, �Ð/³�
á���A. d	, é
u»��½��¹e (X Lg = 0.2 µm), �©(�
ì�� ϕmin � ϕmax �m>³©Ùäk���©
Ù«m, �16fU��¿©�\�, Jp
|�
Aì��16f$Ñ�Ç.

ã 7 É�»�DÚ»(�ì���L¡>³©Ù

ã 8 �DÚ»(�ì��U?�É�»(�
ì����.Ü>³©Ùé'. kïÄ [11] L²,
�²é SiC MESFET �A5k��K¡K�, �³
�TK¡�A, ~5� SiC MESFET (�3��e
��3������>a.����À�±�l
�.¥��², �À������m/¤
�	
� p-n (Ñ¦�, Ïd, SiC MESFET ��>³�©
Ù�¹�©z [19] ¥�[�7Ä SOI MESFET �
>³©Ùk¤ØÓ. ã 8 ¤«�.Ü>³©Ù¿Ã
ã 7 ¤«L¡>³©Ù¥²w���, �´�NE
¥y�à� ��é¡ª³. dã 8 ��±w
�, �X»(��U?, ϕmin Åìü$, �Ù �
��é � x/Lg CzCz, dDÚ»(���
�¥m �Åì�àCz. éu Lg = 0.2 µm �
�æ��ì�, du��S���>|©Ùé��
³^�K����ì���, A^É�»(�éì
��æKA5òké�U?, ùéu�ÅõÇA^
� SiC MESFET c��.

3æK�«, MESFET �æK>6 Idsub �
X Vgs �O��êªO\, æK��Ç S L�


 Vgs é Idsub K�§Ý, S ½Â�

S =
∂Vgs

∂ (lg Idsub)
, (6)

L« Idsub ~�� 1/10 ¤I�� Vgs, S ���, ì
�3�Ï�Ú����m�=��Ý�¯, Ïd S

�����N
�»� SiC MESFET 3æK«�
m'A5. ã 9 �Ñ
ØÓ»(���»� SiC
MESFET �æK��Ç�»��Cz�. �±w
�, �X»(��U?, ì�äkUõ�æK�{
Ì. S ��, Idsub �»ØCz�¯, éá���A�
³��wÍ. 8c± S Åã (2—4 GHz) õ��Ì
�A^� SiC MESFET, ÙéÑ\&Ò��A�Ç
c��, éu�æ��»�� SiC MESFET ì�,
QMG (�'DÚ SMG (�� S ü$
� 16%, U
?�~²w, kÏuJ,ì�3�pªÇó���
A5.

ã 8 É�»ì��DÚì��.Ü>³©Ù

ã 9 ØÓ»(�ì��æK��Ç S �»��Cz

�?�Ú©Û»(�U?éá��ì�A5
Uõ�K�, �O
�é¡� QMG É�»(�¿
�[
ØÓ»�ì��Yä>Ø, Xã 10 ¤«. 8
�´ÏL�OØÓ»á��ÝÓo»��'~¦
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�»e��>³©Ùu)?�ÚUC. dã 10 �
±wÑ, �»�'� 1 : 1 : 1 : 3 �, ì�Yä>Ø�
»��Cz��, á���A��
�Ð³�. ù
´Ï���Càäk��õ¼ê�7á�Ý�
��, ����>³ålà�C, d���>³
É¦>Ø�K���
�f. �»�'� 3 : 1 : 1
: 1 �, ����>³ålà��, d�ì��á
���A'é¡�É�»ì���î.

ã 10 ØÓ»(�ì��æK��Ç S �»��Cz

�÷v SiC MESFET �õÇA^I�, �©�
ïÄ
U?��(�éì�FØ�Uõ. ã 11 �
Ñ
DÚ»ì��U?�É�»ì����L¡
>|©Ù�¹é'. duU?�É�»>4do
«ØÓ7áá��¤, �l�Cà��C¦àæ
^�7á�õ¼ê´Åì~��, Ù�%z7��
L¡/¤��AÄ³^½ØÓ. 3»e��L¡Ø
Ó7áá�.¡?�³^âC�)
>|¸�, X
ã 11 ¤«. l|N���Ý5w, duü»ì��
»e>|©Ù´ëY�, 3	\>ØØC��¹e,
3�k�ëY�>|©Ù¥Ú\#�4���, �
k>|©Ù¥�4��òk¤~�, U?.É�»
Ú\� 3 �#>|¸�k�ü$
»>4�¦4
>��r>|¸, Ïd, �©JÑ(��ì�»4
>�>|¸��DÚ(�ì�k¤ü$, ì�äk
��FØ, l3nØþäk���õÇ�Ý.

�?�Ú`zì�(�, �[
�é¡É�»
ì�3�¦Ø^�eu)ÂB��L¡>|©Ù,
8�´ÏL�OØÓ»á��ÝÓo»��'~
¦»e��L¡�>|©Ùu)?�ÚUC. d
ã 12 ��, �»á��Ýþ���é¡É�»ì
��»4>�>|¸�rÝ�p, ��C¦à�
äk�$õ¼ê�7á»�Óo»��'~��

�, »4>��>|rÝk�½ü$, ù´dud
�3�Cà� 3 �#>|¸� ����C, T
«�>|oN©Ù���8, �N�^Or, l
¦���?»4>��>|¸�k¤ü$. ��
Cà�äk�põ¼ê�7á»�Óo»�'
~���, >|rÝ��c�?�Úü$, ù´Ï
�d�Ú\�#>|¸Ñ�C3¦à?, ¦>4
3 SiC MESFET ¢Só�¥��ÑÑà�	�>
�ë, ¦à|r'àpéõ, Ïd#>|¸�
��N�^'3�Cà��r, ?�Úü$
»
4>��r>|¸�, =Jp
ì��ó�FØ,
�Ó�Jp
ì����5.

ã 11 U?.É�»ì��DÚì���L¡>|©Ù

ã 12 ØÓÉ�»(�ì���L¡>|

4 ( Ø

(Ü�>fó²Y²JÑ
U?�É�»(
�, Uõ
�æ��%z7�AÄ|�A¬N+�
A5. �'uV»(�, U?.É�»(�3ò�
���>³Ú\�Cà�Ó�ò����>³
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UC��C¦à?, ?�Úü$
��>³É¦Ø
K��§Ý, �Ð/³�
ì��á���A; ,
��¡, É�»(�ÏL3»eÚ\õ���>|
¸�, lü$
�k»4�¦à�r>|¸�,

Jpì��FØ. d	, �O
�é¡�É�»(
�, ¿é(�ëê�ì�A5�'X?1
ïÄ,
��º�ì��OJø
�½ë�.
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[28] Lee S K, Zetterling C M, Östling M 2000 J. Appl. Phys. 87 8039

177201-7



Ô n Æ � Acta Phys. Sin. Vol. 61, No. 17 (2012) 177201

Effects of the improved hetero-material-gate
approach on sub-micron silicon carbide

metal-semiconductor field-effect transistor∗

Song Kun† Chai Chang-Chun Yang Yin-Tang Jia Hu-Jun Chen Bin Ma Zhen-Yang

( Key Laboratory of Wide Band-Gap Semiconductor Materials and Devices of the Ministry of Education, School of Microelectronics,

Xidian University, Xi’an 710071, China )

( Received 6 January 2012; revised manuscript received 29 February 2012 )

Abstract

Based on the device operation mechanism and physical model, effects of the improved hetero-material-gate (HMG) approach

on deep sub-micron silicon carbide (SiC) metal-semiconductor field-effect transistor (MESFET) are analyzed. By comparing with the

conventional MESFET, it is shown that the improved HMG approach induces a multi-stepped distribution of the potential in the channel,

leading to an enhanced electric field at the source. Meanwhile, the position of the maximum of the channel potential is changed to the

drain side compared with the dual-material-gate (DMG) device, thus the carriers in the channel are accelerated more efficiently and

the variation of potential caused by drain voltage is eliminated to a certain degree, resulting in a better restraint in short-channel effect.

Also, different technological parameters are designed to study the dependence of the device performance and an optimization plan is

obtained, leading to a decreased sub-threshold swing. In addition, asymmetric gate structures are designed for high power application,

achieving an improved distribution of the electric field at the gate edge and an enhanced breakdown voltage of the small scale device.

Keywords: silicon carbide, metal-semiconductor field-effect transistor, hetero-material-gate, short-channel effect
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