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An a d v a n t a g e  for some wide b a n d g a p  m a t e r i a l s  t h a t  is often overlooked is t h a t  
t he  t h e r m a l  coefficient of expans ion  (CTE) is be t t e r  m a t c h e d  to the  ce ramics  
in use  for e lec t ronic-packaging  technology. The  opt imal  choice for un ipolar  
devices  is G a N  and  the  associa ted ma te r i a l  s y s t e m  of GaN/A1GaN. The  fu ture  
op t imal  choice for bipolar  devices  at  all power  levels is C (diamond).  New 

5 2 5  5 2 express ions ,  gc = 1.73 × 10 (EG) for direct-gap and  gc = 2.38 × 10 (EG) for 
indi rec t -gap semiconductors ,  r e la t ing  the  crit ical-electric field for b r eakdown  
in ab rup t  junct ions  to t he  m a t e r i a l  b a n d g a p  energy, and  associa ted  new ex- 
press ions  for specific on-res is tance  in power  semiconductor  devices is shown to 
fu r the r  suppor t  t he  use  of wide  b a n d g a p  mate r ia l s .  Some low-voltage, power- 
electronics appl icat ions  a re  shown to benefi t  by the  use  of Ge, C, and  GaSb.* 

K e y  w o r d s :  Power  electronics,  wide bandgap ,  na r row bandgap ,  specific 
on-res is tance,  ga l l i um ni t r ide,  d iamond,  crit ical-electric field 

I N T R O D U C T I O N  

Power-semiconductor  devices  m a d e  f rom mate r i -  
als  wi th  b a n d g a p  energ ies  l a rge r  t h a n  in Si have  
been tou ted  for m a n y  decades.  The  potent ia l  advan-  
t ages  of t he se  wide  b a n d g a p  devices include h ighe r  
achievable  junc t ion  t e m p e r a t u r e s  and  t h i n n e r  dr i f t  
reg ions  (because of the  associa ted h i g h e r  critical- 
electric field values)  t h a t  can resu l t  in m u c h  lower 
on-res is tance  t h a n  is possible in Si. 1 a There  are,  
however,  severa l  d i s a d v a n t a g e s  associa ted wi th  
the  use  of devices  fabr ica ted  f rom wide  b a n d g a p  
mate r ia l s .  A m o n g  these  is t h a t  t he  rat io  of t he  
electron-to-hole mobi l i ty  va lues  r a n g e  m u c h  h ighe r  
t h a n  in Si, and  typically, t he  hole mobi l i ty  is qui te  
low, so t h a t  t he  use  of wide b a n d g a p  semiconductors  
for bipolar  devices is not  desirable.  

An a d v a n t a g e  to the  use  of some  wide b a n d g a p  
m a t e r i a l s  t h a t  is often overlooked, however,  is t h a t  
t he  coefficient of t h e r m a l  expans ion (CTE) is be t te r  
su i ted  to the  ce ramics  used  today  in p a c k a g i n g  tech- 
nology In  addit ion,  t he  m a t u r i t y  and  expense  of 
ma te r i a l  p rocess ing  plays  a role in t he  op t imal  
choice of t he  semiconductor  s y s t e m  best  su i ted  for 
power-semiconductor  devices. I t  will be shown t h a t  
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the  n e a r - t e r m  opt imal  choice for unipolar  devices 
is GaN.  I t  will also be shown t h a t  t he  fu tu re  opti- 
m a l  choice for unipolar  and  bipolar  devices  is C 
(diamond).  In  addit ion,  a recent ly  developed expres-  
s ion re la t ing  the  crit ical-electric field for b r eakdown  
in ab rup t  junc t ions  to t he  ma te r i a l  b a n d g a p  ene rgy  
is d i scussed  a long wi th  newly der ived  express ions  
for specific on-res is tance  in power-semiconductor  
devices .4A shor t  d iscuss ion of the  use  of v a r i o u s  ma-  
te r ia l s  in low-voltage, power-electronics appl icat ions  
is g iven  and  extended to include possible in tegra ted-  
circui t  des ign  u s i n g  c o m p l e m e n t a r y  metal-oxide 
semiconductor  (CMOS) or n metal-oxide semi-  
conductor  (NMOS) topologies. 

O P T I M A L  S E M I C O N D U C T O R  M A T E R I A L S  
F O R  H I G H - V O L T A G E  D E V I C E S  

T h e r m o m e c h a n i c a l  P r o p e r t i e s  

Various semiconductor -mater ia l  p a r a m e t e r s  are  
l is ted in Table I. The  references  for the  ma te r i a l  
p a r a m e t e r s  in the  table  a re  denoted wi th  capital  le t te r  
supersc r ip t s  and  a re  l is ted separa te ly  in t he  reference 
section at  t he  end of the  paper. Table II  l ists some of 
t he  physical  p a r a m e t e r s  of typical  power-electronic 

*See list of symbols in Appendix. 
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T a b l e  I. P a r a m e t e r s  o f  V a r i o u s  S e m i c o n d u c t o r s  a t  300  K 

I n t r i n s i c  E l e c t r o n  H o l e  
B a n d g a p  (eV)  C a r r i e r  E l e c t r o n  H o l e  E f f e c t i v e  E f f e c t i v e  

S e m i c o n d u c t o r  D i r e c t  (D)  C o n c e n t r a t i o n  M o b i l i t y  ~e  M o b i l i t y  ~h M a s s  M a s s  
M a t e r i a l  I n d i r e c t  (I) n i ( c m  -3)  ( cm2/V • s)  ( c m 2 / V  • s )  (ran/too) (rap/too) 

InSb 0.17, [6] D 2 X 101616] 77,000 [6] 8 5 0  [6] 0.014 [6] Hlh/ml [6] 
0.43/0.015 

InAs 0.354, [6] D 1 × 101516] 44,000 [6] 500 [6] 0 .023 [6] mh/ml [6] 
0.41/0.026 

InN 0 .7-0 .8 ,  [16'17] D - -  1,000 [16] - -  0.11 [15] mh/ml [15] 
1.63/0.27 

GaSb 0.726, [6] D 1.5 × 101216] 3 ,000 [6] 1,000 [6] 0.041 [6] mh/ml [6] 
0.4/0.05 

InP  1.344, [6] D 1.3 × 107[6] 5 ,400 [6] 200 [6] 0.08 [6] mh/ml [6] 
0.6/0.089 

GaAs 1.424, [6] D 2.1 × 106[6] 8 ,500 [6] 400 [6] 0 .063 [6] mh/ml [6] 
0.51/0.082 

GaN 3.39, [15] D 1.9 × 10 lO[14]  <1,000115] <200115] 0.2115] mh/ml[15] 
(Wurzite) 3.2, [15] D <1,000 [15] <350  [15] 0.13 [15] 1.4/0.8 
(Zinc Blende) 1.3/0.2 
B N  (H) 5.8, [5] D . . . . .  
A1N 6.2, [15] D 10 31114] 30015,15] 1415,15] 0.4115] mh/ml[15] 

1,100 [14] 0.48 [5] kz: 3.53/3.53 
kx: 10.42/0.24 

Ge 0.661, [6] I 2 × 101316] 3 ,900 [6] 1,900 [6] mt/mt [6] mh/ml [6] 
1.6/0.08 0.33/0.043 

Si 1.12, [6] I 101°[6] 1,400 [6] 450 [6] mt/mt [6] mh/ml [6] 
0.98/0.19 0.49/0.16 

A1Sb 1.615, I511 - -  200 I51 400 I51 mCmt I51 mh/ml I51 
1.8/0.259 0.336/0.123 

BAs 1 .8-1 .9 ,  I51 I . . . . .  
AlAs 2.153, [5] I - -  290 [5] 180 Is] 0.15 [5] mh/ml [5] 

1.02/0.11 
BP  2.2, [5] I - -  100 [5] 2 0 ~ i 0  [5] 0.67 [5] 0.042 [5] 
GaP  2.26, [6] I 2 [6] 250[6]-350 [14] 150 [6] ml/m [6] mh/ml [6] 

1.12/0.22 0.79/0.14 
AlP 2.42, [5'7] I - -  60 [5] 450 [5] ml/mt [5] mh/ml [5] 

3.67/0.212 1.37/0.145 
SiC (3C, ~) 2.36, [5'11'15] I 1.2 [11] <800  [15] <320  [15] m~/mt [5'15] 0.6 [15] 

0.68/0.25 

SiC (6H, a )  3.0,[15]I 10 6 1 1 1 ]  330[s]_400111] 75111]  ml/mt[15] 1.0115] 
<400  [15] <90  [15 ]  2.0/0.42 

SiC (4H, a )  3.23,[15]I 8.2 × 10 9114] 700[s]_980114] <120115] ml/int[15] 1.0115] 
<900  [15] 0.29/0.42 

C (diamond) 5.46-5.6,[6]I  10 27[6] 1,900114] 1,80016] mgmt[6] mh/ml[6] 
2,200 [6] 1.4/0.36 2.12/0.7 

B N  (C) 6.4, [5] I - -  0.2 [5] 0.2 [5] - -  - -  

p a c k a g e  s u b s t r a t e s ,  m e t a l s ,  a n d  s o l d e r  m a t e r i a l s .  
F r o m  T a b l e s  I a n d  II ,  i t  c a n  be  s h o w n  t h a t  t h e  m a t e r i -  
a l s  w i t h  a v a l u e  o f  t h e r m a l  c o n d u c t i v i t y  c lose  to  o r  ex-  
c e e d i n g  Si  ( a b o v e  100  W / m .  K)  a n d  w i t h  C T E  v a l u e s  o f  
4 - 8  p p m / K  (to c lose ly  m a t c h  t y p i c a l  s u b s t r a t e  m a t e r i -  
a l s )  a r e  a s  d i s p l a y e d  in  F ig .  l a  a n d  b. T h e  r e s u l t i n g  
s h o r t  l i s t  of  s e m i c o n d u c t o r s  t h a t  h a v e  b o t h  a r e l a -  
t i v e l y  h i g h  v a l u e  of  t h e r m a l  c o n d u c t i v i t y  a n d  a c lose  
C T E  m a t c h  to p a c k a g e  s u b s t r a t e  m a t e r i a l s  b e c o m e s  
G a N ,  A1N, GaP ,  S iC  (6H) ,  a n d  S iC  (4H) .  D i a m o n d  a n d  
t h e  cub ic  po ly type  of  B N  a r e  i n c l u d e d  in  t h e  d i s c u s s i o n  
b e c a u s e  i t  c a n  be  a r g u e d  t h a t  t h e  e x t r e m e l y  h i g h ,  

t h e r m a l - c o n d u c t i v i t y  v a l u e s  o f  t h e s e  m a t e r i a l s  m a k e  
t h e  C T E  m a t c h  l e s s  of  a n  i s sue .  I n  fac t ,  i t  cou ld  b e  r e a -  
s o n e d  t h a t  d i a m o n d  d e v i c e s  on  a n  i n s u l a t i n g  ( i n t r i n -  
s ic  o r  p o l y c r y s t a l l i n e )  d i a m o n d  s u b s t r a t e  w o u l d  c a u s e  
no  C T E  m i s m a t c h  a n d  p r o v i d e  low t h e r m a l  r e s i s t a n c e  
a n d  h i g h  e l e c t r i c a l  i so l a t ion .  

E l e c t r i c a l  P r o p e r t i e s  

I t  h a s  b e e n  s h o w n  t h a t  t h e  t r a d i t i o n a l l y  u s e d  r e l a -  
t i o n s h i p  18 b e t w e e n  t h e  c r i t i c a l - e l e c t r i c  f i e ld  ( b r e a k -  
d o w n  f ie ld)  a n d  e n e r g y  b a n d g a p  o f  a s e m i c o n d u c t o r  

4 i s  n o t  a c c u r a t e .  T h e  t r a d i t i o n a l l y  u s e d  e x p r e s s i o n  i s  
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Critical or 
B r e a k d o w n  T h e r m a l  

Field Ec Conduct iv i ty  CTE 
(V/cm) eft (W/re. K) (ppm/K) 

1 , 0 0 0  [6 ] 18  [6 ] 5.37[6] 

4 0 , 0 0 0  [6 ] 2 7  [6 ] 4.52[6] 

_ 450115] 2 .9_3 .8  [15 ] 

5 0 , 0 0 0  [6 ] 3 2  [6 ] 7.75[6] 

5 0 0 , 0 0 0  [6] 6 8  [6] 4.6[6] 

400,000[6,  9] 5 5  [6] 5.73[6] 

{3 [1°] 3 .3  [14] x 106, 1 3 0  [15] 3 . 2 - 5 . 6  [15] 
3 .5  x 106112] 
5 x 106115]} 

__ 200[5] 10 .2  [5 ] 
11 .7  x 106114] 2 8 5  [15] 4 . 2 - 5 . 3  [15] 

100,000 [G] 58 [G] 5.9[G] 

300,000 [G] 130 [G] 2.6 [G] 

_ 59[5] 3.7[5] 

_ _  84[5] 5.2[5] 

_ 360[5] 3.65 [5 ] 
1,000,000 [G] 110 [G] 4.65 [G] 

_ 130 [5 ] _ 

1.0115]-1.3 [12] x 106 3 6 0  [15] 3 .8  [15] 

at Vsat 
2.5 x 107 cm/s  [13] 

2,400,000 [q 490 [15]  4.3_4.7115] 
3-5 x 106115] 

2.0114]~.2 [12] x 106 370 [15] 5.12 [s'15] 
3-5 x 106115] 

5 .6  [14] 5.7 x 106[6,9] 600-2,000 [6] 0.8 [6] 
(7,000,000 H 

@V~at 3 x 107 cm/s) 
_ 1,300 [5 ] 1.8 [5 ] 

g iven  by  Eq. 1:13'19 

1~7 / q ~ T 1 / 8 ~ 3 / 4  
£~= 1 .02x  Iu  ~/ l~ B ~o  (1) 

whe re  q is t he  electron charge ,  ~ is t he  pe rmi t t i v i t y  
of t he  semiconductor  mate r ia l ,  NB is t he  impur i ty -  
doping concentra t ion on the  low-doped side of t he  
junct ion,  and  Eo is the  b a n d g a p  e n e r g y  I t  should be 
noted tha t ,  in h igh-vol tage  power  semiconductors ,  
t he  i m p u r i t y  concentra t ion  on the  low-doped side of 
t he  junc t ion  is typical ly  as  low as  possible to allow 
for opt imized vol tage  b reakdown  in the  device (for 

Si in t he  r a n g e  of 1013-1014 cm 3), r e su l t ing  in a de- 
pendence of t he  cri t ical  field on the  b a n d g a p  ene rgy  
to the  power  of 0.75 and  re la t ive ly  independen t  of 
the  exact  va lue  of NB. The  express ion  in Eq. 1 has  
been used  ex tens ive ly  in the  l i t e ra tu re  to der ive  em- 
pirical  dependencies  be tween  b a n d g a p  and  critical 
field or b r eakdown  vol tage  and  to fu r the r  der ive  
forms of on-resis tance,  RON , or specific on-resis tance,  
RONs , as  f igures  of mer i t  for power-device perfor- P 
mance.1 3,19 

Recently, express ions  for the  critical-electric field 
in t e r m s  of t he  b a n d g a p  ene rgy  were  der ived  for 
direct- and  ind i rec t -bandgap  s e m i c o n d u c t o r s J  These  
are  shown by  Eqs. 2 and  3 below for direct  and  indi- 
rect ma te r i a l s ,  respectively. Compar i son  ofEq.  2 to 1 
indicates  a g r e a t e r  a d v a n t a g e  to wide b a n d g a p  
m a t e r i a l s  t h a n  w a s  previous ly  der ived  f rom the  
l imited d a t a  se t  used  previously. 13 There  is no de- 
pendence on background  doping included because  
power-electronic devices a re  a lways  low-doped for 
increased  vol tage  capabi l i ty  

£c 1.73 x 105(Eo) 25 (2) 

£c 2.38 x 105(Eo) 2 (3) 

F i g u r e  2a  and  b shows a compar i son  of Eqs. 1-3 as  
well  as  t he  d a t a  f rom Table I, a s s u m i n g  a nomina l  
base-doping dens i ty  of 1014 cm 3. Equat ion  1 works  
well  for Si and  C a A s  and  s o m e w h a t  less well  for Ge. 
This  is to be expected because  Eq. 1 w a s  der ived by 
opt imiz ing  the  re la t ionsh ip  u s i n g  only Si, Ge, CaAs,  
and  GaP. Note t h a t  Eq. 1 g rea t ly  o v e r e s t i m a t e s  the  
critical field for smal l  b a n d g a p  va lues  and  under-  
e s t i m a t e s  t he  cri t ical  field for wide b a n d g a p  mate r i -  
als  as  compared  to the  repor ted  values .  

A new express ion u s ing  Eqs. 2 and  3 w a s  der ived 
for the  specific on-resis tance,  RONsp , associated wi th  
an  ab rup t  pn junction.  4 The on-resis tance va lue  
refers  to t he  s t ruc tu re  of a major i ty  car r ie r  device, 
specifically for electrons because  of t he  l a rge r  va lue  
of mobility, and  only account ing for t he  drif t -region 
drop (e.g., ignor ing  other  contr ibut ions to t he  device 
forward-vol tage drop d u r i n g  conduction). Specifically 
for th i s  work,  the  appropr ia te  express ions  for direct- 
and  indi rec t -bandgap semiconductors  are  g iven  by 
Eqs. 4 and  5, respectively. 

8.725 x 10 3V2E~ 75 
RONsp (4)  

3 . 3 5 1 x  10 3V2E~ 6 
RONsp (5)  

The new resu l t s  in Eqs. 4 and  5 are,  as  compared  
to prev ious  resul t s ,  g iven  by  19 

6 05  25  3 1 .716x  10 ~ V B E o 
RONsp (6) 

The  equa t ions  for RON~p are  compared  in Fig. 3 for 
Si, SiC (4H), and  CaN.  Note t h a t  Eq. 6 overest i -  
m a t e s  the  on-res is tance  for both SiC and  C a N  pri- 
m a r i l y  because  the  bas i s  for t he  der iva t ion  of Eq. 6 
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Table II. P a c kage  Material  Parameters  at 300 K 

Material  

AlN substrate 
AlSiC substrate (high volume of SiC) 
Al2Q (alumina) substrate 
Metal Matrix Composites (W/Cu, 85/15) 
Beryllia (BeO) substrate 
Copper (Cu) baseplate, pole pieces, 

direct bond copper (DBC) metal 
Tungsten (W) 
Molybdenum (Mo) 
Aluminum (Al) 
Lead (Pb) 
95/5 solder (Pb/Sn high temperature) 
50/50 solder (Pb/Sn) 
40/60 solder (Pb/Sn near-eutectic) 
Tin (Sn) 
Thermal grease 

CTE Mass Dens i ty  
(ppm/K) (g/cm 3) 

Thermal  Conduct iv i ty  
(W/m • K) 

4.5 3.3 200 
7 3 200 

6.5 3.9 30 
6.5 16.6 170 
6.1 2.9 280 
17 8.9 400 

4.6 19.3 188 
4.9 10.2 140 
23 2.7 235 
29 11.3 35 
29 11.2 35 
29 9.3 46 
25 - -  50 
23 7.3 66 
- -  - -  0.75 

_: ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ¢ o ~ o  ~ ~ ~ 

a b 

Fig. 1. (a) The semiconductors with a thermal-conductivity value above 100 W/m. K. (b) Semiconductors with a CTE value between 4-8 ppm/K 
that closely match package substrates. The C and BN (cubic) are included because of high thermal conductivity. Typical package substrates are 
indicated. 

depends  upon Eq. 1. Equa t ion  1 was c rea ted  based  
on da ta  t h a t  was closely f i t ted to Si. The  close over- 
lay of curves  in Fig. 3 for Si indicates  the expected 
s imilar  resul ts .  

A sca t te r  plot of the  electron mobil i ty  in t e rms  of 
bandgap  energy  for the semiconductors  in Table I is 
shown in Fig. 4. Semiconductors  with electron mobi- 
li t ies above 700 cm2/V-s and  with a bandgap  energy  
above i eV are  InP, GaAs, GaN, A1N, Si, SiC (3C), SiC 
(4H), and  C. Table III compares  the  resu l t s  f rom the  
t he rmomechan i ca l  eva lua t ion  and  the  electrical  
eva lua t ion  of semiconductors  for high-voltage,  unipo- 
la r  (major i ty  carr ier)  power  devices. The  resu l t s  are 
SiC (4H) polytype,  the  GaN/A1N sys tem (including 
the  t e r n a r y  A1GaN), and d iamond (C). 

D e v i c e  C o n s i d e r a t i o n s  

The  bes t  semiconductor  ma te r i a l  for the fu tu re  
is C (diamond).  It  has  the  h ighes t  t h e r m a l  conduc- 
tivity, bandgap,  and  electron mobil i ty  of any  of the  
ma te r i a l s  f rom Table III. However,  the re  are two 
aspects  of C (diamond) t h a t  ma k e  i t  less t h a n  ideal. 
First ,  the  ma te r i a l  and device fabr ica t ion technol-  
ogy is much  less m a t u r e  and  developed t h a n  for SiC 
and  GaN. Second, the CTE for C (diamond) is ve ry  
low. Compar ing  the va lue  of 0.8 ppm/K to typical  
package ma te r i a l  CTEs  (listed in Table II), t he re  is 
a clear  t he rmomechan i ca l  mismatch ,  though  this  
m a y  be offset by the ex t r eme ly  high t h e r m a l  con- 
duct iv i ty  and  the fu tu re  possibil i ty of in t eg ra t ing  
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Fig. 2. (a) The comparison of Eqs. 1 and 2 relating bandgap energy 
and critical-electric field for direct-gap semiconductors and associ- 
ated reported data. (b) Comparison of Eqs. 1 and 3 relating bandgap 
energy and critical-electric field for indirect-gap semiconductors and 
associated reported data. 

diamond substrates directly with diamond-based 
semiconductor devices to eliminate the CTE mis- 
match. The GaN and SiC are by comparison to C 
(diamond) very well suited to typical package mate- 
rials and, in fact, provide a better thermomechani- 
cal match than Si. 

The SiC is beginning to be used in commercial 
power devices, particularly diodes. However, GaN 
and related III-V devices are also being used in radio- 
frequency and electro-optic applications. Various 
polytypes of SiC have electron mobilities similar to, 
but generally less than, GaN. The hole mobilities are 
very similar in value to GaN, as well as the CTE val- 
ues. Silicon carbide has a larger thermal conductiv- 
ity, but this is more than offset by the larger bandgap 
(and associated theoretical-maximum junction tem- 
perature of operation) in GaN. Based on new and 
more precise on-resistance calculations (Fig. 3), an 
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Fig. 3. The comparison between Eqs. 4 (solid line), 5 (solid lines), 
and 6 (dashed lines) for specific on-resistances, RoNsp, as a function 
of breakdown voltage for Si, SiC (4H), and GaN. 
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Fig. 4. The electron mobility in terms of bandgap energy for the semi- 
conductors of Table I. 

Table III. Semiconductors with Good Thermal, 
Electrical, or Mechanical Parameters 

Thermomechanical Best Electrical Best 

GaN InP 
AIN GaAs 
GaP GaN 
SiC (6H) AIN 
SiC (4H) Si 
C (diamond) SiC (3C) 
BN (C) SiC (4H) 
- -  C (diamond) 

even greater advantage can be had by increasing the 
bandgap energy than previously thought, thus favor- 
ing GaN/A1N over SiC further. 

Unique materials properties of GaN-based semi- 
conductors have stimulated a great deal of interest 
in research and development in materials growth 
and opto-electronic and electronic devices using this 
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semiconductor system. The major advantages of 
nitride-based devices that  make them extremely 
promising for high-power, high-temperature appli- 
cations are high electron mobility and saturation 
velocity, high sheet-carrier concentration at hetero- 
junction interfaces, high breakdown field, and low 
thermal impedance when grown over SiC sub- 
strates. The chemical inertness of nitrides is a key 
property to provide high reliability. 

The major problems with the nitride-based de- 
vices are related to the material  quality. Because 
there is no bulk GaN crystals available to date, the 
epitaxial films are grown over sapphire or SiC sub- 
strates. In both cases, because of significant lattice 
mismatching, the films contain a high concentration 
of defects, which affects the breakdown voltage, the 
carrier mobility, device reliability, and other impor- 
tant  characteristics. Typical values for the room- 
temperature  electron mobility in the doped-GaN 
films do not exceed 300 cm2/V-s, though 900 cm2/V-s 
has been reported (Table I). The breakthrough in the 
GaN-based transistor development, though, is asso- 
ciated with the demonstration of a high-density, two- 
dimensional (2-D) electron gas at the A1GaN/GaN 
interface. 2° Because of the extremely large bandgap 
offsets at the interface, the 2-D gas density in 
the A1GaN/GaN heterostructures can be as high as 
2 x 1013 c m  2, which is about 10 times higher com- 
pared to A1GaAs/GaAs structures. It was also shown 
that, in the 2-D gas, the screening of the defect and 
impurity scattering allows for much higher mobility, 
up to 1,500-2,000 cm2/V-s. Since the first demon- 
strations in 1991 and 1992, several groups had re- 
ported high-power operation of A1GaN/GaN bet- 
erostructure field-effect transistors at microwave 
frequencies, 21-23 including a 100-W output  power, 
single-chip amplifier developed by Cree, Inc. 
(Durham, NC) and 100-GHz cutoff frequency de- 
vices. 24 Recently, several MOS-type structures have 
been reported using heterojunctions (GaN/A1GaN) 
with the capability to withstand breakdown at 
up to 500 V and conduct current  densities of up to 
1.5 kA/cm. 24'25-27 

OPTIMAL SEMICONDUCTOR MATERIALS 
FOR LOW-VOLTAGE DEVICES 

Many power-semiconductor devices are used in 
low-voltage applications, from 42-V automotive sys- 
tems to power supplies operating digital-processor 
integrated circuits (ICs) at and below 1.3 V. These 
applications can push the physical limits of devices 
fabricated using Si. All applications requiring de- 
vices other than n-channel metal-oxide semiconduc- 
tor field-effect transistors (includes synchronous 
rectifiers) will have at least one pn-junction drop. 
For low-voltage IC power, this becomes a significant 
limiting factor in using silicon. Figure 5 shows the 
built-in junction potential for several semiconduc- 
tors. The materials with voltage drops less than Si 
are GaSb, Ge, InN, InAs, and InSb. The use of Ge or 
GaSb provides a good alternative, as each of them 
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Fig. 5. The built-in potential of a step pn-junction for various semi- 
conductors. 
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Fig. 6. The graph of the electron-to-hole mobility ratios for the semi- 
conductors of Table I. The Ge and C are indicated in white because 
their mobility ratios are less than 2.5 and their electric mobilities ex- 
ceed 1,000 cm2/V • s. 

has electron and hole mobilities larger than Si. Low- 
voltage bipolar devices, such as insulated-gate bipo- 
lar transistors and diodes, can be contemplated in 
these materials. 

A graph of the electron-to-hole mobility ratios for 
the semiconductors of Table I is given in Fig. 6. Very 
few semiconductors have a ratio below three and 
also have an electron mobility above 1,000 cm2/V, s. 
As can be seen from the plot in Fig. 6, only Ge and 
diamond meet  these conditions. The near-unity ratio 
of diamond makes it ideal for CMOS circuit designs, 
particularly in operating environments of elevated 
temperatures.  Where low-voltage applications have 
junction voltage drops as a critical limiting factor, 
Ge is again the material  of choice. If NMOS circuit 
design is used, then an ultrahigh mobility material,  
such as InAs, could be useful, though the small 
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bandgap energy would require operation in well- 
controlled t empera tu re  environments .  

C O N C L U S I O N S  

The GaN, SiC (4H), and C (diamond) are the  best  
semiconductor mater ia l  systems in which to create 
future  power-electronic devices. Specifically, i t  has 
been shown t h a t  the  t rad i t iona l ly  used re la t ionship  
between energy bandgap and critical-electric field is 
incorrect and underes t imates  the gains  to be had by 
us ing  wide bandgap semiconductors for high-voltage 
devices. A comparison of the  revised equat ions for 
RoNsp was  given. In l ight  of the  ma tu r i ty  of the fab- 
rication technology and thermomechanica l -mater ia l  
properties, GaN appears  to be the  best  choice, over- 
all, for the  next decade of development.  The GaN/  
A1N system (A1GaN ternary) has  a good CTE match 
to package mater ia ls ,  the  second highes t  bandgap  
(compared to diamond), and can be used to create 
heterojunction devices t ha t  give effective electron- 
mobil i ty  va lues  above 2,000 cm2/V • s. 

For low-voltage applications, where junct ion  volt- 
age drops are critical or CMOS circuits are to be 
used, i t  has been argued tha t  Ge is overal l  the best  
material .  The GaSb is also worthy of consideration, 
though th is  mater ia l  system suffers from the  lack of 
mater ia l  growth and processing inf ras t ruc ture  t h a t  
is in place for Ge. Finally, it has been shown t h a t  
high-voltage unipolar  and bipolar  power-electronic 
devices, low-voltage CMOS, and possibly high- 
voltage CMOS ICs can gain great ly  in performance 
by being fabricated us ing  C (diamond). The near  
match and h igh  va lues  of carrier mobil i t ies as well  
as the  large bandgap and high the rma l  conductivi ty 
make diamond the  ideal mater ia l  for electronic de- 
vices of all  power levels and types. 
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A P P E N D I X  

L i s t  o f  S y m b o l s  

CTE Coefficient of t he rma l  expansion (pplrdK or 
~m/m.  K) 

Eo Bandgap energy (eV) 
£(x) Electric field as a function of position (V/cm) 
£~ Critical-electric field (V/cm) 

Pe rmi t t iv i ty  (F/cm) 
Relat ive pe rmi t t iv i ty  

mo Electron rest  mass  (kg) 
mr, Electron density-of-states effective mass  (kg) 
ml Longi tud ina l  electron density-of-states 

effective mass  (in mo) 

m t  

m p  
m h  

m l  

~J-e 
~h  
NB 
ni  
RoNsp 
(TT 

VB 

Transverse electron density-of-states effec- 
t ive  mass  (in mo) 
Hole density-of-states effective mass  (kg) 
Heavy valence-band hole density-of-states 
effective mass  (in mo) 
Light  valence-band hole density-of-states 
effective mass  (in mo) 
Electron conduction mobil i ty  (cm2/V • s) 

2 Hole-conduction mobi l i ty  ( c m / V .  s) 
Impur i ty-dens i ty  concentration (cm s) 
Intr insic-carr ier  concentrat ion (cm s) 
Specific on-resistance (~2 • cm 2) 
Thermal  conductivi ty (W/m. K) 
Breakdown vol tage (V) 


