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Space Charges Effect of Static Induction Transistor
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Abstract : The space charge effect (SCE) of static induction t ransistor (SIT) that occurs in high current region is

systematically studied. The I2V equations are deduced and well agree with experimental result s. Two kinds of barri2
ers are presented in SIT ,corresponding to channel voltage barrier control (CVBC) mechanism and space charge lim2
ited control (SCLC) mechanism respectively. With the increase of drain voltage , the gradual t ransferring of opera2
tional mechanism f rom CVBC to SCLC is demonst rated. It points out that CVBC mechanism and it s contest relation2
ship with space charge barrier makes the SIT distinctly differentiated f rom J FET and triode devices ,etc. The contest

relationship of the two potential barriers also results in three different working regions ,which are distinctly marked

and analyzed. Furthermore ,the extreme importance of grid voltage on SCE is illust rated.
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1 　Introduction

Static induction t ransistor (SIT) is one kind of

power devices. Due to t he excellent performances

such as high power outp ut , low noise , low distor2
tion ,etc , it has at t racted great at tention in recent

yeas. In st ructure ( Fig. 1) , it seems similar wit h

J FET ,but the channel is much shorter and narro2
wer . This is crucial because it leads to t he sensitive

modulation of V G on the shape of channel potential

barrier , making channel voltage barrier cont rol

(CVBC) mechanism dominate in t he small current

region. The CVBC mechanism has been f ully inves2
tigated[ 1 ] ,and exhibit s t riode2like ,pentode2like and

mixed I2V characteristics under different st ruct ure

parameters and biased voltage[ 2 ] . As for the opera2
tional mechanism in large current region ,especially

t he space charge effect ( SCE) for SIT , regretf ully

t hey are seldom demonst rated up to now. In view

of t hat SIT belongs to power elect ric device ,usual2
ly working under high current region , it is mean2
ingf ul to discuss t he SCE for SIT.

In fact , t he SCE for ot her devices has been

studied[3～7 ] , while due to t he ext remely different

operational mechanism in small current region

(channel resistance cont rol ,not CVBC ,in t hese de2
vices) ,t hey are essentially not suitable for SIT. In

t his paper ,t he SCE for SIT is demonst rated bot h in

t heory and by experiment . They show good agree2
ment . The dominant mechanism gradually t ransfer2
ring f rom CVBC to space charge limited cont rol

(SCL C) is discussed. Moreover ,t he significance of

V G on SCE is demonst rated too .

2 　Basic physical process of SCE

The st ruct ure of SIT is p resented in Fig. 1.

When V G is fixed ,V D is high enough to inject very

high2density carriers into the channel . Not all of
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t hem could drif t to t he drain region in time ,making

lot s of elect rons accumulate near t he source region

until to form the space charge region ( Fig. 1) and

t he space charge barrier ( Fig. 2) . This barrier not

only prevent s t he elect rons f rom being f urt her in2
jected f rom t he source , but also screens t he drain

field to some extent . Bot h t hem limit t he f urt her

increasing of ID . Moreover ,it p revent s t he injected

carriers wit h low energy f rom acro ssing this barri2
er , in t urn to reinforce space charge barrier , i . e.

SCL C mechanism begins to work.

Fig. 1 　Cross section of st ructure of SIT

Fig. 2 　Potential dist ribution along channel axis under

SCE

3 　I2V equations of SIT under SCE

In t he small current region , I2V equation has

been deduced as follows[1 ] :

J D = J 0 exp ( qφmin / k T) 　　　　　　

= J 0 exp [ qη3 (V 3
G +

1
μ3 V 3

D ) / k T ] (1)

where J 0 = qD n
ns

W
,η3 = 1 - 2 μ0 / (μ0 + 1) ,μ3 =

(μ0 + 1 - 2 μ0 ) / μ0 ,μ0 = exp (πL/ 2 a) ,V 3
D = V 0

+αG (V G + V P ) +αD V D ≈αG (V G + V P ) +αD V D ,V 3
G

= V G + V P - φ0 , Dn is elect ron diff usion coeffi2
cient ,W is t he distance between source and int rin2
sic gate ( saddle point) , ns is elect ron concent ration

of source , V 0 and φ0 are the build2in potential of

gate2channel and gate2drain respectively , V P is

channel pinch2off voltage.

When ID is high ,t he influence of injected car2
rier must be considered , then Equation ( 1) is not

fit . The current should be obtained by solving Pois2
son equation and current continuity equation.

- εd2 <
d y2 =ρf +ρm (2)

whereρf is t he fixed charge density ,ρf = qND ,ρm is

t he space movable charge density ,it fit sρm ( y) = j/

v ( E) , v ( E) is elect ron drif t velocity ,it is related to

t he elect ric field E.

E( y) = - d<( y) / d y (3)

　　U nder SCE ,ρm >ρf ,ρm is p rimary. Equation (2)

can be simplified as

d E( y)
d y

≈
ρm ( y)

ε =
j

εv ( E)
(4)

Solving Eq. ( 4) , t he J D2V D equations can be ob2
tained. Considering t hat t he linear relation between

v ( E) and E ( y) is not suitable at high field , t he

more accurate relationship is adopted ( Fig. 3) [4 ] :

Fig. 3 　Thermal ,tepid ,and hot elect ron approximation

(1) Thermal charge carriers approximation

v ( E) = μn E( y) , 　E < Ec (5)

　　(2) Tepid charge carriers approximation

v ( E) = μn [ Ec E( y) ]1/ 2 , 　Ec < E < Es (6)
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　　(3) Hot charge carriers approximation

v ( E) = μn ( Ec Es ) 1/ 2 = vs , 　E > Es (7)

Ec is a critical field of t hermal elect ron and tepid e2
lect ron , vs is t he sat uration velocity of elect ron , Es

is t he corresponding field. Besides , t he following

approximations are reasonable and proposed for

convenience :

(1) The st udies are performed in one dimen2
sion (1D) approximation ;

(2) The source has infinite emit ting capacity.

The injected charge t ransport s only by drif t ,while

diff usion is ignored ;

(3) There is no t rap in t he material or all t he

t rap s in t he material are filled ;

(4) The boundary conditions are

ρ(0) = 0 , 　E(0) = 0 (8)

4 　I2V characteristics of SIT

4. 1 　Thermal charge carriers approximation

From t he boundary Eq. (4) and ohm’s law j =

qμn E =ρv ,toget her with Eq. (5) ,we get

d E( y)
d y

≈
ρm

εrε
=

j
εrε0 v ( E)

=
j

εrε0μn E( y)
(9)

Integrating Eq. (9) :

E( y) = ( 2 j
εrε0μn

) 1/ 2 y1/ 2 (10)

For E( y) = - dV y / d y , and f urt her integrate Eq.

(10) along t he channel , t he equivalent drain volt2
age V 3

D is obtained ,

V 3
D = V D + mV G =∫

Leff

0
E( y) d y 　　　　　

=∫
Leff

0
( 2 j
εrε0μn

) 1/ 2 y1/ 2 d y

= ( 8 j
9εrε0μn

) 1/ 2 L eff
3/ 2 (11)

where m is t he equivalent factor ,L eff is t he effective

channel length ,rep resented as[ 1 ]

L eff = L G 1 +
1
m

×(
L D

L G
) 5/ 3

3/ 5

(12)

L eff is larger t han L G , but smaller t han L D . L G and

L D correspond to t he gate2source and drain2source

distances respectively. From Eqs. (10)～ (12) :

ID = A j =
9εrε0μn A

8 L G 1 +
1
m

×( LD

L G
) 5/ 3

3/ 5 3 (V D + mV G) 2

(13)

4. 2 　Tepid charge carriers approximation

Ec is t he critical elect ric field f rom t hermal

charge to tepid charge. For silicon , Ec = 215 ×

103[6 ] . From the boundary conditions and ohm’s

law ,together wit h t he tepid carrier approximation ,

we get

d E( y)
d y

≈
ρm

εrε0
=

j
εrε0 v ( E)

=
j

εrε0μn [ Ec E( y) ]1/ 2

(14)

Integrate Eq. (14) , t he elect ric field along channel

axis is obtained :

E( y) = ( 3 j
2εrε0μn Ec

1/ 2 ) 2/ 3 y2/ 3 (15)

For E( y) = - dV y / dy , integrate Eq. (15) along t he

channel f rom source region to drain region , t he e2
quivalent drain voltage V 3

D is obtained ,

V 3
D = V D + mV G =∫

Leff

0
E( y) d y

=∫
Leff

0
( 3 j
2εrε0μn Ec

1/ 2 ) 2/ 3 y2/ 3 d y

=
3
5

×( 3 j
2εrε0μn Ec

1/ 2 ) 2/ 3 L eff
5/ 3 (16)

t hus we get I2V expression under t his approxima2
tion as

ID = A j =
2
3

×( 5
3

) 3/ 2 ×　　　　　　　

εrε0μn Ec
1/ 2 A

L G 1 +
1
m

×
L D

L G

5/ 3 3/ 5 5/ 2 (V D + mV G) 3/ 2

(17)

4. 3 　Hot charge carriers approximation

In silicon materials , Ec is about 215 ×103 , Es is

calculated f rom t he equation μn ( Ec Es ) 1/ 2 = vs ,

whereμn is t he mobility at low elect ric field , vs is

t he sat uration drif t velocity ,equaling to 1 ×107 cm/

s.

As having been processed above , t he Poisson

equation for tepid charge carriers is simplified as

d E( y)
d y

≈
ρm

εrε0
=

j
εrε0 v ( E)

=
j

εrε0μn [ Ec E( y) ]1/ 2

(18)
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The equation of E( y) along t he channel axis is

E( y) =
j

εrε0 vs
y (19)

Integrating Eq. (19) along channel axis ,t he equiva2
lent drain voltage V D

3 is got ten :

V D
3 = V D + mV G =∫

Leff

0
E( y) d y

=∫
Leff

0

j
εrε0 vs

yd y =
j

2εrε0 vs
L eff

2 (20)

Thus the I2V expression for hot elect ron approxi2
mation is

ID = A j =
2εrε0 vs A

L G 1 +
1
m
×

L D

L G

5/ 3 3/ 5 2 (V D + mV G)

(21)

For convenience ,Eqs. (13) , (17) , (21) are simpli2
fied as follows ,

(1) Thermal charge approximation :

J 1 = J D =
k1

L 3
eff

(V D + mV G) 2 (22)

　　(2) Tepid charge approximation :

J 2 = J D =
k2

L 5/ 2
eff

(V D + mV G) 3/ 2 (23)

　　(3) Hot charge approximation :

J 3 = J D =
k3

L 2
eff

(V D + mV G) (24)

k1 =
9εrε0μn

8
, k2 =

5
3

3/ 2

× 2εrε0μn E1/ 2
c

3
, k3 =

2εrε0 vs , L eff = L G 1 +
1
m

×( L D

L G
) 5/ 3

3/ 5

respective2

ly. Equations (22) ～ (24) p resent the typical SCE

characteristics[ 4 ,6 ] , where ID proportionally scales

with V D
2 ,V D

3/ 2 , and V D while inverses wit h L eff
3 ,

L eff
5/ 2 ,and L eff

2 under the t hermal ,tepid ,hot charge

approximation.

5 　Experimental results and discus2
sions

　　For f urt her investigation on SCL C , the SIT

with the parameters ( NDC = 5 ×1014 cm - 3 , NDS =

110 ×1020 cm - 3 , NDD = 110 ×1019 cm - 3 , N A G = 510 ×

1016 cm - 3 , L D = 200μm , L G = 15μm) is fabricated.

The simulated I2V characteristics are p resented in

Fig. 4 (solid line) . J 0 is t he current density in small

current region. J 1 , J 2 ,and J 3 are under SCE condi2
tion ,corresponding to t he thermal ,tepid and hot e2
lect rons respectively.

The experimental result is plot ted ( t riangle

dot) with the step of 10V in Fig. 4 (a) and 1V in

Fig. 4 ( b) for more details. They are generally a2
greed wit h t heoretical result s. Especially , t he per2
fect fit in small V D region suggest s t he CBVC

mechanism is dominate in t his region. The good a2
greement when V D is large enough indicates t hat it

is really modulated by SCL C.

Fig. 4 　Simulated result s (solid line) and experimental re2
sult s (t riangle dot) plotted with the step of 10V (a) and

1V (b) for more details

For f urther analysis , t hree working regions of

SIT are distinctly marked in Fig. 4. Here drain

voltages V 1 and V 2 are defined when t he injected

carrier density ( N j ) reaches 015 NDC and NDC re2
spectively. The first region ( CVBC dominant ) lo2
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cates in 0～V 1 area ,described by Eq. (1) perfectly.

The t hird region ( SCL C dominant ) appears when

V > V 2 , typically modulated by SCL C and exhibit s

J 1 , J 2 , and J 3 curves under different approxima2
tion. The second is the t ransition region ,p resented

in V 1 < V < V 2 area. It is modulated by bot h CVBC

and SCL C ,and gradually t ransfers f rom CVBC to

SCL C when V D f urt her increases. Thus I2V curve is

mixed too ( Fig. 4) . In t his work , t his region ap2
pears at high V D position (V 1 = 39V) and narrow

(V 2 = 44V ) . It is significant and analyzed as fol2
lows.

When V D is small ,SIT is modulated by CVBC.

The barrier in channel is saddle2like ( Fig. 5) [1 ] . In

essence ,it is const ructed by the cooperation of lon2
git udinal field ( E∥ , resulting f rom V D ) and t rans2
verse elect ric field ( E⊥ ,generated by V G and t he i2
onized imp urity) , which is illust rated by the elec2
t ric flux line in Fig. 1. Evidently , E⊥ is crucial . Due

to t he“very narrow”and“low2doped”channel ,t he

st rong barrier is formed by V G and t he ionized im2
p urities in channel ,which makes ID small . Because

of t he very high resistance out of t he int rinsic re2
gion ,most V D exhaust s out of t he channel ( reflec2
ted by t he factor“m”in Eq. (11) ) . So t he t ransi2
tion region locates in high V D region (V 1 is 39V in

t his work) .

Fig. 5 　Saddle2like potential barrier in channel in three

dimensions

When V D increases , t he barrier in channel is

lowered ,resulting in the exponential increase of ID

with V D ( Eq. ( 1) ) . When ID is large enough ( N j

reaches 015 ND ) ,on one hand , it is liable to form

t he space charge region ,on t he ot her hand ,it par2
tially neut ralizes the ionized imp urity. Thus t he

t ransverse elect ric field E⊥ is decreased directly ,

resulting in t he quick decrease of channel barrier

and acute increase of ID . So N j increases dramatic2
ally to NDC ,making t he t ransition region seem nar2
row. In t his work ,it is 5V in Fig. 4.

From t he analysis above ,it is evident that t he

t ransfer f rom CVBC to SCL C result s f rom the con2
test between two potential barriers (of channel and

of space charge region) . It differentiates SIT f rom

ot her devices ,such as J FET. Because of critical role

of E⊥ on channel barrier ,V G has momentous influ2
ence on SCL C[1 ] , far beyond t hat in t riode men2
tioned by Zuleeg et al . [6 ] .

It is noted t hat J 1 , J 2 , and J 3 will appear in

subsequence in t heory for SIT. That is the I2V

curve will show J 1 2J 2 2J 3 , J 2 2J 3 ,and J 3 character2
istic when t he initial voltage of SCE V 1 < V C ,V 1 <

V S ,V 1 > V s , respectively. This is uniquely guaran2
teed by the p hysical parameters. In t his experi2
ment ,J 1 disappears , which is confirmed in Fig. 4.

Furt hermore ,t he disparity to some certain is p res2
ented in t he t hird region. It is due to the approxi2
mation in Eqs. (13) , (17) ,and (21) .

6 　Conclusions

In summary , the SIT wit h SCE is manufac2
t ured in t his article. The I2V equations under SCE

are deduced. They are well matched wit h the ex2
periment s. The slight variance in high V D region

mainly result s f rom t he approximation adopted by

t he I2V equations. Two kinds of potential barrier

( channel barrier and space charge barrier ) are

p resented , corresponding to CVBC and SCL C

mechanism respectively. Due to t he contest rela2
tionship of t he barriers , t hree different operating

regions ( CVBC , mixed , SCL C ) are distinctly

marked in Fig. 4. Wit h t he increase of V D ,t he grad2
ual t ransferring of operational mechanism f rom

CVBC to SCL C is demonst rated for t he first time.
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It point s out t hat just t he CVBC mechanism and

t he contest relationship with SCL C make SIT dif2
ferentiate f rom other devices , such as t riode and

J FET etc. Because of channel barrier ,V G play very

important role for SIT under SCE condition.
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静电感应晶体管的空间电荷效应

陈金伙 　刘 　肃 　王永顺 　李思渊 　张福甲

(兰州大学物理系 微电子学研究所 , 兰州　730000)

摘要 : 研究了静电感应晶体管 (SIT)在大注入情况下出现的空间电荷效应 ,分析了空间电荷效应的物理机制. 从理

论上推导出了 SIT 工作在沟道势垒调制下的 I2V 特性的解析表达式 ,实验结果表明它们符合得较好. 在漏压增长

过程中 ,有两种势垒出现 (沟道势垒和空间电荷势垒) ,它们分别对应于沟道势垒调制和空间电荷势垒调制模式. 随

漏压增加 ,SIT 逐渐从沟道势垒调制模式转向空间电荷势垒调制模式 ,对此转变物理过程给出合理解释 ,直观地给

出了 SIT 在空间电荷效应作用下的变化规律. 由于 SIT 小电流区域的沟道势垒调制使 SIT 区别于其他器件 ,其中

栅压对 SIT 空间电荷效应有非常重要的作用.

关键词 : 静电感应晶体管 ; 空间电荷效应 ; 空间电荷势垒 ; 沟道势垒 ; SCLC ; CVBC
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