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Abgtract : The space charge efect (SCE) of static induction transistor (SIT) that occursin high current region is

systematicaly studied. The I-V equations are deduced and well agree with experimental results. Two kinds of barri-

ers are presented in SIT ,corresponding to channel voltage barrier control (CVBC) mechanism and space charge lim-

ited control (SCLC) mechanism respectively. With the increase of drain voltage,the gradual tranderring of opera
tional mechanism from CVBC to SCL Cis demonstrated. It pointsout that CVBC mechanism and its contest relation-
ship with space charge barrier makes the SIT distinctly differentiated from JFET and triode devices ,etc. The contest

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

and analyzed. Furthermore ,the extreme importance of grid voltage on SCE isillustrated.

Key words: static induction transistor; space charge effect; space charge potential barrier; channel barrier; space

charge limited control ; channel voltage barrier control

PACC: 6855; 7340Q; 7340T

CLC number : TN386 6 Document code: A

1 Introduction

Static induction transistor (SIT) isone kind of
power devices. Due to the excellent performances
such as high power output ,low noise,low distor-
tion ,etc,it has attracted great attention in recent
yeas. In structure (Fig. 1) ,it seems smilar with
JFET ,but the channel is much shorter and narro-
wer. Thisiscrucial becauseit leadsto the sendtive
modulation of Ve on the shape of channel potentia
barrier , making channel voltage barrier control
(CVBC) mechanism dominate in the small current
region. The CVBC mechanism has been f ully inves
tigated! ,and exhibits triode-like ,pentode-like and
mixed |-V characteristics under different structure
parameters and biased voltage'™ . As for the opera
tional mechanism in large current region ,especially
the space charge &fect (SCE) for SIT ,regretfully
they are seldom demonstrated up to now. In view
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of that SIT belongs to power electric device ,usual-
ly working under high current region,it is mean-
ingful to discuss the SCEfor SIT.

In fact ,the SCE for other devices has been
studied® " while due to the extremely different
operational mechanism in small current region
(channel red stance control ,not CVBC ,in these de-
vices) ,they are essentially not suitable for SIT. In
this paper ,the SCEfor SIT is demonstrated both in
theory and by experiment. They show good agree-
ment. The dominant mechanism gradually tranger-
ring from CVBC to space charge limited control
(SCLC) is discussed. Moreover ,the significance of
Veon SCE is demonstrated too.

2 Basic physical process of SCE

The structure of SIT is presented in Fig. 1.
When Veisfixed,Vo is high enough to inject very
high-dendty carriers into the channel. Not all of
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them could drift to the drain region in time ,making
lots of electrons accumulate near the source region
until to form the space charge region (Fig. 1) and
the space charge barrier (Fig.2). This barrier not
only prevents the electrons from being further in-
jected from the source,but also screens the drain
field to some extent. Both them limit the further
increasng of Io. Moreover ,it prevents the injected
carriers with low energy from acrossing this barri-
er,in turn to reinforce space charge barrier ,i. e.
SCL C mechani sm begins to work.

Fig.1 Cross section of structure of SIT
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FHg.2 Potential distribution along channel axis under
SCE

3 |-V equationsof SIT under SCE

In the small current region, I-V equation has
been deduced as follows™ :
Jo = Joexp (€ min/ KT)

= Joexp[ € " (Vé +:'7vo‘)/kT] (1)

where Jo = an&;n' =1-2 4/1_0/(uo+1) poo=

Wo+1-2 o)/ oMo = expTL/2a) V5 = Vo
+06(Ve +Vp) +0pVp = As(Ves + Vp) +00Vp Ve
= Ve + Ve - Qo, Dnis electron diffuson coeffi-
cient ,W is the distance between source and intrin-
sic gate (saddle point) ,ns is electron concentration
of source,Vo and Qo are the buildin potential of
gate-channel and gate-drain respectively, Ve is
channel pinch-off voltage.

When Ip is high ,the influence of injected car-
rier must be consdered,then Equation (1) is not
fit. The current should be obtained by solving Pois
N equation and current continuity equation.

e £ o +p @
wherep: is the fixed charge dendty ,Pr = qNo PmiS
the space movable charge densty ,it fitspm (y) =j/
v(E ,v(E) iselectron drift velocity ,it is related to
the electric field E.

E(y) =- d¥(y)/dy (3

Under SCEpPm >Pr Pmisprimary. Equation(2)
can be smplified as

dEGY) _ Pa(y) _ "
dy € ev(pB

Solving Eq. (4) ,the Jo-Vo equations can be ob-
tained. Condgdering that the linear relation between
v(E) and E(y) is not suitable at high field ,the
more accurate relationship is adopted (Fig.3) ™ :

Thermal
electron

Fig.3 Therma ,tepid,and hot electron approximation

(1) Thermal charge carriers approximation
v(B =HMnE(y), E< E (5)

(2) Tepid charge carriers approximation

V(B =W [EE(Y]", E<E<E (6
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(38) Hot charge carriers approximation
V(B =Un(EE)Y? = v, E>E (7)
Ecisacritical field of thermal electron and tepid e
lectron,vs is the saturation velocity of electron, E
is the corregponding field. Besides, the following
approximations are reasonable and proposed for
convenience:
(1) The studies are performed in one dimen-
son (1D) approximation;
(2) The source has infinite emitting capacity.
The injected charge transports only by drift ,while
diffusonisignored;
(38) Thereis no trap in the material or all the
trapsin the material arefilled;
(4) The boundary conditions are
p(0) =0, EO =0 (8)

4 |-V characterigicsof SIT

4.1 Thermal charge carriersapproximation

From the boundary Eq. (4) and ohm’ slaw j =
@ E=p v together with Eq. (5) ,we get

dE)  Ra | J (9)
dy €€ €Eov(B) EEHE(Y)

Integrating Eq. (9) :

E(y) = g:_z-j_ﬁd:jn)l/zyllz (10)

For E(y) =-
(10) along the channel ,the equivalent drain volt-
age Vo isobtained,

dv,/ dy, and further integrate Eq.

L

Vo = Vo + mVe :J’Oe" E(y) dy
et 2] \v2 u2
J’o Coqrn) Yidy

= (g:_g'{.”_) V2 ¥ (11)

where misthe equivalent factor ,Ler i s the effective

channel length ,represented as'”
3/5

L1+t x by (12

Lat =

L« islarger than Le,but smaller than Lo. Le and
Lo correspond to the gatesource and drain-source

distances respectively. From Egs. (10) (12) :
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b = Aj = is”“"fn 5 (Vo + mVo)?
{LG[ 1+ x ( )5/3j| }
m Le

(13)
4.2 Tepid charge carriersapproximation

E is the critical electric field from thermal
charge to tepid charge. For dlicon, & =2 5 x
10*®" . From the boundary conditions and ohm’ s
law ,together with the tepid carrier approximation,

we get
dE(Y) _ Pm _ i _ j
dy ~€€0 €gov(B €Edn[ EE(y)]"?

(14)
Integrate Eq. (14) ,the electric field along channel
axisisobtaned:
_ (—3] _\u3 a3
E(y) (Zﬁoun EClIZ) yz (15)
For E(y) = - dv,/ dy,integrate Eq. (15) along the
channel from source region to drain region,the e

quivalent drain voltage Vo isobtained,
L

Vo = Vb + mVe :Iodf E(y) dy
L .
f GraTe) Y oy

Zed.E"?
3 3
=5 x (Zﬁolln EC1/2)2/3|-€f5l3 (16)
thus we get I-V expresson under this approximar
tion as
lop = A] = 'é‘ X (_2')3/2 X
EEMEYEA 32

{LG[]_ +_l. XLL‘:ﬂ 5/1 3/5}5/2 (Vo + mVe)
m Le

4.3 Hot charge carriersapproximation

(17)

In slicon materials, E isabout 2 5x10° ,Esis
calculated from the equation Un ( EE)Y? = vs,
whereln is the mobility at low electric field,vs is
the saturation drift velocity ,equaling to 1 x 10" cm/
S.

As having been processed above,the Poisson
equation for tepid charge carriersis smplified as

dE(Y _ Pm _ | _ j
dy ~€€0 €gov(B €Edn[ EE(y)]"?

(18)
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The equation of E(y) along the channel axisis
- —
E(Y) =2 Y (19)
Integrating Eq. (19) along channel axis,the equiva

lent drain voltage Vo * is gotten:
L

Vo = Vp + mVe :J'Oéf E(y) dy

Lgt i ;
S ——ydy = =1y
J.O 5£0Vsydy ZﬁOVsLEff (20
Thus the I-V expression for hot electron approxi-
mation is
o = Aj = ZF‘“"EA =553 (Vo + mVo)
CE RN
m Lc

(21)
For convenience ,Egs. (13) ,(17) ,(21) are smpli-
fied asfollows,
(1) Thermal charge approximation:

Ji= Jo = f&(vo +mVe)? (22)
eff

(2) Tepid charge approximation:

Jo = Jo = é,sz(VD + mVe)¥? (23)

(8) Hot charge approximation:
B = 30 = (o + mvo) (24)
ZEovs,Lat = Le[l + # X (ﬁ)s’a] * respective-

ly. Equations(22) (24) present the typical SCE
characteristics*® ,where Io proportionally scales
with Vo® ,Vo¥? ,and Vo while inverses with Lat®
Lar®? ,and Ler® under the thermal ,tepid ,hot charge
approximation.

5 Experimental results and discus
sions

For further investigation on SCLC,the SIT
with the parameters (Noc =5 x 10 cm™®, Nps =
1 0x10%cm % ,Nop =1 0x10”cm ® ,Nac =5 0 %
10°cm ® Lo =20 m,Lc = 1% m) is fabricated.
The smulated I-V characteristics are presented in
Fig. 4 (solidline) . Joisthe current densty in small

current region. Ji,J2 ,and Js are under SCE condi-
tion ,corresponding to the thermal ,tepid and hot e
lectrons respectively.

The experimental result is plotted (triangle
dot) with the step of 10V in Fig.4(a) and 1V in
Fig. 4 (b) for more details. They are generally a
greed with theoretical results. Especialy ,the per-
fect fit in small Vo region suggests the CBVC
mechanism is dominate in this region. The good a
greement when Vp islarge enough indicates that it
isreally modulated by SCL C.

400 T T
I:;:’l;;?al Tepid carrier i Hot carrier
| CVBCSCLC
300 ; cooperaion
"k
~— %VB_Q*L:‘—— SCLC dominant zone
< zone | i
S B
100}
(a)
0 1 H L
50 100 150 1200 250
Vv
50
40 +——CVBC dominant ———/CVBC SCLC§CLEAOminant
; cooperaion zone
zone zone "1
E
b
)
3

Fig.4 Smulated results (solid line) and experimental re-
sults (triangle dot) plotted with the step of 10V (a) and
1V (b) for more details

For further analyss,three working regions of
SIT are distinctly marked in Fig. 4. Here drain
voltages Vi and V: are defined when the injected
carrier density (N;) reaches 0. 5Noc and Nopc re
spectively. The first region (CVBC dominant) lo-
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catesin 0 V: area,described by Eq. (1) perfectly.
The third region (SCL C dominant) appears when
V >V, ,typically modulated by SCL C and exhibits
Ji, J2 ,and Js curves under different approxi ma
tion. The second is the transtion region ,presented
inVi<V <V area. It is modulated by both CVBC
and SCL C,and gradually trangers from CVBC to
SCL C when Vo further increases. Thus I-V curveis
mixed too (Fig. 4). In this work ,this region ap-
pears at high Vo postion (Vi =39V) and narrow
(V2 =44V). It is dgnificant and analyzed as fol-
lows.

When Vo is small ,SIT is modulated by CVBC.
The barrier in channel is saddle-like (Fig.5)™ . In
essence it is constructed by the cooperation of lon-
gitudinal field (E ,resulting from Vo) and trans
verse electric field (E ,generated by Vs and the i-
onized impurity) ,which isillustrated by the elec-
tricflux linein Fig.1. Evidently ,E iscrucia.Due
to the’ very narrow” and’ low-doped” channel ,the
strong barrier isformed by Ve and the ionized im-
puritiesin channel ,which makes Io small. Because
of the very high redsstance out of the intrindc re-
gion ,most Vo exhausts out of the channel (reflec
ted by the factor* m” in Eq. (11)). S the trans-
tion region locates in high Vo region (V1is 39V in
this work) .
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Fg.5 Saddlelike potential barrier in channel in three
dimensions

When Vo increases,the barrier in channel is
lowered ,resulting in the exponential increase of Io
with Vo (Eg. (1)) . When 1o is large enough (N;

reaches 0. 5Np) ,0on one hand,it is liable to form
the space charge region,on the other hand ,it par-
tially neutralizes the ionized impurity. Thus the
transverse electric field E is decreased directly,
resulting in the quick decrease of channel barrier
and acute increase of Ipo. SO N;j increases dramatic-
ally to Noc ,making the transtion region seem nar-
row. In thiswork it is5V in Fig. 4.

From the analysis above it is evident that the
trander from CVBC to SCL C resultsfrom the con-
test between two potential barriers (of channel and
of space charge region) . It differentiates SIT from
other devices,such asJFET.Because of critical role
of E on channel barrier Ve has momentousinflu-
ence on SCLCM [far beyond that in triode men-
tioned by Zuleeg et al.'®.

It is noted that J:, J2,and Js will appear in
subsequence in theory for SIT. That is the I-V
curve will show Ji1-J2-J33,J2-J3 ,and Js character-
istic when the initial voltage of SCE Vi <Vc¢ Vi<
Vs,V1 > Vs ,respectively. This is uniquely guaran-
teed by the physca parameters. In this experi-
ment ,J.1 disappears,which is confirmed in Fig. 4.
Furthermore ,the disparity to some certain is pres
ented in the third region. It is due to the approxi-

mation in Egs. (13) ,(17) ,and (21).

6 Conclusions

In summary ,the SIT with SCE is manufac
tured in this article. The I-V equations under SCE
are deduced. They are well matched with the ex-
periments. The dight variance in high Vo region
mainly results from the approximation adopted by
the I-V equations. Two kinds of potential barrier
(channel barrier and space charge barrier) are
presented, corresponding to CVBC and SCLC
mechanism respectively. Due to the contest rela
tionship of the barriers,three different operating
regions (CVBC, mixed, SCLC) are distinctly
marked in Fig.4. With theincrease of Vo ,the grad-
ual tranderring of operational mechanism from
CVBC to SCLC is demonstrated for thefirst time.
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It points out that just the CVBC mechanism and

the contest relationship with SCL C make SIT dif- [2]
ferentiate from other devices, such as triode and
JFET etc.Because of channel barrier ,V play very [3]

important rolefor SIT under SCE condition.
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