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Analysis on Characteristic of Satic Induction Transistor
Using Mirror Method
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Abgtract : A cylindrical gates mode of the static induction trand stor isproposed and mirror method is used to calculate the
distribution of dectric potential. The results show that :thepotentia barrier is directly determined by channe over pinched
off factor ;gate efficiency N decreases as the gate dimensona , and shifted gate voltage are minished ,and what differsfrom
the firs-order theory isthat N will tend to zero at the shifted gate voltage tends to zero when Vp =0;at low current ,the
voltage amplification factor Y increases as the drain current risng. When the drain current reaches certain degree ,the volt-
age amplification factor kegps almost constant. In the end ,an analytical description of SIT' s characterigtic suited to both
triode-like and mixed |-V characteristics are obtained. Thepredicted |-V curves are condstent perfectly with the reported

experimental ones.
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1 Introduction

Snce static induction trandstor (SIT) was re-
ported in 1972!*1 \many works have been done for its
structure optimization'? ! but the theoretica studies
on its working mechanism have adways been lagged
behind practical researches.

SITisakind of structuraly sendgtive device. Its
electric parameters and |-V characteristics depend
strongly on its structural parameters (such as channel
length ,channedl thickness,etc.) ,material parameters
(such as channel doping concentration) ,and biasing
voltage (Vp and V) . Generdly ,SIT' s I-V charac
teristics exhibit triodelike, pentode-like, and mixed
between triode and pentodelike ones. In the past
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thirty years,sme analyses have been donefor the ba
sc theoreticd model of SIT® *°! Bulucea and Rusu
followed Shockley’ sJFET anaytical mode and pro-
posed a first-order theory of the SIT!®. Srollo and
Sirito developed a sf-condstent modd usng the
voltage doping tranformation (VDT) approach!®!.
All these resultsfit well to the triodelike I-V charac-
teristic ,but ill-suited to the mixed one.

Our purpose of this work is to (1) propose a
cylindrical gates mode ,work out the distribution of
electric field usng mirror method ,and give a funda
menta indght into the mechanisms involved in SIT
operation under low hiasng voltages; (2) provide a
genera I-V equation ,which is suitable for both of tri-
ode-like and mixed |-V characteristics under unipolar
SIT operation.
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2 Modd sructure

SIT has many types of sructure. In this paper
we will focuson buriedgate one.

For amplicity ,we hypothesze that the gates are
cylindrical . The sketched structure of SIT isshownin
Fig. 1 (right part). The channd depletion region
around the gate and surface charges on the electrodes
are d < depicted in Fig. 1.

11
IS Depletion layer

around gule

Fg.1 Anayzing modd of SIT

The drain eectrode far from the gatesis heavily
dopped ,and the drain surface charge can be regarded
as uniform distribution. Al9 ,the study isfocused on
the channel ,we can group the net chargesin the long
base area with two heads:one is under the depletion
layer around the gates;the other is attributed to drain
surface charge. Being very close to the gates, the
ource surface charge can be equivaent to a group of
image gates whose polarity is opposte to and whose
volume is equa to the gates and their surrounding de-
pletions by usng mirror method. Conddering charge
conversation law , the image drain surface charge
should al© be caculated. On dl thes accounts,
the anaytical

Table 1l Sructurd and material parameters of device

Parameter definition Notation Vaue
Channel doping concentration Np 10%cm 3
Gate doping concentration Na 10%%m 3
Source doping concentration ns 10%m -3
Center distance between two adjacent gates d 2@ m
Width of the long base Wg 20 m
Radius of the cylindricd gate Rg @ m
Thickness of the secondary epitaxid layer dep G m

model used in thispaper isshownin Fig.1l. The main
structura dimenson and material parameters are giv-
enin Table 1.

3 Potential distribution

Under different biasng voltages,the device can
be wlit into three (the channd is not pinched off) or
four subregions (the channd is pinched off) —gate
zone ,eectrica neutral zone ,depletion zone ,and deple-
tionoverlapped zone. Consdering the symmetry and
usng superpostion principle of the dectric fidd,we
can obtain

(1) In gate zone, (d & - )2+ (dl2- y)? <
R%, the gates can be regarded as an equipotential
bulk :

#(x,y) = Ve- %o (1
V+ln ﬁ‘;zﬂn is gate-channel build-in

where &o =

voltage, V gis gate voltage.

(2) In dectrical neutral zone, (de - X)2 +
(d/2- y)? = RZ, al chargesof electrode and deple-
tion region are contributed to the eectric fied.
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o Mg (deg- x)%+ (nd- y)?
X In " 2 2 X
2 ((dg+ x)7+ (nd- y)

P (x,y) = ¢ +4TE

where0 p is surface charge dendty of drain electrode,
A s =A g- Acisgenerd linear dendty (dong z axi9)
of the gate-channel depletion charge A gislinear den-
dty (along z axis) of the gate surface charge ,A ¢ =
gNgT (R - R%) islinear dendty (along z axis) of

channel depletion charge, d ¢ = deg + Re.

+ (dl2- y)?
+

d’en‘ 2 d 2
( )2+ (n +v)J (2)

(de+ )%+ (nd+y)?

(3) In depletion zone ,only part of depletion zone
charge dfects the eectric field. Thisinvolves two cas
es: depletion overlgpped and nonoverlgpped. For
nonoverlapped region i.e.thatof R5 < (d g - x) 2+
(d/2- y)> < RZand (d' g - X)2+ (d/2+ y)? 2
RZ, having:

b(x,y) = #(x,y) + &

(4) For overlapped depletion region ,i.e.that R%
< (deg- x)2+ (d/2- y)? < REand (d' g - x)°

7 2
Mo R'é[ln(dm_ X)

2
L a0 +2(d/2- y)z] -
Rt

+ (d/2 + y)? < RZare met ,we have:

B(x,y) = &(x,y) + &

whereA’' g, 0p ,and Rccan be determined by boundry
conditions,i.e.

de(0.0) _
dx !
d(w.0) = Vp, (5)

P(dg,d/2) = Ve- %o

where w = wg + 2Rg + dg.
4 Barrier height $nin

Figure 2 shows a 2D plot of the potentia distri-
bution in the devicefor Vp =20V and Vg= - 3V.In
order to manifest the potentia distribution dong y-

Fig.2 Two-dimenson digtribution of the potentia ob-
tained from our modd for Vp =20V and Vg= - 3V

RE

U 2 2 2
_qunR%[In(dm- N2+ (@2+ 9P (da- x) +(d/2+v)2] "

axis,we gart from x = m. It is very clear that a
channel barrier occurs adong the channel axis and its
position Xmin can be obtained by
debel) g (©
When the channdl existsin neutral region ,equa
tion (6) has no lution. Thisindicatesthat the barri-
er control mechanism occursonly when the channel is
pinchedoff. Al ,the barrier podtion is the function
of biadng voltages. When Vp =0 ,it isat the center of
channd. If Vpis not equa to zero,it will fluctuate
from the channel center. We obtain

Xmin = (al‘é)d (7

where

Bi- JBI- 4(Ag+4As- 4AL) (As- Ay
2(A6 + 4A3 - 4A4)

o =

(8)

It is afluctuation from the channd center due to the
_QNDAZ 2

As + €Vp (B *

B) (A1 +03A3) isaparameter related to the device

gatic induction e&fect. B, =

d
L@ A

structure and biasng voltages, 0; = q A=

[ @z-07)%+ HZJ
Z In , Az

(0(3 +C(1)2+ nz
oy
, As = -
2241§+ n? ° nZZ[ n’ 41%+ n’

A4_

n
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Qo |° A - & 4 are oa p—ixad)m'”_l
2 wiend R 2wz ) AP AV
2 2
. _Rc- di2. - In 6+ n + Az@,-0) +
rameters related to device structure. B = 4/ 2 is | 2 (Mg - 8)2 + n? 3(0 )

channel over pinchedoff factor.
Substitute Eq. (7) into Eg. (4) ,we can obtain
the barrier height ,

52+ 2 ]
. - Vol ?In (X, -3)2 + P + Az - 3)
min = A +03A3 *
ONp ,, BD?2+1 H2+1
z RNt am? O

where 03 = w/ d is a parameter related to device
structure.

Figure 3 gives the relationship of barrier height
and channd over pinched-off factor under zero voltage
of drain. It showsthat the potentia barrier is directly
determined by channd over pinched-off factor. Mean-
while it is necessary of channel deep pinched-off for
the forming of barrier high enough to control the
drain current.

-1. — . —
00 005 010 015 020 025

B

Fig.3 Rdationship of potentia barrier height %, and

channd over pinch-off factor under zero drain voltage

5 Gate dficiency N and voltage am-
plification factor Y

Do P Xmi
Notingthata_amm =- daJ_)én)”(m"gl = 0, the

gate eficiency N and voltage amplification factor M
can be obtained:
2 2

_ O%min _ + + +
T =%3ve ™ [1-In(@) P - In(xy)

(10)

[1- In(2) 1B - In(2y) 1+ 82

A+B)In((1 +B)¥ (1 + B?)
[1- In(2) 1B - In(2p)

(11)
Equations(10) and (11) are the function of biasng
voltages and rely on gate dimendona  directly. 0, =

Rg _ (D -02)%+ n? X, -0,
d,Az—nZIn n

(1L+B) (A - (@ - O)) Ag) r{(l_'_B)ZJJ -1 §

(A1 +03A3)

+ |
a3+ n? as;

the parameters related to the device structure.

Figure 4 gives the dependences of gate eficiency
N on shifted gate voltage (V- Vp) under different
drain voltages and gate dimendons. Here Vp is
pinched-off gate voltage for Vp =0:

are

& 107

102
-5 -4 3 2 -1 0
Y
100
101}
c 100 0.30
104
0.25
| ® @,=0.20
10° . - -
-5 -4 3 2 |
V-V/N

Fg.4 Dependencesof the gate éficiency N on the shift-
ed gate voltage under different drain voltages Vp and dif-
ferent gate dimensona, (a) Under different drain volt-
agesfor the samed,; (b) Under different gate dimendon
for the same Vp
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Figure 5 shows that N will decrease when the
gate dimendon O, and shifted gate voltage become
less This result is smilar to that of the first-order
theory!®. What differs from the first-order theory is
that N will tend to be zero when the shifted gate volt-
age tends to zero under zero drain voltage. This indi-
catesonce more that it isesentia of the channe over
pinched-off for the barrier control mechanism.

x(1- D5+2n(Wy)) + ko (12)
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Fg.5 Dependencesof the voltage amplification factor U
on the drain secific current under different V ganda , (a)
Under different gate voltages for the samed,; (b) Under

different gate dimengon for somef3

Figure 5 a0 gives the dependences of voltage
amplification factor B on secific current of drain ur-
der different gate voltage and gate dimensons. At low
drain current ,the voltage amplification factor g in-
creases as the drain current risng. When the drain
current reaches certain ra ue ,the voltage amplification

factor keepsamost constant. Thisagreeswith the ex-
perimental results obtained from buried gate SI T,

6 |-V characteristic

The current dendty along channd axis can be
obtained by the following current continuity equa
tion:

dn(x)

= ¢nan(x) E(x) + Dy dx

—
S
|

) (13)

1
o]
O
>

The dectric field strength aong channel axisis
givenin Fg.6.Around the center of the channd ,the
field is nearly linear variation. Consdering E( Xmin ,0)
=0 letting:

E(x,0) = - VB1(x - Xpin) (14)

1000

500}
Lo AN

-500

(=]

-1000 -

E(x,0)/(V-cm!)

-1500 |

-2000

-2500

Fg.6 Hectricfidd strength dong channd axis

From Egs. (13) and (14) ,we can obtain:

n(x) = zngELSLnQ( J61/2(X- Xmin)) + Nof X
S0 Xm'n)Z/Z (15)

where ng is eectron concentration at the barrier ( E
=0) . It is determined by the boundary condition. Us
ing Boltzmann gpproximation ,we have:
No = N(Xmn) = ne'md Vs (16)
(Az - Ag Vp

(AL +03A) V104 - D)
is a new introduced parameter.

At the end of the channe (that is x = xe,see

Q iserror function 3, =
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Fig. 6) ,drift field is 20 high that the carriers are hard
to accumulate, 0 the carrier concentration gradient
inclines to zero. Then we can obtain:

jn = - qu{y\%Q(dﬁllz(xe' Xmin)) +

2 B0 X 12] -1 0y

B1(Xe - Xmin) nse
Following the analyds reported in Ref. [10] ,the
effective haf channel thickness ag: can be written as

In g% P(Xmin. ¥Y) = Puip
aat = 2inWy Oexp( VT

(17)

)dy

(18)
where Inisthe drain current , w; isthe tota width of
channd ,y; is haf minimum of cross section of chanr
nel. Then

s o el o
o alx-dl)- L alx-8)

19)
where y; = Jch- (de - Xmin) > ‘g,yz—‘g-
AsVp/ V
2 . N2 _AsVp/I VT
r\/RG' (dep' Xmin) ©, B2 = 2(A; +03A3)
2aNp £ _ ONp, o, d?
BZ+SV (RZ + )’B4_BZ+€VT(RC+ 4),
ANp

2
Bs = (RE - ‘d‘ﬁ are parameters related to the

EVrT
device structure and biag ng voltages.

Usdng above equations, the I-V characterigtics
under different gate voltages are obtained and shown
in Fig.7:(a) isatypica group of mixed |-V charac
teristic curves and (b) isa group of triode-like ones.
The error function has the properties of Q ( x)

x2=3 x -0 i
— 1and Q(x) 0. If the reverse gate voltage is

[Bawe

d

\Y)

high,the channd is deep pinched off , 3

and ,\}%(xe- Xmin) = 3are met ,Equations (17) and
(19) can be smplified to

jn= - dDn ’Tl' nse(bmi"/vT (20)

_ _ | 2aNp P
2<’J\<aff—,\/§3 ~[T[£V(RC 4)J d

(21)
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Fig.7 Cdculated |-V characteristic of SIT (a) Mixed
characterigtics under lower gate voltage; (b) Triodelike

characteristics under higher gate voltages

Then

_ d2 IRY,
In= - 2w{qDh A 2 aanem

= Jge’md V1 (22)

where the pre-exponentia factor lg = 2w(gD, X

|2! 2
A "R+ 4 ns (the 2 caled saturation current)
C

isamost congtant with Vp.
If channg pinched off
Bl(x—xm.n)2/2 1

e

Q(Nﬁllz(xe' Xmin)) < = -

Bl(xe - Xmin) Emax

degree is low,

and /B4 ‘\él - 0, Eugations (17) , (19) and drain
current can be smplified to
in= @ nEmax nse(,)m"I Vi (23)

a4 = ’\/BE“dz ;\/BEzd (24)
_ ¢ IV [T[A;VEV;
In"‘ - Wth n N T 3(A1+G3A3) (25)



264

26

From Egs. (20) ,(22) ,(23) ,and (25) ,we can
e that ,when the pinched-off degree of channd is
deep, the current flowing through the channd is
mainly by diffuson ,the 9 caled saturation current is
amost constant with Vp ,the device exhibits expo-
nentia 1-V characterigtics;when the pinched-off de-
gree of channd is low ,the current flowing through
the channel is mainly by drifting ,the 9 caled satura
tion current isamost 1/ 2 power with Vp ,the device
exhibits mixed I-V characterigtics.

7 Conclusion

Basng on cylindrical gates modd ,the distribu-
tion of channel potentia has been caculated directly
by mirror method. Two oppodte action fields in the
channel are obtained and the saddle resembled poten-
tial distribution is gotten. In addition ,we have pro-
posed the concept of channd over pinch-off factor
and pointed out definitely that it is essentia that the
channel over pinched-off for the barrier control mech-
anism. Moreover ,the forming of potentid barrier re-
lieson channel over pinched-off ;and the controlling of
barrier height liesin channe over pinched-off factor.

Meanwhile,the gate eficiency and voltage am-
plification factor are given. Both of them are gate di-
mendon O , related parameters. The more O, is,the
moren and M are.

Though this mode is under the assumption that
the channd overlapped depletion zone is much less
than the total depletion zone ,it ill has great help to
understand the mechanism of SIT. It works well for
the anadyssof the SIT which has mixed I-V charac

teristics And usng this mode ,we have presnted a
group of 1-V characterigtic curves, which fits quite
wel to the experimenta result published up to
now!* 3! Thiscorfirmsfurther that our mode is cor-
rect and available.
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