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Abstract: The exponential dependence of the potential barrier height ¢, on the biased voltages of the inorganic/organic
static induction transistor (SIT/OSIT) through a normalized approach in the low-current regime is presented. It shows
a more accurate description than the linear expression of the potential barrier height. Through the verification of the
numerical calculated and experimental results, the exponential dependence of ¢, on the applied biases can be used
to derive the /—V characteristics. For both SIT and OSIT, the calculated results, using the presented relationship, are
agreeable with the experimental results. Compared to the previous linear relationship, the exponential description of ¢
can contribute effectively to reduce the error between the theoretical and experimental results of the /—V characteristics.
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1. Introduction

The static induction transistor (SIT) features vertical
shorter and narrower multi-channels, lower channel doping
concentration and smaller size compared to those of the BJT
and FET. Due to the excellent performances of its high volt-
age, high frequency operation, small series of resistance and
low noise, it always attracts people’s great attention. For the ba-
sic inorganic SIT and the organic SIT (OSIT), many works fo-
cus on optimizing the structures and analyzing the operational
mechanisms!' 1. In the low-current regime, the device oper-
ation can be understood by considering the dependence of the
potential barrier into the channel from the applied biases. As
a first-order approximation, the potential barrier height ¢, is
considered as a linear of the gate voltage Vs and the drain
voltage Vps 5] Furthermore, Strollo et al. developed a self-
consistent model for analyzing the direct current characteris-
tics of SIT, and noted that the relationship between ¢. and
applied biases should be more accurate than linear. However,
they didn’t show details about this accurate description(®. At
the same time, the first-order analytical description based on
some assumptions may limit its validity, such as simplifying
gate geometries. Especially to OSIT, there is no effective anal-
ysis model to describe its operational mechanism.

In this paper, based on the numerical simulated results, an
exponential relationship between ¢, and the applied voltages to
analyze the /—V characteristics of SIT/OSIT through a normal-
ized approach in the low-current regime is investigated. Em-
ploying this exponential relationship, which is verified exten-
sively by numerical calculations and theoretical analysis, the
detailed 7/—V characteristics are derived. For SIT and OSIT,
the calculated results agree well with the experimental ones.
The validity of the detailed /—V characteristics of SIT/OSIT
in the low-current regime can be proved well.
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2. Brief descriptions of device structures

In this work, we will focus on three device structures,
namely surface-gate SIT (SGSIT), buried-gate SIT (BGSIT)
and OSIT, which are on the behalf of the high-frequency, high-
power and high-transfer characteristics. The traditional SITs
including SGSIT and BGSIT are fabricated in our group!2=4.
However, for OSIT, a numerical simulation is carried out, in
which the device structural parameters come from Ref. [7].
Figure 1(a) shows a cross section and dimensions of SGSIT,
fabricated using conventional Si processes. The n™-substrate
is single-crystal silicon lightly-doped with donor concentration
of 5 x 10'3 cm™3. The pT—n~ gate-junction is formed by dif-
fusing acceptor impurities into the n~-substrate, with a surface
concentration of 5 x 10'® cm™3, a junction depth of about 7
wm, and the gate-to-gate space of 2.4 um. The n™-source con-
tact layer is doped with a surface concentration of 1 x 10!°
cm~3 and a depth of 1 um.

As shown in Fig. 1(b), the gate stripes of BGSIT are buried
under the epitaxial layer in the channel. The channel, source,
drain and gate are doped at impurity concentrations of Ngy, =
5x 1083 ecm™3, Ng=1 x 10° em™3, Np =1 x 101° cm™3,
and Na =1 x 10'° em™3, respectively. A 15-um-thick n-type
epitaxial layer with donor concentration of 5 x 10> cm™3 is
grown on the wafer to bury the gate stripes. The diffusion depth
in the source region is 1.5 um and the depth of a p™—n~ gate-
junction is 7 um with a width of 1 um. The distance between
gate and gate is 2 um.

The cross section and dimensions of OSIT are reported in
Fig. 1(c). Firstly, a CuPc film with a thickness of approximately
100 nm is deposited on the source electrode Au formed glass
substrate. Secondly a grid-type gate electrode Al with a thick-
ness of 25 nm is formed on the CuPc film by a shadow evapo-
ration techniquel”). Thirdly, the second CuPc film of approxi-
mately 100 nm is deposited. Finally, the drain electrode Au (30
nm thickness) is fabricated. The channel length is 200 nm, and
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Fig. 1. Cross-section and dimensions of (a) SGSIT, (b) BGSIT, and
(c) OSIT.

the gate gap is 7 um. The channel width is 100 nm estimated
by the simulated results which keep the good accordance with
the experimental data as shown in Ref. [7].

3. Exponential dependence of potential barrier
height on biased voltages

3.1. Current analysis

The numerical device simulations have been carried out
by using the numerical simulator SG-framework based on the
finite-difference method. The gate junction boundaries have
been assumed of cylinder shape as shown in Fig. 1, which are
suited for the practical situation when the standard diffusion
technology is employed to fabricate the device. SGSIT is taken
as the first example to derive its exponential relationship be-
tween ¢. and biased voltages. Similarly, the exponential rela-
tionship of BGSIT and OSIT are also proposed as well.

Drain specific current /| (A/cm)

10-12 ) 1 1 1 1
0 50 100 150 200

Drain Applied Voltage V (V)

Fig. 2. Ip—Vp curves of the SGSIT in log scales.

The Ip—Vp curves of SGSIT in log scales obtained with the
numerical simulations are reported in Fig. 2. It can be clearly
seen that in the lower-current range (up to point a), I is negli-
gible small due to the thermal generation of carriers in the space
charge region of the gate junction. In other words, the device
operates in a “dead region” because the currents are limited by
the thermal generation. For a normally-off SIT, the barrier can
be sufficient to block the source to the drain current flow even
at zero gate bias. With the increasing of Vpg, conduction is then
achieved by the application of a reverse bias to Vs, lowering
the potential barrier in the channel and allowing the electron-
ics from the source to pass to the drain. The high-current range
(up to point ¢) where the carrier feedback on the potential dis-
tribution at the saddle point causes the potential minimum to
be pinned and the effective channel to increase, with a triode-
like shape. However, in the low-current range (up to point b),
the electrons transport from source to drain is modulated by
¢, and Ip is exponentially related to the saddle potential. As a
result, the exponential branch of the SIT characteristics in the
low-current regime is due to an almost linear lowering of the
potential barrier by the drain and the gate voltages. Ip can be

expressed by:
q¢c _ qWCNSubDn 61¢c
= ————¢exp|— ,
kT Lc kT

1
¢ =n" (VGS + EVDS) , 2

where Wi is the effective channel width, L¢ is the effective
channel length, D, is the electron diffusion coefficient, Ngyp
is the n~-substrate doping concentration, and n* and p©* mean
the effective applied gate biases and the voltage amplification
factor, respectively. They are related to the device geometrical
parameters. W¢, L¢, Dy, and Ngyp, remain constant for the same
device structure and /p will be controlled by ¢ .. As a first-order
approximation, ¢, is expressed as Eq. (2). In practice, a more
accurate dependence of ¢, on the drain and gate biases can be
obtained from Fig. 3.

[D = Is = Ioexp (—

3.2. Exponential relationship of potential barrier height
and normalized approach

As the mentioned of Strollo in Ref. [6], ¢ is a non-linear
function of the applied voltages. The same changing regular-
ity of the relationship between ¢ and applied biases of SGSIT
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with the numerical calculations is shown in Fig. 3(a). Through
normalizing ¢. and Vpg, the dependence of ¢, on Vpgat differ-
ent Vs can be obtained.

It is known that ¢ is modulated by the combined effect of
Vbs, Vas, Vsvi and Vapi, where Vi = (kKT/q) In (Ns/Nswb)
is the build-in potential barrier between the n™-source and the
n~-substrate, and Vgyi = (kT /q) In (NG Nsu/n?) is the build-
in potential barrier of the p™—n~ gate-junction. As shown in
Fig. 3(a), ¢ decreases very quickly and eventually becomes
pinned with increasing Vps. When ¢ decreases to Vsp,; (0.318
V) of SGSIT, there is a turning point and the decreasing be-
comes slow. Since the negative Vg and positive Vpg have a
contrary effect on controlling ¢., ¢ can drop to equal to Vy;
when the interaction between Vs and Vpg has been cancelled
out.

In the normalized process, we need to define two normal-
ized factors Vpg and ¢o. Here, Vpo equals Vps when ¢ drops
to Vsy; at different Vigs. And ¢ can be expressed as:

2
qNsw [ Wc
p0=Vas+Veri =Vos+Vari—o————] . 3
280851 2

where Vi, is the potential barrier height of the channel in the
intrinsic condition (without any applied biases), which con-
sists of two parts: the build-in potential barrier height Vipi of
pt—n~ and the voltage drop of the depletion region between
the channel and gate junction. Then the normalized curves of
(e — Vapi)/eo versus Vpg/ Vpo at different Vgg are shown in
Fig. 3(a). It is found that the normalized curves are overlapped
at different Vs, which means the normalized ¢./¢o are un-
affected by the applied voltages for the same device structure.
The normalized curves can be described as an exponential re-
lationship as follows:

(P — Vsvi) /o0 = f (Vps/ Vo) 4

f(x) = Ayexp(—x/By). )

where A; and B; are the constants with related to the same
device structure. Furthermore, the potential barrier height ¢,
can be expressed by:

y
e = deo f (%) + Vapi = A1 (Vs + Vi)
Do

Vbs
— Vsbi- 6
X exp( BIVDO) + Vsp (6)

An exponential relationship between ¢, and applied biases
through the normalized approach has been presented from
Eq. (6).

In order to verify the relationship being universal, the expo-
nential relationship of ¢, for BGSIT and OSIT with the same
geometrical and material parameters as shown in Figs. 1(b) and
1(c) will be derived. Their potential barrier height distributions
with different Vs and Vps, and normalized curves are shown in
Figs. 3(b) and 3(c), respectively. Through the same processes
as the above-described, finding Vp at the different Vg and
calculating ¢o, the normalized procedures to ¢, and Vpg in
different Vg can be done.

For BGSIT, Vgp; is equal to 0.359 V by calculation. And
for OSIT, CuPc films show p-type semiconducting properties,
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Fig. 3. Potential barrier height ¢ versus drain voltage /pg in differ-
ent gate voltage Vs and their normalized curves of (a) SGSIT, (b)
BGSIT, and (c) OSIT. The left is ¢ distributions and the right shows
the normalized curves.

make an ohmic contact with Au electrodes and form a Schot-
tky barrier contact with Al gate electrode. The injected hole
carriers from the source flow toward the drain region through
the potential barrier near the gate electrode. The carrier flow
is controlled by the potential barrier height depending on the
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Table 1. Comparisons between normalized parameters and first-order approximated parameters of SGSIT, BGSIT and OSIT.

Simulated results

Calculated results Compared results

Aq B m n [ n* uw* —Bin~u* A;=n*
Surface-gate SIT
Lc/We =29 095 034 1290 —-22.90 4.40 0.79 7.74 8 1
Buried-gate SIT
Lc/We =3.59 1.0 0.37 9.0 —36.60 13.80 0.87 13.64 14 1
OSIT
Lc/We =20 0.89 042 250 —5.60 3.0 0.58 2.71 3 1
gate voltage!”). Since the highest occupied molecular orbital <
(HOMO) levels of CuPc is 5.2 eV below the vacuum level T 0o
and the work function of Al is 4.25 V8], the build-in poten- N "\

tial barrier height of OSIT can be approximately calculated by
Pcupe — Pal — Po = 0.91 V, where g¢y is the energy level of
surface state of CuPc with about 0.04 eVI®!. Thus we can find
Vpo of OSIT at the different Vs, which equals Vps when ¢,
drops to the build-in potential barrier height of OSIT (0.91 V).
And the normalized potential barrier height is also calculated
in different applied gate biases by ¢.o = Vs + Veni= Vas +
(Pcupe— Pauv— ¢Po) = Vs + 0.36 V, where the work function
of Au ¢, is 4.8 eVl For the different device structure, the
exponential relationship between ¢, and applied voltages are
coincident with Eq. (6).

3.3. Discussions

Figure 4 shows the normalized curves of the potential bar-
rier height versus drain voltages of SGSIT, BGSIT and OSIT
at different gate voltages. It is clear that though the normalized
curves are different for different device structures, the shapes
are similar and the potential barrier height is exponentially re-
lated to applied biases as described in Eq. (6).

Figure 5 shows the curves of the normalized values of drain
voltages various with Vgs. From the fitted curves, Vpg is a
quadratic function of Vg, which can be concluded as:

Voo = Vo (Vas) = mVis —nVas + 1, 7

where m, n, | are all constants with related to the device struc-
tures. Substituting Eq. (7) into Eq. (6), a detailed expression of
¢. with applied biases is achieved as:

Yos + Vipi
By (mVE& +nVas+1) ) "
(®)

Equation (8) can be simplified based on the Taylor expansions
as (Vgs >> Vewi):

¢ = A1 (Vgs + Veui) exp <—

Vbs
Bll’l VGS

¢ = A1Vgs exp (— ) + Vsbi. ©

As the first-order approximation of Eq. (9), ¢, shows lin-
ear with applied voltages as the expression of Eq. (1). Compar-
ing Eq. (9) with Eq. (2), we define A; as 8¢c (VGs, VDs)/aVGs
meaning the effective applied gate biases n*, and —1/Bn
as d¢. (Vis, Vps)/A10Vps representing the voltage ampli-
fication factor 1/u*. In the first-order approximation, 7%
and p* are calculated as n* = 1 — 2 /1o/ (o + 1) and
1/p* = o/ (mo + 1 —2/lo), respectively, where o =
exp (wLc/2We) is decided by the channel length and width.
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Fig. 4. Normalized potential barrier height versus normalized drain
voltage for the different devices.
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Table 1 reports the values of Ay, By, m, n and [ of SGSIT,
BGSIT and OSIT, and their n* and w* in the first-order ap-
proximation. The simulated results show few differences with
the calculated results (A; &~ n* and —Bin =~ u*).

3.4. Verifications of exponential relationship of potential
barrier height

Based on the exponential dependence of ¢, on the bias volt-
ages in Eq. (9), the detailed description of the /—V character-
istics for SIT/OSIT is concluded as:

Ip = Is = Igexp (—%) = Ipexp {—kiT[n*VGs
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Vbs
Vabi ¢ » 10
XeXP(M*VGS)-F Sb:|% (10)

where Ig = gWcNsu Dn/ L is the saturated current, and n*
and p* both have the same definitions as the above-mentioned.
For OSIT, the drain current is approximately two the carrier
density, n, and field effective mobility u can be estimated as
n=8x10"cm3and u = 6 x 1077 cm?/(V-s), respec-
tivelyl”]. Figure 6 show the /—V characteristics of SGSIT,
BGSIT and OSIT, which are calculated by Eq. (10), Eq. (1) and

compared with the experimental data, respectively. The results
calculated by Eq. (10) have a much better agreement with the
experimental data than the calculated by Eq. (1). The error be-
tween the experimental and theoretical data using Eq. (10) is
around 2.5%, smaller than 5.0% using Eq. (1). It indicates that
Equation (10) is more accurate in describing the operational
mechanism of SIT/OSIT in the low-current regime.

4. Conclusion

Exponential dependence of the potential barrier height ¢,
on the biased voltages of SIT/OSIT has been presented as
¢ = n*Vgs exp(—Vps/u*Vgs) + Vsp which provides a de-
tailed description of the exponential relationship between the
potential barrier height and applied biases in the low-current
regime. The exponential relationship can be used to derive the
detailed /—V characteristics of SIT/OSIT. Based on the veri-
fication of the numerical calculation and experimental results,
the description of the /—V characteristics using the exponen-
tial relationship between ¢, and applied biases is more accu-
rate, and can contribute effectively to reduce the error between
the theoretical and experimental data (around 2.5%). The dis-
cussions above are universal and applicable to the SIT/OSIT
operated in unipolar mode in the low-current regime.
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