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ABSTRACT The origin of a greater decrease in kink drain voltage Vi, in floating body PD-SOI MOSFETs
with gate lengths shorter than 0.35 um is newly revealed. The Vi, formula as a function of the internal
body voltage and Ipg is derived by combining the modified impact ionization multiplication factor with
the body-source junction I-V equation. The parameters in this formula are extracted from the measured
data of Ip vs. Vps and —Ip/Ips vs. Vps in the body contacted devices. By calculating the formula using
the extracted parameters, it is newly found that a decrease of the drain-source saturation voltage at a
shorter channel is a primary cause for the short-channel effect on Vi, reduction.

INDEX TERMS Kink effect, SOI MOSFET, short-channel,

parasitic BJT.

floating body, gate length dependence,

I. INTRODUCTION

As the gate length L, is scaled down, high resistivity (HR)
partially depleted (PD) silicon-on-insulator (SOI) MOSFETs
have been steadily investigated as a promising solution to
overcome problems such as latch-up, soft errors, high off-
state current, high power consumption, and threshold voltage
roll-off that appear in existing bulk MOSFETSs. Since much
lower cross-coupling, cross-talk noise, and leakage current
compared to bulk MOSFETsS can be attained using a HR-SOI
substrate [1], [2], [3], many studies on HR PD-SOI devices
have been carried out in applications such as low-power
system-on-chip.

However, when the high drain-source voltage Vpg is
applied in the floating body (FB) PD-SOI MOSFET in
Fig. 1(a), the impact ionization hole current /;,, generated
in the pinch-off region flows to the body, causing the internal
body voltage Vp; rise according to the equation for the I-V
characteristics of the body-source junction of the parasitic
BJT. As Vp; increases, the threshold voltage V7y decreases,
leading to an increase in the channel current 7, that is so
called “kink effect” [4], [5]

The previous study on the kink effect in the FB devices
shows that the kink drain voltage Vi, (at which the Ipg
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FIGURE 1. The cross-section of (a) FB PD-SOI n-MOSFET and (b) BCT
PD-SOI n-MOSFET.

starts to ramp) decreases as Lo is shorten and Vi goes
down to 0.55V as L is scaled down to 80nm [6]. Since a
lower operating voltage is required according to the scaling-
down of L,, the Vi reduction may be main problem in
designing low-power ICs. Thus, the origin of this short-
channel kink effect should be identified before developing a
physical FB device model.

To analyze the L, dependence on Vi, an accurate impact
ionization model is required, but the existing electric field
driven impact ionization model [7], [8] cannot explain Vijni
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less than E;/g = 1.12 V. For explaining this sub-bandgap
Viink, the low-voltage thermally-assisted impact ionization
multiplication factor M based on a simple activation energy
model of E, = E, — qVps has been reported [6], [9], but
still does not contain any L, related parameters. Thus, the
low-voltage M equation needs to be modified for modeling
the decrease of Vi as Ly becomes shorter.

The impact ionization caused by the strong electric field
in the pinch-off region is not related to the channel lateral
electric field increased as Ly decreases. Since the avalanche
breakdown voltage Vj,, where I, becomes infinity, is
directly affected by the common-emitter (source) current gain
B of the parasitic BJT [7], it is commonly assumed that the
decrease of Vini as L is scaled down is mainly caused by
the rise in B due to the reduction in L,. However, 8 is not a
direct parameter to determine Vi, because the kink current
is dominated by a channel current I.; that is much higher
than the collector current (/¢ = Bliyp) of the parasitic BJT
at Viink < Vi [8]. According to a basic kink effect mecha-
nism, Vi is determined by Ipg, M and the forward-biased
body-source junction characteristics. However, a detail study
to find the main cause of the reduction of Vi;,; has not been
reported yet.

In this paper, we propose a modified L, dependent M
model and reveal the origin of the short-channel phenomenon
that Vi in FB PD-SOI n-MOSFETs decreases more sharply
when L is less than 0.35 um. To do this, we analyze in detail
the short-channel effect based on the actual measurement
data of the parasitic BJT in the body contact (BCT) PD-SOI
MOSFETs in Fig. 1(b).

Il. ANALYSIS OF THE KINK EFFECT

A. THEORETICAL ANALYSIS

As a high Vpg is applied in Fig. 1(a), Iy is generated
by impact ionization and I, flowing into the body-source
junction of the parasitic BJT is expressed as:

Vi
Limp= Ibo[exp(%) - 1] (1)

where Ip, is the reverse saturation base current and 7 is the
ideality factor of the body-source junction.

If body is floating, an increase of I;,, causes a rise of
Vi according to (1), thus leading to a decrease in Vry and
a subsequent increase in [,. The drain-source current Ipg
that is the sum of I, and /¢ is multiplied by M in the drain
pinch-off region. In this multiplication process, I;y, flowing
into the body is defined by [5], [8]:

limp = en +Ic)(M — 1) = Ips(M — 1) 2

In order to explain the Vi values below Egz/g shown in
Fig. 2, a low-voltage thermally-assisted M can be used as
follows [6], [9]:

T 3)

where M is the value of M — 1 at Vpg = E,/q.

E, —qV,
M—-1 :M{) exp[_g—ql)s}
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FIGURE 2. Measured Ipg — Vpg characteristics of FB PD-SOI n-MOSFET for

various Lg. The arrows indicate the Vy;,, values extracted for each Lg
devices.
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FIGURE 3. Measured Vi, vs. Lg of FB PD-SOI n-MOSFETs.

Combining (1)-(3) in the forward-biased junction at
Vps = Viink, the following relationship is derived:
Viink = Vi + k—Tln<—Ibo ) + Es “)
n q IpsMy q
Since Vi occurs at the same Vp; needed for the ini-
tial reduction of Vry regardless of L,, the current ratio
Ipo/(IpsMp) in (4) mostly determines the L, dependence
of Viink. Thus, Vp;, Mo, Iy, and Ipg at Vi for different L,
will be obtained by measuring I;y, vs. Vps and Iy /Ips vs.
Vps in the next section.

B. MEASUREMENTS

The I-V curve of FB PD-SOI n-MOSFETs with W, = 10 um
in Fig. 2 was measured while changing L, from 0.13 to
1.2 wm. In Fig. 3, measured data for Vi, are plotted against
Lg. The values of Vi, decrease with a steeper slope as Lg
is shorter below 0.35 um.

It is impossible to extract the parameter of (4) directly
using the FB device without a body terminal. In this work,
T-shape body contact (BCT) PD-SOI MOSFETs [8] with
the same size as the FB device are used as test devices to
measure the body-source junction I-V curve and I;,,. When
Vps = Viink, the assumption is that Ipg in the FB device
is similar to that in the BCT one because Vi, is an initial
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FIGURE 4. Measured data of Ig vs. Vgg at Vpg = Vy,y for BCT PD-SOI
n-MOSFETs with various Lg. Fitted line plots for (1) are inserted inside.

voltage where Ips begins to increase. Since M — 1 remains
unchanged between FB and BCT devices at Vi, the body
current measured in the grounded BCT device appears to be
identical to that in the FB one. Thus, the measurement data
of the BCT device can be used to extract the parameters
of (4) in the FB device.

To obtain the junction IV characteristics of the parasitic
BIT in the FB device, we need to apply the external Vpg in
the BCT device and measure Ip in Fig. 1(b). Since Vp; >
IBRpoay, the external Vpg in the BCT device is equal to
the internal Vp; in the FB one. However, in Fig. 1(b), Ip
flows into the base of the parasitic BJT and is added to I;y,
that increases due to the rise of I, in (2) at Vi in the
BCT device. Thus, to accurately obtain the actual junction
I-V characteristics of the parasitic BJT, Ip is measured at
Vs < Vru where Iy, of the BCT device in (2) is negligible
in comparison to Ig because I, doesn’t flow.

Fig. 4 shows that the measured Ig vs. Vgg for Ly = 0.13 ~
1.2um when Vps = Viink. In the Vpg range above 1V, it
shows the slopes of log(lp) gradually decreases due to a
high body resistance in the BCT devices. However, the leak-
age component caused by interface charges in the depletion
region of the source junction just under gate oxide exists in
the range of Ip below 1pA. This leakage current disappears
in the kink effect range when Vgs > Vg because of the
channel formation under the gate oxide. Thus, log(lp,) is
determined from the y-intercept of the linear fitting lines of
log(Ip) vs. Vps for (1) above 0.5V without the leakage in
Fig. 4. When L, is shorter, I, decreases because the recom-
bination of the neutral body region decreases in the parasitic
BJT.

In Fig. 5, Ig(~ —I;yp) is measured while increasing Vpg
in the BCT devices with L, = 0.13 ~ 1.2um. Also, the loga-
rithmic equation of (2) combined with (3) is linearly fitted to
log(—Ig) data vs. Vpg for various L,. The y-intercepts of the
fitted log(—Ip) lines are shown to increase with the decrease
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FIGURE 5. Measured data and fitted lines of (2) for —Ig vs. Vpg at
grounded Vgg for BCT PD-SOI n-MOSFETs with various Lg. The measured
current of —Ig flows out to the body terminal.
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FIGURE 6. Measured data and fitted lines of (3) for M — 1 vs. V¢ at
grounded Vgg for BCT PD-SOI n-MOSFETs with various Lg.

of Ls. The M — 1 defined as —Ip/Ips in (2) is measured
with varying Vpgs in Fig. 6, but it was still observed that the
y-intercepts increase with decreasing L. This indicates that
other L, dependent parameters should be introduced in (3).

I1Il. IMPACT IONIZATION MODELING

In order to model the increase of M — 1 with decreasing L,
in Fig. 6, the following procedure is performed in this sec-
tion: First, a modified low-voltage thermally-assisted impact
ionization multiplication factor model is proposed to explain
the L, dependence of M — 1. Second, the impact ionization
model parameters are directly extracted. Third, their influ-
ences of the extracted parameters on the measured M — 1
are compared to identify the main cause responsible for the
L, dependence of M — 1.

A. MODIFIED IMPACT IONIZATION MULTIPLICATION
FACTOR MODEL

The reverse current in the drain-body junction is dom-
inated by the generation current density [10] given by
qniW/t, where n; is the intrinsic concentration, W is the
depletion width, and 7, is the generation lifetime. Since
n; ~ exp [—%], E, that is a minimum energy required to
generate impact ionization carriers in the depletion region is
reduced to (Eg — qVps)/2 that is half of that proposed in
a previous study [9]. This low E, makes impact ionization
possible at low energies below E,/2.
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Thus, M — 1 of (3) should be modified by
M, exp[—%]. This 2kT factor is directly verified
by finding that the slopes of straight lines of log(M — 1)
vs. Vps in Fig. 6 are about half of the ideal slope of
S; = q/[kTIn(10)] = 16.7 S in (3). Thus, by dividing S;
into the impact ideality factor m, it is possible to accurately
model the measurement slope of log(M — 1).

Since the drain depletion region exists between the pinch-
off point and the N+ drain region, the drain-source saturation
voltage Vpsar should be subtracted from Vpg to obtain an
accurate voltage drop across both ends of the drain depletion
region. The inaccuracy resulting from the omission of Vpgar
increases when modeling the low Vi of short-channel
devices, where sub-band gap impact ionization occurs.

Thus, we newly propose the following improved equation:

M_1— Moexp{ [4(VDs — Vpsar) — Eg] } 5)

mkT

Taking a logarithmic function into both sides of (5) leads
to:

S7 Sy E,
logM — 1) = —Vps — — | Vpsar + — | + log(Mp) (6)
m m q

In order to explain the L, dependence that M — 1 increases
at shorter L, in Fig. 6, it is necessary to satisfy the condition
that Vpsar decreases or My increases at shorter L, in (5).
To check the validity of this condition, the L, dependency
of Vpsar and My is directly extracted in the next section.

B. EXTRACTION FOR Vpgar AND Mg

To obtain the dependence of Vpsar and My on the short
channel, Vpgar in the BCT devices is directly extracted using
the following method [11] based on a constant M — 1 locus:

First, M — 1 vs. Vpg is measured while varying Vgs,
and then intersection points (Vpsi, Vgsi) of this curve at a
constant M — 1 are obtained. Next, Ipg; values corresponding
to Vpsi and Vgg; are determined using a measured Ips — Vps
curve. This Ips; — Vps; locus obtained at a constant M — 1
is superimposed on the Ips — Vpg curve, and the x-intercept
Vpsyx is found by extrapolating the locus. Finally, the locus
(Vpsar, Ipsar) as a function of Vg is obtained by shifting
the Ips;i — Vpsi locus to pass through the origin using the
parallel translation of —Vpg,.

Fig. 7 shows the extracted Vpsar that decreases with a
higher slope as L, is shorten. These extracted values from
the constant M — 1 locus are shown to be a little bit smaller
at shorter L, than those estimated roughly from the boundary
voltage between the linear and saturation regions in Fig. 2.
Physically, as the channel length becomes shorter, Vpsar
decreases due to the carrier velocity saturation effect [12] and
the reverse short-channel effect [13] leading to the increase
of Vry caused by pocket implant. Actually, the measured
Vry values increase from 0.21V for Ly = 1.2um to 0.27V
for Ly = 0.13um.
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FIGURE 7. Extracted data of Vpgar vs. Lg of BCT PD-SOI n-MOSFETs.

TABLE 1. Extracted terms in measured Y-intercept of (6).

Extracted Extracted —(S,/ Measured
L, log(My) m)(V, +E /q) Y-intercept of

0 DSAT g log(M — 1)
0.13um -4.660 -11.225 -15.886
0.18um -4.799 -11.713 -16.513
0.24um -5.143 -11.599 -16.742
0.35um -5.050 -12.162 -17.213
0.8um -4.952 -12.950 -17.903
1.2um -5.188 -12.828 -18.017

In addition, log(Mp) can be obtained by subtracting
the extracted value of —(S;/m)(Vpsar + Eg/q) from the
measured y-intercept of (6) in Fig. 6.

C. COMPARISON OF Vpgar WITH My

Table 1 shows the influence of the extracted terms in (6)
on the y-intercept of log(M — 1) in Fig. 6, which largely
increases as Ly decreases. When Vpgar decreases by
0.25V from 1.2um to 0.13um in Fig. 7, the value of
—(8;/m)(Vpsar + Eg/q) in (6) increases by 1.603, while
log(Mp) increases by only 0.528 in Table 1. In this scal-
ing down of L,, the influence of Vpsar on the y-intercept
increment of log(M — 1) in Fig. 6 is about 3 times greater
than that of log(Mp). This clearly proves that the increase
of M — 1 in the shorter channel in Fig. 6 is mainly caused
by the decrease of Vpgar in Fig. 7.

IV. ORIGIN OF Lg DEPENDENT Vi Nk

Using (5) and (6) including the new parameters of Vpgar
and m, the Vi, relationship as a function of Vp; and Ipg
in (4) is modified by:

m m
Viink = gVBi + S_I{log(IbO) — log(Ips) — log(Mo)}

E,
+ v + Vpsar @)

Since Viinx is proportional to Vpgar in (7), Ly dependence
exhibiting a greater decrease at L, < 0.35um in Fig. 2 is
similar to that of Vpgar as shown in Fig. 7. In order to
analyze the L, dependence of Viu using (7), it is important
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to know the exact Vp; and the changes in each parameters
at Viink as Lg varies.

The parameters of I,, 1, and m are determined by the
y-intercepts and slopes of each straight lines extracted from
Figs. 4 and 6. The Ips data are also measured at Vi, for
the BCT devices. The value of Vp; at Vi, can be extracted
by substituting these values and the measured Vi, at each
Lg into (7). Viink occurs at almost the same Vp; in which
Vru begins to decrease regardless of Lg. All Vp; values
(average Vp; qvg = 0.325V) extracted for each L, have a
small deviation within 2.4%, which indirectly proves that the
parameter values extracted from Figs. 4 and 6 are correct.

In Fig. 8, the modeled Viinx (Vk moa) is calculated by
substituting the values of Ipg, Ipo, 1, m, Mo, and Vpsar
extracted at each L, into (7) with Vp; 4, and is in good
agreement with the measured Vi, in Fig. 3. In addition, in
order to identify the main cause of L, dependency of Vi,
the modeled individual terms of (7) are plotted to assess the
influences of each components as L, decreases in Fig. 8.
This Viinr modeling approach leads to physical results with
high accuracy, because most of the parameters in the Vi
equation of (7) are extracted through a direct linear fitting to
measurement data from the BCT devices using theoretical
equations of (1)—(6).

When L, decreases from 0.35um to 0.13um, the Vi
variation AVy, owing to individual terms in (7) is the
following: AViinxe = 0.008V due to the first term, AV =
—0.021V due to the second one, AVyue = —0.018V due
to the third one, AVy;x = —0.051V due to the fourth one,
and AV = —0.125V due to the reduction in Vpgar.

Therefore, in this work, it is newly revealed that the
decrease in Vpgar resulting in about 60% out of total mod-
eled AVyink in 0.13um < Ly < 0.35um is the primary cause
for a greater decrease in Vi as L, becomes shorter than
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0.35um, and the increase of M, is the next one. The third
effect due to Ipg is relatively small because of the velocity
saturation effect at shorter Lg.

V. CONCLUSION

To identify the cause of a greater decrease of Vi, in FB
PD-SOI MOSFETs with shorter L, than 0.35um, a Vi
equation as a function of Vp; and Ipg obtained by combining
the thermally-assisted M equation including Vpsar and the
body-source junction I-V equation is newly derived. Based
on this equation, we confirmed that Vi, is affected by Ipg,
Ipo, m, m, My, and Vpgar, and these L, dependent data are
extracted by finding the slopes and y-intercepts of Ip vs. Vps
and M — 1 vs. Vpg in the BCT devices. By modeling Vjnx
using these data, it is newly discovered that the short-channel
kink effect is mainly due to the reduction of Vpgar.
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