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Threshold Voltage Sensitivity of 0.1 xm Channel Length
Fully-Depleted SOI NMOSFET’s with Back-Gate Bias

Effendi Leobandung and Stephen Y. Chou

Abstract— We found threshold voltage sensitivity to silicon thickness
variation in 0.1 2m channel length fully-depleted SOI NMOSFET’s can
be reduced with lightly-doped channel and back-gate bias. However, after
the back-interface is accumulated, the reduction is small and threshold
voltage roll-off due to high drain bias increases.

I. INTRODUCTION

For 0.1 pm channel length MOSFET’s, high channel doping
(>5 x 10" ecm™®) is required to suppress short channel effects.
This requirement creates special problems for fully-depleted SOI
MOSFET’s because the threshold voltage is very sensitive to silicon
thickness variation. The threshold voltage variation can be eliminated
by using a thick silicon layer thereby creating partially-depleted
devices [1]. However, these devices suffer from floating body effects
which translate into kink effects in the output characteristics. One
way to eliminate the threshold voltage variation and maintain a fully-
depleted channel is to eliminate high channel doping altogether and
use back-gate bias to suppress short channel effects. Back-gate bias
has been known to suppress short channel effects [2] regardless of
the channel doping; therefore, a combination of lightly-doped channel
doping and back-gate biasing can be used to produce 0.1 gm channel
length fully-depleted SOI MOSFET’s with minimal short channel
effects and threshold voltage variation.
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Fig. 1. PISCES simulation of threshold voltage sensitivity to silicon thick-
ness variation. Device A: N4 = 3 x 10!® cm™3 and to; = 9.5 nm. Device
B: Ns =5 x 1016 cm™3 and to; = 9.5 nm. Device C: Ny = 3 x 1015
ecm~3 and to; = 5 nm.

Even though numerous papers have been published regarding back-
gate bias in SOI MOSFET’s, none have discussed the study of
back-gate bias effect on threshold voltage variation. In this paper, we
report the first of such study on 0.1 x#m channel length fully-depleted
SOI NMOSFET’s with very lightly-doped channel (3 x 105 cm™3).

II. FABRICATION

The devices were fabricated on IBIS SIMOX wafer with 220 nm
top silicon layer and 375 nm buried oxide. The wafer was thinned to
50 nm using wet oxidation and wet oxide etching. The channel was
doped with 3 x 10'®* cm™2 boron. LOCOS isolation was done with
no field implant because all the silicon layer was consumed. The 9.6
nm gate oxide was grown in dry oxygen at 900°C. N-polysilicon gate
electrodes were defined using electron beam lithography and reactive
ion etching. The source and drain were implanted with 1 x 10*® cm™2
arsenic at 25 keV followed by a 20 minutes 850°C anneal in nitrogen.
Pure Aluminum was used for metallization. All devices have channel
width of 10 pm.

III. ANALYSIS

PISCES simulation was used to determine the sensitivity of thresh-
old voltage to silicon thickness for NMOSFET’s with lightly-doped
channel and back-gate bias. Fig. 1 shows the result with back-gate
bias of —15 V. As can be seen, the threshold voltage sensitivity is
around —6 mV/nm to —7 mV/nm for channel doping of 3 x 10'®
cm™>, The sensitivity is reduced slightly to around —6 mV/nm with
higher channel doping of 5x 10'® cm~3. However, if the gate oxide is
reduced to 5 nm, which is more common for 0.1 zm MOSFET’s, the
sensitivity can be reduced more to around —~4 mV/nm. These numbers
are betters than what is reported in [3] with constant dose approach.
Fig. 2 shows the threshold voltage sensitivity as a function of back-
gate bias. The threshold voltage sensitivity improves dramatically to
—6 mV/nm at —15 V because the short channel effects are suppressed
by the negative back-gate bias. After —15 V back-gate bias, the
improvement is small because the back-interface is accumulated.
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Fig. 2. PISCES simulation of threshold voltage sensitivity to silicon thick-
ness variation as function of back-gate bias.

The experiment shows that biasing the back-gate beyond —15 V
actually degrades the threshold voltage roll-off at high bias because
the back-interface is accumulated. Fig. 3(a) shows the experimental
threshold voltage roll-off due to SCE and drain bias as function of
back-gate bias for 0.1 pm channel length devices. The threshold
voltage roll-off due to drain bias is defined as threshold voltage
difference at 1.5 V and 0.05 V drain biases. Threshold voltage roll-
off due to SCE is defined as threshold voltage difference between 1
pm channel length device and 0.1 um channel length device at 1.5
V drain bias. The threshold voltage roll-off due to SCE decreases
with more negative back-gate bias. This is expected because of the
reduction in short channel effects. However, the threshold voltage
roll-off due to drain bias decreases with back-gate bias up to —15
V back-gate bias and then unexpectedly increases again. This can be
explained by Fig. 3(b).

Fig. 3(b) shows the experimental threshold voltage of the 0.1 um
channel length SOI NMOSFET’s as function of back-gate bias with
two kind of drain biases. For low drain bias (50 mV), the threshold
voltage increases with back-gate bias up to —32.5 V which means
the back-interface accumulates at —32.5 V back-gate bias. However,
at high drain bias (1.5 V), back-interface accumulates at significantly
less back-gate bias (—15 V). This is what causes larger separation of
low and high drain bias threshold voltage beyond —15 V back-gate
bias as seen in Fig. 3(b).

The reason for the early accumulation at high drain bias is as
follows. For very low channel doping and a thin silicon layer, the
influence of front-gate bias on the back-interface is very strong.
That is why large negative back-gate bias (—32.5 V) is needed in
order to accumulate the back-interface at low drain bias. At high
drain bias, impact ionization creates holes which will recombine
at the source due to the fully-depleted layer. This recombination
has been known to create a larger separation between hole and
electron quasi Fermi-levels at the source-channel junction near the
back-interface without lowering the source-channel junction potential
barrier [4]. In other words, the source-channel junction is effectively
forward biased without lowering the potential barrier. This is only
possible because the holes effectively increase the channel doping
near the back-interface. The extra channel doping shields the back-
interface from the front-gate bias making it easier for back-gate bias
to accumulate the back-interface. This is very pronounced in our case,
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Fig. 3. (a) Measured threshold voltage roll-off due to drain bias and SCE

as function of back-gate bias. (b) Measured threshold voltage as function of
back-gate bias for 0.1 pm channel length NMOSFET’s. AVt is the threshold
voltage roll-off due to drain bias.

as seen in Fig. 3(b), because the original channel doping is very low.
We call these phenomena impact ionization induced back-interface
accumulation.

IV. CONCLUSION

We have demonstrated that negative back-gate bias is able to
reduce threshold voltage sensitivity of fully depleted devices to —4
mV/nm. However, the back-gate should not be biased beyond the
back-interface accumulation point because this would cause larger
threshold voltage roll-off at high drain bias.
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Zero-Temperature-Coefficient Biasing Point
of Partially Depleted SOI MOSFET’s

Ashraf A. Osman, Mohamed A. Osman,
Numan S. Dogan, and Mohamed A. Imam

Abstract— Experimental and analytical results of the front gate bias
(Vgs) and the drain current (Ips) with the drain voltage (Vps) of par-
tially depleted (PD) SOI MOSFET at the Zero-Temperature-Coefficient
(ZTC) point over a very wide temperature ranges (25-300°C) are pre-
sented. Two distinct ZTC points are identified, one in the linear region
and the other is in the saturation region. Additionally, the analysis takes
into consideration the body effects, and mobility degradation with applied
front gate bias. The analysis results are in excellent agreement with the
experimental results.

I. INTRODUCTION

Recently, there has been a growing interest in designing circuits
that operate reliably at high temperatures. It is desirable to drive
circuits designed for high temperature applications at a point where
the drain current shows zero or very small variation with temperature.
This criterion ensures that circuit parameters such as the offset voltage
drift are less sensitive to the device matching tolerance. The Zero
Temperature-coefficient (ZTC) point has been identified for bulk
CMOS by Shoucair [1] and Prijic and coworkers [2] in both the
linear and the saturation regions for temperatures between 27 and
200°C. Although, the SOI MOSFET technology is one of the most
promising candidates for high temperature applications due to its
attractive features of low leakage currents, reduced short channel
effects, steeper subthreshold slopes, and suppression of the latch-up
phenomenon [3], [4], very little work has been done to investigate the
ZTC point for this technology. Groeseneken and coworkers {3] and
Jeon and coworkers [4] demonstrated the existence of the ZTC point
experimentally for thin and thick-film SOI MOSFET"s, respectively.
However, no analytical formulation to identify this point has been
developed.

Until recently interest in SOI for scaled IC applications was focused
on the fully depleted (FD) technology because of the previously
mentioned reasons. However, recent work by Fossum and coworkers
[5] exploited the merits of the PD SOI technology of the good control
of the threshold voltage which is very useful in deep-submicrometer
SOI CMOS design, and reduced self heating due to the increase
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of heat evacuation area compared to the FD [6]. The PD SOI
suffers from kink effect which is problematic in analog circuit design.
However, one way to eliminate this effect is to use source to body
contacts which will keep the body to source junction reversed biased
as discussed by Ver Ploeg and coworkers [7]. In this paper, we present
an analytical and experimental investigation of the ZTC bias point
(Vas(ZTC)) of the (PD) SOI MOSFET in linear region and saturation
regions. The analysis takes into account the temperature dependence
model parameters such as threshold voltage, mobility, and the body
effects. The analytical predictions are in very close agreement with
experimental results in both operating regions.

II. ZTC POINT ANALYSIS

The drain current for PD SOI MOSFET has been reported by Lim
and Fossum {8] as

Ins(T) = % 1y (T)Cor

[(VGS - Vin(T))VbDs — Sﬁ;@‘/ﬁ)s] (¢))
w (Vas — Vin(T))*

Ips(T) = LMQ(T)CM—(I—;W 2)

for the linear and saturation regions, respectively, without the explicit
temperature dependence indicated in parenthesis. In (1) and (2),
T, W, L, Coz, and o are the temperature, channel width, length,
the front gate oxide capacitance, and the body effect parameter,
respectively. Vas and V;p are the gate and threshold voltage while
s represent the carrier mobility which is modeled by [9]:
#o(T)

mell) =1 +0(T)[Vas — Vin(T)]'

The parameter §(T) accounts for the degradation of the mobility
with the applied transverse electric field. The parameter p,(T) is the
low field-mobility which has temperature dependence of the form
uo(300)(:m°)k1 The constant k; ideally is 1.5; however, several
different values between (1.5< k; <2.42) have been reported [2]. In
this work a value of 1.52 is found to provide the best fit.

The Zero-Temperature-Coefficient (ZTC) bias point is defined as
the bias at Wthh the drain current exhibits zero variation with
temperature (A—QS—— = 0). Using (1) and (2), and the ZTC point
defintion, the gate bias at the ZTC point can be described by

—-B+ VB2 +4AC
Vas = Vin + V- T2 @

where A, B, and C are determined according to whether the ZTC
point in the linear or saturation region. The approach used in the
above equations is similar to that discussed by Shoucair [1] and Prijic
[2] for bulk CMOS. In the linear region, the variables A, B, and C
in (4) are found as

3
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