27 1
2006 1

CHINESEJOURNAL OF SEMICONDUCTORS

Vol.27 No.1
Jan. ,2006

Simulation of a Double- Gate Dynamic Threshold Voltage
Fully Depleted Silicon-on-Insulator nMOSFET
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Abgract : A novel planar DGDT FDSOI nMOSFET is presented ,and the operation mechanism is discussed. The de-
vice fabrication processes and characteristics are smulated with Tsuprem 4 and Medici. The back-gate rrwell is
formed by implantation of phosphorus at a dosage of 3 x 102cm™ 2and an energy of 250keV and connected directly to
afront-gate n* polyslicon. This method is completely compatible with the conventional bulk silicon process. Smula
tion results show that aDG T FDSOI nMOSFET not only retains the advantages of a conventional FDSOI nMOS
FET over a partialy depleted (PD) SOl nMOSFET ——that is the avoidance of anomalous subthreshold dope and
kink effects but also shows a better drivability than a conventional FDSOlI nMOSFET.
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1 Introduction

With the reduction of feature size ,supply volt-
age is scaled down to consume less power according
to the equation P= G Vi f« ,where Pis the power
consumed by a sngle gate,C isthe total switching
capacitance of the gate,Vaw is the power supply
voltage ,and faqisthe average cooperating f requency
of the gate!™ . At the same time ,the threshold volt-
age should be scaled down in order not to degrade
the speed of the circuit significantly. However ,the
reduction of the threshold voltage gives rise to an-
other problem: an increase in off-state current ,re-
sulting in an increase in the consumption of stand-
by power in a static circuit and an increase in the
poss hility of failurein dynamic circuits and memo-
ry arrays’®®.

Until now ,many novel device structures have
been reported to improve device performance and
without increasng leakage current as happens in
DTMOS and DGSOI" ®. The DTMOS gate and
body are connected to change the threshold voltage
dynamically ,which requires an ultra low supply
voltage (below 0 6V) to avoid leakage at the
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source/ body junction. It is hard to expand the ad-
vantages of DTMOS beyond 1V. D GSOI performs
perfectly ,but the process fabrication is very conr
plicated. In this paper,a DGDT FDSOI nMOS
FET ,which combines the advantages of DTMOS
and DGSOI without the limitation of the supply
voltage ,is presented.

ForaDGDT FDSOI nMOSFET ,the back-gate
nwell isformed by the implantation of phosphorus
at a dosage of 3 x 10° cm™? and an energy of
250keV . It is then connected directly to the front-
gate n* polyslicon. BOX layer damage by ion im-
plantation is not consdered a problem in this
work!®*® . When the gate voltage rises,the back-
gate —working as the control gate —aises the body
potential so that the threshold voltage is reduced
and the drive current isincreased. While Vg is 0V
asin conventional FDSOlI nMOSFETSs,the leakage
current is small (Thereis no back-gate n-well con-
nected to the front-gate polyslicon, and the sub-
strate is grounded.) . But the back channel should
be disabled the whole time to avoid back channel
leakage current. This is the main difference be-
tween DG T FDSOI nMOSFETs and other con-
ventional double gate devices. A p substrateisfixed
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at the most negative potential ,s0 the leakage cur-
rent between the back-gate n-well and the p sub-
strateis negligible.

2 Device structure and fabrication de-
scription

Figure 1 shows the layout of the active island
and the overall nMOSFET. The active idand was
composed of Part 1 and Part 2. Part 1 and the BOX
layer below it were partially etched off for the con-
nection between the front-gate polyslicon and the

o4
H

Fig.1 (a) Layout of the active idand composed of
Part 1 and Part 2 Part 1 and the BOX layer below it
will be partially etched off for the connection between
the front-gate polyslicon and back-gate nrwell; (b)
Layout of the nMOSFET

back-gate n-well. The device had a buried oxide and
an initial dlicon film with thicknesses of 150 and
100nm ,regpectively. The active isand was formed
by STl isolation deep into the substrate. The depth
of the trench was 650nm. The function of the STI
was to isolate the active idand and the back-gate n-
well. Phosphorus was implanted with an energy of
250keV and a dosage of 3 x 10° cm™? s that it
could passinto the substrate to form the back-gate
nrwell. The average doping concentration just un-
der the BOX layer was about 1 3 x 10 cm°. Be-
fore the formation of the gate oxide B* and BF; i-
ons were implanted into the channel with energies
of 40 and 50keV and dosages of 10" and 10"cm ? ,
respectively ,to adjust the threshold voltage of the
front channel and avoid a leakage current in the
back channel. Part 1 of the activeisand was etched
off by RIE before the gate oxide formation. After
19nm gate oxide was grown ,the BOX layer under
Partl was partially etched, followed by 410nm pol-
yslicon depositions forming hard local front-gate
and back-gate connections,as shown in Fig.2(a).

By this way , the front-gate and back-gate stay at
the same potential whichisthe bassof DGD T FD-
SOI. The polyslicon was patterned and etched to
form the O 8 m gate. Then phosphorus implanta

Fig.2 (a) Cross section alongline A showing the con-
tact between the front-gate and back-gate n-well ; (b)
Schematic cross section of the device along line B

tion with an energy of 20keV and a dosage of 5 X
10* cm™* was performed to form an LDD/LDS
structure. After a 400nm oxide spacer formation,
n* doping was performed by the implantation of
phosphorus (1 x 10®cm™? ,70keV) and arsenic (3
x10"cm™ % ,50keV) . In order to activate the impu-
ritiesimplanted in the dlicon film ,a rapid thermal
process(RTP) was performed for 5s at 1000
Germanium with an energy of 30keV and a dosage
of 3 x 10" cm’™? was implanted in order to form a
shallow salicide. A 25nm titanium film was depos-
ted followed by two stepsof annealing to form sali-
cidation. The final dlicon film thickness is about
75nm. The combination of dlicon film thickness,
doping concentration ,and gate type resulted in a
DGDT FDSOI nMOS device. Figure 2 (b) shows
the schematic cross section of the device. The im-
purity concentration along the channel region after
process s mulation with Tsuprem 4isgivenin Fig.
3,and the phosphorus concentration distribution
under the BOX layer is shownin Fig. 4.
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Fig.3 Impurity concentrations along the channel re-
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Fig.4 Phosphorus concentration distribution beneath
the BOX layer ater process s mulation

3 Mechanisnd DT FADOI nMOSFET

3.1 Theory of operation

We use a four-terminal (source,drain,front-
gate ,and back-gate) thin film FDSOI nMOSFET
as shownin Fig.5 to explain the operation mecha
nism of our proposed structure.InaDGDT FDSOI
NMOSFET’ s case ,the back-gate is connected with
front-gate ,while in a conventional FDSOlI nMOS
FET s case,the substrate is grounded. Impurity
distributions in the top slicon films of a DGDT
FDSOI and conventional FDSOI nMOSFET are the
same.

Fg.5 Cross section of thefour-terminal thinfilm FD-
SOl nMOSFET

The threshold voltage of a FDSOI nMOSFET
has a strong relationship with its back-gate ,which
iscalled the' back-gate effect”. When back channel
isin the” depletion state” ,which is the case for
DGDT FDSOI nMOSFET ,the threshold voltage of
the front channel can be expressed as ™

€9

— GGe

Cox1 (G + Coxe) Ve - Vo)
(1

where Coxx and Cox. are the capacitances of the
front-gate and back-gate oxides,respectively ,Cs =

Vit dpz = Vinl a2 -

t
threshold voltage of the front channel when the
back channel is in the“ accumulation state” ,and
Ve iS the back-gate bias voltage that puts the
back channel in the* accumulation state” when the
front channel isturned on.

For a thin film FDSOI nMOSFET ,the back-
gate effect factor” y” can be expressed as a back-
gate-voltage derivative of the front channel thresh-
old voltage. When the back channel isin the” in-
verson state” or* accumulation state” by back-gate
bias,an inverson charge or accumulation charge
can mask the effect of the back-gate electronic
field ,s0 the back-gate effect factor can be assumed
to be zero. When the back channel isin the* deple-

tion state” ™!

. where€ s is the permittivity of S ,Vim a2 iS the

y = dVim dep _ Cs Coxe
dVv Cox1 (Cs + Coxz)
€3 Cox

i Cox1t €5 + ts Cox2) (2)

tox .
. The minus
tox2

sgn of the back-gate effect factor shows that the
threshold voltage drops when Viongesue =
V back-gate source 11 S€S. Figure 6 illustrates this behavior
for a FDSOI nMOSFET ,where a separate terminal
is used to control the back-gate voltage.

In most casesy isapproximately -
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Fg.6 Threshold voltage of FDSOlI nMOSFET as a

function of the back-gatesource forward hbias
VT (Vback-gmesnuroe = OV) =0 92V ,bUt VT (Vbackgalesouroe =
3V) =0 56V Vrth represents the point where the gate
biasof the DGD T FDSOI nMOSFET and the threshold
voltage become identical .
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The threshold voltage is a function of the
back-gate-source forward bias and drops when the
back-gate bias rises. When Viwont-gate surce = V back-gate source
=Vru ,the front channel isturned onfor aDGDT
FDSOI nMOSFET. We should note that Vv =
0 844V isless than V1 (Ve geoue =0V) =0. 92V
and that V+ drops further from 0 844 to 0. 56V
when Viontgate source = V back-gate source 11 5€S further beyond
threshold voltage to 3V. According to the theory of
operation above , AV is approximately YAV =

Toxa

s ZAVgs: - 0. 38V. The smulation shows that
X:

AVt =Vt (Voakgeoue = 3V) - V1 (V bk gate ource =
0V) = - 0 36V. S0 the theory fits the numerical
smulation well .

This lower threshold voltage does not come at
the expense of a higher off-state leakage current ,
for DGDT and conventional FDSOI nMOSFETSs
have the same V r when Viron-gae surce = V back gate source =
OV. Infact ,they are aimost the samein all respects
and consequently have the same leakage current ,
but a DG T FDSOlI NMOSFET has more driv-
ability.
toxa
toxe
need to make the BOX layer thinner and the influ-
ence of the back-gate more obvious: in other
words,the threshold voltage can drop faster and
farther.But there is another factor we should con-
sder. That isthe avoidance of back channel |eakage
or turnron. When the BOX layer is thinner,the
voltage needed to turn on the back channel is smal-
ler ,and the back channel leakage is more obvious.
Thisis unwanted. If the BOX layer istoo thick ,the
influence of the back-gate is negligible, and the
performance of the DGDT FDSOI nMOSFET will
amost be the same as a conventiona FDSOI
NMOSFET. We need the turnon voltage of the
back channel to be much higher than the supply
voltage ,and at the same time the BOX layer must
be as thin as posshble to enhance the back-gate
effect. Usually ,we set the thickness of the back-
gate oxide or BOX layer at about 8 10 times the
thickness of the front-gate oxide. In this work ,the
ratio of the BOX layer thickness to the front-gate
oxide thickness is 150nm/ 19nm. For a sub-100nm
gate length nMOSFET as shown in Ref. [12] ,the
BOX can be thinner than 20nm.

Thaty isapproximately - means that we

3.2 Simulation results

We used Medici™ as a device smulator to
smulate the DC characteristics of the DGDT FD-
SOl nMOSFET. The parameters of this device are
based on process smulation above with Tsuprem
4™ with 0. ¢t m channel length,75nm ts , 19nm
tox1 ,and 150nm toxz .

In Fig. 7 ,the smulated output characteristics
of DGDT FDSOI nMOSFET are compared with
those of the conventional FDSOlI nMOSFET with
the substrate grounded. The gateis biased at 1,2,
and 3V , respectively. The kink effect is not ob-

served.
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Fig. 7 Smulated output characteristics of the DG
DT and conventional FDSOl NMOSFET

The threshold voltage of the DGDT FDSOI
NMOSFET drops when the gate voltage rises, 0
the difference of drive current between the DGDT
FDSOI nMOSFET and the conventiona FDSOI
NMOSFET is greater. But the ratio of Ion (DGDT
FDSOI nMOSFET) and lon (conventional FDSOI
NMOSFET) degrades. The ratio is 2 when Vg =
1V ,1 3 when Vg =2V ,and 1 23 when Vg =3V,
respectively.

Smulated ldsVgs characteristicsof DGD T and
conventional FDSOI nMOSFETs are shownin Fig.
8. No anomalous subthreshold dope is found for
both the DGT and the conventiona FDSOI
NMOSFET. The gate’ s controllability of the drain
current of the DGDT FDSOI nMOSFET is better
than that of the conventional FDSOI nMOSFET ;in
other words, the transconductance of the DGDT
FDSOI nMOSFET is greater, as shown in Fig.9.
The DGDT FDSOI nMOSFET shows better sub-
threshold dope characteristics, the same leakage
current the conventional FDSOlI nMOSFET , and
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greater transconductance.
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Fig.9 Smulated transconductance characteristics of

the DA@T and conventional FDSOI nMOSFETs with
the drain biased at 1. 5V

4 Conclusion

A double-gate dynamic threshold voltage
(DGEDT) SOl nMOSFET inherits advantages from
the conventional FDSOI nMOSFET ,including the
avoidance of anomalous subthreshold slope and
kink efectsin partialy depleted (PD) SOl nMOS
FETs. In addition,the DGDT FDSOlI nMOSFET
changes threshold voltage dynamically to enhance
drivability.But the improvement does not come at
the expense of greater  off-state  cur-
rent. When the gate is biased at OV , the off-state

current of the DG T FDSOI nMOSFET is the
same as the conventional FDSOI nMOSFET. In ad-
dition,the DGDT FDSOI nMOSFET shows better
subthreshold slope and transconductance character-
istics than the conventional FDSOI nMOSFET.
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