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Abstract: Modeling analysis of thin fully depleted SOICMOS technology has been done. Using ISETCAD soft-
ware,the high temperature characteristics of an SOICMOS transistor were simulated in the temperature range of

from 300 to 600K, and the whole circuit of a laser range finder was simulated with Verilog software. By wafer pro-

cessing,a circuit of a laser range finder with complete function and parameters working at high temperatures has

been developed. The simulated results agree with the test results. The test of the circuit function and parameters at

normal and high temperature shows the realization of an SOICMOS integrated circuit with low power dissipation

and high speed,which can be applied in laser range finding. By manufacturing this device, further study on high

temperature characteristics of shorter channel SOICMOS integrated circuits can be conducted.
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1 Introduction

Silicon on insulator (SOI) is a new material
structure with a buried insulating layer. CMOS cir-
cuits made on it totally avoid the latch-up effect
that is stimulated by bulk silicon at high tempera-
tures. The devices made on it do not use a large-
area insulating pn junction, and the leakage cur-
rent of the devices is low and does not change too
much with temperature, so the threshold voltage
does not change too much with temperature'"* .
However,as the range of uses of such devices has
been extended unceasingly, the working tempera-
ture has become an important factor influencing
the devices’ characteristics. By experimenting on
devices at high temperatures, we can improve the
upper limit of the operation temperature of the
circuits and meet the demand for using in high
temperature environments.

Analysis and study of SOI characteristics at
the circuit level at high temperatures have not
been reported yet. In this paper, a 1.2pm FD
SOICMOS circuit is simulated theoretically and
studied experimentally. Firstly an analysis model,
which meets the deep sub-micron requirements., is
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set up. The high temperature characteristics are
simulated with the software ISETCAD"' for a
three-dimensional device to get the output charac-
teristics of an SOI transistor at various tempera-
tures. Then the simulation results are verified and
analyzed through experiments. Finally a laser
range finding circuit with full function and pa-
rameter requirement is tested at normal and high
temperatures. Test results are given.

2 Setting and analysis of structure
model

2.1 Structure model

The inverter structure of a laser range finding
circuit is formed by FD SOI n-type and p-type
transistors. Its cross section is shown in Fig.1.

nMOSFET

PMOSFET

Fig.1  Cross section of a typical CMOS inverter.

structure in SOI technology
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2.2 Modeling analysis

In setting the model, ISETCAD three-dimen-
sional device simulation software is used. Physical
models such as flow liquid energy transform, ther-
modynamics, quantum mechanics, carrier mobili-
ty,and generation-recombination are applied,and
then a coupling algorithm solves the equations.

The self-heating effect is a very important
factor that affects the characteristics of a device
at high working temperatures. For SOICMOS de-
vices,the heating effect is intensified in the fol-
lowing way:the thermal isolation effect of buried
dioxide hinders the power dissipation transfor-
ming from the active area in silicon film. Thus the
temperature in the device’s crystal lattice increa-
ses, the carrier mobility and saturation rate de-
crease, the heating resistance decreases, and the
thermal capacity increases. As a result, the heating
effect is intensified. Model analysis is focused on
the carrier mobility of FD SOICMOS n™ and p~
areas. With the concern of high operation temper-
ature,the correct expressions and various parame-
ter data introduced are found according to FD
SOICMOS processing requirements.

The mobility includes surface and bulk mobil-
ity. The surface mobility is influenced partly by
surface phonon scattering and surface roughness,
but the bulk mobility is influenced by the two ca-
ses of high electric field and low electric field. To
obtain mobility data which approach real data,
when setting a carrier model the combined effects
are considered over the surface and bulk mobility.
In the bulk mobility we pay attention to high and
low electric fields. This combined effect is ob-

tained using Mathiessen’s rule. In this paper, we
adopt the enhancement mode of the Lombardi
model because in the channel area,n™ and p~ are-
as of MOSFETS influencing each other become
serious between interface carrier and semiconduc-
tor/insulator for the action of a high lateral elec-
tric field,and so the mobility recession caused by
surface phonon scattering and surface roughness
must be written into the model. We adopt the
Phumob model when calculating the bulk mobility
at low electric field. This model can not only de-
scribe correctly the lattice temperature influence
on carrier mobility, but also consider the influence
such as electron-hole scattering,ionization and ac-
cumulation of impurities. The drift rate of carriers
reaches a saturation rate that doesn’t increase
with electric field strength at high electric field,
and thus the expression of the mobility must be
corrected in high electric field conditions.

2.3 Geometric and physical parameters of device

We use ISETCAD three-dimensional device
simulation software to set up the model and cor-
rect the model expression,and each geometric and
physical parameter is given. An SOICMOS stand-
ard inverter structure unit with a couple of com-
plementary MOS transistors as shown in Fig. 1 is
solved using the coupled algorithm, and the geo-
metric and physical parameters are simulated,an-
alyzed, and designed optimally. Finally, optimal
geometric and physical parameters of the SOI
CMOS inverter simulation are obtained,as shown
in Table 1.

Table 1 Geometric and physical parameters of SOICMOS inverter simulation
nMOS pMOS
Channel length/pm 1.2 1.2
Channel width/pm 5 10
Channel doping concentration/cm™? Boron,3 X 107 Arsenic,3 %X 1017

Drain (source) doping concentration/cm™*

Arsenic,5 X 10"

Boron,5x 10"

Extend area doping concentration of drain (source)/cm™?

Arsenic,5 X 1018

Boron,5x 1018

Poly-silicon gate doping concentration/cm ™3

Arsenic,1 X 10"

Boron,1 X 10"

Drain (source) junction depth/pm 0.12
Gate oxidation thickness/nm 12
Buried oxidation thickness/nm 100
Silicon film thickness/nm 100
Substrate film thickness/pm 300

Sub-gate doping concentration/cm ™3

Boron,1x 10
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3 Simulation of transistor and laser
range finding circuit

3.1 Simulation of transistor

The sub-threshold output characteristics of a
1. 2pm FD SOICMOS circuit with n-type and p-
type transistors at various temperatures are simu-
lated and analyzed based on the setting model,
with emphasis on the temperature influence on
the leakage current. The simulated results of the
n~ -type transistor is shown in Fig.2.
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Fig. 2  Sub-threshold characteristics of an FD SOI
nMOSFET as a function of temperature

From Fig.2 we conclude that as the environ-
ment temperature increases,the leakage current of
the n-type transistor increases accordingly. Con-
currently, the subthreshold gradient of the SOI
nMOS decreases gradually,and the change is very
obvious. The leakage current of the n-type tran-
sistor is 3.021 X 107" A/um at 300K operation
temperature (V, =0).It increases to 5. 281 X 10°°
A/pm when the temperature rises to 500K, but it
can still be used. The leakage current will increase
continually as the temperature further increases.
The MOSFET cannot turn off normally when the
leakage current [, approaches the turn-on cur-
rent, which leads to the failure of the circuit. The
leakage current of the n-type transistor increases
as the temperature increases,due to the following
reasons: the intrinsic carrier concentration n; in-
creases rapidly when the temperature increases,
the mobility of the minority-carrier decreases,and
the effects of short channel and DIBC (drain-in-
duced-barrier-lowering) " intensify.

From Fig.2 we also conclude that there exists
a point of zero temperature coefficient, which re-
presents the gate voltage of +0.766V. The drain/
source current is 1. 617X 10 °A/um when the SOI
nMOSFET works at this gate voltage, which chan-
ges with the temperature. This is because that
thermal accumulation in a bulk device results in
an increase in the crystal lattice temperature,
while the carrier mobility and saturation rate de-
crease, the thermal resistance decreases, and the
thermal capacitate increases. As a result,the heat-
ing effect is intensified and the leakage current
decreases. Two effects of contradiction lead to the
generation of a point of zero temperature coeffi-
cient,with the benefit that the device works nor-
mally at high temperatures.

The output drain characteristics of an FD SOI
nMOSFET as a function of temperature based on
the model are shown in Fig.3. From Fig.3 we can
draw two conclusions. The first is that the output
drain characteristics buckle slightly for single out-
put, because the device is working at saturation
and the drain voltage is no more than 3V. Carrier
acceleration at the drain depleted area in lateral
high electric field leads to collision ionization as
the drain voltage increases,but this ionization ex-
tent is very weak. As a result, the bulk electric po-
tential approaching the source area increases
slightly, the threshold voltage decreases a little,
and the drain current goes slightly up,so the out-
put drain characteristics curve buckles. The second
is that the output drain current for a group of
curves decreases as the environment temperature
increases because thermal accumulation in the
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Fig.3 Drain characteristics of an FD SOI nMOSFET
as a function of temperature
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bulk device leads to an increase in the crystal lat- O e e ——
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tice temperature,a decrease in the carrier mobility
and saturation rate,a decrease in the thermal re-
sistance., and an increase in the thermal capaci-
tate. As a result, the heating effect is intensified,
and the drain current decreases. Because of the
combination of ionization of collision and thermal
accumulation, the rise and fall of the drain current
cancel each other out, and thus the output drain
current characteristics curve is very gentle at 300
and 600K. As a result, the device can work nor-
mally at high temperatures.

We simulate the laser range finding circuit to
determine whether the logical functions corre-
spond to the design demand. The high-tempera-
ture characteristics of the transistor were analyzed
using ISETCAD software, and the physical
effects, which affect the sub-threshold and drain
output characteristics at high working tempera-
ture, were explained. It was concluded that the
comprehensive effect on the transistor enables the
device to work at high temperatures. This is a bas-
ic theory for the operation of 1.2um SOICMOS
IC at high temperatures, and therefore stability
and better sub-threshold and drain output charac-
teristics at high working temperature can be ob-
tained in actual manufacture. It was tested,as will
be discussed in section 4.

3.2 Simulation of a laser range finding circuit

A schematic diagram of the fully depleted
SOICMOS laser range finding circuit is shown in
Fig.4. To verify the circuit design,a laser range
finding circuit was simulated using Cadence and
Verilog software. The optimization circuit was ob-
tained by optimizing each parameter such as re-
sistance and the ratio of width and length of
channel. The simulated results are shown in
Fig. 5.
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Fig. 4
CMOS laser range finding circuit
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Fig.5 Simulation waveforms of fully depleted SOI-
CMOS laser range finding device

From Fig.5, when the signal is input, the in-
put signal is shaped by the delay circuit to become
a signal of unit pulse width. Then it is decoded by
the decoding circuit, and then measuring pulse
counts are transferred to the multichannel demul-
tiplexer via the gate pulse controller. Based on the
requirements for the signal of the multichannel
demultiplexer,a five-digit binary code is selected
from an eighteen-digit binary code of the counter
and is then input to the BCD-decoder-out. Then it
is decoded as a four-digit BCD output code. Thus
the logical function of the circuit meets the re-
quirements of design.

4 Testing results and analysis

4.1 Technology processing

Concerning the requirements of high speed
and low power. 1. 2pym FD SOICMOS processing
technology with single-layer poly-silicon and met-
al is adopted to realize this circuit. The main
processes are as follows: field region oxidation,
gate pre-oxidation,implanting in channel,gate ox-
idation, poly-silicon deposition, LDD structure,
implanting in source and drain regions,and meta-
lation,in which T :190nm, T gox :375nm,substrate
p<100) ,transistor W/L is 5/1. 2,the thickness of
the gate oxidation is 12nm,and the implanting in
n-type is (BF,, 70keV, 1.4 X 10") and p-type is
(P;,,70keV,3.3X10%). The “sandwich” structure
of nitrogen-oxide-gate + hydroxide-gate + nitro-
gen-oxide-gate were made using the technique of
combining the nitrogen-oxide with the hydroxide.
The influence of the Si/SiO, interfacial state on
device characteristics and threshold voltage must
be considered in processing the thin gate™ . High-
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quality thin-gate oxidation was realized with a low
interfacial state, high breakdown voltage, fewer

defects,and uniform thickness® "

. By wafer pro-
cessing, the integrated circuit chip is realized as

shown in Fig.6.

Fig.6 Chip of laser range finding device
4.2 Test and verification

The sub-threshold and output characteristics
of the 1.2um FD SOICMOS circuit with n-type
transistor were tested using semiconductor inte-
grated circuit measuring instruments. The test re-
sults are shown in Fig. 7 and Fig. 8. The test re-
sults agree with the simulation results, demonstra-
ting that the model is reasonable.
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Fig. 7  Subthreshold characteristics of an FD SOI

nMOSFET as a function of temperature
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Fig.8 Drain characteristics of an FD SOI nMOSFET
as a function of temperature

The drain current,as shown in Fig.7,goes up
slowly compared with the simulated result as
shown in Fig. 2. This is because the concentration
in the channel is below the simulated value in ac-
tual manufacture, resulting in reduced electric-

field strength,carrier deviation from the front in-
terface,reduction in the capacity for gate control,
and an increase in the sub-threshold gradient,
which is above the ideal value and not cliffy as in
the ideal condition. Simultaneously, when the
channel carriers were not depleted thoroughly,the
sub-threshold gradient also increased, further
leading to a slow increase in the drain output cur-
rent.

The output drain characteristics as shown in
Fig.8 don’t buckle slightly as in the simulated re-
sult shown in Fig. 3. This is because the circuit was
designed using the technique of bulk contact in a
floating body electric potential zone. Even if a
few hole carriers gather in the floating body clec-
tric potential zone, it can be led to the outside.
The bulk electric potential keeps a stable value
approaching the source zone of the device,so the

curve doesn’t buckle.
4.3 Analysis of test results

From the above characteristic curves we can
draw some conclusions. The single-transistor tem-
perature characteristics of the device remain very
good even if the temperature is above 150C , and
the test curve group doesn’t scatter. These cannot
be realized for bulk silicon devices. The upper
limit of reliable operation temperature of the sim-
ilar bulk silicon circuit is 80C under normal con-
ditions, but the similar SOI circuit can break down
the restrictions of high operation temperature.

The delay transient characteristics of ring os-
cillators were measured with 3. 3V supply voltage.
The ring oscillators consist of a 101-stage NAND
gate based on an SOICMOS standard inverter
structure with a couple of n-type and p-type tran-
sistors as shown in Fig. 8. The delay transient
characteristics of the ring oscillators were meas-
ured at 300,323,353,373,393,and 423K ,and then
the combined curve was formed. The total propa-
gation delay is 111ns. The measured results show
the realized device with small direction electric
field, thick inversion layer, and low surface scat-
tering, so the device has higher carrier mobility
and bigger grid-anode transconductance. The par-
asitic capacitance mainly comes from the capaci-
tance of buried oxidation layer and small wiring
capacitance, so the device speed is much faster
than that of the similar dimensional bulk silicon
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device. Similarly, because the smaller area sur-
rounding the drain/source of the transistor is de-
pleted,the operation speed of the device was im-
proved. From Fig. 9 we conclude that the delay
transient characteristics curve at high temperature
is not changed from the curve at normal tempera-
ture,which is as we expect for a manufactured de-
vice. We found that the voltage transient charac-
teristics of the inverter began to degrade when the
operation temperature of the inverter was above
220C (516K), and the low electrical level of the
output didn’t reach O0V. The device changed from
full-depleted to partly-depleted,which has exactly
the same temperature characteristics as the bulk
silicon device. The delay transient characteristics
of the ring oscillators we measured at 150C are
the same as those we obtained at normal tempera-
ture. Obviously, the delay transient characteristics
of ring oscillators are very steady,so there is much
room yet for the device we manufactured to have
improved high operation temperature.

Fig.9 Delay transient characteristics of ring oscilla-

tor circuit at various temperatures

In SOICMOS circuits,we can use a CMOS in-
verter to realize a circuit with complete function
and parameters according to the need of function
and logic. The characteristics of the laser range
finding circuit we manufactured were tested at
high temperatures. Test results show that the cir-
cuit has the functions of self-checking, objective-
measuring, counter-overflowing, full output of
BCD code, and laser range finding with a 3.3V
supply voltage at 150°C . Its main electric parame-
ters are as follows: the operation frequency is
measured using an Agilent 54622A oscilloscope
and HP3325B pattern generator, with a value of
more than 120MHz; output cut-off current is no
more than 1pA; output high-level Vipp s
—0.001V;output low level is no more than 1mV;
its static power dissipation is 0. 3mW;and dynam-
ic power dissipation is 10mW. The electric param-
eters are steady with little change between the pa-

rameters at high temperature and those at normal
temperature. Thus the circuit we realized can be
used in systems that require high precision and a
wide temperature range.

5 Conclusion

In this paper,the setup of a model for analy-
zing SOICMOS device at high temperatures has
been presented. The simulation results agree with
the test results. The function and parameters of a
circuit for laser range finding we manufactured
were tested at 150°C . The test results show that we
realized a practical circuit with low power dissipa-
tion (one-tenth that of the bulk silicon circuit)
and rapid operation speed (4 times that of the
bulk silicon circuit) , which can be applied in laser
range finding. The operation temperature has
been improved 2 times compared with that of the
bulk silicon circuit, which has a reliable working
temperature of 80T .

This model can guide the further study of
high-temperature characteristics of shorter chan-
nel SOICMOS integrated circuits. We have studied
the high-temperature characteristics of an SOI de-
vice with a 0. 18m channel. A new structure of a
DSOI-AIN device, in which an AIN buried layer
under the channel is used to replace the dioxide in
the SOI device, is analyzed to get the high-tem-
perature characteristics'® and a guiding conclusion
is made.
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