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partially depleted silicon-on-insulator 0.18-um MOSFET

Bi Jin-Shun(54EE)I7) ", Zeng Chuan-Bin(#1£¥5%), Gao Lin-Chun(FE# %),
Liu Gang(Xl| M), Luo Jia-Jun(¥ Z1%), and Han Zheng-Sheng(¥##4:)

Institute of Microelectronics, Chinese Academy of Sciences, Beijing 100029, China
(Received 26 November 2013; revised manuscript received 21 February 2014; published online 10 June 2014)

In this paper, we investigate the single event transient (SET) occurring in partially depleted silicon-on-insulator
(PDSOI) metal-oxide—semiconductor (MOS) devices irradiated by pulsed laser beams. Transient signal characteristics
of a 0.18-um single MOS device, such as SET pulse width, pulse maximum, and collected charge, are measured and an-
alyzed at wafer level. We analyze in detail the influences of supply voltage and pulse energy on the SET characteristics
of the device under test (DUT). The dependences of SET characteristics on drain-induced barrier lowering (DIBL) and the
parasitic bipolar junction transistor (PBJT) are also discussed. These results provide a guide for radiation-hardened deep
sub-micrometer PDSOI technology for space electronics applications.
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1. Introduction

When an energetic particle or photon hits a very large
scale integration (VLSI) device, it will induce momentary
This phe-
nomenon is called the single event transient (SET). The SET is

voltage/current perturbation in a circuit node.

becoming a major issue for advanced semiconductor processes
as the clock frequency increases continuously.!!=!

Because the soft error rate of a logic VLSI chip in-
creases with increasing SET pulse width, many researchers
have measured and simulated heavy-ion-induced or pulsed-
laser-induced SET width in logic cells or combinational
circuits.>#! They obtained SET pulse width distribution in-
formation, but not enough to explain the physical mechanism
or to develop device/process-level mitigation methods. There-
fore, researchers also carried out experiments on transient cur-

rent in a high frequency packaged single MOSFET!?-14]

or
conducted technology computer-aided design (TCAD) simu-
lations. However, few results on SET characteristics in PDSOI
0.18-um devices at wafer level have been given. Furthermore,
the detailed relationship between SET characteristics and de-
vice physics such as DIBL and PBJT has not been discussed.
This paper is to investigate the SET of highly integrated
elementary transistors based on 0.18-um PDSOI complemen-
tary metal-oxide—semiconductor (CMOS) technology with a
focused laser. To the best of our knowledge, this is the first
domestic report on this topic. In the first part of the paper,
the tested devices and experimental setup are described. In
the second part, experimental results of laser irradiation on a
single transistor are shown. Detailed SET characteristics are
investigated, including pulse width, pulse maximum, and col-
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lected charge. It is shown that SET characteristics in a single
transistor are greatly influenced by supply voltage and pulse
energy. The dependence of SET characteristics on device
physics is also discussed. These results are useful for laser
evaluation of the relative soft error vulnerabilities and provide
a guide for radiation-hardened PDSOI technology.

2. Descriptions of tested devices and experimen-
tal setup

2.1. Tested devices

Transistors were fabricated at the Institute of Microelec-
tronics, Chinese Academy of Sciences (IMECAS), with 0.18-
pum PDSOI CMOS technology. The transistors were pro-
cessed on standard 10 Q- cm-20 Q- cm p-type 8 inch (1 inch
= 25.4 mm) UNIBOND silicon-on-insulator (SOI) substrates.
The top silicon film thickness value is 300 nm and the buried
oxide (BOX) layer thickness value is 400 nm in the SOI
wafers. These devices each have a 0.18-um long gate and
a 3.6-um wide channel. The equivalent gate oxide thickness
value is about 3 nm. A polysilicon layer forms the gate elec-
trode. Each tested device has two-body contacts at each edge
of the devices along the channel width direction. The pro-
cess also involves CoSi, silicide, six layers of aluminum metal
and shallow trench isolation (STI). The standard supply volt-
age is 1.8 V. This PDSOI CMOS technology is designed for
low power applications, with a relatively high threshold volt-
age and an OFF-state current less than 5 pA - um~!. Figure 1
illustrates an SEM cross-section of a tested PDSOI MOSFET.
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Fig. 1. An SEM picture of a tested PDSOI MOSFET.

Device layout is illustrated in Fig. 2. The source region
and drain region of a single transistor are partially covered by
six layers of metal lines. The overlapping distance between
contacts/vias and metal lines obeys relevant design rules. The
source—drain metal spacing is 3 pm, which is much larger than
the spot size of the focused laser to avoid laser reflection. The
polysilicon gate is right in the middle of the gap between the
metal lines.
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Fig. 2. (color online) Device layout (unscaled). The source—drain metal

spacing is 3 pm.
" polarizer

Transistors in the experiments are irradiated in the OFF-
state, with the drain bias set at the supply voltage and the other
electrodes grounded. This is the most sensitive bias condition
for the SET effect on transistors./11=13]

2.2. Experimental setup

The pulsed laser experiments are performed at IMECAS.
The single photon absorption (SPA) experimental setup is
shown in Fig. 3. An amplified titanium sapphire laser sys-
tem (GKPQL-532-20-01) delivers optical pulses centered at
532 nm (2.3 eV) with a duration of 15 ps and 1 kHz repeti-
tion rate. The single photon energy is greater than the silicon
bandgap (1.12 eV) so that an electron in the valence band will
be excited to the conduction band, and leaves a hole there af-
ter SPA. The strong laser light beam is attenuated and passes
through a waveplate—polarizer combination to precisely con-
trol the pulse energy incident on the DUT.

The optical laser beam is focused on the DUT with a
100x Mitutoyo microscope objective, resulting in a 1.2-um
Gaussian spot at FWHM (full width at half maximum). The
wafer is loaded on a motorized xyz stage with a 100-nm reso-
Iution. A 12.5-GHz Tektronix DSA71254B oscilloscope with
50-Q impedance is used to visualize and record transients. The
transistors have ground signal (GS) pad structures which are
contacted with the GS probe. Figure 4 shows a simplified

schematic diagram of the transient current measurement setup.
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Fig. 3. (color online) Experimental configuration used for on-wafer SPA experiment, where Ti:Al,O3 is an amplified titanium sapphire laser system, and a

silicon CCD camera is used for image capture.
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Fig. 4. (color online) Schematic plot of the transient current measurement setup. Transistors are irradiated in the OFF-state, with the drain bias set at supply
voltage and the other electrodes grounded. The transient response of the transistor is measured on the drain electrode by using an oscilloscope.
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3. Experimental results and discussion

SET curves in tested devices are shown in Fig. 5. The op-
tical pulse energy reaching the device surface varies from 10.4
to 98.5 pJ. The power supply voltage is 1.8 V here. The laser
is focused in the middle of the transistor, which is the most
sensitive region of the SET for the PDSOI device in this work.
The transient current value is negative because current flows
from the scope ground into the drain terminal of the n-channel
MOSFET. The voltage value, which is shown on the oscil-
loscope, across the 50  impedance, is negative. The 7 =0
point is defined as the time when the pulsed laser hits the DUT.
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Fig. 5. (color online) Variations of the transient current with time at
different values of pulse energy. The supply voltage is 1.8 V. The laser
pulse energy increases from 10.4 to 98.5 pl.

Figure 6 shows that transient current in the DUT is also
a function of time and supply voltage. The laser pulse energy
used here is 98.5 pJ. The peak of the transient current curve
is fairly flat when the supply voltage is 0.2 V. The transient
current maximum value increases from 0.88 to 4.18 mA, but
the SET pulse width shrinks from 1.1 ns to 565 ps, when the
supply voltage steps up from 0.2 to 1.8 V.
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Fig. 6. (color online) Variations of the transient current with time at
different values of supply voltage. The laser pulse energy is 98.5 pJ.

Transient current pulse width and maximum value are
shown in Figs. 7 and 8 respectively as a function of supply
voltage and pulse energy. It is obvious that transient current

pulse width and maximum value both increase with increasing
laser pulse energy. The SET current pulse maximum ranges
from several hundred microamperes to more than 4 mA. The
SET current pulse width ranges from 100 ps to more than 1 ns.
These values in this paper are in accordance with the recently

published results. [15-171
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Fig. 7. (color online) Variations of transient current pulse width in

PDSOI n-channel MOSFETs with pulse energy at different values of
supply voltage.
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Fig. 8. (color online) Variations of transient current maximum value in
PDSOI n-channel MOSFETSs with pulse energy at different values of
supply voltage.

It is interesting that the trends in pulse width in Fig. 7 and
maximum value in Fig. 8 with respect to supply voltage are
opposite. The transient current pulse width is the longest and
the maximum value is the smallest when the supply voltage
is 0.2 V. For a given pulse energy here, the charge quantities
deposited in devices are the same no matter what the supply
voltage is. The transient current pulse width and maximum
value are related to excessive carrier drift velocity, which is de-
termined by lateral electrical field simplified to Vys/L, where
L is the channel length of the PDSOI n-channel MOSFETs.
The lateral electrical field is smallest when the supply voltage
is 0.2V, so the excessive carrier drift velocity is lowest under
bias conditions. The time needed to collect the extra charge is
extended. This is why the transient current pulse width shrinks
with increasing supply voltage, but the transient current maxi-
mum value increases with increasing drain bias.
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The collected charge quantity measured on the drain ter-
minal of the PDSOI n-channel MOSFET is given as a function
of time and supply voltage in Fig. 9, which is the integration
of transient currents in Fig. 6. The curves of the SET collected
charge quantity increase start from the moment when the laser
hits the device (zero point in time axis) to the point when
saturation values are achieved. The point on the time axis
where the saturation value is achieved corresponds to the com-
pletion of charge collection which is deposited by the pulsed
laser. SET collected charge saturation values are 0.87 pC when
Vp=0.2V;2.52pCwhenVp =0.6V;2.69 pCwhenVp=1V;
2.36 pC when Vp = 1.4 V; and 2.09 pC when Vp = 1.8 V. It is
obvious that the SET collected charge increases with increas-
ing supply voltage when Vp < 1.0 V. However, the growth rate
slows down and finally becomes negative.
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Fig. 9. (color online) Variations of collected charge quantity measured
on the drain terminal of PDSOI n-channel MOSFETs with time at dif-
ferent values of supply voltage.

The possible physical explanations for this phenomenon
are drain-induced barrier lowering (DIBL) and the parasitic
bipolar junction transistor (PBJT), as illustrated in Fig. 10. Ac-
cording to Refs. [18]—[21], heavy ions and a pulsedlaser will
generate electron—hole pairs in the body region of the SOI de-
vice. The generated electron—hole pairs in the heavily doped
source—drain regions which reach the silicon/BOX interface
will recombine quickly, so they will not be taken into con-
sideration. The deposited electrons are collected by the drain
terminal. Some of the holes in the body will be collected by
body contacts in the width direction along the highly resistive
path. Some of the holes in the body will cross the source—
body junction barrier. The remaining holes in the body will
trigger the PBJT due to the relatively long carrier lifetime.
For a deep sub-micrometer device, DIBL is a serious problem.
The rise of supply voltage will lower the source—body poten-
tial barrier and threshold voltage in the device. More holes
cross the source-body junction barrier initially and fewer re-
maining holes in the body will amplify the excessive carriers.
This is a piece of good news for radiation hard design appli-
cation, because the higher the supply voltage is the greater the

charge quantity stored in nodal capacitance will be. At the
same time, the SET collected charge quantity is lower. This
means that circuits based on this technology are more SET re-
sistant. However, there also exists a tradeoff. If the threshold
voltage is too low due to DIBL, the leakage current of the de-
vice will be unacceptable.
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Fig. 10. (color online) Energy band diagram during the SET process
with DIBL and PBIJT taken into consideration: (a) Vp < 1.0 V; (b)

Vp =1.8 V. The Vparrierz 18 less than the Viaier; due to the DIBL ef-
fect. Therefore, there are fewer remaining holes to trigger PBJT in case

(b).

After the derivation of electron and hole continuity equa-
tions with boundary conditions as given in Refs [22] and [23],
the transient current I, introduced by heavy ions or a pulsed
laser in the PDSOI transistor could be modeled as follows:

I (xs,1) = l}iQ x [sin (25”> exp (;)
~ 3sin (g) exp (-9t>
+ (3sin (g) —sin (25”»
X exp (-4?;)] (1)

where x; is the heavy ion or pulsed laser strike location, # is the
time, and Q is the collected charge quantity. The integration
of transient current with respect to time will approach to Q if ¢
is assumed to be infinite. #, is the characteristic time constant
and is defined as

2
4x; ?)

1=
P om2p’
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where D is the bipolar diffusion coefficient during high level
injection (electron density is equal to hole density) and is de-
fined as follows:

2D,Dy,
Dy +Dy’

3)

where D, is the electron diffusion coefficient and D, is the
hole diffusion coefficient.

The relationship between I,(xs,7) and drain bias is im-
plicit by the factor O, which means that Q is a strong and non-
linear function of drain bias, as shown in Fig. 9.

4. Conclusions

In this paper, we study SET in a PDSOI 0.18-um single
MOSFET, which is introduced by a pulsed laser. SET char-
acteristics such as pulse width, pulse maximum, and collected
charge are strongly related to optical pulse energy and supply
voltage. The SET current pulse maximum ranges from several
hundred microamperes to more than 4 mA. The SET current
pulse width ranges from 100 ps to more than 1 ns, which is
comparable to the operating clock period for a modern digital
circuit. It is found that the charge collection process is also in-
fluenced by electrical field related carrier velocity. The smaller
the supply voltage is, the longer the SET pulse width and the
smaller the maximum value will be. The trend of variation in
SET collected charge is also determined by DIBL and PBIJT.
DIBL lowers the source—body junction barrier to mitigate the
amplification of deposited charge quantity. These results are
useful for developing the radiation-hardened deep sub-micron
PDSOI technology for space electronics applications.
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