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ABSTRACT

In this study, hot-carrier-injection (HCI) induced degradations
under the circuit-speed random stress of FDSOlI MOSFETSs are
investigated, for the first time. The circuit-speed random voltage
stressed on the gate was mimicked by Pseudo Random Binary
Sequence (PRBS) signals. It is found that the high frequency(>2
GHz) AC stress could introduce similar degradation as the PRBS
stress, while the lower frequency AC and DC hot carrier injection
(HCI) stresses induced higher degradations because of the self-
heating effect. Therefore, to obtain a reliable HCI lifetime of FDSOI
MOSFETS, a high frequency f (comparable with the circuit speed)
AC HCI stress or a circuit-speed random stress is necessary.
Furthermore, it is confirmed that GeOl device shows much severer
self-heating issues than SOI device due to the larger lon and lower
thermal conductivity of Ge.

I. INTRODUCTION

To suppress short channel effects (SCEs), FinFETs are
fabricated with more complicated process than planar devices [1].
An alternative way to suppress SCEs is to fabricate transistors on
fully-depleted (FD) SOI substrates [2,3]. Recently, Ge MOSFETSs
fabricated on FD-GeOl substrates have been reported with excellent
control of SCEs and decent on-state current [4]. However, with the
insertion of buried oxide (BOX) layer, SOl MOSFETSs suffer from
severe self-heating effects (SHESs) due to the weak thermal coupling
between the channel and the substrate. SHEs could not only cause
device performance degradation but also introduce uncertainty in
device reliability, especially for the high-density packed IC chips. In
a working IC circuit, the current through the channel results in the
localized heating, and the generated heat could affect the HCI
behaviors. Therefore, in FDSOI MOSFETS, HCI is an eletro-thermal
coupling process.

In “real” IC operation mode, the On and Off states of a transistor
are random and unpredictable. Usually, the holding time of the On
state is very short ( <100 ps in the mainstream CPU). While in
traditional simulations and experiments, the voltage wave is AC
signals and the frequency is only at MHz level, which is significantly
different from the case in real circuits.

In this work, we investigate the characterization of HCI under
circuit-speed random stress for MOSFETs on FDSOI substrates, for
the first time. PRBS, AC, and DC gate signals were applied to study
the impact of SHEs on the device HCI lifetime. As Ge is one of the
possible alternative channel material for sub-10 nm technology node,
HCI lifetime with SHES on FD GeOl MOSFETSs were also provided.

I1. CONCEPT AND MODENGING
A. The Impact of PRBS, AC and DC Signals

Fig. 1 illustrates the schematic of a Si MOSFETS with ultra-thin
SOl and BOX layers. The transistors were covered with SizN4 and
the dimensions of the MOSFET were provided in Fig. 1. As shown
in Fié;. 1, the BOX layer would exempt the substrate leakage but
introduce self-heating issues especially at the border of the channel
and drain regions. The SHEs may cause the device performance
degradation In terms of larger threshold voltage Vi, lower mobility
and on-state current lon etc. Traditionally, HCI was characterized
using DC or low-f AC signals (e.g.: 10 MHz or lower), resulting in
the Vi degradation partially contributed from SHEs. While in the
normal circuit operation mode, the gate signals were random and
synchronized with the system clock. The heat generated in the
channel region may be much less than that caused by DC and low f
signals. However, as the real-time (GHz level) channel temperature
T 1s not easy to be measured, it is difficult to experimentally separate
the Vi shift due to HCI and that due to SHEs.

In this work, we modeled (Fig. 2) the heat characteristics of
FDSOI MOSFETSs with circuit speed PRBS, different frequency AC
and DC signals (Fig. 3). Based on the transient channel temperature,
we modeled the temperature-dependent electrical characteristics of
the FDSOI transistors. Vi shift with different PRBS stress and other
gate signal modes were compared and the effects on HCI
characterization of these signals were investigated.

B. Electro-Thermal Modeling

Since the channel length of our SOI and GeOl transistors is in
the scale of sub-100 nanometers, drift-diffusion equations (shown in
Fig. 2) are applied to describe their carrier transport behavior. The
simulated 1-V characteristics is obtained by self consistently solving
Poisson equation and current continuity equations [5]. Fig. 4
compares the fitted (symbols) and measured (lines) Ib-Ve
characteristics of the FDSOI MOSFET (Lc = 100 nm, Ve = 1.2 V) in
both linear and logarithm scales. The simulation results match well

with the measure results. After that, the position dependent heat
generation source can be calculated as J-E. Time-dependent thermal
conduction equation is solved with the update of temperature-
dependent parameters for each time step.

I11. DEVICE FABRICATION

Ultra-thin SOI wafers were used for FD Si MOSFET fabrication.
The Si layer thickness is within 10 nm and the BOX layer thickness
Teox is ~12 nm. Gate metal was sputtered, patterned and RIE etched
with gate Iength Lc down to 100 nm. This was followed by n* S/D
extension and SiN spacer formation. S/D implant and activation
were performed followed by the epitaxially growth of raised S/D
structure for lower S/D resistance. Ni silicide contacts were then
formed. A layer of SisN4 were deposited by CVD for better device
isolation from contaminations and moistures. Contact holes were
then opened for device characterization.

IV. RESULTS AND DISCUSSION

PRBS, AC (various frequencies) and DC signals were generated
(Fig. 3) to compare the SHEs under PRBS, AC and DC signals. The
zoomed-in details of the AC and PRBS signals were shown in Fig.
3(c) and (f), respectively. The rise and fall time (trise and tran,
respectively) for the AC and PRBS signals are both 45 ps. The
minimum time interval for Ve = 1.2 V in the PRBS is 90 ps and that
for the AC signal is also 90 ps. Fig. 5 shows a transient temperature
contour profile for the Si MOSFET with a PRBS gate signal. As
expected, the channel/drain region exhibits the highest temperature T
(~430 K). The resulting channel T (averaged over the channel) profiles
were shown in Fig. 6. As compared with the DC signal (step pulse),
both high-frequency (2.78 GHz) and PRBS gate signals shows much
lower channel T. At t = ~200 ns, Toc, Tac and Teras Saturate and the
values are ~580, 423, and 422 (Fig. 7), respectively. As Vi shift AVt =
Vio(t/to)", where n is proportional to T [6,7], we calculated AV for the
three types of signals as a function of t, as shown in Fig. 8. Due to the
severe SHEs, DC method shows much higher AVt. The PRBS signal,
which simulates the real circuit gate signal, exhibits much lower AVr,
suggesting that the DC method would underestimate the device
lifetime. Furthermore, in most AC characterization process, the stress
frequency is much lower (MHz level) than the one in Fig. 4(c). To
investigate the effect of signal frequencies on AVT, we simulated the
channel temperature and calculated the corresponding AVt as a
function of t, as shown in Fig. 9 and 10, respectively. The channel T
oscillates around a base T. As f decreases, the oscillation amplitude
increases and the base T increases. A higher channel T leads to a
higher AVT. As we extended the trend line in Fig. 10 to 10 years, the
difference between 2.78 GHz and 27.8 MHz increases by 50%.
MOSFETSs with thicker Tsox was compared with the control in terms
of AVt under PRBS stress (Fig. 11). Due to the Foor thermal
conductance of BOX, devices with thicker Tsox shows slightly higher
channel T, and therefore higher AVr. Fig. 12 shows the AVt under
various circuit speeds.

As Ge CMOS is one of the possible alternative for Si CMOS for
sub-10 nm applications, we studied its HCI characteristics with SHES
(Fig. 13). When the channel changed from Ge to Si (Fig. 13 inset), the
channel T increases from 432 K to 453 K (AC stress @ 278 MHz),
and the 10 year AV is ~10% larger for the GeOl devices as compared
to the SOI devices (Fig. 14).

Fig. 14 summaries AVt in 10 years lifetime for various PRBS
circuit speeds and AC stress signals. We could see that as the circuit
speed increases, the AV is actually lowered.

V. CONCLUSION

We report the first modeling and characterization of HCI with
SHEs on FDSOI MOSFETSs under circuit-speed random stress or
PRBS signals. The circuit-speed random stress and ultra-high f AC
stress have similar effects on the HCI degradation of FDSOI
MOSFETSs. With the low-f AC and DC stress signals, the lifetime of
SOl devices were underestimated, su%gesting that under current or
faster circuit-speed, SOI transistor exhibits less device degradation
characteristics, making SOI structure a much promising candidates
for ultra-scaled transistors. FD GeOl devices were also modeled.
Further process development is necessary to mitigate the larger HCI
degradation of GeOl MOSFETSs as compared to the SOI transistors.
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Fig. 1 Schematics of the SOl MOSFET for modeling and

measurement. The dimensions used for simulation were

indicated in the schematics. The Ni layer thickness is 20  Fig. 2 Flow chart for transient thermal
nm, the raised S/D height is 11 nm and the gate height is

95 nm.
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Fig. 11 Channel T-t plot shows devices with Fig.12 AVr-t plot are extended to 10 years.
thinner BOX layer has lower base channel T for various f circuit speed, lower f PRBS
The oscillation amplitude is comparable.
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Fig. 13 AVr-t plot are extended to 10 Fig. 14 Comparison AVr for various
years for SOl and GeOl substrates. signals and substrate types.



