creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

Ph. D. DISSERTATION

Analysis on Hot Carrier Degradation
(HCD) Reliability in FinFET Devices

B 2NN Y A AP £

BY
Jongsu Kim

February 2021

DEPARTMENT OF ELECTRICAL AND
COMPUTER ENGINEERING
COLLEGE OF ENGINEERING
SEOUL NATIONAL UNIVERSITY



Analysis on Hot Carrier Degradation
(HCD) Reliability in FinFET Devices

WA AN Gofelo] A £

2021 d 2 4
Nedetn ke
SHEREZ
4 F 5
AFFY FHWA AR A2
2021 d 2 4
9 4% 24
7993 R ]
a4 4 3 $ A AR
a4 4 g 2 (el s




ABSTRACT

CMOS logic devices have been scaled down to improve performance. However, the
operating voltage is not sufficiently reduced compared to the scale down in physical
dimensions. Therefore, since the electric field and temperature of the device gradually
increase, reliability is still a critical issue in logic devices. Recently, many studies on the
reliability of 3D devices are being conducted, but most of the studies are related to
empirical modeling. Therefore, in this study, based on the actual measurement results, the
hot carrier degradation(HCD) reliability of the logic device was analyzed focusing on the
physical theory using Technology computer-aided design (TCAD) simulation.

First, electron-electron scattering(EES) was applied to the TCAD simulation to improve
the accuracy of the hot carrier model. Additionally, calibration between the measurement
data of 14 nm node FinFET and the model was performed to confirm the consistency.
The calibration process required various voltage and temperature conditions to account
for all scattering mechanisms. Therefore, HCD was analyzed according to various voltage
conditions, and the parameters of the HCD model were extracted by calibration process.
Next, temperature dependence under various HCD conditions was analyzed. Unlike oxide
traps, interface traps show different temperature dependence depending on HCD voltage
conditions. Therefore, the interface traps were separated into three components and the
temperature dependence was analyzed for each component. Multiple particle process
(MP) and Field enhanced thermal degradation process (FP) have a constant temperature
dependence regardless of voltage conditions. On the other hand, the temperature
dependence of Single particle process (SP) varies depending on the voltage condition

because SP is affected by scattering. In the process of temperature dependence analysis,



calibration is also performed and parameters considering various voltages and
temperatures were extracted through several iterations. The improved model to which the
extracted parameters were applied showed more precise prediction of degradation
compared to that of the previous model. As a results, accuracy of the HCD analysis was
improved by establishing the HCD simulation framework based on physical theories.

However, since the self-heating effect of the acceleration condition and the operation
condition are different, the HCD mechanism that occurs in the actual CMOS circuit may
also be different. Therefore, we predicted the ratio of each component under operating
condition.

Finally, in 10 nm node devices, we analyzed the cause of higher HCD in pFinFETS than
in nFinFETs. Self-heating effect is severe in pFiNFETs because SiGe is used as the
source/drain material which makes the device temperature higher than nFinFETS.
Theoretically, because the lifetime of multiple particle(MP) mechanism decreases as
temperature increases, degradation due to MP decreases. Therefore, it is difficult for the
HCD mechanisms to occur more in pFinFETs which has higher temperature than
nFIinFETSs. However, in pFinFETSs unlike nFIinFETS, reaction-diffusion (RD) mechanism
can occur in which holes react with the electrons of Si-H bonds to generate interface traps.
Also, since RD deteriorates more as the temperature increases, the phenomenon that more
degradation occurs in pFIinFET than nFinFET can be explained by the RD mechanism.
Therefore, we propose an additional RD mechanism that is caused by high device
temperature in pFinFETs even in HCD condition. Main components were investigated

through measurements of current degradation rate in various voltage conditions, and it
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was found that RD is dominant in pFinFETs. Also, RD that can occur in HCD condition
was predicted through TCAD simulation. As a results, degradation due to pure hot

carriers without RD occurs more in nFinFETS than in pFinFETS.

Keywords: FinFET, Hot Carrier Degradation, Bias Temperature Instability, Reaction-
Diffusion(RD), Self-heating
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Chapter 1

Introduction

Hot carrier degradation (HCD) is a phenomenon that degrades performances such as
subthreshold swing (SS), on-current, and V4 due to the generation of defects at the
Si/gate dielectric interface or inside the gate dielectric material [1-3]. Therefore, HCD is
one of the representative issues of reliability and has been studied for decades. In the past,
measurement of HCD was based on long-channel devices and HCD was explained as
follows based on measurements; carriers with energy of over 3.7 eV break the Si-H bonds
and generate interface traps [4, 5]. Therefore, the maximum electric-field was considered
the most significant cause of HCD. However, because HCD kept occurring in low
operation voltage HCD could not be explained in short channel devices with this HCD
model [6]. Therefore, further studies have described HCD at low operating voltages
through a new theory, the energy driven model [7, 8]. In short-channel devices, the
degradation is determined by the energy of each carrier rather than the maximum field.
Therefore, carriers with low energy can contribute to HCD through energy exchange
mechanisms such as scattering. Conclusively, accurate evaluation of scattering
mechanisms is crucial in HCD modeling. Various studies have been conducted on HCD
of short channel NMOSFETS by ViennaSHE with energy driven model by T. Grasser. As
the device scaled down, however, the carrier energy-based approach became complicated
and difficult. Therefore, few studies analyze HCD through fundamental physical
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mechanisms, and many researches are focused on empirical modeling based on
measurement [9, 10]. However, since the application of the GAA structure is expected in
sub-5 nm nodes, it is crucial to understand the HCD based on physical theories in
FinFETSs, which is a basic 3D structure. Therefore, this study focused on analyzing HCD
measurement results of actual FinFET devices using physical theory. In particular, since
various scattering and various mechanisms that generate HCD must be considered,
research using the simulation is essential. Therefore, we have also conducted a study to
improve a framework that can analyze HCD based on physical theories in a commercial

Technology computer-aided design (TCAD) simulation tool.
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Chapter 2
Hot Carrier Degradation Model

2.1 Physical theory

2.1.1 Mechanisms of Si-H bond-breakage

Thermal emission (b) Thermal emission

(@)

Onide field 71\, (

ier-i |
Carrier-induced Transport state AE

excitation

Ground stafe Ground state”

Fig. 1. (a) Transition from ground state to transport state due to carrier collision (b) Field-
enhanced thermal degradation.

In the process, a defect (Silicon dangling bond) occurs at the Si/SiO2 interface, which
can be solved by forming a Si-H bond through H passivation. At this time, it is expressed
that the Si-H bond is in the ground state. However, when the Si-H bond receives more
than a certain amount of energy (Es), it can be transferred to the transport state through
thermal emission. In this case, the Si-H bond is broken and an interface trap is formed. In
general, the energy required for the transition can be obtained when a carrier collides with
the Si-H bond. In addition, when the oxide field increases the energy of the ground state

and reduces the energy required for the transition, the transition can occur more
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easily(Field enhanced thermal degradation : FP) [1, 2]. Both cases are represented in
Figure 1. The phenomenon that the Si-H bond is broken due to collision of carriers is
more likely to occur as the energy of the carriers is higher, and it can be expressed as Hot
Carrier Degradation (HCD) because it is mostly caused by hot carriers. From the
perspective of HCD, the collision of carriers on the Si-H bond can be explained by two
mechanisms: Single Particle (SP) Process and Multiple Particle (MP) Process [3, 4]. The
SP process is a mechanism in which the Si-H bond is broken by one collision of high
energy carriers, and the MP process is a mechanism in which the Si-H bond is broken by

several collisions of low energy carriers.
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Fig. 2. (a) Single Particle(SP) Process (b) Multiple Particle(MP) Process (c) Truncated
harmonic oscillator model of Si-H bond-breakage.
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Figure 2(a), (b) show the SP and MP process. Both mechanisms occur simultaneously,
and the Si-H bond can be expressed as a truncated harmonic oscillator with many energy
levels(Figure 2(c)). In the case of the SP process, it is transferred to the transport state by
one collision of carriers with high energy. In the case of the MP process, when the low
energy carriers collide several times and repeat excitation and decay to reach the final

level, the transport state is transferred.

2.1.2 Energy Distribution Function(EDF) / Electron-Electron

scattering(EES)

In ultra-scaled devices, it can be predicted that the effect of HCD will be reduced
because the operating voltage is low. However, since HCD was steadily observed, it was
concluded that the energy of each carrier is more important than the voltage (field)
applied to the device [5, 6]. The energy of carriers is closely related to the scattering
mechanism, and the Energy Distribution Function (EDF) can be obtained through the

Boltzmann Transport equation (BTE).
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Fig. 3. Changes in Energy Distribution Function when considering Electron-Electron
scattering.

Electron-electron scattering(EES) occurs when carriers collide with each other, and
carriers that gain energy through multiple collisions can be classified as Hot Carriers.
Therefore, as shown in Figure 3, EES worsens HCD because it increases the high-energy
carrier distribution in EDF [7, 8]. EES is an important factor in HCD of short channel
devices because EES can explain HCD in short channel devices with low operating

voltage.



2.2 TCAD simulation

2.2.1 HCD simulation and limitations of Synopsys Sentaurus tool

In recent HCD models, since the energy of each carrier is important, it is important to
accurately calculate the EDF. As explained earlier, EDF can be obtained by calculating
the BTE. Monte Carlo simulation is required to accurately calculate BTE. However, since
the MC method requires a very long time, it is insufficient to use it as an HCD simulation
method when considering the calculation time and accuracy. Therefore, in HCD
simulation, it is efficient to calculate BTE through the Spherical Harmonics Expansion
(SHE) method, and the accuracy is similar to that of Monte Carlo simulation.

Sentaurus TCAD simulation provides a method of calculating BTE through the SHE
method, and a system that can apply EDF obtained through calculation to HCD
simulation has been established. BTE is calculated in consideration of Density of State
(DOS), Scattering rate, Velocity, etc., and several parameters can be adjusted during the
calculation process. As mentioned earlier, the most important parameter in HCD is the
scattering mechanism. The reason why HCD occurs even in short channel devices with

low operating voltage is that energy is exchanged through scattering.

Synopsys Sentaurus TCAD simulation, which is optimized for device-level analysis,
was used in this study [9]. When calculating BTE through the SHE method in TCAD
simulation, coulomb, impact ionization, and phonon scattering are considered.

_8_
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The most important parameter in the Si-H bond-breakage model due to SP and MP is the

energy of the carrier. Depending on the energy of the carrier, the ratio of the SP and MP
— 9 —



process is determined, and the concentration of the interface trap (Nit) is determined. As
can be seen from the above equation, SP and MP are determined by EDF (f(E)) obtained
through the SHE Method. In the case of SP, the amount of Nit generated is simply
determined based on Activation Energy (Esp). However, in the case of MP, since the
Truncated harmonics model is applied, the probability that the energy level may up or
down due to a collision (Py, Pq) is included in the equation. Therefore, the amount of Nit
generated is determined through the probability of reaching the highest energy level and

the probability of thermal degradation.
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Fig. 4. () Interface trap (Nit) generation rate by SP, MP, and Field enhanced mechanisms
(b) Extraction of drain current degradation rate according to stress time.

The concentration of Nit calculated by the above equations is showed in Figure 4(a). In
the Drain region where the energy of carriers is relatively high, Nit is generated by SP.

And in the source region with low energy, Nit is generated by MP. In addition, the Nit
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concentration that increases with the stress time is implemented, and the influence
occupied by each mechanism can be extracted. As a result, the influence of Nit calculated
through each mechanism can confirm Ip-V¢ characteristics, Vt change, SS and on-current
change. The parameters required for the calculation of the equation are adjusted, and

through this method, it is possible to fit the measured data and the simulation model.

As mentioned in the previous chapter, EES can be ignored in HCD of conventional
long channel devices, but plays an important role in HCD of short channel devices. In
particular, since it affects the distribution of high-energy carriers in EDF, EES is a
mechanism to be accurately considered when calculating the SP mechanism. However,
EES is not considered when calculating BTE with the SHE method in the current
Sentaurus simulation. Therefore, it cannot be said that the HCD of the recently ultra-
scaled device is accurately implemented, and even though the actual data and simulation

model can be fitted, it is not physically accurate.

2.2.2 Simulation model improvement

The limitation of the current Sentaurus HCD simulation model is that Electron-electron
scattering cannot be considered when calculating the energy of a carrier. Therefore, in
order to consider the effect of EES, the EES rate (1/tees) was added to the total scattering
rate applied to the BTE calculation.

_11_
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The equation of the carrier-carrier scattering rate is very similar to the Coulomb
scattering rate applied in the simulation. Coulomb scattering is an interaction between a
charged dopant and a carrier, and Electron-electron scattering is also a physically the
same mechanism because it is an interaction between charged carriers. Therefore, the
difference between the two scattering is the number of interactions, and the difference can
be distinguished by the concentration of the dopant and the concentration of the carrier.
Therefore, 1/tees can be expressed by converting the concentration of the dopant to the

concentration of the carrier in the 1/Tcoulomn €quation.
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When BTE is calculated by adding the above equation, it is expected that a change in
EDF will occur, and the application of EES can be confirmed by conducting HCD

simulation through the modified EDF.
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Fig. 5. (a) EDF and (b) interface trap concentration according to the application

Figure 5(a) shows EDF according to the application of EES. First, higher energy
carriers increase from the source area to the drain area. In particular, when EES is applied,
it can be seen that the carrier distribution in the high energy tail is increased. In addition,
it can be seen that the Nit of the drain region increases due to the increased high energy
carrier (Figure 5(b)). As a result, if EES is considered, the lifetime may be shorter than
predicted by conventional HCD simulation model. Therefore, a more accurate HCD

simulation framework was constructed by applying EES.
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2.3 Calibration process

2.3.1 1-V Calibration

7 Symbol=Measurement Vb sat
Line=Simulation =]

— P aa
AT T T

. 0.0 . 0.2 "d%\"ll 0.6 0.8
00 02 04 06 08
Ve (V)

Fig. 6. (@) FinFET device designed through the TCAD simulation tool and heat
generation caused by on current (b) Calibrated 1-V curve.

To calibrate the HCD data, |-V calibration was conducted first. In the calibration
process, accurate implementation of self-heating effect (SHE) is very important because
self-heating has significant effect on the temperature dependence on HCD. SHE was
considered by using the Thermodynamic model. Additionally, various thermal
conductivities have been applied according to each material and thickness, and different
doping concentrations and dopant materials have been considered in Si [10]. Figure 5(a)
shows the FIinFET structure designed by TCAD simulation and the heat generation

_14_
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obtained during the 1-V calibration process. It can be seen that the maximum temperature
occurs in the drain region where the field is high and heat is released to the drain/source
and substrate. Figure 6(b) shows the results of the I-V calibration. eQuantumPotential and
BALMob models were used to consider quantum effects and ballistic transport,
respectively. In the case of the BALMod model, the ballistic component was added to the
original mobility term. Also, various mobility models including phonon, Coulomb, carrier,
and surface scattering were considered using the Phumob, Electron-electron, and
Enormal(Lombardi) models and velocity saturation was considered using the
HighFieldSaturation model. Tensile stress was applied to the channel to consider strain

effect due to the source/drain.
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2.3.2 Parameter extraction through HCD data Calibration

Extracted parameter
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Fig. 7. Calibration process between HCD measurement data and simulation model.

Figure 7 shows the calibration process between the HCD measurements and simulation

model. HCD was measured from the same device used to obtain 1-V characteristics.
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Fig. 8. AVth separation using SS and off-current in 1-V curve of w/ and w/o stress.

First, the total Vry shift includes the V14 shift by the interface trap(Vr) and the Vn
shift by the oxide trap(Vor). Vor can be ignored under nominal operating conditions.
However, Vor cannot be ignored under acceleration conditions because the device
temperature or gate voltage is high. Therefore, it is necessary to extract a pure Vir
component because both components occur simultaneously under accelerated conditions
[11]. Through the results of past experiments, it has been announced that the interface
trap is concentrated above the mid-band gap. Therefore, assuming that interface traps at
voltages below OV are ignored, V14 shifts accompanied by SS changes at voltages above
OV can be said to be Vir. Also, the Vu shift occurring at voltages below 0V is
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Fig. 9. (a) I-V curve shifted only by Vor, (b) Nor distribution within the bandgap

Figure 9(a) shows the I-V characteristics extracted through AVty only degraded by

oxide traps. Only the Vry is shifted due to oxide traps so that the on-current changes

according to the shifted Vru. Figure 9(b) shows the Nor distribution within the bandgap

which is determined through the calibration process. In addition, Nor is distributed in the

middle level because Vru shift occurs. Iteration processes are performed until the

parameter set that satisfies all the various voltage conditions because there can be several

parameter sets of the Not equation that satisfy a specific voltage condition.
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The I-V characteristics only degraded by interface traps can be obtained by eliminating
the effect of bulk traps from the 1-V characteristics after applying the stress, as shown in
Figure 10(a). AVt is used to calibrate the maximum Nit density (No) and Nit distribution
within the bandgap. In the case of nMOSFETSs, the Fermi level in the bandgap is swept
from Ev to Ec when the gate voltage increases during the measurement. Therefore, the
Nit distribution between Ev and middle level in the bandgap contributes to Vr and

additional Nit distribution near Ec contributes to on-current degradation. As a result, this
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distribution is calibrated to a Gaussian distribution decreasing from the Ec to Ev. Finally,
Alpsat under various stress conditions can be calibrated by adjusting EDF and degradation
parameters. To perform calibration under various stress conditions, continuous iteration is
required and the results are shown in Figures 10(c), (d) separately. In this process, the
vibrational modes in Si-H bonds should be considered. Vibrational mode is classified into
stretching and bending mode and the range of parameters was obtained through

measurement. In this paper, stretching mode was used for calibration.
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Fig. 11. Calibration between the measured data and improved simulation models.

Through the process above, calibration was conducted under various stress voltage
conditions. In the case of low stress voltage(1.1V/1.1V), this condition is almost
meaningless since degradation hardly occurs in short-term. (Alpsa < 0.5%). The three
conditions with low EES effects were selected in total stress conditions (Vo > Ve).

Figure 11 shows the results of calibration between the measured data and the
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simulation models. The solid line represents the improved simulation model considering
interface traps with EES. It can be confirmed that the measurement result and the

simulation result match well.
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Fig. 12. Prediction of HCD under voltage stress conditions with strong oxide trap effects.

Next, degradation under conditions with strong EES (Vp < Vg) was predicted by
applying parameters extracted from the previous calibration process for three conditions.
When the gate voltage increases, the amount of carriers increases. However, the energy of
carriers does not change much. Therefore, the previous model has the ANit, which is
generated by increased carriers only, as the gate voltage increases. However, in the case
of the improved model, there are additional ANit that occur as the gate voltage increases
due to EES. Therefore, in Figure 12(b), the case with improved model has better

agreement with the data than the previous model. In the prediction process, the average
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errors are 7.08% and 14.44%, respectively.
If the HCD life-time is predicted based on the previous model, actual life-time can be
greatly overestimated. However, an HCD framework can be predicted HCD life-time

accurately by applying the oxide trap in the previous model.

2.4 Summary

In this study, research was conducted on a methodology that can analyze Hot Carrier
Degradation under various conditions of 3D FinFET devices. In particular, for HCD
analysis based on physical theory, research through simulation is essential. Therefore, the
current level and limitations of the HCD model were analyzed in the Synopsys Sentaurus
simulation used as a commercial tool in the study of logic devices. The problem of the
simulation is that Electron-Electron scattering, which changes the carrier distribution of
the energy tail, cannot be considered in calculating EDF, which is the most important in
the recent HCD model. As an improvement method, when calculating the BTE, the EES
equation was added in the total scattering rate, and the EES application was confirmed
through the EDF extracted from the simulation. The consistency was verified using the
additionally improved simulation model and actual HCD measurement data. Finally,
when comparing the improved simulation model and the conventional model, it was

confirmed that the accuracy of the actual data prediction was improved.
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In addition, since the distribution of high-energy carriers increases due to the
application of EES, the predicted lifetime of the improved model is shorter than that of

the conventional model.

References

[1] C. Guerin, V. Huard, and A. Bravaix, “General framework about defect creation at the Si/SiO2
interface,” J. Appl. Phys., vol. 105, no. 11, pp. 114513-1-114513-12, 2009.

[2] J. McPherson, “Quantum mechanical treatment of Si-O bond breakage in silica under time
dependent dielectric breakdown testing,” in Proc. IEEE IRPS, Apr. 2007, pp. 209-216.

[3] W. McMahon and K. Hess, “A multi-carrier model for interface trap generation,” J. Comput.
Electron., vol. 1, no. 3, pp. 395-398, 2002.

[4] W. McMahon, A. Haggaag, and K. Hess, “Reliability scaling issues for nanoscale devices,”
IEEE Trans. Nanotechnol., vol. 2, no. 1, pp. 33—-38, Mar. 2003.

[5] S.E. Rauch and G. La Rosa, “The energy driven paradigm of nMOSFET hot carrier effects,”
in Proc. IEEE IRPS, Apr. 2005, pp. 708—7009.

[6] S.E. Rauch and G. La Rosa, “The energy-driven paradigm of NMOSFET hot-carrier effects,”
IEEE Trans. Device Mater. Rel., vol. 5, no. 4, pp. 701-705, Dec. 2005.

[7]1 S. E. Rauch, F. J. Guarin, and G. La Rosa, “Impact of E-E scattering to the hot carrier
degradation of deep submicron NMOSFETs,” IEEE Electron Device Lett., vol. 19, no. 12, pp.

463-465, Dec. 1998.

_23_



[8] S. E. Rauch, G. La Rosa, and F. J. Guarin, “Role of E-E scattering in the enhancement of
channel hot carrier degradation of deep-submicron NMOSFETs at high V_GS conditions,”
IEEE Trans. Device Mater. Rel., vol. 1, no. 2, pp. 113-119, Jun. 2001.

[9] Sentaurus Device Simulation, L-2016.03, Synopsys, USA, 2016.

[10]Z. Yu, R.g Wang, P. Hao, S. Guo, P. Ren, and R. Huang, "Non-Universal Temperature
Dependence of Hot Carrier Degradation (HCD) in FInFET: New Observations and Physical
Understandings." IEEE Electron Devices Technology and Manufacturing (EDTM), pp. 34-36,
2018. DOI: 10.1109/EDTM.2018.8421469

[11]. Cho, P. Roussel, B. Kaczer, R. Degraeve, J. Franco, T. Chiarella, T. Kauerauf, N. Horiguchi,
and G. Groeseneken, “Channel Hot Carrier Degradation Mechanism in Long/Short Channel
nFinFETs,” IEEE Trans. Electron Dev., vol. 60, no. 12, pp. 4002-4007, 2013.

DOI:10.1109/TED.2013.2285245

_24_


https://doi.org/10.1109/TED.2013.2285245

Chapter 3
Analysis on Temperature Dependence of HCD in
short channel FInFET

3.1 Introduction

Because HCD has a time limit, it is estimated based on the degradation under
accelerated condition to predict lifetime. In particular, HCD is measured in the worst case
condition to guarantee minimum lifetime. In general, HCD predict lifetime through
acceleration in the worst case. In long channel device, HCD was most deteriorated under
the condition of Vs=Vp/2 where impact ionization (I.1.) is the peak and low temperature
[1]. However, as high-k layers have been applied as devices have been scaled down, pre-
existing traps rapidly have been increased to show high degradation when Vs=Vp and in
high temperature [2]. Therefore, voltage and temperature are important factors in
determining hot carrier degradation.

Recently, due to continuous scaling, the structure of the device has been developed as a
3D FIinFET that can increase gate control. However, as the channel thickness decreases,
the self-heating effect becomes more severe and the influence of temperature on HCD
increases [3]. As mentioned above, since temperature is a factor that can determine the
worst case of HCD, it is very important to study the characteristics of HCD according to

temperature. Therefore, in this study, the temperature tendency of HCD was analyzed
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based on physical theory in FinFET, which is a basic 3D structure. In addition, the
analysis was conducted based on the measurement results under various voltage

conditions to consider various mechanisms that can generate HCD.

3.2 Temperature dependence according to

acceleration conditions

3.2.1 Experiment

14 nm node bulk FinFETs have been utilized in this study with high-k/metal-gate
processes. The measurements have been performed in various voltage and temperature
conditions. Variability is an important issue in 14 nm node devices. We have conducted 4
measurements in each HCD condition to investigate the general temperature dependency
and selected the measurement result among the 4 measurements which was closest to the
mean value. Also, measurements were conducted within one wafer to maximally suppress
the variability between the devices and devices that showed similar VTH/on-current
through I-V characteristic were used to measure the HCD. Because the variation between
devices decreases as the number of Fins increases in FinFETSs, 4-Fin devices with

relatively low variation were used in this study [4].
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3.2.2 Comparison of temperature dependence in two acceleration

conditions
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Fig. 1. Temperature dependence of HCD according to two voltage conditions (a)
VDS/VGS =2V/1.1V (b) VDS/VGS = 1.1V/1.5V.

Figure 1 shows the temperature dependence of HCD according to two voltage
conditions. Measurements have been performed in temperature conditions of 300, 350,
and 400K. Degradation decreases as the temperature increases in the high drain voltage
condition (2V/1.1V) and degradation increases as the temperature increases in the high
gate voltage condition (1.1V/1.5V). Since there are various mechanisms for generating
HCD, it is necessary to understand the temperature dependence of each mechanism in
order to clearly analyze these results. Generally, oxide traps (trapping) increase as
temperature increases [5]. Therefore, if there is only a tendency for the interface trap to
decrease with temperature, the opposite temperature dependence can be explained simply

by the combination of oxide trap and interface trap that varies with voltage conditions.
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Therefore, Vu shift caused by oxide trap (AVor) and interface trap (AVr) was separated

using Subthreshold swing (S.S.).

(@) Dashed Line : only VOT shit (b) Dashed Line : only VOT shit

w/ stress

|, (log)

w/ stress

Fig. 2. (a) Additional on-current degradation (AID) due to interface traps (b) AVTH and
AVOT component separation using total VTH shift and S.S.

Generally, interface traps are formed with specific distributions within the bandgap [6].
Therefore, as Ve increases, S.S. changes due to the increase of interface traps involved in
V14 shift. Also, the interface traps act as scattering centers, causing additional on-current
degradation (Figure 2(a)). However, because oxide traps are generated at a constant level
within the band gap, only the V4 shift occurs. Therefore, the AVt and AVor components

were separated based on the off current of the stressed 1-V curve as shown in Figure 2(b).

_28_



(a) Symbol=Measurement(2V/1.1V) (b) Symbol=Measurement(1.1V/1.5V)
~—~ | stress time=1000s ~—~ 1 Stress time=1000s 1
D_ === o Total 3 __,_——‘_‘:_':_—@
< | e oL el
_______________ oT
E- AV|T ﬁ ~~~~~~ ] |:I_: %—’—‘
A
> > 4
< g [ 31 < AN
- AVor JANSEE L 0
300 325 350 375 400 300 325 350 375 400
Temperature (K) Temperature (K)

Fig. 3. Temperature dependence of AVor and AVt according to two voltage conditions
@) Vo/Ve=2VI1.1V (b) Vo/Ve=1.1V/15 V.

Figure 3 shows the AVor and AV r components with temperature at each acceleration
condition. As mentioned above, AVor increased as the temperature increased in both
voltage conditions. On the other hand, AV r has different temperature dependences under
two voltage conditions. Because these results mean that the temperature dependence of
each mechanism for generating interface traps is different, additional analysis is needed to
understand the overall temperature dependence. Therefore, in this paper, the interface trap
was separated into three mechanisms and the temperature dependence of each mechanism

was analyzed.
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3.3 Calibration process
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Fig. 4. (a) Calibration result of body current (Is-Vg) according to temperature (b) EDF

modified by applying the parameters of I.1.

In hot carrier conditions, a high electric field causes a large amount of impact
ionization. Therefore, in order to improve the accuracy of the hot carrier simulation, the
body current (Is-Vg) was calibrated. The VanOverstraeten model, an impact ionization
model, was used and the data and simulation results were found to fit well (Figure 4(a)).
Carrier energy changes because the amount of I.1. changes during the calibration process.
Figure 4(b) shows the change of EDF by applying the parameters of I.1. extracted during

the calibration process. The SP component is most affected because the distribution of

high energy carriers is different.
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Fig. 5. (a) Nit distribution within the bandgap (b) Nit distribution in the channel

Figure 5(a) shows the Nit distribution within the bandgap which is determined through
the calibration process. In the case of nMOSFETS, the Fermi level in the bandgap is
swept from Ev to Ec when the gate voltage increases. Therefore, the Nit distribution
between Ev and middle level in the bandgap contributes to Vr. The additional Nit
distribution near Ec contributes to on-current degradation. Figure 5(b) shows the Nit
distribution in the channel. As mentioned above, since SP and MP are carrier energy
dependent components, SP and MP occur in the drain region where the lateral field is
strong. On the other hand, the FP component shows a peak in the source region where the

vertical field is high because the vertical field is an important factor.
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Fig. 6. (a) Calibration results between the AVt data and the simulation versus stress time
at Vp/Vs=2V/1.1V condition (b) Vo/Ve=1.1V/1.5V.

Figure 6 shows the calibration results between the AVt data and the simulation versus
stress time. Iteration was performed until a parameter set was obtained that satisfies all
conditions, and the AV,r was calibrated well according to temperature. Current
degradation rate (Alp/lp) is an important parameter in HCD. However, the current
degradation rate and the interface trap density are not directly proportional because the
reference current is different for each temperature. On the other hand, the AVt is directly
proportional to the interface trap density because it is an absolute value rather than a ratio.
Therefore, in this paper, we analyzed HCD temperature trend through AV .

In the calibration process, carrier energy was calculated by considering Phonon,
Coulomb, CarrierCarrier and I.I. scattering. In addition, the vibrational mode of Si-H
bond was the bending mode and the bond dispersion and dipole moment due to activation

energy (Ea) fluctuation were considered.
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3.4 Mechanism separation
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Fig. 7. (a), (b) Temperature dependence on each mechanism and (c), (d) Energy
distribution function(EDF) in two voltage conditions.

Figure 7 shows the temperature dependence on each mechanism that causes interface
traps. The MP is related to the number of carriers and vibration frequency of the Si-H
bond. When vibration occurs, Si-H bonds tend to lose energy rather than gain energy.

Although there is no significant change of the number of carriers as the temperature
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increases, the vibration frequency of Si-H bond increases [7]. Therefore, the MP
decreases as the temperature increases. FP is a phenomenon where Si-H bonds, which are
weakened by the oxide field, break due to thermal energy. The FP accordingly increases
as the temperature increases.

The SP is significantly affected by factors that change the carrier energy such as
scattering, voltage, and temperature conditions because the Ea is high. When the drain
voltage is high, many carriers with high energy are distributed throughout the channel.
Therefore, the effect of increased carrier energy according to increasing temperature is
not dominant in this case. Meanwhile, phonon scattering increases as the temperature
increases which decreases the carrier energy, and decreases the SP (Figure 7(c)). On the
other hand, when the drain voltage is low, most carriers have low energy. Since phonon
scattering occurs under carriers with high energy majorly, carriers with low energy have
low influence on phonon scattering. Therefore, SP increases since the energy of carriers
increases as temperature rises (Figure 7(d)). As a result, the tendency of the SP can be
considered as a significant factor that determines the temperature dependence on the total

interface traps.
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3.5 HCD prediction in the nominal voltage
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Fig. 8. (a) Comparison of the effect of each mechanism in two voltage conditions (b)
AVt components in the nominal operating region.

Figure 8(a) shows the comparison of the effect of each mechanism in two voltage
conditions. It is especially worth noting the results of the FP component. Degradation due
to the FP is generally high when in strong oxide field conditions. However, FinFETs have
a high self-heating effect, which can lead to high degradation even at lower oxide fields.
Therefore, in nominal operating condition, the composition of mechanisms can be
changed because of the lower voltage and weaker self-heating effect compared to the
accelerated stress conditions.

Figure 8(b) shows the predicted degradation under nominal operating condition
through simulation. The time required for deterioration is different for each component,

and MP occurs first because of lowest Ea. On the other hand, FP occurs under accelerated

_85_



stress conditions, but not in the nominal operating condition. Therefore, it is possible to
underestimate the actual lifetime when accelerating under the conditions of Figure 8(a).
However, because the components of Vr differ depending on the structure and operating
voltage of the device, it is important that the acceleration conditions reflect the
components in the nominal operating condition in order to accurately predict the lifetime.
Therefore, researches that accurately analyze HCD using each mechanism are very

important.

3.6 Summary

Temperature dependence of HCD was analyzed under two voltage conditions. In the
case of oxide traps, deterioration increases as temperature increases under all conditions.
However, in the case of interface traps, opposite temperature dependence was shown
under two voltage conditions. In order to analyze this dependence, interface traps were
separated into three components and the temperature dependence of each component was
analyzed. MP and FP have a constant temperature trend depending on voltage conditions.
However, SP is highly influenced by scattering and shows various temperature
dependences. Due to the self-heating, FInFET has different temperatures at accelerated
conditions and nominal operating condition. In the nominal operating region, FP

disappears due to weak self-heating. However, the components vary depending on the
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structure of the device and the nominal operating voltage. Therefore, it is necessary to

consider these components when determining the acceleration condition.
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Chapter 4
Comparative Analysis of HCD in nMOS/pMQOS
FINFET

4.1 Introduction

In the past, interface traps caused by impact ionization (I.1.) were the main components
of HCD in long-channel devices [1]. Because electrons cause higher 1.1. than holes in the
same voltage and temperature condition, HCD was more severe in nMOS transistors than
in pMOS devices [2]. However, as high-k/metal-gate (HK/MG) processes has been
applied in the scaling down of devices, more traps exist in the SiO2/HfO2 interface or
HfO2 layer. Therefore, electron/hole trapping has also become a main mechanism of
HCD because many carriers are trapped in these pre-existing traps even in HCD
conditions [3]. Also, electrons can be trapped easier than holes because the energy barrier
of electrons of the Si/SiO2 interface is lower than that of holes. Therefore, higher HCD
occurs in nMOS devices than in pMOS devices regardless of the trap type. Due to the
continuous scaling down of devices, the structure of devices has developed into three-
dimensional (3D) FinFETs. However, unlike planar structures, higher HCD is observed in
pMOS devices compared to nMOS devices in FINFETs [4]. Because this result cannot be
explained with conventional theories, the HCD characteristics in FinFETs should be

accurately analyzed and understood. Therefore, the HCD devices in nFinFETs and
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pFINFETSs are compared, and the causes are analyzed in this study.

4.2 Comparison of HCD in the long/short channel

FINFET

4.2.1 Experiment

10 nm node bulk FinFETSs (core, 1/O) have been utilized in this study with HK/MG
processes. The measurements have been performed in various voltage and temperature
conditions. Variability is an important issue in 10 nm node devices. We have conducted
five measurements in each voltage condition to investigate the general dependency and
selected the measurement results that were closest to the mean value among the
measurements. Also, measurements were conducted within one wafer to maximally
suppress the variability between the devices, and devices that showed similar Vru/on-
current characteristics. Because the variation between devices decreases as the number of
Fins increases in FinFETSs, 4-Fin devices with relatively low variation were used in this

study.
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4.2.2 Long channel 1/0 device
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Fig. 1. (a) Comparison of AVry at two voltage conditions in the long channel 1/0
NFIiNFET and pFinFET and (b) body current.

Figure 1(a) shows the comparison of AVy in the HCD condition (Vo/2=V¢) in the

long-channel I/O FinFET. Higher degradation was observed in the nFinFET compared to

the pFIinFET in the HCD condition. Also, lower degradation occurred in the nFinFET at

400K than at 300K. Holes have lower energy than electrons because the mean free path

of holes is shorter. Also, the carrier energy decreases as the temperature increases because

phonon scattering becomes more active. Therefore, the HCD measurements of long-

channel FinFETSs correspond with the trends of past studies and can be explained through

physical theories [5]. The tendency of the body-current (Ig) also matches with the

tendency of the temperature (Fig. 1(b)).
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4.2.3 Short channel core device

(a) |core device (b) | core device
1 -Vp/2=Vg, stress time=1000s 104 -Vp/2=Vg, T=400K
~—~ ~—~
- mm 300K )
< ] mm 400K 1 < pFiNnFET
~ ~ n~0.26
|E ] 1 T 14
|_
2 >
1 1< NFiNFET
n~0.42
0.1 T T T T
NFINFET pFiNFET 10° 10 10° 10°

stress time (Ss)

Fig. 2. (a) Comparison of AVy in NFiNFET and pFIinFET according to temperature and
(b) time exponents extracted at HCD condition(Vp/2=Vg).

Figure 2(a) shows the degradation of the short-channel core n/pFinFET under HCD
condition. Degradation increased in both n/pFinFETSs as temperature increased and higher
degradation occurred in the pFinFET than the nFinFET. This result cannot be explained
by conventional theories. Therefore, degradation was analyzed according to the stress
time to investigate the cause of HCD. Generally, the time exponent (n) due to interface
traps is between 0.5 and 0.6 in HCD condition and n due to oxide traps is between 0.1 and
0.2 [6]. Since both mechanisms occur at the same time, the time exponent is between 0.1
and 0.6. Therefore, it can be predicted that the interfaces are the dominant components in
nFIiNFETs and the oxide traps are dominant in pFIinFETSs, as shown in Figure 2(b).
Because more impact ionization can be caused with higher energy, the carrier energies of

the nFinFET and pFinFET were compared through the IB. Also, there is higher
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probability of carriers being trapped in the oxide traps if there are more carriers that
transport from the channel to the gate. Therefore, the number of oxide traps were

compared by measuring gate currents(l).
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Fig. 3. (a) Body current and (b) gate current of the short channel core FinFET according
to temperature.

Figure 3(a) shows the Ig of the core n/pFinFETSs. The ratio of the Ig and drain current
(Io) is often used to compare the energy of electrons and holes (lg/lp). However, the
strained pFIiNFET has similar Ip with that of the nFinFET in this study. Therefore, Iz was
simply compared. Unlike in long-channel devices, Ig increased as the temperature
increased in short-channel devices because the effect of phonon scattering decreased.
Therefore, higher degradation due to increasing temperature in both devices can be
explained by the increase of carrier energy. However, because the nFinFET has higher Ig
than the pFinFET, we cannot explain why the pFinFET causes higher degradation than

the nFinFET. Figure 3(b) shows the I of each device. Due to the difference of the energy
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barrier height between the two devices, Ic of the nFInFET was higher than that of the
pFIinFET. Therefore, the probability of oxide trapping is higher in the nFinFET because
there are many carriers that have moved to the oxide [7]. Also, it is difficult to consider
that there are more oxide trap components in the pFinFET than in the nFinFET because
the electron density is higher than the hole density, and the tunneling mass of electrons is
also lower than that of holes [8]. Therefore, more interface traps or oxide traps should
occur in nFIinFETSs than pFinFETSs due to carriers with higher energy. However, the actual
measurement results are the opposite. Therefore, another mechanism is needed to explain
this result.

At the HCD condition, higher degradation in the nFinFET compared to the pFinFET
did not occur in the planar structure, but started to occur in ultra-scaled FinFETS.
Therefore, we analyzed the characteristics that can change due to the difference between

the two structures using TCAD simulation.

4.3 Self-heating effect in n/pFINFET

The self-heating effect (SHE) was not a major issue in conventional planar structures
because heat was easily released. However, SHE worsens in 3D FinFET structures
because the heat-path decreases as the Fin thickness is reduced [9]. Especially for
pFIinFETS, SiGe is used for the source/drain (S/D) material to increase the current level

by enhancing the hole mobility in the channel. However, alloy scattering which occurs in
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SiGe reduces the thermal conductivity [10, 11]. Therefore, strained pFinFETs have higher
device temperature than nFinFETs [4]. The temperature difference between pFinFETS
and nFinFETs can become more severe if further scaling down is performed. Therefore,
SHE is an essential factor to consider when analyzing HCD in 10 nm node FinFETSs.
Because the temperature of the actual devices could not be measured, simulation was

used to compare the device temperature.
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Fig. 4. (a) Calibration of the Ipo-Vs and (b) Ipo-Vp characteristics according to various
conditions.

For accurate comparison of temperature, calibration of the 1-V characteristics between
simulation and measurement results is essential. In particular, Io-Vp as well as Ip-Ve

were calibrated to improve the accuracy of calibration (Figure 4(b)).
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Fig. 5. (a) FinFET structure designed by TCAD simulation and the heat generation
obtained during the 1-V calibration (b) Device temperatures of the nFinFET and pFinFET.

Figure 5(a) shows the FIinFET structure designed through TCAD simulation and the
heat generation obtained during the |-V calibration process. It can be seen that the
maximum temperature occurs in the drain region where the field is high, and heat is
released to the S/D and substrate. SHE was considered by using the Thermodynamic
model. Additionally, various thermal conductivities have been applied according to each
material and thickness, and different doping concentrations and dopant materials have
been considered in Si [12]. Also, due to the SiGe S/D, the thermal conductivity and strain
effect which vary depending on the Ge ratio were considered. Figure 5(b) shows the
device temperatures of the nFinFET and pFinFET that were extracted through simulation.
Due to the low thermal conductivity of SiGe, the average device temperature of the

pFinFET is high.
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44 Bias Temperature Instability(BTI) in

n/pFINFET

4.4.1 HCD simulation
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Fig. 6. Degradation of the nFinFET and pFIinFET due to the (a) SP and (b) MP
mechanisms.

Figure 6 shows the degradation of the two devices due to the SP and MP mechanisms.
In general, the SP mechanism shows a peak in the drain region with high carrier energy.
However, in this paper, the voltage condition that HCD occurs in actual logic circuits was
applied (Vo/2=V¢). In addition, there is insufficient number of inversion carriers in the
drain region because the gate voltage condition is close to the operating voltage level.
Therefore, a peak appears in the source region with many inversion carriers. However, in

the HCD condition used in this study, the inversion carrier of the drain region is
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considerably insufficient because the gate voltage is low. Therefore, the SP mechanism
peaks in the source with a large number of inversion carriers. As a result of the simulation,
despite the high temperature of the pFinFET, similar SP is shown in comparison with the
NFIiNFET. In the case of MP, carrier density is an important parameter. Electron density is
higher than that of holes in the same voltage condition because electrons have larger
density of state (DOS) than holes [13]. In addition, the MP mechanism decreases as the
temperature increases because the life time of the Si-H bond decreases [14]. Therefore,
the probability of degradation due to MP is also higher in the nFinFET. As a result, it is
difficult to conclude that the HCD mechanism is the reason of the large difference of

degradation between the nFinFET and pFinFET.

4.4.2 Comparison of degradation in various voltage conditions

The main mechanism of BTI varies in nFinFETs and pFinFETs. First, the main
components of positive BTI (PBTI) are electrons trapped by oxide traps [15]. PBTI has
especially increased due to pre-existing traps from the application of HK/MG processing.
However, PBTI could be reduced by adding materials such as La or N in the processing
to eliminate the trap energy levels within the high-k material [16]. Although hole trapping
can also occur in the negative BTI (NBTI) condition, it is not easy for holes to move to
the oxide because the energy barrier height of the Si/SiO2 interface is high and because
there are barely any defect levels within the HfO2 bulk that can trap holes. Therefore,

NBTI is mostly due to the interface traps generated through reaction-diffusion (RD) [17].
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The holes inversed by the gate voltage react with the electrons in Si-H bonds to generate
interface traps and the separated H atoms diffuse toward the gate. Therefore, this
mechanism mostly occurs in pFinFETSs than in nFinFETs where the inversion carriers are
electrons. RD becomes more severe when the temperature and voltage conditions
increase. Therefore, RD is a mechanism that can explain the high degradation of
pFinFETSs. Therefore, degradation was compared in high gate voltage condition to clearly
observe the RD characteristics. In addition, voltage conditions with a weak drain voltage

were selected to confirm the effect of self-heating on the RD.
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Fig. 7. Comparison of AVry in various voltage conditions in the (a) nFinFET and (b)
pFinFET.
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Figure 7 shows the comparison of AVt in various voltage conditions. In case of the
nFIinFET, degradation hardly occurred at room temperature, and degradation did not
occur at 0.4V/1.25V and 0V/1.5V (PBTI). It is difficult to break Si-H bonds due to the

carriers with relatively low energy because of the low drain voltage, although there are
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many carriers within the channel due to the high gate voltage. (The Ig at low drain voltage
(Vo = 0.7 V) is significantly smaller than the Ig at high drain voltage (Vp = 1.5 V)).
However, degradation occurs in all voltage conditions in high temperature and higher
degradation occurs as the gate voltage increases. Degradation in the nFinFET in high gate
voltage conditions can be considered to be due to oxide traps because electron trapping
becomes more active as temperature increases [18]. Also, degradation is determined by
the gate voltage rather than by the drain voltage. On the other hand, higher degradation
occurred in the pFinFET compared to the nFinFET in all conditions. However, the
dominant mechanism cannot be confirmed as RD because there is no clear tendency
according to the voltage condition. Therefore, it is necessary to confirm if the main

component of degradation of the pFinFET is RD.
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Fig. 8. Comparison of time exponents extracted in various voltage conditions in the (a)
NnFIiNFET and (b) pFinFET.
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Figure 8 shows the comparison of time exponents extracted at various voltage
conditions. The nFinFET shows various time exponents depending on the voltage
condition. This is because oxide traps and interface traps are generated at the same time,
and the time exponent decreases as the oxide trap component increases. On the other hand,
in the pFinFET, n values range between 0.18 and 0.25 in all conditions, and are similar to
the n values of RD reported in previous literatures [19]. Therefore, it can be considered
that the interface trap due to RD is the dominant mechanism rather than due to oxide traps.
However, it is difficult to determine the cause of this result as RD only with time
exponents. Therefore, the on-current degradation ratio was used for additional

verification.

4.4.3 On-current degradation rate

Dashed Line = Only Vy,, Shift

] AID,Total

w/0 stress

----- "/ stress |
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Fig. 9. Ratio between the total on-current degradation(Alp Toat) and additional on-current
degradation(Alp,app).
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Interface traps and oxide traps change the VVrw. Therefore, variation of on-current due
to the changed V4 is also accompanied. We defined the on-current degradation by the
V1 shift as Alpvra. However, the interface traps act as scattering centers causing
additional on-current degradation. Therefore, additional on-current degradation was
defined as Alp app, excluding Alpyvtw from the total on-current degradation (Alp totar).
Therefore, Alp.app should occur if interface traps are generated due to RD. Thus, the on-
current degradations in each condition were compared to analyze RD generation. Figure 9
shows the ratio between the total on-current degradation (Alp app/Alp Tota). If AID,Total
due to the interface traps does not occur, all degradation components are oxide traps and

the ratio becomes zero.
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Fig. 10. Comparison of Alpapp/Alptear IN Vvarious voltage conditions in the (a)
nFIiNFET and (b) pFinFET.

Figure 10 shows the comparison of Alp,app/Alp Total iN Various voltage conditions. For
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the nFinFET, Alpapp did not occur although the Vry changed in the 0.4V/1.25V and
0V/1.5V (PBTI) conditions. Therefore, the degradation in these two conditions are solely
due to oxide traps in the IL/HK interface which are far away from the channel. Also, the
reason why the ratio at 0.4V/1.5V is smaller than at 0.7V/1.25V is because oxide traps
increase. On the other hand, the pFinFET shows opposite tendency from the nFinFET.
This is because the interface traps due to RD are mainly generated in the source region
unlike hot carriers. The distribution of inversed holes increases toward the source
direction because drain voltage is applied and RD occurs in proportion to the hole density.
Therefore, RD is concentrated in the source region as the drain voltage increases which
reduces the scattering probability of carriers passing the channel. The scattering
probability is highest when the drain voltage is not applied and RD evenly occurs within
the channel. Therefore, the Alp app/Alp, Toal iNCreases as the drain voltage decreases. It can
be confirmed through these results that interface traps are generated by RD even if drain
voltage is applied. Finally, simulation was used to analyze the tendencies of temperature

and degradation to predict the temperature at each voltage condition.
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Fig. 11. (a) Temperature predicted through simulation in each voltage condition (b)
Relationship between AVtH and temperature in the pFinFET in each voltage condition.

Figure 11(a) shows the comparison of temperature in each voltage condition predicted
through simulation. As mentioned above, the absolute value of the temperature predicted
through the simulation does not have significant meaning because accurate device
temperature cannot be measured. Therefore, the temperature increased by self-heating
(AT) was compared by the difference between the ambient temperature (T amp) and device
temperature (Toev) in each voltage condition. Even at room temperature, the device
temperature can be quite high due to SHE under conditions where the drain voltage is
high. High degradation may occur regardless of low gate voltage when comparing
conditions at 0.7V/1.25V and 0.4V/15V, and this can be explained by the high
temperature. Also, it was confirmed that the degradation tendency matches the
temperature tendency.

Figure 11(b) shows the AVtH in each voltage condition and the temperature tendency

predicted through simulation. Degradation increases in proportion to increasing
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temperature. Also, degradation increases as the gate voltage increases at similar
temperature. This tendency can be determined as RD. Therefore, additional RD due to
SHE was found to cause higher degradation in the pFinFET than in the nFinFET in
various voltage conditions. However, RD may be the dominant mechanism in these
analyzed voltage conditions because the gate voltage is relatively high. This paper
focuses on analyzing the factor that causes higher degradation in the pFinFET than the
nFIiNFET in HCD condition. Therefore, analysis was conducted on the effect of RD on the

total degradation in basic HCD condition (Vp/2=Vg) using TCAD simulation.

4.4.4 RD simulation

RD simulation is required to investigate the degradation components in HCD condition.
The largest problem of the conventional RD model is that recovery characteristics cannot
be properly predicted. However, accuracy of recovery characteristics has been improved
through compact modeling (transient trap occupancy model; TTOM) based on
measurements [20]. Also, the improved RD model can well express the results calculated
by the nonradiative multiphonon(NMP) trapping model. Therefore, the improved RD
model has been used in this study. The multistate configuration (MSC)-hydrogen
transport degradation model which is based on the improved RD model is applied in the
Sentaurus TCAD simulation. The inversed holes enter the Si-H bonds at the Si/SiO2
interface to react with electrons and generate H atoms. The H atoms diffuse to the

Si/SiO2 interface and react with other H atoms to create H2 molecules. Finally, the
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generated H2 molecules diffuse to the gate.

Si-H +h* === Si* + H® (1)
KI’
Si-H+H®Y —2= Si+H, 2)

r2

The equation related to interface trap generation due to RD is shown below and the

fitting parameters were applied by referring to related literatures [21].

dN,;
dt

:kF(No'NlT)'kRNlTNH 3)

'EAkF

Ke = ke <7, Ky = CpGVthperEOX (4)

Eakr

Kp = kgt ©T (5)
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Fig. 12. (a) Calibrated AV+H in various voltage conditions through RD simulation and (b)
RD portion of degradation predicted through simulation.

Figure 12(a) shows the calibrated AVt4 in various voltage conditions through RD
simulation. There should be less interface traps or oxide traps due to hot carriers in the
pFIinFET than in the nFinFET. Therefore, there is no degradation due to the hot carriers in
the pFIinFET at 0.4V/1.25V condition because degradation barely occurs in the nFinFET
in this same condition (Figure 7(a)). As a result, it can be assumed that degradation in the
pFIiNFET at 0.4V/1.25V is solely due to the RD. Therefore, calibration was performed
with in three voltage conditions and two temperature conditions to confirm that the
simulation results well match the measurements. RD simulation was conducted in each
voltage condition by applying the parameters extracted through calibration. Figure 12(b)
shows the RD predicted by simulation. The 0.4V/1.25V and 0V/1.5V conditions only

showed RD and the other two conditions also showed high ratio of RD.
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Figure 13 shows RD predicted through simulation in the HCD condition. As mentioned
above, interface traps due to RD are not shown in the nFinFET. On the other hand,
approximately 53% and 66% RD was predicted in the pFinFET at 300K and 400K,
respectively. Besides the RD in the total degradation, the remaining degradation is
predicted to be due to hot carriers. Therefore, degradation due to pure hot carriers occurs
more in the nFIiNFET than in the pFinFET, and these results match with conventional
theories. As a result, an additional RD occurs in short-channel pFinFETs at HCD
condition due to severe SHE regardless of low gate voltage. Therefore, higher
degradation is observed in the pFinFET than in the nFinFET. Also, degradation in the

pFIinFET at HCD condition becomes worse as devices are further scaled down.
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4.5 Summary

Degradation occurs more in the 10 nm node pFinFETs than the nFinFETs at HCD
condition. Therefore, degradation was measured in various voltage conditions to
investigate the main degradation components in the nFinFET and pFIinFET. Interface
traps due to carrier collision are the dominant components in the nFinFET and oxide traps
may occur due to electron trapping. On the other hand, SHE is more severe in pFinFETS
than in nFinFETSs because SiGe, which has low thermal conductivity, is used as the S/D
in pFinFETSs. Therefore, RD mechanism occurs regardless of the HCD condition because
the device temperature is high. We have confirmed by using time exponents and
Alp app/Alp 1o that RD occurs in the pFinFET. Therefore, higher degradation occurs at
HCD condition in the pFinFET because additional interface traps are generated due to RD.

Finally, RD results that occurred in each condition were extracted through TCAD
simulation and it was found that 60% of the degradation at the HCD condition was due to

RD.
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Chapter 5

Conclusion

In this dissertation, we analyzed the hot carrier degradation of 3D FinFET based on the
physical theory. In the process of research, a TCAD framework is improved to predict
HCD based on physical theories precisely by applying EES in a simulation model.
Moreover, consistency was confirmed through comparison between the measured data of
a 14 nm node FinFET and simulation model. Calibration was performed in three stress
voltage conditions. The parameters of the HCD model were extracted through the
iteration. In the different stress conditions predicted by the simulation model with the
extracted parameters, the results obtained from the improved model showed the better
agreement with the measured data than the previous model. In addition, the temperature
dependence of HCD was analyzed under two voltage conditions. In the case of oxide
traps, deterioration increases as temperature increases under all conditions. However, in
the case of interface traps, opposite temperature dependence was shown under two
voltage conditions. In order to analyze this dependence, interface traps were separated
into three components and the temperature dependence of each component was analyzed.
MP and FP have a constant temperature trend depending on voltage conditions. However,

SP is highly influenced by scattering and shows various temperature dependences. As a
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result, based on the physical theory, a simulation model was established that considers all
trends of various voltages and temperatures.

However, due to the self-heating, FInFET has different temperatures at accelerated
conditions and nominal operating condition. In the nominal operating region, FP
disappears due to weak self-heating. However, the components vary depending on the
structure of the device and the operating voltage. Therefore, it is necessary to consider
these components when determining the acceleration condition.

In the 10 nm node FinFET, degradation occurs more pFinFETS than the nFinFETS at
HCD condition. Therefore, degradation was measured in various voltage conditions to
investigate the main degradation components in the nFinFET and pFIinFET. Interface
traps due to carrier collision are the dominant components in the nFinFET and oxide traps
may occur due to electron trapping. On the other hand, SHE is more severe in pFinFETS
than in nFinFETSs because SiGe, which has low thermal conductivity, is used as the S/D
in pFinFETSs. Therefore, RD mechanism occurs regardless of the HCD condition because
the device temperature is high. We have confirmed by using time exponents and
Alp app/Alp 1o that RD occurs in the pFinFET. Therefore, higher degradation occurs at
HCD condition in the pFIinFET because additional interface traps are generated due to RD.
Finally, RD results that occurred in each condition were extracted through TCAD
simulation and it was found that 60% of the degradation at the HCD condition was due to

RD.
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