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Abstract : Hot-carrier degradation (HCD) of Ge pNWFETs
has been shown to be signicantly lower and dierent than
that of Si pPNWFETs. Here we accurately model degradation
and the time-to-failure (TTF) measured during HC stress in
Ge pNWFETs. For this, we use our HCD framework vali-
dated against hot-carrier degradation in Si devices, and rst
we show here that it thoroughly represents HCD Si pNWFETS.
This framework is naturally extendable to incorporate new de-
fects (O-vacancies) and their precursors (Ge-O bonds) which



set, we used a double Zeta basis set with polarization functions concentration lies in the same range as those values we employed
on both the Ge and O atoms. The plane wave basis set wasfor HCD modeling in di erent Si technologies [8,28,29]. Fi-
truncated at 1200 Ry. In order to mitigate the expense of the nally, the properly calibrated model allowed us to represent ex-
hybrid functional, we utilized an approximation known as the perimental dependencies of TTF vs. the stress current (Fig. 1)
auxiliary density matrix method [22]. For evaluating reaction and obtain a time slope of 11 which is quite close to the exper-
barriers, we used the climbing image variant of the nudged elas- imental one equal to 12.

tic band method [23]. The HCD model for the Ge pNWFETs has been calibrated

To get an idea of the energy required to create an oxygento represent degradation traces |g.sa, See Fig. 9. For Ge-O
vacancy, we explicitly modeled a Frenkel pair formation reaction bonds we used the mean value and the standard deviation of
in crystalline GeO,. We started with a 3 3 3 supercell of the bond-breakage energy ofEa.ce oi =5.6eV and g.ce o
crystalline GeO, with a quartz structure whose cell parameters = 0.8eV. The hEa.ce ol value is consistent with our DFT re-
and atomic structure were optimized with respect to the total sults (see Fig. 6), while the large £.ce o re ects the fact that
energy within our DFT setup. This resulted in two Ge-O bond Ge-O bonds are placed in the non-stoichiometric SIGey Oy(y+ yy
environments of 1.78A and 1.74A. Analysis of the electronic Im. We also used a relatively high concentration of pristine
structure reveals a band gap of 5.64eV. These results are iNnGe.O honds, i.e. Néo) o 7 10“2cm 2; we suppose that this
good agreement with previous experiments [24]. To create ajg 5 reasonable value because the Ge concentration at the in-
Frenkel pair, we then displaced an O ion from its equilibrium o t506is very high (Fig. 4). As previously discussed, we em-
position between two Ge atoms towards a neighboring Ge atom ; ) © . 2
and then optimized the structure. This resulted in the nal Ployed alow concentration of Si-H bondsN g’ |, =6 10 cm
con guration shown in Fig. 6. We therefore obtained our initial ~ (this value is much lower than that used to model HCD in Si
and nal states for Frenkel pair creation. Starting from a linear NWFETSs) and a large standard deviation g.si 1 = 0.67eV.
interpolation between these two states, we used nudged elasticOther parameters of the Si-H bond dissociation reaction { such
band to optimize the reaction pathway and obtain the minimum as vibrational lifetimes, energy distances between the parabolic
energy pathway between them. We found an activation energy potential eigenstates, etc. { were set to standard values typical
of 5.5eV with the reaction pathway shown in Fig. 6. for the stretching vibrational mode of the Si-H bond [9].

Similar to modeling HCD in Si FETs we consider all superpo-  The model calibrated in this manner is capable of capturing
sitions of multiple- and single-carrier (MC- and SC-) processes |q4:sar(t) degradation traces with good accuracy, see Fig. 9.
of bond dissociation [9]. In the case of Si devices the HCD Moreover, our HCD model results in a slope of 39 of the TTF
models [2{4] parameterize the Si-H bond using the harmonic dependency against the stress current, while the slope extracted
potential and this strategy provides a good trade-o between from experimental data is 41, i.e. experimental and theoret-
computational e ciency and accuracy. However, this approach ical values are in good agreement (Fig. 1). Note that carriers
is not applicable to Ge-O bonds, which have a much higher in the Ge NWFETSs are substantially hotter than those in the
bond-breakage energy (Fig. 6) and where anharmonicity plays Si devices and this results in very rapid dissociation of Si-H
a substantial role. Therefore, we use the Morse potential to pa- bonds. From Fig. 8, left panel one can see that the interface
rameterize the barrier for the Ge-O bond dissociation reaction, trap density pro les have two saturation levels corresponding to
see Fig. 7 and Eq. 1. In contrast to the harmonic potential { concentrations of the two precursors,N® L and N© . The
where only transitionsi ! i+1 (bond excitation) and i ! i Ge O st H

A . > concentration of O-vacancies is localized in the drain section
(bond deexcitation) are permitted { transitions between any ar- ¢ the device, while the concentration of broken Si-H bond is

bitrary levels are possible. For calculating occupation numbers spread much wider, see Fig. 8, left and central panels. Finally,
of the bond levels and hence the MC-process rate we solve therjg ‘g right panel showsN; pro les in a hypothetical Si device
Pauli master equation (see Fig. 7, Egs. 2 and 3); note though 43 similar architecture and subjected to HC stress at the same
that this substantially increases computational time. carrier energies as the Ge transistor; the concentration of Si-H
_ Finally, Si-H bonds still remain at the SiGe/SixGeOx(x+y) precursors in such a device is equal to the total concentration
interface. However, strictly speaking, in the SjGeyOy(x+ y) en- (N((;og o+ Ngi)) ., 8 102cm 2) of both precursors in the Ge

vironment Si-H and Ge-H are not discernible and the bond- - N
breakage energy of such hybrid bonds should vary in the range N WFET. One can see that almost the entire device is heav-

between 2.6eV typical for Si-H bonds at the SISO, inter- ily degraded (Fig. 8) and the corresponding degradation traces

: ) . _have severely overestimated values (Fig. 10). This again shows
Iﬁgeic%gl]izaerédé)é'JGee\/ozcosr;gfeprgn[dllz]g t9|'oG|i$n|i-t| R]%nﬂzrﬁéaecregf "that Ge transistors are more reliable to HC stress than FETs

- . Si.
adjustable parameters of the model we assume that the Si-H on . .
bonds are present with a low concentration at the interface and _, & cfan sm:jr_nmanze thatthe s/lfjp?”or TTF of th% Ge NV\éFETS
their mean bonding energy istEa.s Hi = 2.6eV, but its stan- Stems from di erent precursors/defects contained in Ge devices

it ; ; o i ily Ge-O bonds and O-vacancies with a low concentra-
dard deviation g.sj n is large. From Fig. 5 it is seen that the (primaril - - ;
concentration of carriers with energies higher thantE..s; wi is 107 Of Si-H bonds and Ry-centers) compared to Si devices (Si-H

very low and therefore both O-vacancy and R-center genera- 0Onds and Ry-centers with typical densities).
tion reactions are dominated by the MC-process. Conclusions
Simulations of the degraded devices  were conducted us-

ing the device and circuit simulator MiniMOS-NT. To capture The fundamental di erence between hot-carrier degradation
quantization e ects MiniMOS-NT employs the density gradi- in Si and Ge devices is due to di erent sets of defects and their
ent and improved modi ed local density approximation meth- precursors involved in HCD in FETs with di erent channel ma-
ods [26]. The device architectures were obtained from Sentau-terials. We naturally extended our thoroughly validated HCD
rus Process [27]; the device and process simulators were couplethodeling framework { which captures HCD in Si pNWFETS {
and calibrated consistently in a manner to represent character- by incorporating the reaction which transforms neutral Ge-O
istics of unstressed transistors. This step is not only important bonds (precursors) into O-vacancies (defects) which are located
to ensure that our simulation setup is properly calibrated but at the SiGe=Si, Gey O, y) interface. Our approach also con-
also required for accurate modeling of the drain currents needed siders a low concentration of Si-H bonds with a large standard

for representing the TTF(l4) curves, Fig. 1. deviation of their bond-breakage energy, while Ge-H bonds are
. . not stable and do not contribute to HCD. The model has been

Results and Discussion shown to thoroughly capture |14.54(t) traces as well as the

HCD in Si pPNWFETs : the model accurately captures nor- slope of the time-to-failure dependency on the stress current.

malized changes of the saturation drain current 14.sax (Changes The superior TTF in Ge devices has been explained by a much
of the current are normalized to | 4;sat (t = 0)) with good accu- higher energy needed to break Ge-O bondsd form O-vacancies
racy, see Fig. 3. The concentration of pristine Si-H bonds used (our DFT calculations showed that this energy is 5.5 eV) com-

in the model was settoN{” , 3 10'2cm 2. Note that such a Pared to the Si-H bond rupture energy ( 2.6 eV).
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Figure 1:  Dependencies of normalized TTFs on normalized stress currents mea- Figure 2:

sured and modeled for Ge and Si NWFETs. One can see good agreement between

experimental and simulated data.
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Vgs and Vgs: experimental data vs. modeling results. For each stress condition, several devices with relatively high variability were used and therefore

experimental data are represented by mean values ( 14.s5) @and continuous error bars. The model accurately captures experimental
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Figure 4: Ge segregates into the Si cap, thereby
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Figure 5: Hole energy DFs calculated for di erent positions in the Ge device at
Vgs = -1.5V (left panel) and comparison of drain DFs for Ge and Si FETs at
=-1.5V (right panel). Holes in the Ge NWFETSs are hotter than those in the Si counterparts.
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Figure 7: The Morse poten- f(E)g(E) { DF, v(E) { velocity, (E) { cross section

tial for the Ge-O bond.
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Figure 8: Interface state densities Nj; in Ge pPNWFETs at a xed combination of stress voltages ~ Vgs =-1.2V, Vygs = -1.5V and three di erent stress
times (left panel), at two dierent Vg of -1.3 and -1.5V (central panel); Nj for a hypothetical Si pPNWFETs subjected to HC stress with the same
carrier energies as the Ge device in assumption that all precursors are Si-H bonds with the concentration Néoe) ot Né?) b ~8x 102 cm 2 calculated

for Vgs =-1.2V, Vygs = -1.5V (right panel). The lateral coordinate ~ x corresponds to the source-drain direction.
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Figure 9: Normalized changes in the saturation drain current | d:sat acquired for Ge NWFETSs as functions of stress time t for di erent combinations
of Vgs and Vys: experimental data vs. modeling results. For comparison, I 4:sat (t) traces obtained by ignoring breakage of Si-H bonds are also shown.

One can see that at some stress time step the HCD component related to Si-H bonds saturates (this is consistent with Fig. 8, right panel) and the slope
of the 14.sa (t) curves is determined by rupture of Ge-O bonds. This trend suggests that a  model which considers only Si-H bonds is not capable to
capture HCD in Ge transistors while our model provides good accuracy  between experimental and simulated degradation characteristics.
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