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Abstract—We study RTN and PBTI in nanoscale InGaAs
FinFETs fabricated on 300mm Si wafers. The average
instability is found to be comparable to planar structures, but
significantly larger when compared to Si devices. Although
the novel devices follow the same time-dependent variability
statistics and the corresponding area-scaling as their Si
counterparts, a larger stochastic impact of single defects on the
device characteristic is found to induce larger aging-related
variance. We ascribe this to a more percolative channel
conduction induced by still excessive interface and channel
defectivity.
Introduction

High mobility channel FinFETs will be required for further
CMOS performance enhancement in N7 and beyond [1]. Ge
and III-V compounds are the frontrunners for p- and n-type
channels respectively [2]. High intrinsic electron mobility
(~3000cm?/Vs [3,4]) has been recently demonstrated in
InGaAs channel devices with “self-cleaning” [5] Al,O;—based
dielectric stacks, with promising interface quality (D; ~3-
5x10" em?eV!' [6]) and subthreshold swings (~75 mV/dec
[3]). Moreover, imec has recently demonstrated the integration
of InGaAs FinFETs on 300mm Si wafers, with replacement
metal gate Al,O3/HfO, gate stack (Fig. 1) [7]. In this paper,
we focus on the PBTI reliability of these InGaAs FinFETs.
While the mean instability is found to be identical to
previously studied planar structures [8] and significantly
larger w.r.t. Si devices, the nanoscale fins with varying
effective area (Table 1) enable microscopic insights into the
instability via Random Telegraph Noise (RTN) and time-
dependent variability induced by capture/emission of channel
electrons in/from oxide defects. We observe that InGads
FinFETs follow the same time-dependent variability statistics
and the corresponding area-scaling as their Si counterparts
[9-12]. However, experimental data show larger-than-Si
device-to-device variability in InGaAs devices: we trace it to
larger stochastic impact of single defects on the device
characteristics and we discuss its possible origins. We argue
that while showcasing the best, ie., tail, behavior
demonstrates the potential of InGaAs, correct understanding
and description of the instability distributions in nanoscale
non-planar devices (e.g., FinFETs and Nanowires) are
essential for process optimization of the new technology.

PBTI, Hysteresis and RTN

PBTI measurements in large area FinFETs reveal the same
reliability challenge previously observed in planar InGaAs
devices (Fig. 2, solid symbols). In particular, a detrimental
weak voltage dependence of PBTI is consistently found
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(y~1.5), ascribed to a wide distribution of defect levels in
Al,O; (Fig. 2b) [8]. High pressure H, and D, anneals,
expected to passivate primarily dangling bonds, did not yield
any significant electron trapping reduction (Fig. 2a, crosses),
which therefore points to an intrinsic issue of this gate oxide.
Along with excessive hysteresis induced by multiple charged
defects with long emission times, frequent single electron
(de-)trapping events inducing significant fluctuations (i.e.,
noise) in the Ip-Vg characteristic of nanoscale FinFETs have
been observed (Fig. 3). Single defect charging with gigantic
electrostatic impact (e.g., AVy, ~5S0mV, Fig. 4) are not rare.
Such large fluctuations in nanoscale FETs are already
understood in terms of a potential perturbation of the
underlying channel percolation configuration induced by
single charged oxide defects (Fig. 5) [10,13]. By collecting the
observed single-defect-induced AV, in a Cumulative
Distribution plot (Fig. 6a), an exponential distribution is seen,
same as in Si devices [9]. The average impact per charge 77
(i.e., ~ the inverse of the slope of the distribution) is found to
scale inversely with area in InGaAs FinFET (Fig. 6b), also
consistently with Si data [10,11]. However 7 is significantly
larger (i.e. ~4%) w.r.t. the charge sheet approximation for the
electrostatic impact of a single charge (7,=¢/C,,, Fig. 6b
dashed), and also w.r.t. Si FinFETs where we have previously
observed 7/ny~2x (Fig. 6b dotted, based on experimental data
in [10]). Since 7 is expected to scale proportionally with the
oxide Capacitance Equivalent Thickness (CET) [14,15],
InGaAs devices suffer a penalty due to the larger channel
carrier centroid displacement from the interface (i.e., ‘dark
space’)  induced by quantum effects in a low DOS
semiconductor [3,16]. The CET-dependence, however,
cancels out when normalizing 77 by 77, (cf. Table II)—the
larger (normalized) single defect impact has to be therefore
ascribed to more percolative channel conduction. We have
previously shown that excessive N, [17] and channel material
defectivity [18] induce larger 77 (cf. Fig. 5). We argue these
two factors are responsible for the larger normalized single
defect impact in InGaAs devices.

Hysteresis distributions

Each nanoscale device is expected to include a Poisson-
distributed number of charging oxide defects, each defect
inducing the above discussed exponentially distributed AV,
[9]. Therefore, nominally identical devices can show very
disparate hysteresis (Fig. 7). Note that it is relatively common
to find devices showing almost negligible hysteresis (Fig.
Ta)—this is just a consequence of the stochastic nature of
trapping in small area devices, and cannot be claimed as
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improved reliability of some devices. Fig. 8a shows Vy,
distributions on the up- and down-sweep of Ip-V; hysteresis
measurements of multiple devices. Along with the median V-
shift, an increased variance is found in the down-sweeps. This
and the hysteresis AV, distribution (Fig. 8b) are again both
clear consequences of the statistics previously proposed based
on Si planar data (Eq. 1, Table II). Note that the hysteresis of
each device is uncorrelated with the device Vy, (Fig. 8c),
confirming the stochastic nature of the phenomenon.
Consistent with the statistics (Eq. 3) is the median hysteresis
observed to be independent of the device area (Figs. 9,10), as
well as larger variance observed in small area devices (Fig. 9,
bars) [17]. Based on measured hysteresis variance for varying
device areas it is possible to derive 77 independently again
through Eq. 3. In agreement with the RTN step heights study,
71 is found to scale inversely with the device area, and to be
~4x larger than 77, and ~2x larger than in Si devices (Fig. 11,
cf. Fig. 6b). A good agreement of the values extracted with the
two methods serves as a proof of the correctness of our
statistical framework in describing time-dependent variability
also for InGaAs FinFETSs.

Device-to-device PBTI variability

Fig. 12 shows relaxation traces measured on a set of
nominally identical devices after the same PBTI stress.
Individual discharge events with distributed step heights are
visible. The median PBTI shift shows a typical ~log(?)
relaxation trend (Fig. 12b), and it is found to be independent
of the device geometries (Fig. 13). This result implies that
gate stack optimization for improved reliability pursued on
simple planar test vehicles is valid also for FinFETs. By
considering datasets pertaining to increasing relaxation times
(see Fig. 12a), PBTI distributions with decreasing (AV,,) and
therefore decreasing variance (cf. Eq. 3) are obtained (Fig. 14,
symbols). These PBTI-induced AV, distributions are clearly
non-Gaussian; the asymmetry and the distinct relation
between median and variance are well described by Eq. 1
assuming 77/1, =6 (Fig. 14, lines). To understand this larger
n/ny, value, hysteresis distributions were measured with
increasing maximum Vg (Fig. 15): the median shift follows a
weak power law of the gate voltage (y~1.5) consistently with
large area device data (cf. Fig. 2); a weak dependence of 77 on
the maximum stress is also observed (Fig. 15b), and ascribed
to progressively worse percolative channel conduction due to
increasing amounts of charged near-substrate oxide defects
inducing additional potential perturbations (see Fig. 5).
Nevertheless, at low operating voltages of relevance for III-V
logic, the ratio 7/17,=4 observed above is confirmed.

Projections

Based on the experimental results summarized in Table III,
Fig. 16 shows projected AV}, distributions at device end-of-
life. Compared to Si n-FinFETs, ~10% larger median shifts
are expected (Fig. 16b), with significant additional variance to
be addressed by additional design margins (Fig. 16¢). Such
projections are valuable when optimizing new-technology

designs [19]—the larger AV, variance might be, e.g., tackled
by designing with multi-fin devices, at some expense of wafer
area (Fig. 16a).

Conclusions

In nanoscale devices Ip-V; hysteresis and PBTI-induced
AV, need to be studied in terms of their statistical
distributions. InGads FinFETs showed both larger median
shifts and aging-induced variance w.r.t. Si counterparts. The
latter was traced to a larger stochastic impact of single defects
on the device characteristic, ascribed to the CET-penalty of
low DOS semiconductors (i.e., wider ‘dark space’) and chiefly
to a more percolative channel conduction induced by still
excessive interface and channel defectivity. Suppressing
defectivity in channel, interface, and gate oxide appears
crucial for successful introduction of III-V devices. This path
is orthogonal to introducing suitable dielectrics with favorable
defect level distribution to suppress excessive electron
trapping at operating voltages [20].
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the percolative conduction (see Fig. 5). Even at low voltages a  Sj finFETs highlight the additional variance.

large 7/m value (~4x, compared to ~2x for Si [10]) is observed.
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