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Abstract—We examine the impact of line-edge rough-
ness (LER) on the variability in the on-current and satu-
ration threshold voltage of ultrascaled FinFET devices via
quantum-mechanical transport simulation. We obtain a real-
istic model of LER by decomposing the LER into short-A and
long-A fluctuations, and we consider their separate influ-
ences on device performance. We show that the long-A fluc-
tuations lead to greater device variability than the short-A
fluctuations, and we explain the difference between the two
cases via the influence of fluctuating quantum confinement
arising from the LER. Finally, we consider devices in which
the long-A fluctuations of the two fin edges are correlated
and demonstrate that this correlation significantly improves
the variability. Thus, we show the continued need for fabrica-
tion technology either to reduce the amplitude of the long-A
fluctuations or to ensure the long-A fluctuations between
the sidewalls of ultrascaled FinFET devices are correlated.

Index Terms—FinFET, line-edge
nonequilibrium Green’s function,
variability.

roughness (LER),
surface roughness,

I. INTRODUCTION

S FinFET devices scale toward ever-smaller dimensions,
line edge roughness (LER) becomes an increasingly
important contributor to device variability [1]. Developing
manufacturing processes for advanced FinFET technologies
will therefore require a thorough understanding of the physical
mechanisms responsible for translating LER fluctuations to
device variance.
There have been many studies investigating the impact of
LER on the variability of FinFETs, in which LER profiles
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are randomly generated, and ensembles of FinFET devices
are simulated in order to determine the resulting variabil-
ity [1]-[13]. Furthermore, some studies have also considered
the effect of correlated LER [1]-[5], concluding that corre-
lation significantly improves variability. When generating the
LER profiles, these studies typically start from an assumed
Gaussian [14] or exponential [15] autocovariance function and
reconstruct the spatial profile with random phase injection.

Early interface characterization studies [14], [15] consider
profile variation at spatial frequencies that are on the order
of the atomic spacing with 2 ~ 1 nm (henceforth termed
“short-4 fluctuation”), but fluctuations at a much larger length
scale (A > 10 nm, henceforth termed “long-4 fluctuation™)
have also been demonstrated [16]. Moreover, fluctuation at
these two length scales has been shown to coexist. For
example, Goodnick et al. [15] noted “very-long-wavelength
fluctuations in the surface which are uncorrelated with the
shorter range fluctuations,” but did not consider them in
their characterization. Other characterization studies have also
identified fluctuations at both short-4 and long-4 length
scales [17], [18].

While studies have been conducted that examine the influ-
ence of either short-4 or long-/ fluctuation, there has been
no study yet, to the best of our knowledge, that considers
both and compares their impact on device behavior. In this
paper, we perform quantum-mechanical transport simulations
of multiple ensembles of ultrascaled FinFET devices with var-
ious classes of LER profiles. We separately investigate short-/,
long-4, and correlated long-/4 fluctuations, as well as relevant
combinations, and explain the differences among the resulting
distributions in ON-current (Ioy) and saturation threshold
voltage (Vi) by considering the influence of fluctuating quan-
tum confinement. We show that, when fabricating ultrascaled
FinFETs, long-4 fluctuations tend to be more detrimental to
device variability. Therefore, it is important to mitigate the
long-4 fluctuations in ultrascaled FinFET technology, or to use
a process that ensures correlation between the two sidewalls.

II. DEVICE DESCRIPTION
A. Nominal Device

We consider a device with channel length L, = 8 nm and
nominal fin width W5, = 4 nm as a representative ultrascaled
FinFET, as shown in Fig. 1. The channel material is silicon,
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Fig. 1. Top—down view of the nominal FinFET device in this

paper. Transport occurs in the x-direction and confinement occurs in
the y-direction. Physical parameters for this device are summarized
in Table I.

TABLE |
PHYSICAL DEVICE PARAMETERS

Gate Length Ly 8 nm

Channel Length Len 8 nm

Fin Width Wrin 4 nm

Oxide Thickness tox 2nm

Oxide Dielectric Constant Erox 12.5

Gate Workfunction P, 4.52 eV

Source/Drain Doping (n-type) ~ Névp 2 x 1020 cn3
Channel Doping (p-type) N§, 1 x 10'7 cm3

with transport aligned in the (100) direction. The doping
follows a step profile, with a background p-type doping of

@ = 1x10'7 cm™? in the channel, and a source/drain n-type
doping of Ngl /D= 2 x 102 ¢cm™3. The physical parameters of
the nominal device are summarized in Table I. Fin height is
omitted due to the 2-D nature of the simulations performed,
as further explained in Section III.

B. Generation of LER Profiles

Rough devices are generated by superimposing short- and
long-4 fluctuations Ag(x) and Az (x) on the sidewalls of the
nominal device.

Short-4 fluctuations are generated using an exponential
autocovariance as outlined in [15]

reconstruct with
random phase

C(x) = A% e~ (V2r/Lm) As(x) (1)

where A,, is the root-mean-square value of the roughness
profile, and L, is the correlation length. In this paper, we
use roughness parameters A,, = 1.5 A and L,, = 8.75 A,
which align well with the experimental findings given in
[15, Table IJ.
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Fig. 2. Various classes of LER profiles considered in this paper,
as summarized in Table Il. Dashed lines denote the start and end of
the channel region. (a) SL-class device, depicting short-A fluctuation
superimposed on long-X fluctuation. (b) S-class device. (c) L-class
device, depicting long-X fluctuations resulting in a narrower channel.
(d) L-class device, depicting long-A fluctuations resulting in a wider
channel. (e) Lc-class device. (f) SLc-class device, depicting short-\
fluctuation superimposed on correlated long-X fluctuation.

Long-4 fluctuations are represented by a simple sine wave

2mx
=)

m

Ap(x) = Ay, sin ( 2)
where A,, is the amplitude of the fluctuation, A, is the
wavelength, and ¢, is the phase offset, which is taken to be
uniformly distributed. We take 4,, = 20 nm because setting
Am > Lech allows the long-/ fluctuation to account for various
channel shapes. For example, it is possible to obtain both a
channel that is narrower in the middle, and a channel that is
wider in the middle, as shown in Fig. 2(c) and (d), respectively.
In order to choose a value for A,,, we observe that the chosen
short-A parameters tend to yield peak deviations of ~3 A from
the nominal value. Therefore, we set A,;, = 3 A for the sake
of making a fair comparison. Correlated long-4 fluctuations
can be obtained by using the same ¢, value in (2) for both
sidewalls.

C. Rough Devices

In this paper, we examine five different classes of LER
profiles, summarized in Table II, with examples in Fig. 2.
First, devices with both types of fluctuation are considered
(SL-class devices), the profiles of which are obtained by
superimposing generated short-A fluctuations on a long-4
profile. Then, we investigate the effect of each roughness type
separately (S-class and L-class devices). Finally, we force the
long-4 to be perfectly correlated between the two sidewalls,
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Fig. 3. Distributions of Ioy, characterized by mean p and standard deviation o, for the five LER profile classes considered in this paper. Note that
profiles with uncorrelated long-A components exhibit a significantly higher spread. Mean Igy values for each distribution should be compared with
the value /gn sm = 5.41 mA/um for a smooth device. (a) SL-class. (b) S-class. (c) L-class. (d) Lc-class. (e) SLc-class.

both with (SLc-class devices) and without (Lc-class devices)
the short-A fluctuations.

I1l. SIMULATION METHODOLOGY

In order to determine the characteristics of a given FinFET,
we employ an in-house device solver [19], [20] that uses the
nonequilibrium Green’s function formalism [21] to solve the
quantum transport problem self-consistently with the Poisson
equation. Such an approach is well-equipped to study the
physics underlying device operation, as the influence of quan-
tum effects, such as confinement and tunneling, is inherently
captured by the formalism. We consider transport through the
six conduction band valleys of silicon with m; = 0.91m,
and m; = 0.19m,, where m; and m} denote the longitudinal
and transverse effective masses, respectively [22], [23]. Since
we are interested in isolating the impact of LER, other
device nonidealities, such as Coulombic scattering or phonon
scattering, are omitted in this paper. The omission of phonon
scattering is further justified by the short channel length of our
devices relative to the electron mean-free path due to phonon
scattering in silicon (/mfp,phon ~ 40 nm) [24], [25].

As a result of the strong quantum confinement present in
FinFET devices, only a few subbands, or modes, are relevant
to transport. Therefore, we employ a coupled mode-space
approach [26], exploiting the low number of subbands for
efficient solution of the transport problem. Once the mode-
space Hamiltonian is constructed, contact self-energies are
computed using the Sancho—Rubio iterative method [27].

In order to keep the computational workload feasible, we
perform 2-D simulations for each device. We assume transla-
tional invariance in the fin height direction, and incorporate its
effect into our solution via the use of integrated Fermi—Dirac
integrals [21], an approach that is justified by recent trends in
industry of high aspect ratio fins [28], [29] (Hfn ~ 25-35 nm
for Wqn = 4 nm).

The assumption of translational invariance neglects several
phenomena, such as confinement effects due to finite fin
height, as well carrier scattering off the top and bottom of
the fin. However, these effects can be considered to be of

TABLE Il
CLASSES OF LER PROFILES

Class Label Description
SL Short-A + Long-A
S Short-A
Long-A
Le Correlated Long-A
SLe Short-A + Correlated Long-A

secondary importance, because the fins are sufficiently tall.
Another phenomenon not captured in our simulations is the
influence of any roughness along the fin sidewall in the fin
height direction, which will result in an underestimation of the
full impact of fin sidewall roughness on device performance.
Nonetheless, within the context of a comparison between
types of LER, these 2-D simulations can still reveal useful,
qualitative insights regarding the impact of LER on device
performance.

IV. RESULTS AND DISCUSSION

A. Influence of Short-A and Long-A Fluctuations

For the purposes of comparison, we simulated a
smooth device with no LER as a reference, obtaining
Ion,sm = 5.41 mA/um, where Ioy is defined as the current
at Vgs = Vps = 0.75 V. We then considered the variability
arising from the various LER profiles classified in Table II,
found by simulating a number of devices for each profile
type. The results are summarized in Fig. 3 in the format
of histograms, showing the distribution of ON-current values,
characterized by mean u and standard deviation o.

We first consider the variability of SL-class devices, char-
acterized by both short-4 and long-4 fluctuations, for which
the results are shown in Fig. 3(a). The mean Ioy drops to
5.13 mA/um from Ionsm = 5.41 mA/um. Moreover, we
observe that SL-class devices exhibit a relatively large spread,
with a standard deviation of ¢ = 0.34 mA/um.
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Fig. 4. Profiles for the first three subbands of an S-class device with
short-A fluctuation for Si valley my = 0.91me, my = 0.19me, and
m3 = 0.19me. For this device, lon = 4.95 mA/um. Profiles for a smooth
device are also shown (dashed lines) for comparison. The corresponding
LER pattern is shown in the inset.

To investigate the cause of this significant variability, we
consider the influence of each type of fluctuation separately.
Fig. 3(b) and (c) clearly show that L-class devices exhibit a
much larger spread (¢ = 0.35 mA/um) than S-class devices
(o = 0.11 mA/um), suggesting that the long-4 fluctuations are
largely responsible for the variability in SL-class devices. It is
also noteworthy that, whenever long-A1 fluctuations are present
(with or without short-4 fluctuations), there is a significant
chance that a device could have Ioy greater than Ion sm, as
shown by the significant occurrence of high ON-current values
in the histograms of Fig. 3(a) and (c). On the other hand, the
presence of short-4 fluctuations alone is unlikely to cause a
larger Ioyn than the smooth device, as shown by the histogram
of Fig. 3(b). These trends in x and ¢ can be explained by
considering the various internal physical quantities provided
by our simulation, as follows.

We examine the subband profile plots for various device
classes. These plots are constructed from the eigenenergies
that emerge from the solution of the Schrodinger equation

2 A2

[—%j—yz - qV<xi,y>] Vi) = 5w i y) 3)
which is solved for each transport valley within our mode-
space approach and at each value x; along the channel. After
solving at each position x; in the transport direction, we can
plot the eigenenergies ¢;(x) versus x, which yields the band
profile for electrons in the corresponding conduction subband.
All such plots in this paper show the subband profiles for the
valley with m¥ = 0.91m,, m’)" = 0.19m,, and m} = 0.19m,,
but the corresponding discussion applies to the other valleys,
as similar features were observed in all three sets.

Shown in Fig. 4 are the subband profiles for an S-class
device with Iox = 4.95 mA/um, as well as for the smooth
device. The presence of short-4 fluctuation produces a jagged-
ness in the subband profiles, with variations occurring at length

scales on the order of 1 nm. This jaggedness is a direct result
of varying confinement arising from the rapid changes in Wg,
due to short-4 LER. Each cross-sectional slice can be viewed
as a finite square well of width Wyg,, and it is well-known
that changing the width of a square well results in a change
in the eigenenergies [30]. While higher eigenenergies will
be more affected [30], visible in the increased jaggedness at
the higher subbands, jaggedness is also present in the lower
subbands, as illustrated by the zoomed-in view in Fig. 4. These
lower subbands are the most relevant to carrier transport, since
they are closest to the source Fermi level and hence see the
highest number of electrons injected by the source; the extreme
fin width confinement results in a subband separation large
enough for the higher modes to be well removed from the
source Fermi level. For example, for the valley shown in Fig. 4,
only the first two modes play a role in transport.

The peaks in the subband profiles of Fig. 4 resulting from
the jaggedness lead to barriers to electron flow, and hence,
a degradation in oy in comparison with the case of a smooth
fin. However, because the short-1 fluctuations occur at a high
spatial frequency (recall L,, = 8.75 A), any given constriction
in the fin width that occurs due to short-1 fluctuations is
unlikely to persist for greater than 1 nm of the channel length.
Thus, the peaks in the profiles tend to act as barriers that are
less than 1 nm thick, through which electrons can pass via
quantum tunneling. In other words, these subnanometer-scale
features of the subband profiles are less significant than the
general shape of the profiles, which remains similar between
the smooth and rough devices, as shown in Fig. 4. This
explains the lower degree of variability in S-class devices.

On the other hand, the subband profiles for L-class devices
look drastically different from those of the smooth device.
Fig. 5(a) shows the subband profiles for an L-class device in
which the LER causes a narrower channel than nominal. This
device has a notably degraded ON-current Ioy = 4.58 mA/um,
as the narrower Wy, in the gated region (3 nm < x < 11 nm)
results in a significantly increased source—drain barrier height
for all the subbands, arising from increased confinement in
the gated region. In contrast, Fig. 5(b) shows the subband
profiles for an L-class device in which the LER causes a wider
channel than nominal. Here, Ioy = 5.89 mA/um, which is
actually greater than the ON-current of the nominal device, as
the wider Wy, in the channel region results in reduced source—
drain barriers, and therefore increased transmission of carriers
from source to drain. As with Fig. 4, the zoomed-in views
in Fig. 5(a) and (b) show that the barrier heights are indeed
affected in the lowest modes, even though more visible in the
higher modes; the deviations of several millielectronvolts in
comparison with the smooth device are sufficient to impact
the device characteristics.

B. Correlated Long-A Fluctuations

In order to gain more insight into the influence of long-
A fluctuations on device performance, we also consider
devices wherein the long-4 LER components of each side-
wall are correlated. Note that such correlation is potentially
achievable by present-day fabrication techniques. For exam-
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Fig. 5. Profiles for the first three subbands of L-class devices with long-A
fluctuation. Profiles for a smooth device are also shown (dashed lines) for
comparison. The corresponding LER patterns are shown in the insets.
(a) Device with the narrower channel exhibits higher barriers to electron
flow than the smooth device and has lgy = 4.58 mA/um. (b) Device with
wider channel exhibits lower barriers to electron flow than the smooth
device and has lon = 5.89 mA/um.

ple, spacer lithography can result in a strong correlation
between fin sidewalls at the long-i length scale [31]. On
the other hand, we do not consider correlation at the short-
A length scale, because currently there exists no mechanism
for fabrication technology to enforce correlation at the atomic
scale.

By comparing the results in Fig. 3 for SL-class devices
(o = 0.34 mA/um) to SLc-class devices (6 = 0.11 mA/um),
we see that correlation at the long-4 scale leads to a noticeable
improvement in variability. This trend is further reinforced by
the comparison between L-class devices (¢ = 0.35 mA/um)
and Lc-class devices (¢ = 0.04 mA/um). The reason for this
improved variability can be clearly seen in Fig. 6. A device
with perfectly correlated LER exhibits a uniform fin width,
and therefore, the eigenvalue spread does not vary significantly
between positions x;. Thus, the subband profiles are nearly
identical to the subband profiles of a smooth device. This holds
true for all Lc-class devices, resulting in very little variability
in Ion.

1 T T T T T
= = = Smooth Device

mm— Corr. Long-A Fluctuation |7

SUBBAND ENERGIES [eV]

X [nm]

Fig. 6. Profiles for the first three subbands of an Lc-class device with
correlated long-X fluctuation. For this device, Ioy = 5.25 mA/um. Profiles
for a smooth device are also shown (dashed lines), but overlap with the
Lc-class device profiles due to constant fin width. The corresponding
LER profile is shown in the inset.

It is also interesting to note that, despite the nearly identical
subband profiles across all Lc-class devices, the average Ioy
still drops slightly to 5.29 mA/um, and variability is still
present. Both of these observations can be attributed to a
degradation mechanism known as wave function deformation
scattering. This effect, which cannot be inferred by examining
the shapes of the subband profiles, is due to the changing
shape of the wave function [y (x;, y) in (3)] between adjacent
positions x;, which results in a lowered transmission from
source to drain [32].

C. Threshold Voltage Variability

We also present saturation threshold voltage (Vi) values,
where Vi, is defined via the constant-current method as the
gate voltage needed to obtain a current of 37.5 ¢ A/um when
Vps = 0.75 V. For the smooth device, Vih,sm = 177.9 mV.
As shown in Fig. 7, Vi, variability follows the same trends
observed in Ipy variability. Namely, long-1 fluctuations
[Fig. 7(c), 0 = 7.4 mV] result in significantly greater variabil-
ity in V; than short-4 fluctuations [Fig. 7(b), 0 = 1.7 mV].
Furthermore, by comparing L-class devices (¢ = 7.4 mV)
to Lc-class devices (¢ = 0.3 mV) and SL-class devices
(o0 = 7.2 mV) to SLc-class devices (6 = 1.9 mV), we see that
enforcing correlation in the long-4 fluctuations again greatly
reduces the variability in Vi,.

These observations can also be explained by considering
the subband profiles of the various devices. Since the subband
profiles of an S-class device have the same general shape as the
smooth device, but with a superimposed jaggedness, a similar
gate voltage is required to modulate the barriers enough to
achieve the target current across all S-class devices. Variability
does arise due to the stochastic nature of the jaggedness, but
as explained earlier, this jaggedness has a reduced impact on
the resulting current due to quantum tunneling effects. The
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Fig. 7. Distributions of Vy,, characterized by mean u and standard deviation o, for the five LER profile classes considered in this paper. As with Ioy,
the profiles with uncorrelated long-A components exhibit a significantly higher spread. Mean V,, values for each distribution should be compared
with the value Vi, ¢y = 177.9 mV for a smooth device. (a) SL-class. (b) S-class. (c) L-class. (d) Le-class. (e) SLc-class.

subband profiles of an L-class device, on the other hand,
exhibit significantly changed barriers to electron flow, and
therefore, we see that a relatively large spread of gate voltages
is required to reach the target current.

V. CONCLUSION

The following conclusions can be drawn from this paper on
the impact of LER on FinFET variability.

1) LER can occur in the form of fluctuations at short-A and
long-4 length scales, and both types of fluctuation can
occur simultaneously. Each type arises from different
physical processes, and impacts device characteristics in
different ways.

One mechanism by which LER affects device perfor-
mance is the formation of fluctuations in the fin width,
leading to fluctuations in quantum confinement and
hence fluctuations in the subband profiles.

Long-/ fluctuations cause greater device variability than
short-4 fluctuations, because long-/ fluctuations can
cause significant changes in the overall shape of the
subband profiles, whereas short-4 fluctuations induce
jaggedness on a small length scale.

Enforcing correlation between the fin sidewalls at the
long-4 length scale effectively removes the variations in
the subband profiles, significantly reducing variability.

2)

3)

4)

We also note here that, in advanced FinFETs, other sources
of nonidealities, such as random dopant fluctuation or work
function variation, may have an equal or greater impact on
variability than LER [33]. However, given that LER is one
potentially significant source of variability, this paper shows
that it is important to consider whether short-A or long-1
LER fluctuations are reduced when considering fabrication
methods to mitigate roughness in ultrascaled FinFETs
(e.g., spacer lithography [31], sacrificial oxidation [34], or
H; annealing [35]).

Furthermore, our demonstration of the improved variability
with correlated sidewalls reemphasizes the importance of cor-
relation in controlling device variability. Spacer lithography,

which results in strong correlation at long-4 length scales,
has become the industry standard for fabrication of FinFET
technology at present-day technology nodes; however, this
method is used mainly due to its ability to achieve sublitho-
graphic fin pitch [31], while the sidewall correlation is just an
additional benefit. As industry looks toward scaling fin size
and pitch even more aggressively, more exotic approaches that
do not necessarily lead to naturally correlated fin sidewalls,
such as directed self-assembly of block copolymers [36]-[38],
have garnered interest. When evaluating such methods, it is
important to consider not only the minimum achievable fin
pitch, but also the nature of the long-A fluctuations in the
fin sidewalls. In order to minimize potential impacts of LER,
a manufacturing technology must produce fins with long-4
LER fluctuations that are either low in amplitude, or strongly
correlated between the fin sidewalls.
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