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Abstract—In this paper, the impacts of correlated line-edge
roughness (LER) are investigated. Experimental statistics
indicate that, the LER of the two edges in Si channel (Fin or
nanowire) have strong cross-correlation, depending on the
fabrication process. An improved simulation method based on
Fourier synthesis is used to generate pairs of LER sequences with
certain cross-correlation. The results show that, device Vth
distribution is strongly dependent on the cross-correlation, and
can exhibit non-Gaussian distribution. Dual-peak distribution
appears and enlarges the variation of Vi significantly. In
addition, a new method to extend 2D LER into 3D LER is
proposed for future LER investigation.
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L INTRODUCTION

As the feature size of devices shrinking into nanometer
regime, line-edge roughness (LER) is becoming one of critical
issues [1-13], especially in multi-gate devices where both gate
LER and channel LER have strong impact on device
performance. Most previous studies focus on uncorrelated LER
[7-9], or LER with a correlation coefficient of 1 or -1 [10]. The
impact of correlated LER has been ignored. However,
experimental study shows that, channels with Fin or nanowire
shapes have correlated LER of the two edges, and is dependent
on fabrication processes [5]. Thus, the correlated LER case
should be investigated. Based on our theoretical model of
cross-correlation in LER [14], the correlated channel LER
effect in double-gate (DG) devices is investigated in this paper
by statistical simulations, providing helpful guidelines for the
design optimization of LER in multi-gate devices. Furthermore,
a new method is proposed to extend 2D LER to 3D LER for
future LER investigation.

II.  CHARACTERIZATION OF CORRELATED LER

The generally accepted model based on the methodology of
auto-correlation function [3] uses two parameters for the
description of LER: the root mean square (rms) 4 and
correlation length 4. In order to describe the cross-correlation
of two LERs, correlation coefficient p and an additional
parameter called translation length ¢ are introduced (Fig. 1) as
follows:
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Fig. 1 Characterization of correlated LER.
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r(x) = IFT | JFT (ACF) FT (ACF,) | (3)

where

ACF denotes the auto-correlation function;
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CCF denotes the cross-correlation function;
FT denotes Fourier transform;
IFT denotes inverse Fourier transform.

p reflects how strong the cross-correlation is, and ¢ reflects
how vast the cross-correlation is. The cross-correlation
information was extracted from experimental results [5], in
which the Fin channel was patterned by three different
techniques, and the nanowire was achieved by self-limiting
oxidation of the initial patterned silicon bar [15-21]. The results
indicate that cross-correlation differs from one process to
another, and strong cross-correlation (large p and large £) exists
in both Fin and nanowire LERs.

III.  STATISTICAL SIMULATION

A. Simulation Method

The pioneering work adopted Fourier synthesis to generate
uncorrelated random LER sequences [3], which is not able to
produce correlated pair-LER sequences. In this work, linear
transform is used to induce certain cross-correlation into
random sequences, as shown in Fig. 2. The correlation
coefficient of wn; and wn; is decided by the constant a. By
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Fig. 2 Flow chart of the improved simulation method.
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TABLE 1. SIMULATION SPECIFICATIONS
Parameter Value
Channel Thickness 8 nm
Oxide Thickness 1 nm
Gate length 20 nm
S/D extension 25 nm
Channel Doping intrinsic
SDE Doping 1€20 cm™
LER 4 0.7 nm
Vaa 0.8V
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convolution with unit pulse response generated from auto-
correlation function, the cross-correlation is extended to the
final LER sequences. Actually, the final correlation coefficient
p is affected by both the constant a and the two LER auto-
correlation functions. Certain corresponding relations can be
found between a and p when the auto-correlation functions are
set.

2-D statistical device simulation is performed with
Synopsys Sentaurus [22]. The device parameters are listed in
Table I. Different types of cross-correlation are considered. For
each type, 500 samples are simulated for 4/L; = 0.5, and 200
samples are simulated for A/L, = 1.5.

B. Results and Discussions

Fig. 3 shows the electron density distribution in the devices
with different correlation coefficient, and the statistical transfer
characteristics are demonstrated in Fig. 4. Both cases share
similar </,,> and </,z>, but the variation is much larger when p
is negative. The distributions of V;, without considering cross-
correlation are plotted in Fig. 5. Then, four types of typical
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Fig. 3 Electron Density distributions of DG devices with 4 = 10nm, =0,
and (a) p=0.5; (b) p=-0.5.
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Fig. 4 Transfer characteristics of DG devices with different cross
correlation properties: (a) p =-0.5 and (b) p = 0.5.
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Fig. 5 V, distribution from conventional simulation: (a) the Q-Q test
shows that conventional Vj distributions fit well with Gaussian
distribution; (b) normalized deviation of ¥, is smaller than 6%.

cross-correlation are taken into account, as shown in Fig. 6.
Conventional simulation (Fig. 5) shows Gaussian-like
distributions under different correlation coefficients, while new
simulation shows that non-Gaussian distribution can be
observed depending on cross-correlation type. And due to the
appearance of dual-peak, the variation becomes much larger
than conventional situation. As shown in Fig. 7, 4uw/u reaches
up to 19%, while conventional normalized standard deviation
is only 6%. Furthermore, as indicated in section II, cross-
correlation depends on the fabrication process. According to
our experimental results, channels patterned by hard mask

trimming technique, are likely to have cross-correlation type (c)

and (d), those by spacer define technique are similar to type (b)
and (d), while those by e-beam lithography are likely to have

type (a) , (c) and (d).

IV. FroM 2D LER TO 3D LER

Due to the unique feature of device structure, nanowire
devices have more complicated LER. A new method to form
3D nanowire structure with correlated LER edges is proposed,
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Fig. 6 Distributions of threshold voltage under four types of cross
correlation: (a) p = -0.5, &4 = 0~0.2; (b) p = 0.5, &4=0~0.2; (c) p = -0.5,
&4 =0.4~0.6; (d) p = 0.5, &4 = 0.4~0.6, with 4/L,~0.5 (up) and A/L, =
1.5 (down).
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Fig. 7 Four types of cross correlation share similar mean Vth (left); o/u is
smaller than 10% in four cases while Au/u is up to 19% (right).
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Fig. 8 Formalization of nanowire transistor with correlated LER edges
(left), and the cross-sectional shapes with showing the doping
concentration of the device (right).
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as shown in Fig. 8. The formalization of the structure is done
by 3D CAD software, and the output boundary file can be
inputted to Sentaurus for the following device simulation. By
this method, the cross-sectional shape of nanowire can be kept
as round as it can be, but with correlated 3D LER, which is
close to the real fabricated case.

V. SUMMARY

In this paper, the effect of correlated LER is studied based
on DG devices. The results indicate Vth distribution has strong
dependence on the cross-correlation of LER, which was
missing in previous studies. Multi-peak distribution is observed,
and the variation is much larger than conventional method,
which indicates that the LER effect could be underestimated if
without considering the cross-correlation of LERs. In addition,
a new method is proposed to extend 2D LER into 3D LER for
future LER investigation.
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