
Chapter 2
Line Edge Roughness (LER)

2.1 Introduction

As the physical dimensions of metal oxide semiconductor field effect transistors
(MOSFETs), such as physical channel length and channel width, continue to shrink
at the pace described in Moore’s Law, photo-lithography technology has developed
to meet the demand of printing aggressively scaled feature sizes. A brief history of
the development of lithography techniques, from the 65 nm technology node to
sub-10 nm technology nodes, is illustrated in Fig. 2.1. In 65 nm complementary
metal oxide semiconductor (CMOS) technology, 30 nm logic gates and high
density embedded memories are fabricated using ArF dry 193 nm lithography [1].
Immersion techniques for state-of-the-art photo-lithography technologies were first
proposed in the 1980s [2]. While 157 nm lithography was postponed on account of
strong pellicle and photoresist absorptions, 193 nm immersion lithography was
rapidly adopted in the 45 nm CMOS fabrication process [3]. In sub-45 nm tech-
nology nodes, the resolution of a photoresist pattern can be further scaled down by
using 193 nm immersion lithography with double exposure (DE) or double pat-
terning (DP) [4]. Although extreme ultraviolet (EUV) lithography is expected to
break through the 7 nm node with sub-15 nm resolution, technical issues, such as
source power and particle contamination, prohibit its use in high-volume
manufacturing.

Line edge roughness (LER) refers to the randomly varied edges of gate patterns,
or the roughness of the printed pattern edge. As the minimum feature size is
decreased below tens of nanometers, the effect of LER on MOSFET performance
can no longer be neglected. The LER creates a few lucky channels (i.e., local short
channels) in the channel length direction, resulting in device-to-device mismatch.
For example, 2 % degradation in on-state drive current is experimentally observed
in Intel’s 65 nm devices where 3σ (where σ indicates standard deviation) of LER is
greater than 10 % of the nominal gate critical dimension [5]. Because LER-induced
variation is highly correlated with the short channel effect (SCE), SCE-robust
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device structures are less affected by LER-induced performance variation in a given
LER profile. For example, six-transistor (6-T) SRAM cells composed of multi-gate
devices, such as FinFETs and tri-gate MOSFETs [6, 7], or ultra-thin-body devices,
such as FDSOI MOSFETs [8], show better immunity to LER-induced process
variability because of their improved gate-to-channel capacitive coupling (in
comparison with conventional planar bulk MOSFETs). Furthermore, as listed in
Table 2.1, the LER-induced VTH variation in 28 nm tri-gate bulk MOSFETs can be
reduced by approximately 20 % by taking advantage of DP [9]. It should be noted
that, despite the decrease in LER-induced VTH variation, the amount of total ran-
dom variation is only slightly reduced. It indicates that other random variation
sources, such as random dopant fluctuation (RDF) or work function variation
(WFV), are more dominant than LER in tri-gate bulk MOSFETs (note: RDF and
WFV will be discussed in detail in the following sections). However, although VTH

variations induced by LER are reduced in FinFET devices, fin edge roughness (i.e.,
LER along the channel length direction) has emerged as one of the most critical
random variation sources along with WFV [10]. This chapter covers (i) the root
causes of LER, (ii) the method of quantitative characterization for LER profiles, and
(iii) the effect of the double patterning technique on LER profiles.

2.2 Physical Origin of Line Edge Roughness

In the photo-lithography step, the pattern drawn on the mask is transferred to the
resist layer because the solubility of the resist layer varies depending on whether the
resist is exposed to light or not. In order to increase the sensitivity to light, chemical

Fig. 2.1 The development history of photo-lithography techniques. For sub-30 nm CMOS
technology, double patterning combined with 193 nm immersion lithography is used to fabricate
extremely scaled CMOS patterns

Table 2.1 LER-induced VTH

variation in tri-gate
MOSFETs depending on
lithography technique [9]

VTH variation LER only Total variation

DP (mV) SP (mV) DP (mV) SP (mV)

σVTH, sat 12.2 15.3 49.1 49.6

σVTH, lin 7.0 8.6 38.5 38.7
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amplification is quite often used. In this process, chemically amplified resists are
exposed to light in order to create acids. These acids then catalyze polymer
deprotection during the post-exposure bake step. The deprotected portions of the
resist can be easily dissolved with developer, thereby producing the resist pattern.
The final LER profile contains all of the accumulated variations of each preceding
processing step. In the following sections, the physical origins of LER will be
introduced, followed by a discussion of each.

2.2.1 LER of Mask Patterns

When considering LER, any roughness in mask patterns would appear to be a
root-cause of LER. If mask patterns themselves have LER, and lithography tech-
niques are able to transfer that LER without distortion, the projected patterns on the
resist layer will have the identical LER profile of the mask patterns. In reality,
fluctuations in the mask edge are unavoidable and the mask patterns themselves
have roughness. However, the amount of roughness present is small enough to
neglect when compared with the original pattern size. It is technically impossible to
transfer minute patterns (i.e., roughness of the mask patterns) in current 193 nm
lithography. Thus, the LER inherent in the mask patterns cannot contribute to the
LER of resist patterns.

2.2.2 Variations in the Dose of Light Exposure

The resolution achieved in lithography techniques primarily depends on the size of
projection lens used, because the aperture (or diameter) of the projection lens
determines the diffraction order. Essentially, a lens with infinite size is required to
collect all diffraction orders; however, an actual lens has a finite size. This reality
tends to limit the resolution of lithography techniques. The consequence is that the
shape of the exposure light intensity that arrives at the resist surface is not in the
shape of a step function, but rather, the shape of a sinc function (i.e., the intensity of
the exposure light has a certain gradient) (Fig. 2.2). We assume that, if the intensity
of exposure light is equal to the threshold intensity or higher, the resist deprotection
is activated by acids and can then be easily dissolved out. The edge of the resist
pattern is the point where the intensity of the exposure light is identical to the
threshold dose. In order to quantitatively understand the aerial image contrast at the
edge of the feature, the image log-slope (ILS) is introduced:

ILS ¼ 1
IEdge

@I xð Þ
@x

����
Edge

;
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where IEdge and
@I xð Þ
@x

���
Edge

are the light intensity at the edge and the intensity slope at

the edge, respectively [11].
As each step in the lithography process is completed during fabrication, the

intensity of the exposure light in each step tends to fluctuate due to undesirable
effects, such as variations in the laser’s output power, vibrations in the optical system,
miniscule up-and-downmovements in the wafer stage, and/or fluctuations in the total
dose due to light quantization. Because the edges of resist patterns are determined by
the light intensity, fluctuations in exposure light intensity are one of the root-causes of
LER (Fig. 2.2). If the slope of the light intensity at the edge of a pattern is steeper, the
fluctuation of the edge is decreased. Thus, a large contrast between light and dark (i.e.,
a steep gradient of light intensity) is required in order to alleviate LER. The decrease
in LER with increasing aerial image contrast has been experimentally observed [12].
It is worth noting that, even if the aerial image contrast is continuously increased, the
LER becomes saturated at 5 nm. Beyond this point, any residual LER comes from the
intrinsic material roughness of the resist [13].

2.2.3 LER Generation in Chemically Amplified (CA) Resists

In CMOS fabrication, chemical amplification is exploited to increase the sensitivity
of the photoresist. Chemically amplified photoresist contains the photoacid gener-
ators shown in Fig. 2.3. When the photoacid generators in a chemically amplified
photoresist film absorb energy from the light, they are decomposed into acid cations
and other anions [14]. This decomposition process is referred to as deprotection.
During the post-exposure bake step, the generated acids diffuse within the resist
film and help to catalyze deprotection reactions [14, 15]. The acids are not

Fig. 2.2 Schematic for the
photo-lithography step. Note
that the pattern edges are not
exactly matched to the mask
edges because of the gradient
of light intensity
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consumed but continue to exist within the deprotection reactions, and therefore are
able to repeatedly catalyze the reactions. Because the acids change the solubility of
polymer, the deprotected polymer regions are selectively removed with developer
so that the patterns on the mask can be transferred to the resist film.

However, since the acids are randomly diffused within the resist films, this
causes LER. During the post-exposure bake step, (i) bake temperature, (ii) the local
extent of the deprotection reaction, and (iii) the concentration of reaction byprod-
ucts have an effect on the diffusion coefficient of the acid [16]. The diffusion
distance of acid molecules is several tens of nanometers [17]. However, it is very
difficult to completely control the diffusion rate because the temperature, the local
extent of the reaction, and the concentration of byproducts are not constant over the
baking process. Therefore, it is possible that some acids will diffuse over the target
edge. If unexposed regions are sufficiently deprotected by these acids, they will be
dissolved by developer, thereby causing higher frequency components in the LER
(Fig. 2.3) to increase.

2.2.4 Intrinsic Roughness of the Resist

Even though other sources of LER can be excluded, intrinsic non-uniformities in
photoresists cause LER along the side edges [18]. For instance, even if there is no
variation in exposure light intensity, the photon absorption of photoresists varies

Fig. 2.3 LER, in chemically amplified resists, is formed because of acid diffusion during the
post-exposure bake step
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with physical position. Assuming uniform photon absorption, random dissolution
and different sizes in the polymer chains of photoresists produces the roughness at
the edge of the pattern (see Fig. 2.4). Furthermore, along the edges of the exposed
patterns, some of the polymer molecules can smear into the developer while
remaining anchored to the rest of the resist film. During the de-ionized water rinse,
these partially dissolved polymer chains are re-deposited on the resist and redefine
the edges of the patterns [19].

2.3 Characterization of Line Edge Roughness

2.3.1 Line Edge Roughness (LER)

LER can be measured by high resolution critical dimension scanning electron
microscopes (CD-SEMs). In order to obtain the amount of LER, the local position
of the line edge is first measured at regular intervals (i.e., Δ). Then, the average edge
and the standard deviation of the line edge are defined as follows:

�x ¼
XN
i¼1

xi

 !,
N rLER ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN
i¼1

ðdxiÞ2
vuut ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN
i¼1

ðxi � �xÞ2;
vuut

where xi is the local position measured at the ith point of the line edge. However,
the average and standard deviation cannot provide us with a complete description of

Fig. 2.4 Schematic of LER
due to various sizes in the
polymer chains of a
photoresist
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the LER profile because they do not include information about the spatial aspect of
the LER profile (i.e., spatial frequency of the LER profile) (Fig. 2.5).

According to the self-affine edge model [20], LER and its spatial aspect can be
fully described using three parameters: (i) root-mean-square (RMS) deviation (σ),
(ii) correlation length (ζ), and (iii) fractal dimension (D). These three parameters can
be calculated using different methods, namely, the height–height correlation func-
tion (HHCF) [21–23], the Fourier transform, or the power spectral density
(PSD) [24, 25]. The correlation length (ξ) is defined as the value of the domain in
which the autocorrelation function is 1/e or the HHCF is 1.125σ (see Fig. 2.6a) [26].

Three parameters can be calculated from the plots, namely, RMS (σ), correlation
length (ξ), and fractal dimension (D). The details of each function are as follows:

Fig. 2.5 An exemplary LER profile

Fig. 2.6 a The height-height correlation function and b the power spectral density for an LER
profile
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e
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r

s
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The correlation length means how closely the edge is correlated to its adjacent
(neighboring) edge. In other words, as the value of the correlation length increases,
the adjacent edge is located at a position that is similar to the position of the original
edge, and the LER profile has flat hills and valleys. However, there is still a high
frequency component, as shown in Fig. 2.7b. From the power spectral density
(PSD), we can analyze the spatial frequency of roughness [27]. The power spectral
density is obtained from the Fourier transformation of the LER profile, and provides
information about the power density of spatial frequencies from 1/L to 1/Δ (where L
and Δ refer to the length of the measured line and the interval distance between
measurements, respectively). Therefore, we know which spatial frequency is
dominant in determining the overall LER profile. Moreover, the RMS value can be
obtained from the PSD using Parseval’s theorem.

r2 ¼
XN
j¼1

PðkjÞ:

On the other hand, the PSD can be approximately defined as a power law in
accordance with the self-affinity model.

Fig. 2.7 LER profile with different a RMS deviation, b correlation length, and c fractal dimension
(i.e., roughness exponent)
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ðPðkÞ � k�bÞ for k[ n�1 b ¼ 2aþ 1;

The roughness exponent α, which is associated with fractal dimension (D) (i.e.,
α = 2 − D), can be extracted from the slope of the PSD using power law behavior
[28, 29] (Fig. 2.6b). The fractal dimension indicates the high frequency components
in the LER profile. For instance, if the value of fractal dimension is large, the slope
of the power spectral density plot becomes steeper. As a result, high frequency
components of the LER profile are removed, and the line edge is smoother (see
Fig. 2.7c). When analyzing high frequency components of LER, the interval dis-
tance (Δ) between each sampling point in the LER profile is very important.
Because the maximum measurable high frequency is determined by the interval
distance (i.e., fMax ¼ 1=D), roughness with spatial frequencies greater than fMax

cannot be measured. Thus, in order to use frequency sampling, an interval distance
of 2 nm is recommended beyond 22 nm semiconductor technology nodes [30].

2.3.2 Line Width Roughness (LWR)

Both LER and LWR are used to estimate the amount of random variation induced
by photo-lithography fabrication. LER is defined as the roughness of a single
printed pattern edge, and LWR indicates the fluctuation in the physical distance
between two printed pattern edges. LWR is mathematically related to LER, and can
be measured using the same method that is used for LER. Assuming the mea-
surement window covers the LWR of the gate pattern with channel length L, the
width of two lines is calculated using measured positions of the left and right line at
regular intervals, as follows:

wi ¼ xRi � xLi ;

where xLi and xRi are the position of the left and right edge, respectively, measured at
the ith interval. Then, the average and standard deviation of line width can be
calculated as follows:

�w ¼
XN
i¼1

wi

 !,
N: rLWR ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN
i¼1

ðdwiÞ2
vuut ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN
i¼1

ðwi � �wÞ2:
vuut

It can be inferred from this equation that there is a correspondence between the
LWR and the LER at both the left and right edges of the resist line or layer. The
standard deviation of LWR can be expressed using the standard deviation of LER at
both the left and right edges as follows:
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ð2:3:1Þ

where rL
LER and rR

LER are the standard deviation of LER at the left and right edge,
respectively. Equation (2.3.1) explicitly shows the relationship between LWR and
LER. By replacing the last term in (2.3.1) with a cross-correlation coefficient (ρX),
(2.3.1) can be simplified, as follows:

r2LWR ¼ r2L þ r2R � 2qXrLrR ð2:3:2Þ

The value of the correlation factor depends on the method used when transfer-
ring the mask patterns, and its value is between −1 and 1. Unless additional
techniques, such as double, or triple, or even quadruple patterning techniques, are
used for line formation, the roughness of two edges is generally uncorrelated. When
the LERs of two edges are uncorrelated (i.e., ρX = 0), there is no resemblance
between them (see Fig. 2.8a). Assuming rL

LER = rR
LER ≡ rLER), the standard

deviation of LWR can be written as follows:

rLWR ¼
ffiffiffi
2

p
rL
LER ¼

ffiffiffi
2

p
rR
LER:

In the case of ρX = −1, we can say that the roughness of the two edges is in
anti-correlation. The two anti-correlated edges simultaneously fluctuate with
opposite amplitude (see Fig. 2.8b). Thus, in the worst case, the pattern is cut off in
the middle of the line. However, if the value of ρX = 1, the two edges are com-
pletely correlated, and the LERs of each edge are exactly matched (see Fig. 2.8c).
Because the distance between two edges along the line is consistent to the other
distances between the other two edges along the line, the standard deviation of
LWR is zero ðrLWR ¼ 0Þ:

The standard deviation of LWR provides limited information about the roughness
of two line edges [26, 31]. In order to investigate spatial spectral content, Patel et al.
[32] introduced a formulation of the autocorrelation function that describes the
cross-correlation of a line edge with itself at different points. With regard to a
stationary LWR profile, it turns out that the autocorrelation between two points is a
function of the distance between them. Similarly, in a jointly stationary LWR profile,
the cross-correlation coefficient in (2.3.2) is a function of the distance between them.
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According to [33], an LWR profile can be conveniently described using the auto-
correlation coefficient approximated by a closed-form expression, as follows:

qAðyÞ ¼ exp ðy=nÞ2a
h i

;

where y is the distance between two points, ξ is the correlation length, and α is the
roughness exponent. Similar to LER, the correlation length indicates the distance
over which the amplitudes of the two points along an edge can be almost uncor-
related. The roughness exponent is a relative measure of the high-frequency
components in the roughness. Larger values mean fewer high-frequency amplitude
variations. Figure 2.7 shows the impact of each parameter on roughness.

2.4 Impact of Double Patterning on Line Edge Roughness

2.4.1 Double Pattern and Double Etching

In order to enhance the resolution of the photoresist pattern without replacing the
light source (e.g., from 193 nm to EUV), the double patterning technique was
added to the lithography process for sub-32 nm nodes [9]. The double patterning
technique has been widely adopted in industry for 22/20 nm technology and
beyond. Note that the sequence of double patterning and double etching (2P2E) is
an example of a double patterning technique. A comparison of the process flow
between double patterning and double etching versus that of conventional pat-
terning is shown in Fig. 2.9. In the double patterning technique, the Si-BARC
and SOC are first coated onto the substrate. These layers preserve the original
pattern through the 1st and 2nd lithography steps, and play a key role as a hard
mask in the 2nd etching step. A photoresist layer is spin-coated onto Si-BARC

Fig. 2.8 LER profile of two
edges depending on the
correlation between them. For
the perfectly correlated case,
LWR is completely removed
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and the 1st pattern is projected by the 1st lithography process step (Fig. 2.9d). By
the subsequent 1st etching step, the pattern on the resist is transferred to the
Si-BARC, whereas the underlying substrate is etched in the conventional process
(Fig. 2.9e, b). Next, another photoresist layer for the 2nd lithography step is
spin-coated to fill out the 1st pattern on Si-BARC, and then the 2nd lithography step
is performed (Fig. 2.9f). A thinner Si-BARC film can provide minimal impact on
coating uniformity issues associated with coating the 2nd resist stack over the
topography. The 2nd etching step is performed to transfer the pattern on the resist to
the Si-BARC layer (Fig. 2.9g). Finally, the pattern is transferred from Si-BARC to
SOC, and then from SOC to substrate (Fig. 2.9h–j). As a result, double patterning
and double etching achieves finer patterns than conventional lithography while
using identical light sources, photoresist, pitch size, and development method.

Because the LER profile is transferred through multiple etching processes,
the LER profile on the substrate is different from the original LER profile on
photoresist, Si-BARC, and SOC [34–39]. As the etching process is completed, the
edges of the patterns tend to be smoothed. Using statistical and experimental
data, it has been confirmed that the correlation length of the LER profile, based on
the double patterning and double etching technique, is larger than that of the

Fig. 2.9 Sequences of patterning processes for a, b 1P1E technique, and d–j 2P2E technique. Top
view of the final feature for 1P1E and 2P2E is shown in (c) and (k), respectively. Note that each
line edge is denoted by “1” (“2”) to indicate that the line edge was affected by the first (second)
patterning step
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conventional LER profile [9]. Thus, multiple etching processes induce smoother
line edges with low spatial frequency and flat hills/valleys, and therefore can reduce
LER [40, 41]. Furthermore, additional thermal treatment, such as post-applying
bake and post-exposure bake between the 1st and the 2nd lithography, increases the
correlation length of the LER profile [42].

2.4.2 Self-aligned Double Patterning

Although two separate lithography steps are required to double the resolution of
photoresist patterns when using the double patterning and double etching technique,
there is a totally different approach, namely, self-aligned double patterning, which
requires only one exposure. Self-aligned double patterning is able to double the
resolution of photoresist patterns using film deposition, etching, and CMP without
additional lithography steps [43]. The process flow of self-aligned double patterning
is reported in [44] (Fig. 2.10). A coated photoresist is patterned with a certain pitch
(note that the pitch of the final pattern will be halved) through lithography and
etching steps. Next, the pattern on the photoresist is transferred and printed on a
sacrificial layer by plasma etching. Then, the sacrificial layer forms a dummy gate
with the duty ratio of 1:3 (i.e., line/space = 1/3). Through the deposition of silicon
nitride (Si3N4) and anisotropic etching, spacers are formed that have identical
critical dimensions to the dummy gate (i.e., the duty ratio is 1:1). The dummy gate
is eliminated by an isotropic etching step, leaving only the spacer pattern on the
stacked film. Finally, using the Si3N4 spacers as a mask for etching, the spacer
patterns are transferred and printed to the hard mask. As a result of using
self-aligned double patterning, the original pitch of the photoresist is decreased by

Fig. 2.10 Process flow of the self-aligned double patterning technique
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50 % in the final pattern. In other words, one resist line creates two spacers, thereby
doubling the spatial frequency.

In the fabrication processes for FinFETs, the fin-shaped body can be patterned in
two different ways: (1) using a resist as the mask (i.e., “resist defined”), and
(2) using a spacer as the mask (i.e., “spacer-defined”). Conventional resist-defined
lines create edges with uncorrelated roughness, and a ρX of 0 can be assumed. This
is because the erosion of polymer aggregates is randomly processed for each resist
edge. On the other hand, spacer-defined lines generate edges that are quite corre-
lated. This is because of a conformal thin-film deposition process followed by a
highly uniform anisotropic etch process. These preceding steps induce a spacer
mask to be formed along the sidewall of a dummy resist-defined feature (Fig. 2.11).
If the spacer width (corresponding to the thickness of the deposited film) is neg-
ligible (versus the inverse value of the LWR spatial frequency), the spacer-defined
lines have a uniform width. Hence, a ρX of 1 can be assumed. In summary, if the
self-aligned double patterning technique is used in the FinFET fabrication process,
the performance variation induced by LWR (not LER) can be virtually eliminated.
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