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Abstract
Both dry etching andwet etching are an integral part for the fabrication of semiconductor devices.
However, both types of etching can cause problems such as surface degradation, uncontrollability of
etching depth and undercut. For instance, aqueousHF (wet etching) and dry etching are used to etch
SiO2films. DuringHFpartial etch (SiO2 is not fully removed), it introduces some interesting
phenomena such as adhesion degradation on SiO2 surfacemorphologywhich is not present when
SiO2 is fully etched. This paper reports the first study of systematical characterization of the SiO2

surfacemorphology after partial dry andHFwet etching and compares their different effects on the
strength of adhesion on polaric and nonpolar liquids. To study the strength of adhesion, this
experiment utilized two different types of resist such as PMMA resist and PMGI based LOR resist.
Atomic ForceMicroscopy (AFM)was used to determine the surfacemorphology before and after dry
etching andHFwet etching process. Telescope-Goniometer was used tomeasure the contact angles as
an indicator of liquid-solid adhesion. From the comparison study it’s evident that partial wet etching
byHF changes the surfacemorphology of the SiO2 significantly and degrades the adhesion between
the resist and the surface. On the other hand, dry etching does not alter the SiO2 surfacemorphology
significantly and it is recommended to use dry etching instead ofHFwet etching to avoid the
degradation in adhesion strength on SiO2 surface whenever possible. Next, as amore general
approach, adhesion promoter was used to restore the adhesion between the resist and SiO2 surface.

1. Introduction

Nanodevice fabrication processing consists ofmethods such as dry andwet etching,metal deposition,
sputtering, patterning etc These fabricationmethods interact with the surface of the substrate differently and
change the surface characteristics. Some fabrication processes like hydrofluoric acid (HF)wet etchingwhich is
used extensively to etch SiO2 alters the surfacemorphologies drastically and introduces resist adhesion-related
problems.

The strength of adhesion of the resist patterns has been recognized as a serious problemduring the
fabrication process and has been studied extensively [1, 2]. Adhesion of resist to the surface of the substrate
depends on several factors such as the chemistry of the resist [3], surface tension andwetting ofmaterials and
adhesion [2], substrate surface chemistry and condition [4]. One of the earliest efforts to understand the
mechanismof resist pattern collapse was studied by Toshihiko Tanaka et al [5]. They correlated resist pattern
collapse with the critical aspect ratio and surface tension of the rinsing liquid and proposed a low surface tension
rinse process. J Bauer et al [2] discussed the surface tension and adhesion of different resist on Si and SiO2 using
contact angle. Their study proposed that pretreatment of the substrate such as cleaning, dehydration and
exposure to humidity influences the surface tension. They also found thatmodifications by primers
(hexamethyldisilazane and trimethylsilydiethylamine) help to stabilize the surface tension. S KKim et al [1] later
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developed a process tomeasure the collapsing force of the photoresist patterns using an atomic forcemicroscope
(AFM). Additionally, they employed the lateral forcemicroscope (LFM) to determine the load andmoment of
pattern collapse.

Another aspect of our study is to investigate the change in surfacemorphology afterHFwet etching and its
effect on surface adhesion. The etching process of SiO2 byHFmolecules has been studied extensively in previous
literature [6–8]. THoshino et al [6] studied themechanismof the etching reaction of silicon dioxide (SiO2) by
HFmolecules and their reaction paths. TTakahagi et al [7] developed a procedure to clean the silicon surface
withHF and ultraviolet (UV) cleaning.Most of this literatures discuss the chemistry of the SiO2 etching rather
the surfacemorphology of the SiO2 surface after etching. Although J Bauer et al [2] discussed the surface tension
and adhesion of different resist on Si and SiO2 using contact angle; change of surfacemorphology afterHFwet
etching and its effect was not discussed.

All of the above-mentioned factors lead to the lithographic pattern error. A commonpatterning error is the
collapse of the structurewhich can occur via threemain pathways; bending, breaking and peeling from the
surface.While the bending and breaking of the resist are related to its hardness, peeling is closely related to
adhesion to the underlying layer [1]. Tremendous researchwork has been done to explore the breaking and
bending of the collapsed resists which occurs during the development and/or rinsing process of photoresist [5,
9–12]. These types of collapsemainly originate from a capillary force [5]. The surface tension of the developer
liquid between the resist structures causes the collapse of the structures [9]. Althoughmany authors havemade
efforts to explain the photoresist bending and breaking phenomena [10–12], little literature was found focusing
on peeling of the photoresist [13, 14]. AKawai et al [13] characterized the resist pattern adhesion and cohesion in
deionizedwater using direct peelingwith an atomicmicroscope (AFM) tip (DPAT)method. They proposed that
inDIwater liquid intrusion acts toweaken the adhesion strength between resist and substrate.

In this study, we observed the LOR(PMGI) resist stack peeling off after wet etching of SiO2. To study the
exact nature of surface properties changes, we investigated samples with different surface treatments. The
patterns employed in this study are of a relatively low aspect ratio.We found that samples without any treatment
do not show any adhesion problem.However, samples subjected toHFwet treatment show surface adhesion
problem. As the patterns are low aspect ratio, themainmechanismof structural failure is caused by peeling off
from the substrate surface rather than breaking or bending.

2. Experimental details

The e-beamwritten patterns with PMGI based LOR resist and PMMAresist on SiO2/Si surface are shown in
figures 1 and 2, respectively. The line widths are 500 nm, 400 nm, 300 nm, 200 nmand 100 nm respectively with
a spacing of 1micron. This experiment usedCzochralski (CZ) Siliconwafers (SiliconValleyMicroelectronics)
with 〈100〉 orientation as the substrate. The SiO2 layer thickness was 260 nmbefore any process was applied.
Small (10 mm×10 mm)wafer pieces were used in the experiment. Three categories of samples were prepared
for this experiment. Sample ‘A’was the control sample without any treatment. Sample ‘B’underwent
Inductively Coupled Plasma (ICP) dry etching for 45 s in aCl2/Ar (5:15 ratio) atmosphere. The ICP andRF
powerwere 100Wand 65W, respectively. Samples ‘C’were dipped into dilutedHF (HF:DI=2:98) for 120 s.
After that E-beam lithography samples were prepared using spin coating. Bilayer resist was then applied for
e-beampatterning. For PMGI based LOR resist, thefirst layer was LOR (PMGIMicrochem)whichwas spun at
6000 rpm for 60 s, followed by baking at 170 °C for 5 min. A layer of CSAR (AR-P 6200Allresist)was then spun
on top of the LOR film at a speed of 4000 rpm for 60 s then baked at 200 °C for 5 min. For PMMA samples, the

Figure 1. SEM image ofwritten pattern on SiO2/Si surfacewith PMGI based LOR resist (a)without any etching after e-beam exposure
and development (sample A); (b)patterns after dry etching (sample B); (c) patterns afterHFwet etching (sample C).
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first layer was EL6whichwas spun cast at 4000 rpm for 60 s followed by baking at 170 °C for 5 min. A layer of
PMMA950A2was then spun on top of the EL6film at a speed of 4000 rpm for 60 s then baked at 170 °C for
5 min. E-beam lithography (Vistec EBPG5200ES)was used towrite the patterns on the samples. 200 μC cm−2

base dosewas used for PMGI based LOR resist and 600 μC cm−2 base dosewas used for PMMAandEL6 resist.
Figure 1 shows the samples writtenwith PMGI based LOR resist. Figure 1(a) shows the designed pattern

written on the SiO2 surface without any treatment or etching (sample A). Figure 1(b)) shows the same pattern
written on ICP dry etched (partially) SiO2 surface (sample B). The SEM images showpartial dry etching does not
affect the surface and the resist adhesion problem is not visible. Figure 1(c) shows the same patternwritten on
HF treated samples (sample C). The SEM images showhow the resist patterns dislodged from the substrate and
overlappedwith each other compared to the designed patterns offigure 1(a). From the SEM images it is evident
that the resist is peeling off from the surface indicating a significant reduction in the adhesive force between the
resist and the surface.

Figure 2 shows the samples writtenwith PMMAandEL6 resist. Figures 2(a)–(c) shows no significant
changes in the surface adhesion. This indicates that adhesion of resist to the surface is dependent not only on
surfacemorphology but also on the chemical properties of resist as well. Following sections of this paper will
investigate both parameters and discuss how the combination of surfacemorphology and resist chemistry leads
to peeling off effect on partiallyHFwet etched SiO2 surface.

Figure 3(a) shows an opticalmicroscope image of sample C after e-beam exposure and development.Wavy
patterns are obvious from the picture. Due to the discoloration at both ends of the resist line structure, it was
initially thought that the undercut of the resist wasmuchwider than expected.However, figures 3(c) and (d)
shows that the undercut of the resist isminimal and aswide as expected. Figure 3(b) again confirms the surface
adhesion problembetween the resist andHF treated SiO2 surface.

3. Surface characterization usingAFM

To examine how the dry etching process andHF treatment change the properties of the SiO2 surface, samples
were examined using AFM.

3.1. Surface roughness characterization
The surface roughness can be characterized using centerline Roughness Average (Ra) andRootMean Square
(RMS)Roughness.Ra is the arithmetic average of the absolute values of the roughness profile ordinates given by
equation (1). The average roughness is the area between the roughness profile and itsmean line, or the integral of
the absolute value of the roughness profile height over the evaluation length. The RootMean Square (RMS),Rq,
average between the height deviations and themean line/surface, taken over the evaluation length/area.
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whereZi is the amplitude of the point i and n is the number of sample points.

Figure 2. SEM image ofwritten pattern on SiO2/Si surfacewith PMMAresist (a)without any etching after e-beam exposure and
development (sample A); (b) patterns after dry etching (sample B); (c) patterns afterHFwet etching (sample C).
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3.2.Height characteristic analysis
Skewness (Rsk) andKurtosis (Rku) are the height characteristic average parameters of a surface. Skewness is the
third centralmoment of profile amplitude probability density function,measured over sample length. Skewness
is ameasure of the asymmetry of the profile about themean line.Negative skew indicates a predominance of
valleys, while positive skew is seen on surfaces with peaks. Kurtosis the fourth centralmoment of profile
amplitude probability density function,measured oversampling length. Skewness is ameasure of the
distribution of spikes above and below themean line. Themathematical definition of Skewness (Rsk) and
Kurtosis (Rku) follows:
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whereRq is the rootmean square (RMS) average between the height deviations and themean line/surface, taken
over the evaluation length/area.Z is the amplitude of each point of themeasured length l. Figure 4 schematically
depicts the surface profile with different skewness and kurtosis. The surface roughness parameters and height
characteristic parameters of samples A, B, andCbefore and after dry etching andHF treatment are shown in
table 1. AFMheight image of samples is shown infigure 5.

The roughness average (Ra) and rootmean square roughness (Rrms) are found to be 0.81 nmand 1.02 nm
before and after dry etching respectively. This indicates that the dry etching is not affecting the SiO2 thatmuch.
On the other hand afterHF treatment the values reduced to 50%of original values. The skewness and kurtosis
vary very little after dry etching indicating that the surface is almost unchanged, whereas the skewness changes
fromnegative to positive afterHF treatment. A negative skewness indicates that a greater percentage of the
profile is above themean line and a positive value indicates that a greater percentage is below themean line.
Kurtosis values increased almost 6 times afterHF treatment. For,Rku values greater than 3 represents spiky
surfaces andRku values less than 3 represents the bumpy surface. Figure 5 shows the AFMheight images of the
samples A, B andC. From the height distribution data and height distribution profile it’s evident that the partial
SiO2 etching increases the roughness of the surfacewhich negatively effects the adhesion some liquids to the
surface.

Figure 3. (a)Opticalmicroscope image of LOR/CSAR after e-beam lithography and development; (b)–(d) SEM image of the resist
undercut.
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4. Surface characterization using contact angle

It has been shown that the surface properties changed greatly after dry etching andHF treatmentwhile remained
almost unchanged after dry etching alone. Thus,HF treatmentmay be themain reason leading to the adhesion
problem. In order to evaluate the surface adhesion changes associatedwith surface properties due toHF
treatment, contact anglemeasurements are conducted in this paper. Contact angle, by definition, is the angle
formed between the droplet of liquid and solid surface and is one of themost commonways to characterize the
adhesion between solid surface and liquid. Specifically, a small contact anglemeans good adhesionwhile large
anglemeans poor adhesion [15]. One of the contact anglemeasuremethods, a direct opticalmeasurement based
onTelescope-Goniometermethod, is used to obtain the static contact angle of each sample. The volume of
droplet is controlled around 15 μl for consistency and accurate trend.

Figures 6(a) and (b) show the contact anglemeasurement results for LOR resist on SiO2/Si substrate without
any treatment and afterHF treatment. It can be clearly seen that the contact angle increases from29.26 degrees

Figure 4. Schematic of surfaces with positive and negative skewness values, as well as with kurtosis values lower and higher than three.

Table 1.Different surface texture parameters acquired byAFM.

Parameter Initial After dry etch AfterHF treatment

Ra 0.81 nm 0.81 nm 0.42 nm

Rrms 1.02 nm 1.01 nm 0.56 nm

Rmax 17.47 nm 6.86 nm 12.57 nm

Rsk −0.828 −0.948 0.471

Rku 4.448 3.635 17.189

Figure 5.AFMheight image of (a)without any process (Sample A); (b) after dry etching (Sample B); (c) after 49%HF:DI (2:98)dip for
120 s (Sample C).
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to 43.24 degrees, indicating the surface adhesion became poorer afterHF treatment. This result agrees withAFM
results and suggests thatHF treatment indeed cause adhesion problembetween

LOR resist and SiO2/Si substrate. This problem can be addressed by applyingHMDSpromoter [16], which
is confirmed by the decrease in contact angle (figure 6(c)).

The contact angle is usually characterized by Young’s equation, which shows the balance among threemedia
(vapor, liquid and solid):

g g q g= + ( )cos 5s l sl

where gs is the surface free energy (SFE) of the solid surface, gsl is the SFE of the interface between solid and
liquid droplet,gl is the SFE of the liquid droplet, and q is the contact angle [15, 17]. SFE can usually be divided
into two independent parts: dispersion part (gd) and polar part (gp) representing interactions due to dispersion
components and polar components, as shown in equations (6) and (7):

g g g= + ( )6s s
d

s
p

g g g= + ( )7l l
d

l
p

Owens andWendt determined the SFE of the interface between solid and liquid (gsl) as follows [17, 18]:

g g g g g g g= + - -( ) ( ) ( )2 2 8sl s l s
d

l
d

s
p

l
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where the sumof third and fourth terms can be defined as the adhesion energy between solid surface and liquid
[18]:

g g g g= +( ) ( ) ( )W 2 2 9A s
d
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p0.5 0.5

From equations (5)–(9), the g s
d and g s

p can be determined by contact anglemeasurement results from two

liquidswith known g l
d and g .l

p Therefore, we conducted the following experiments. SiO2/Si substrate surfaces
before and afterHF treatment are characterized bywater and diiodomethane (CH2I2).Water and
diiodomethane arewell known liquids on opposite ends of the polarity spectrumwherewater is predominantly
polar (g = -21.8 mJ ml

d 2and g = -51 mJ ml
p 2) and diiodomethane has no polar component

(g g= = -50.8 mJ ml l
d 2) [17, 18].

Use of these two liquids allows for theOwens-Wendtmodel to be applied directly in this study. Figure 7
shows the contact anglemeasurements for water and diiodomethane on SiO2/Si substrate before and afterHF
treatment. From themeasured contact angle and SFE ofwater and diiodomethane,

SFE (both dispersive and polar parts) of SiO2/Si substrate surfaces and adhesion energy (between
diiodomethane and SiO2/Si substrate) before and afterHF treatment can be calculated, as shown in table 2. The
dispersion part of the SiO2/Si substrate afterHF treatment actually decreased from -39.71 mJ m 2 to

-36.82 mJ m 2 and the polar part increased from -28.88 mJ m 2 to -37.67 mJ m .2 As a result, the adhesion energy
between diiodomethane and SiO2/Si substrate decreased from -89.83 mJ m 2 to -86.5 mJ m ,2 indicating poorer
adhesion afterHF treatment. It is well known that LOR resist also has a dominant dispersion part like
diiodomethane, thus the adhesion energy between LOR resist and SiO2/Si substrate surfaces will also decrease
afterHF treatment, leading to the aforementioned adhesion problem.On the other hand, PMMAhas a relatively
smaller dispersion part (g = -29.6 mJ ml

d 2 and g = -11.5 mJ ml
p 2) [19], thus preventing the surface adhesion

problem for the samples afterHF treatment.

Figure 6.Contact anglemeasurement of LOR (PMGI) resist on SiO2/Si substrate (a)Before any treatmentwith angle 29.26 degrees;
(b)AfterHF treatmentwith contact angle 43.24 degrees; (c)AfterHMDS applicationwith contact angle 26.76 degrees.
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5. Summary

Wet etching i.e. Hydrofluoric acid etching significantly alters the surfacemorphology of SiO2. Thewet etching of
SiO2 increases the roughness of the surface bymodifying the third and fourthmoments of the density function
namely skewness and kurtosis. HFwet etching turns the negative skewness height distribution profile to positive
skewness and increases the kurtosis far greater than 3. These changes inmorphology decrease surface adhesion
by reducing the real contact area of the surface, leading to an increased contact angle. Dry etching almost does
not change the SiO2morphology at all. For sensitive fabrication processes where it is necessary to etch SiO2

partially, it is recommended to use dry etching instead ofHFwet etching. In the cases whereHFwet etching is
inevitable, it is recommended to use surface promoter such asHMDS to preserve the surface adhesion.
Alternatively, other another type of resist such as PMMA (where the dispersion component is less dominant in
the surface free energy) can be an option to avoid adhesion problem.
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