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ABSTRACT

Al;03 atomic layer deposition (ALD) was used to smooth the roughness on silicon wafers obtained prior to
chemical mechanical polishing (CMP). The initial silicon wafers had an average RMS surface roughness of 3.3 nm
as determined by atomic force microscopy (AFM) measurements. AFM line scans also measured an average
lateral spacing of ~490 nm between the surface asperities. The RMS roughness decreased and the average lateral
spacing increased progressively with number of Al;O3 ALD cycles. After 3000 Al;O3 ALD cycles that deposit an
Al»03 film thickness of 370 nm, the RMS roughness reduced to 1.5 nm and the average lateral spacing between
the surface asperities increased to ~890 nm. Additional Al;O3 ALD cycles produced little change in the RMS
roughness or average lateral spacing. The efficiency of the smoothing decreased when the lateral distance be-
tween the surface asperities was much larger than the Al,Os ALD film thickness. Power spectral density (PSD)
analysis revealed that the ALD smoothing was most effective for surface topographical features with lateral
spacings in the range of 10s to 100s of nanometers. Reflectivity studies of silver films deposited on the silicon

wafers also demonstrated that Al,03 ALD smoothing improved the optical performance of reflective mirrors.

1. Introduction

Surface roughness affects numerous areas including semiconductor
devices[1,2], optical performance [3,4], friction [5], and adhesion
[6,7]. There are many processes used to smooth surfaces including
chemical etching [8], chemical mechanical polishing (CMP) [9,10],
magnetorheological finishing [11], electrochemical micromachining
[12], and ion beam erosion [13]. These processes can smooth efficiently,
but can also change the surface curvature or damage the underlying
substrate. Many surface smoothing processes would benefit from an
alternative smoothing technique that removes roughness without
negatively impacting the surface. This is particularly important for op-
tical applications where smooth initial substrates with precise curvature
are needed for the deposition of metals to fabricate reflective mirrors.

Atomic layer deposition (ALD) is a thin film deposition method that
coats materials with atomic scale control [14]. In the ALD process,
typically two gas-phase reactants are introduced sequentially to a sub-
strate to precisely deposit the ALD material. These sequential surface
reactions are self-limiting, meaning once all surface sites have reacted,
the reaction effectively saturates. This growth technique allows for
precise digital control of film thickness. ALD has been used to deposit
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various materials including numerous oxides, nitrides and sulfides [15].

Due to the self-limiting nature of the surface reactions, films depos-
ited by ALD are highly conformal and cover the surface with a uniform
layer of material. This conformality allows ALD to act as the reverse of
CMP. Rather than etching away the surface asperities, ALD can “pinch-
off” surface roughness by filling in the gaps between the surface features.
An idealization of this procedure is illustrated in Fig. 1. Each ALD cycle
deposits a conformal film on the underlying substrate. The gaps between
the surface asperities are progressively filled in by the ALD film. The
gaps are closed when the ALD film thickness is one-half of the distance
between the surface asperities.

There have been some reports on substrate smoothing by ALD
[16-20]. However, these previous studies have not precisely quantified
ALD smoothing versus ALD cycles. The earlier investigations have also
not explored the relationship between ALD smoothing and the lateral
spacing between the surface asperities that define the surface roughness.
Al;03 ALD was discovered to smooth the roughness of polycrystalline
tungsten and zinc oxide films in W/Al;03 and ZnO/Al,03 nanolaminates
[17,20]. TiO2 ALD was also shown to smooth scalloped surfaces and
decreased their surface area versus TiOy ALD film thickness [16]. In
addition, Al;03 ALD on porous ceramic membranes was noticed to close
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the pores and visibly smooth the porous membranes [19]. Al;03 ALD
was also observed to reduce the RMS surface roughness of poly-
crystalline ZnO films [18].

Surface roughness can affect optical device performance. For
example, surface roughness can affect the reflectivity of mirrors by
increasing scattering. Scattering occurs when light interacts with fea-
tures larger than the light wavelength. When light scatters from a rough
surface, some light will specularly reflect at the same angle as the inci-
dent light. Other light will be diffusely reflected at non-specular angles.
The surface roughness features can be described as a superposition of
sinusoidal structures that will lead to diffuse scattering resulting from
diffraction [21].

Surface absorption can also affect mirror reflectivity when light in-
teracts with features smaller than the light wavelength on some metallic
surfaces. The surface absorption is most noticeable in nanostructures of
metals such as silver, gold and platinum that have large plasmon reso-
nances. On silver surfaces with nanometer scale roughness, light can
easily excite surface plasmons [22,23]. These surface plasmons can then
be absorbed by the silver.

Conventional techniques that can smooth substrates often negatively
affect the curvature. Consequently, additional processing steps are
required to correct the curvature. ALD may be able to overcome this
problem and smooth the surface roughness of a substrate for reflective
mirror fabrication without affecting its curvature. In addition, ALD can
be scaled up to accommodate large mirror substrates. Compared with
other smoothing techniques, ALD is also an additive process that can
improve surface roughness without being destructive.

2. Materials and methods
2.1. Initial substrates and film deposition

Experiments were performed in a hot-walled, viscous flow reactor
that has been described previously [24]. A rough, pre-CMP silicon-on-
insulator (SOI) silicon wafer from Soitec was cut into 2 x 2 cm? coupons.
For each coating run, one pre-CMP SOI coupon and a standard SOI
coupon were cleaned with isopropanol, followed by water, and then
dried under Nj. Both coupons were introduced into the reactor and
heated to 200 °C on a stainless steel boat. The coupons were allowed to
equilibrate in the reactor for 30 min before beginning the ALD.

Al,03 ALD was performed using trimethylaluminum (TMA, 97%
Sigma) and reagent-grade water (HO, Sigma) at 200 °C [25]. The
reactor was operated in viscous flow [24]. Reactants were dosed
sequentially into a Ny carrier gas. The chamber pressure was ~ 1.1 Torr
with 200 scem of Ny flowing through the chamber controlled by mass
flow controllers (MKS). The ALD cycle consisted of a 1 s TMA dose,
followed by a N purge for 15 s, then a 1 s HoO dose, followed by another
15 s Ny purge. This reactant sequence is designated as 1-15-1-15. The
Al;,03 ALD growth rate per cycle was 0.12 nm. Al,O3 ALD was per-
formed for up to 4000 cycles. Typical reactant pressures were 140 mTorr
for TMA and 90 mTorr for HpO. The chamber was pumped using a dual
stage rotary vane mechanical pump.

ALD
Cycles
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2.2. Film characterization and reflectance measurements

Al503 film thicknesses were measured on the silicon witness wafers
using a spectroscopic ellipsometer (M—2000D, J. A. Woollam). The AFM
measurements were performed using an atomic force microscope
(Nanosurf EasyScan 2). The scanner was fitted with a 10 pm head and
conical AFM tips (Aspire CT170R) as the probe. The AFM was operated
in tapping mode and acquired 8.5 pm x 8.5 pm images at 1 line/s and
256 pixels/line. The AFM data and power spectral density (PSD) analysis
was processed using Gwyddion. White light interferometry (WLI) mea-
surements were performed using a Zygo NewView 7300 scanning white
light microscope. The WLI data was analyzed using Metropro software.

The original pre-CMP silicon-on-insulator (SOI) silicon wafers and
the subsequent ALD-coated wafers were then coated with a protected
silver reflective surface. This coating was deposited using an E-beam
physical vapor deposition (PVD) chamber at L3Harris. Reflectance
measurements were then conducted using a Cary 7000 spectropho-
tometer with a calibrated reflectance range from 350 to 2400 nm.

3. Results and discussion
3.1. AFM measurements of surface roughness

Fig. 2a and 2b display an AFM image and a representative AFM line
scan, respectively, of the original, rough silicon surface. Notice the
different scales of the x and z axes on the line profile of Fig. 2b. The z-
axis is in nanometers while the x-axis is in microns. The initial pre-CMP
silicon surface has an RMS roughness of 3.3 nm. The RMS roughness is a
measure of the vertical surface roughness. In contrast, the average
lateral distance between the asperities on the surface is a measure of the
lateral surface roughness. The surface asperities in Fig. 2b have a mean
lateral distance of ~490 nm. The lateral spacing of surface asperities is
orders of magnitude larger than the vertical deviations.

Since ALD is a conformal process, the deposited ALD film will cover
the original substrate with a uniform layer of material. Material will be
added at the bottom of valleys, the tops of peaks, and on the sides of the
asperities. Mechanistically, this means that roughness removal is
possible when the ALD film approaches itself from the adjacent walls of
surface asperities to overlap and fill in the troughs. The filling of the
valleys between the surface peaks with AloO3 ALD will “pinch-off” the
surface roughness as illustrated in Fig. 1.

The ability of ALD to smooth the surface is dependent on the lateral
distance between the surface peaks. The lateral distance between surface
asperities is more important than the vertical surface RMS roughness in
determining the ability of AlyO3 ALD to smooth the surface. For the
surface in Fig. 2b, an ALD process depositing film thicknesses on the
scale of the RMS roughness of 3.5 nm would show little to no smoothing
effect. The ALD film thickness must be comparable with one-half the
average lateral distance between the surface asperities to see significant
surface smoothing. Consequently, surface smoothing for the surface in
Fig. 2b will require film thicknesses on the order of 490 nm/2 = 245 nm.

Fig. 3a and 3b show an AFM image and a representative AFM line
scan, respectively, of the original silicon surface after 1500 Al,O3 ALD
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Fig. 1. Illustration of ALD on rough surface. Gaps between surface asperities are progressively “filled-in” by ALD film.
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Fig. 2. (a) AFM image and (b) representative AFM line scan of rough, pre-CMP
silicon wafer.

cycles. The 1500 Al,03 ALD cycles deposited an AlpOs film thickness of
165 nm as measured by spectroscopic ellipsometry. The AFM mea-
surements in Fig. 3a revealed that the RMS surface roughness decreased
from 3.3 nm to 2.0 nm. The AFM line scan after ALD plotted on the same
scale as the original rough surface in Fig. 2b also shows a decrease in the
height of the surface asperities in agreement with the decrease in the
RMS surface roughness.

The average lateral distance between the surface asperities in Fig. 3b
also increases from ~490 nm for the original surface to ~700 nm for the
surface after 1500 AloO3 ALD cycles. The increase in the lateral distance
between the surface peaks is evidence of the “pinching-off” of surface
asperities that are close together. Qualitatively, the sharp, tall features
observed in Fig. 2b have been rounded off and have a larger separation
distance following the 1500 Al,O3 ALD cycles.

Fig. 4a and 4b present an AFM image and a representative AFM line
scan, respectively, of the original silicon surface after 3000 Al,O3 ALD
cycles. The 3000 Al,O3 ALD cycles deposited an Al,Oj3 film thickness of
370 nm as measured by spectroscopic ellipsometry. The AFM mea-
surements in Fig. 4a revealed that the RMS surface roughness decreased
to 1.5 nm. Comparison with the original rough surface in Fig. 2b again
reveals a further decrease in the height of the surface asperities in
agreement with the decrease in the RMS surface roughness.

The average lateral distance between the surface asperities in Fig. 4b
also increases from ~490 nm for the original surface to ~890 nm for the
surface after 3000 Al,O3 ALD cycles. The increase in the lateral distance
between the surface peaks is further evidence of the “pinching-off” of
surface asperities with increasing Al,O3 ALD film thickness. The com-
parison between Fig. 2b and Fig. 4b is direct visual evidence that the
Al,03 ALD film thickness can smooth the surface roughness.
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Fig. 3. (a) AFM image and (b) representative AFM line scan of rough, pre-CMP
silicon wafer after 1500 Al;O3 ALD cycles that deposit an Al,Os3 film thickness
of 165 nm.

3.2. RMS surface roughness and lateral distance between surface
asperities

The RMS surface roughness versus number of Al;O3 ALD cycles is
shown in Fig. 5. The RMS surface roughness decreases approximately
linearly for the first 1000 Al,O3 ALD cycles from the average starting
RMS surface roughness of ~3.3 nm. The change in the RMS surface
roughness then begins to slow before leveling off at approximately 1.5
nm after 3000 Al;O3 ALD cycles. There is a small increase of < 0.1 nm in
RMS roughness between 3500 and 4000 ALD cycles. This small increase
may be attributed to slightly rougher initial surfaces on average for the
4000 ALD cycle experiments.

The limiting behavior of the smoothing effect in Fig. 5 is believed to
be caused by the increase of the lateral distance between surface as-
perities as the ALD fills in the valleys between the surface peaks. The
average spacing between the surface asperities is displayed in Fig. 6. The
surface peaks that are the closest together will be “pinched-off” first. The
average lateral distance between the surface asperities on the initial
rough surface in Fig. 2b was ~490 nm. As the valleys are filled in, the
surface asperities that remain will be progressively further apart. The
average lateral distance between the surface asperities increased to
~890 nm after 3000 ALD cycles.

Eventually, the valleys between the surface peaks are too wide to be
affected by the ALD film thickness. Fig. 5 reveals that the ability of the
Al,03 ALD film thickness to smooth the surface roughness becomes
limited after > 2000 ALD cycles. The 2000 ALD cycles deposit an Al;03
ALD film thickness of 240 nm. Half the distance between the initial
surface asperities is 490 nm/2 = 245 nm. In agreement with expecta-
tions, the smoothing effect of the Al,O3 ALD decreases when the thick-
ness of the Al;Os ALD film is approximately one-half the average
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Fig. 4. (a) AFM image and (b) representative AFM line scan of rough, pre-CMP
silicon wafer after 3000 Al;O3 ALD cycles that deposit an Al,Os3 film thickness
of 370 nm.
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Fig. 5. RMS roughness versus number of Al;O3 ALD cycles on an initial rough,
pre-CMP silicon wafer.
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distance between the surface asperities.

The change in the RMS surface roughness versus AlO3 ALD film
thickness decreases progressively for thicker Al,O3 ALD films. Fig. 7
shows the change in the RMS roughness for every additional 500 Al,O3
ALD cycles. The average lateral spacing between the surface asperities is
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Fig. 6. Average lateral spacing between the surface asperities versus number of
Aly03 ALD cycles on an initial rough, pre-CMP silicon wafer.
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Fig. 7. Change in the RMS roughness for every 500 Al,O3 ALD cycles and
average lateral spacing between the surface asperities versus Al,O3 ALD
film thickness.

also shown for comparison. The decrease in the RMS roughness is 0.47
and 0.48 nm for the first 500 and second 500 Al,O3 ALD cycles,
respectively. The change in the RMS roughness for the next subsequent
sets of 500 Al;03 ALD cycles then drops progressively for Al,03 ALD film
thicknesses > 165 nm. In this regime, the average lateral spacing be-
tween surface asperities is > 700 nm and much larger than the Al;O3
ALD film thickness. The ALD smoothing process becomes limited when
the distance between the surface asperities is much larger than the ALD
film thickness.

3.3. Power spectral density analysis

Power spectral density (PSD) analysis was performed to understand
the lateral scale of the roughness that is affected by the Al,O3 ALD. PSD
analysis is a spatial Fourier transform of the surface and characterizes
the surface roughness in terms of spatial frequencies [26-28]. Fig. 8
shows the PSD analysis of the AFM spatial topography of the original
rough silicon surface and this surface after various numbers of Al,O3
ALD cycles up to 4000 cycles. The spatial frequency on the x-axis rep-
resents the surface roughness at various lateral distances between the
spatial features. A higher spatial frequency represents surface features
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Fig. 8. PSD analysis of rough, pre-CMP silicon surfaces before and after various
numbers of Al,03 ALD cycles from AFM measurements.

that are closer together.

The PSD analysis given in Fig. 8 shows that the Al;O3 ALD causes the
most change in the 10° to 10* mm ™! spatial range. This range equates to
surface features that are on the order of 10s to 100s of nanometers apart.
A change in this spatial range is expected given that the Al,O3 film
thickness is on the order of 100s of nanometers. There are smaller
changes as the spatial frequency decreases and distances between as-
perities are larger. The majority of the smoothing occurs during the first
1000 ALD cycles. Subsequently, the smoothing begins to level off after
1500 to 2000 ALD cycles that deposit Al,Os3 film thicknesses of 165 to
240 nm, respectively. The smoothing at the largest spatial frequencies
should reduce plasmon absorption from metal films deposited on these
surfaces.

PSD analysis derived from WLI measurements can probe the surface
smoothing at lower spatial frequencies. The PSD analysis of the WLI
measurements in Fig. 9 indicates that the Al,O3 ALD film can also
smooth micron scale roughness. There is a decrease in the PSD for spatial
frequencies ranging from 30 mm™! to 300 mm™! or spatial distances
ranging from 3.3 to 33 pm. At these lower spatial frequencies and larger
spatial feature sizes, there is a progressive reduction in the PSD from 0 to
1000 to 3000 ALD cycles. The smoothing at lower spatial frequencies
should help improve optical scattering from these surfaces.
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Fig. 9. PSD analysis of rough, pre-CMP silicon surfaces before and after various
numbers of Al;O3 ALD cycles from WLI measurements.
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A comparison between the PSD results shown in Figs. 8 and 9 in-
dicates that the PSD reduction at the 10 um scale is much less than the
PSD reduction at the 10 nm scale. The PSD decrease after 1000 ALD
cycles at the 10 nm scale (LE5 mm™!) in Fig. 8 is about one order of
magnitude. In comparison, the PSD decrease after 1000 ALD cycles at
the 10 um scale (100 mm 1Y) in Fig. 9 is less than a factor of 2. This
difference is anticipated because the thin ALD film thickness of ~ 100
nm should impact the nanometer scale lateral roughness more than the
micron scale lateral roughness.

3.4. Specular reflectance measurements

Specular reflectance measurements were also performed on pro-
tected silver films with a thickness of 300 nm deposited using E-beam
PVD on the original rough silicon surface and on the original rough
silicon surface coated using various numbers of Al;03 ALD cycles. These
reflectance measurements can determine whether Al;03 ALD smoothing
can reduce optical scattering and surface absorption caused by surface
roughness and improve optical performance. Fig. 10 displays the percent
reflectance of the original, pre-CMP silicon substrate coated with a silver
film. Specular reflectance measurements for the silicon substrate coated
with a silver film after 1000, 2000, and 3000 Al,O3 ALD cycles are also
displayed for comparison.

Fig. 10 shows that the specular reflected light from the silver film on
the original rough silicon substrate decreases significantly for wave-
lengths shorter than 450 nm. These wavelengths are much longer than
the sharp reflection minimum near 326 nm for silver mirrors [29]. The
reflectance is only 25% at 370 nm. This low reflectivity is attributed
primarily to surface absorption by surface plasmons enabled by surface
roughness with feature sizes less than the light wavelength [22,23].

In comparison, Fig. 10 reveals that there is a progressive increase of
reflectance for wavelengths between 350 and 600 nm versus number of
Al,03 ALD cycles. The largest reflectance gains are observed for the
shorter wavelengths between 350 and 450 nm where the reflectance
increase is as large as 35%. This wavelength region is also similar to the
thickness of the deposited Al,O3 film of 370 nm after 3000 Al,O3 ALD
cycles. These results suggest that Al;O3 ALD film thicknesses that
smooth lateral surface roughness with feature sizes less than or similar to
the light wavelength can have a pronounced effect on surface reflec-
tance. This improved surface reflectance is attributed to less absorbance
from surface plasmons.
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Fig. 10. Specular reflectance of silver films coated on the rough, pre-CMP sil-
icon wafers and these substrates after 1000, 2000, and 3000 Al,O3 ALD cycles
that deposit Al,O3 film thicknesses of 110, 240 and 370 nm, respectively.
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3.5. Surface smoothing by thermal atomic layer etching

The lateral profile of the surface roughness is the most important
consideration to determine the smoothing strategy. Two surfaces with
the same RMS roughness could have very different lateral profiles. For
example, the surface asperities could be tall, thin and spaced a large
lateral distance apart. Alternatively, the surface asperities could be more
rounded with comparable heights, widths and lateral spacings. Surface
smoothing using ALD will be most effective for surface asperities that
have small lateral spacings. The small gaps between the surface asper-
ities will be easily “pinched off” by the ALD coating.

In addition to surface smoothing using ALD, thermal atomic layer
etching (ALE) [30,31], may also help to reduce surface roughness. For
example, there may be surfaces where the surface peaks are far apart but
the width of the surface asperities is small. The large lateral spacing
between these surface asperities would be difficult for ALD to “pinch-
off”. However, these surface peaks may be easy to erode using ALE.
There are reports of both plasma and thermal ALE processes smoothing
surface roughness [31-35]. There may also be some surfaces that would
benefit from a hybrid ALD/ALE smoothing process. There are many
avenues to explore concerning the use of ALD and ALE for smoothing
surface roughness.

4. Conclusions

Al,03 ALD has been demonstrated for smoothing surface roughness.
For the pre-CMP silicon wafers, the average RMS roughness decreased
from 3.3 nm to 1.5 nm and the average lateral spacing between the
surface asperities increased from =490 nm to ~890 nm after 3000 ALD
cycles. The smoothing effect began to decrease when the thickness of the
ALD film was greater than approximately one-half the original lateral
separation distance between the surface asperities. ALD can smooth
surface roughness until the average lateral distance between the spatial
features is too large for the ALD film thickness to “pinch-off” the
asperities.

PSD analysis showed that the ALD film thickness has the largest ef-
fect on spatial features that are 10s to 100s of nanometers apart. In
addition, most smoothing occurred during the first 1000 Al;O3 ALD
cycles. Surfaces coated with silver films showed a significant increase in
reflectance at wavelengths below 450 nm. At these shorter wavelengths,
the Al;03 ALD film thicknesses are believed to smooth the surface
roughness that enables light absorption by surface plasmons. Smoothing
surface roughness with ALD should have important applications in many
areas including optics.
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