¥ ® ROYAL SOCIETY

Journal of
PP OF CHEMISTRY

Materials Chemistry C

View Article Online

View Journal | View Issue

Rapid area deactivation for blocking atomic layer
deposition processes using polystyrene brush
layersT

’ '.) Check for updates ‘

Cite this: J. Mater. Chem. C, 2022,
10, 7476

*3 Matthew Snelgrove, (2@ Kyle Shiel,® Gregory Hughes,®®
¢ Michael A. Morris, @2 € Enda McGlynn®® and

Caitlin McFeely,
Pravind Yadav,“ Ross Lundy,
Robert O'Connor®®

Research into the fabrication of polymer brushes for use in Area Selective Deposition (ASD) is vital for
the understanding of ‘bottom up’ lithographic techniques such as block copolymer (BCP) lithography.
Polystyrene has been extensively studied as a blocking material and has been shown to reject both
liquid and vapour phase precursors in block copolymer structures. In this work, we demonstrate that
thin polystyrene brushes can effectively block atomic layer deposition processes (ALD), offering a route
to area deactivation. The effect of varying the molecular weight and fabricating solution concentration
of polystyrene (PS) on the overall brush thickness using the grafting-to method is presented in detail.
Ellipsometry shows that an increase in molecular weight and solution concentration yields an increase in
brush thickness. We demonstarte that PS brush thickness has a significant impact on the blocking
efficacy of a HfO, ALD process, using X-ray photoelectron spectroscopy as the primary characterisation
technique. Results show that the thickest brushes fabricated in this work successfully blocked a process
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DOI: 10.1039/d2tc00577h that would result in 19 nm of HfO, on native oxide covered Si. Due to the significantly faster fabrication

times of PS brushes, this process is deemed a highly competitive alternative to the more widely used
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Introduction

The continued miniaturization of semiconductor devices, with
dimensions reaching the sub 10 nm scale, has led to both cost
and integration challenges in conventional photolithography.'™
To combat these problems significant research is being con-
ducted into various replacement methods. These include block
copolymer lithography,*® nanoimprint lithography,”® and area
selective deposition (ASD).>*® These processes have the potential
to be integrated into future fabrication processes for semiconduc-
tor devices and offer the possibility of selective inclusion of
materials such as metals, metal oxides and dielectrics.

ASD has been defined as a process by which film formation
is allowed on certain areas of a substrate while not depositing
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ASD methodologies such as self-assembled monolayers (SAMs).

on adjacent regions." This is achieved through the chemical
activation®'®'® or deactivation'”™® of particular substrate
regions. ASD has been shown to have the capacity to fabricate
high-resolution patterned substrates, which have the potential
to overcome the technical and financial limitations that photo-
lithography currently faces.’*>* One of the most successful
methods of achieving ASD is through the coating of areas where
deposition is not desired through the use of self-assembled
monolayers (SAMs),”>” which is also referred to as area
deactivation. A SAM consists of a terminal functional group, a
head group, and a hydrocarbon segment. It is the head group of
the SAM structure that allows for a strong interaction with the
substrate, leading to the formation of a stable monolayer film
which blocks the of deposition materials.*® Bent and co-workers
have been leaders in the use of SAMs for the deactivation of a
variety of substrate materials such as Cu, Co, W, Ru and Si.'>*"*°
They have also shown the masking of Cu lines on Si substates for
the fabrication of patterned materials.'®* Similarly, Chang et al.
showed the use of SAMs for area selective ALD of Al,O; onto Co.*°
While SAMs have been widely used and shown to be very
successful for the use in ASD, they are an extremely time-
consuming process as they require long fabrication periods for
the required monolayer coverage to be achieved.>*"**

This journal is © The Royal Society of Chemistry 2022
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Similar to SAMs, certain polymer brushes can be used to
selectively deactivate particular regions on a substrate, but as
well as this, they can selectively activate based on the polymer’s
chemistry.'>?*3* A polymer brush can be defined as an end
grafted polymer chain bound to a surface whereby the chains
stretch away from the substrate.>**® These polymer chains are
typically covalently bonded to the surface of the substrate. This
is achieved either through the grafting-to or the grafting-from
approach. The grafting-to technique relies on the tethering of
pre-functionalised polymer chains to a substrate which has
been appropriately treated.’” Whereas the grafting-from
method uses active polymerisation of the polymer chains from
a surface-initiated substrate to form the polymer layer.*® The
grafting-to method provides many benefits over the grafting-
from as it allows for the precise characterisation of the polymer
chains before deposition.*® Another distinct advantage of fab-
ricating polymer brushes using the grafting-to method is its
ability for extremely rapid surface processing; for example
Lundy et al. have demonstrated the ability to fabricate area
selective polymer brushes within seconds.”'® This is distinctly
advantageous compared to the previously discussed SAMSs
method for rapid fabrication of deactivation layers for use
in ASD.

One of the main disadvantages of the grafting-to method is
its inability to form very dense layers which in turn affects the
thickness of the overall brush. The relationship between polymer
brush thickness and its density is governed by eqn (1):

1
L = No3 (1)

where L is the brush thickness, N is the chain length and ¢ is the
grafting density.*® From theory it is known that the chain length
is proportional to the molecular weight of the polymer thus
meaning a larger molecular weight should lead to an overall
thicker brush layer. This work investigates the degree to which
the ‘rejecting’ nature of thin polystyrene (PS) brushes can be
employed to block ALD processes.

We report on the effect that altering the molecular weight of
the polymer PS as well as the concentration of the fabricating
solution (the solution weight percentage) has on the overall
brush thickness when using the grafting-to method. The polymer
brushes are characterised using ellipsometry, grazing angle
attenuated total reflection Fourier transform infrared spectro-
scopy (GA-ATR-FTIR) and atomic force microscopy (AFM) to show
the thickness and quality of the films. Results show that with an
increase in molecular weight gives a distinct increase in the
brush thickness. Similarly, the higher solution concentrations
yielded thicker brushes.

As stated, PS is one of the most widely used polymers for
chemical deactivation for the use in ASD.*® Following on from
the initial studies, the relationship between PS brush thickness
and its ability to block a HfO, atomic layer deposition (ALD)
process was investigated. X-ray photoelectron spectroscopy
(XPS) was used to determine the PS blocking efficacy. We
demonstrated that the thickness had a significant effect on
the brushes’ blocking capability using this process, with the
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thickest brush blocking what would amount to approximately
19 nm of HfO, deposition on native Si. Our best performing
polymer brush accounted for over 90% selectivity calculated
using an adapted ‘selectivity equation’.** These are comparable
results to those obtained using SAMs meaning that thick PS
brushes are a viable and more time efficient method for area
deactivation in ASD.

Experimental
Sample preparation

Hydroxy terminated polystyrene (PS), of two molecular weights;
(i) M, = 16 kg mol " (16 K), polydispersity index (PDI) = 1.09
and (ii) M,, = 42 kg mol ™" (42 K), PDI = 1.06, were purchased
from Polymer Source Inc. Canada, and used as received.
Sample preparation was as follows: silicon substrates with
native oxide of approximately 1 nm, were cleaved and
degreased through ultrasonication in IPA for 30 minutes. Post
sonication, the samples were hydroxy functionalised using a
3 minute O, plasma treatment. This was performed in a
Henniker Plasma HPT-200 benchtop plasma treater with an
oxygen flow of 9 sccm and plasma power of 200 W. The PS was
dissolved in toluene at a range of solution concentrations from
0.2 wt% to 2 wt%. These solutions were left stirring overnight at
room temperature to ensure the polymer was fully dissolved.
They were then spin cast onto the surface of the hydroxy
functionalised silicon substrates at 3000 rpm for 30 seconds.
The samples were then annealed at 200 °C for 2 h. Once
annealed the samples were sonicated twice for 12 minutes in
toluene to remove any ungrafted polymer chains.’ A schematic
illustration of the polymer fabrication process can be seen in
Fig. 1 below.

Sample characterisation

Several techniques were used in the characterisation of the
polymer brushes to determine the relationship between the
films’ thicknesses and the molecular weight as well as solution
concentration. Ellipsometry measurements were performed
to determine film thickness using a J. A. Woolam XLS-100
ellipsometer. All data analysis was performed with the Comple-
teEASE software using a multi-layer model. Within this model
three layers were inputted, the Si substrate layer, the 1 nm SiO,
layer and finally a Cauchy model was used to determine the
thickness of the PS layer. In all cases, 3 measurements were
taken from different points on the sample and an average of
these was calculated. The standard error of this was also
calculated.

GA-ATR-FTIR was performed using a Nicolet iS50 FTIR
Spectrometer with a Harrick VariGATR attachment with a
germanium crystal. Before sample analysis, the crystal was
cleaned using butanone to remove any dust from its surface.
A background scan of the atmosphere was then taken. Each
sample was placed face down onto the crystal and a force of
approximately 600 N was applied, this was to ensure sufficient
crystal-sample contact. The sample was then scanned using
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Fig. 1 Schematic diagram of polymer fabrication process.

unpolarised radiation at an angle of incidence of 65° for a total
of 128 scans using 8 cm™ " resolution.

AFM images were obtained using a Bruker Icon AFM, using
tapping mode with Tap300 Al-G tips (resonant frequency
300 kHz, force constant 40 N m™'). Image analysis and rough-
ness calculations were then performed using Gwyddion.

To determine the blocking efficacy of the PS brushes, the
films were subjected to a HfO, ALD process. This was carried
out in a custom-designed Oxford Instruments FlexAl ALD
system (base pressure 5 x 10~ ° Torr), which is coupled to a
Scienta Omicron XPS (monochromatic Al Ko, base pressure 5 X
10~° Torr) with a 128 channel Argus CU detector. Between the
two systems there was a robotic handler arm present which
remained in vacuum, which allowed for fast transfer between
the ALD and XPS and for the sample to remain in vacuum.

Each PS sample was placed on a 200 mm diameter steel
carrier-wafer for ALD/XPS loading and scanned using the
Scienta Omicron XPS system prior to ALD treatment for com-
parison purposes. Once scanned the samples were transferred
into the ALD system without breaking vacuum, where they were
heated to 250 °C, below the polymer’s degradation temperature
of 260 °C.° This temperature was chosen as it was a suitable
deposition temperature for the hafnium chloride (HfCl,) pre-
cursor being used, while ensuring that the decomposition of
the precursor did not occur. Once heated, the precursor was
pulsed into the chamber using argon as the carrier gas with a
dose time of 2 seconds. Following this, there was a 7 second
purge which removed any unreacted precursor from the
chamber. This was followed by a 2 second water dose. The last
step was a 15 second purge. This process was repeated for
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300 cycles, with the samples removed several time during the
process for quasi in situ XPS analysis.

Results

Ellipsometry was performed to determine the effect that PS
molecular weight and solution concentration had on the overall
brush thickness. Fig. 2 shows the ellipsometry results for the
polymer brushes fabricated using the 16 K and 42 K PS at
different solution concentrations ranging from 0.2-2 wt%.
From this figure an overall trend of increasing PS thickness
with respect to solution weight percentage was observed. This
relationship between thickness and weight percentage suggests
that the larger number of chains in the higher concentration
solutions yields denser films that allow for thicker brushes to
be formed. This is due to the steric hindrance between each of
the polymer chains, forcing them to elongate away from the
substrate creating a thicker polymer brush.*®

From Fig. 2, the dependence of brush layer thickness on the
molecular weights for each of the solution concentrations can
also be ascertained. It can be seen that the brushes fabricated
using the 42 K PS are generally thicker than those made with
the 16 K PS. Note that for the 16 K PS there appears to be a
thickness saturation at approximately 8 nm from 0.5 wt%
onwards. This is compared to the thickness saturation of
approximately 12 nm for the 42 K films, reached at 1.5 wt%.
This variation in thickness could be due to the shorter chain
length of the 16 K PS as the increase in the solution concen-
tration made little difference to the thickness for the higher
cases. Overall, from these results it can be concluded that an
increase in solution concentration and molecular weight leads
to a thicker polymer brush.

Once the thickness of the PS brushes was confirmed,
GA-ATR-FTIR was conducted to confirm the presence of the
polymer on the surface of the substrates. Fig. 3 shows the GA-
ATR-FTIR spectra for the thickest films obtained for each of the
molecular weights, fabricated using a 1.5 wt% solution. From

14 - [l 16K PS
B 42K PS

-
N
L

-
o
Il

Thickness (nm)

0.2wt

0.5wt 1wt 1.5wt
Weight Percent (%)

Fig. 2 Ellipsometry results of average film thickness for 16 K and 42 K PS
fabricated using a range of solution concentrations. Error bars signify the
standard error for each of the calculated averages.

2wt
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Fig. 3 GA-ATR-FTIR results of the 1.5 wt% 16 K and 1.5 wt% 42 K PS as
these were the thickest films obtained in each molecular weight case.

these results, all peaks associated with the PS structure can be
seen. These include the peaks at 292, 1450 and 900 cm ™~ * which
correspond to the various bending and stretching modes of
C-H bonds. These are mainly observed in the polymer back-
bone but they are also present in the benzene ring side chain.
The peak at 1600 cm™ ' was associated with the cyclic alkene
C—C stretching modes. This is solely linked with the benzene
ring and was one of the main identifiers of the PS films.*?
Alongside this, the band appearing at 700 cm™ " was due to the
benzene ring derivative. Both peaks confirmed the presence of
the PS on the surface of the silicon, as the benzene ring was the
main unique structure of the PS polymer. The final peak seen in
Fig. 3 was the band appearing at 1234 cm ™' which showed the
presence of C-O. This correlated to the bonds grafting the
polymer to the silicon which were created in the condensation
reaction forming the polymer brush.*>**

Finally, AFM images were acquired to ensure that the
polymer brushes fabricated were of good quality, continuous
and smooth. A 1 uym x 1 pum image of the samples was
obtained, and in each case the RMS roughness values were

(b)
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calculated. Fig. 4 shows the AFM images obtained for the
thickest brushes for both molecular weights. From each image,
it can be seen that the films were very smooth, and no islanding
had occurred. The roughness for the 16 K PS brush was 0.2 nm
and the 42 K PS brush was ~0.3 nm. These values were
extremely low and confirmed that each film was of good
quality, continuous and smooth.

PS is widely known for its ability to reject metal-ion infiltra-
tion and is widely used in the ASD research field. Having gained
an understanding of the dependence of brush thickness on
molecular weight and solution concentration, we exposed films
of a variety of thicknesses to a conventional ALD process. PS
brush layers were employed to block a HfO, ALD process, in
order to understand how increasing the brush’s thickness
might improve the number of cycles that can be effectively
blocked.*”*> Three PS brushes were fabricated with a range of
thicknesses. The combinations of molecular weights and
weight percentages used to achieve this range were as follows:
42 K 0.2 wt%, 16 K 0.5 wt% and 42 K 1.5 wt%. These films were
evaluated using ellipsometry and had thicknesses of ~3 nm,
~5 nm and ~11 nm, respectively.

The samples were first subjected to a total of 120 cycles of the
thermal HfO, ALD process. This was carried out sequentially,
with the samples moved from the ALD chamber and analysed
using XPS without breaking vacuum. Using the XPS data the
selectivity of each film to the ALD process was calculated using
the following equation

Isi — Ips @)

Sps =
Isi + Ips

where I; and Ips represents the intensity (peak area under the
curve, in cts™') of the Hf 4f core level for the PS and Si. This
equation has been adapted from the standard selectivity equation
defined by Gladfelter."". The results of these calculations along
with the survey spectra for each sample after the total number of
cycles, as well as the Hf composition are shown in Fig. 5.

When examining the survey spectra for each of the PS films,
there was a clear increase in the Hf peak intensity on the 42 K

1.24 nm 0.0 1.24 nm
1.00 : 1.00
0.50 0.50
0.00 0.00
FY S -0.50
-1.00 -1.00
-1.50 -1.50
-1.98 -1.98

Fig. 4 AFM images of the thickest films obtained for the (a) 16 K and (b) 42 K PS samples.
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Fig. 5 XPS survey spectra for (a) the 42 K 1.5 wt% film, (b) the 16 K 0.5 wt% film and (c) 42 K 0.2 wt% film post Hf ALD, as well as the chemical
compositions of the (d) Hf 4f, and (e) the selectivity of each of the PS films.

0.2 wt% film, this being the thinnest of the PS brushes, which
can be seen in Fig. 5(c). When comparing this to Fig. 5(a) and
(b), which show the two thicker PS films, there was very little
contribution from the Hf peaks indicating very little deposition.
This is further illustrated in Fig. 5(d), showing that the percen-
tage Hf on the surface of the 42 K 0.2 wt% film was far greater
than that on the 16 K 0.5 wt% and the 42 K 1.5 wt%. After 60
cycles of the process, the amount of HfO, on the 42 K 0.2 wt%
sample began to rapidly increase. This increase, however, did
not lead to the same amount of HfO, present on the bare Si
control sample, which showed that while the thinnest sample
had the weakest blocking capabilities, it still inhibited deposi-
tion to some extent. As this brush was fabricated using the
same molecular weight PS as the thickest, 11 nm, sample it was
determined that the molecular weight did not influence the
blocking capability of the brush but it was in fact the thickness
of the film that altered its efficacy. It is noted that for the Si
control sample in Fig. 5(d) the percentage of Hf appears to
saturate at approximately 30%. This is due to the limited
sampling depth of XPS - at this point, the Si substrate is no
longer detectable. Above this thickness range the intensity of
the photoemission peaks associated with the deposited HfO,
layer therefore becomes constant, as there is no longer a
detected substrate signal, and the newly deposited film is

7480 | J Mater. Chem. C, 2022,10, 7476-7484

homogenous as a function of depth. Similar results can be
observed when looking at the selectivity of these films, which
can be seen in Fig. 5(e). There is a consensus in the field of ASD
research that for a selective process to be successful, a selectivity
of 90% or more must be achieved."* The 16 K 0.5 wt% and the
42 K 1.5 wt% films satisfied this requirement, showing a
selectivity of above 0.9 for the full range of 120 cycles. These
values are comparable those demonstrated in previous works
where SAMs have been used as the deactivation layer.?® As stated
previously, for the two thickest films there was very little HfO,
deposited over 120 cycles. This is clear from both the XPS survey
scans, as well as the contribution of Hf to the chemical composi-
tions. From these results, it was clear that PS brushes of 5 nm
and 11 nm can successfully block a Hf ALD process for a
minimum of 120 cycle.

To further test the blocking efficacy, the experiment was
repeated for the two thicker brushes to a total of 325 cycles.
Fig. 6 shows the XPS survey scans for these two samples after
the 325 cycles, as well as the Hf and selectivity percentages.
From Fig. 5. it is evident that after 150 cycles there is an
increase in the Hf percentage on the 16 K 0.5 wt% film. This
sharp increase is very similar to what was observed in Fig. 5, as
there was a relatively clear threshold number of cycles (~ 40),
beyond which Hf deposition began. There also is a decrease in

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 XPS survey spectra for (a) the 42 K 1.5 wt% film, and (b) the 16 K 0.5 wt% film post-ALD cycles, as well as the chemical compositions of the (c) Hf 4f,

and (d) the selectivity of each of the PS films.

selectivity for this brush at the point where Hf deposition begins.
When looking at the thickest film (42 K 1.5 wt%), there was still
very little Hf deposition observed up to 325 cycles, and as before
there was no drop in selectivity below 90%. From this, it can be
concluded that the 11 nm PS film can withstand a minimum of
325 cycles of Hf ALD, which represents approximately 19 nm of
HfO, on a reference silicon substrate. This was determined by
taking a thickness measurement using ellipsometry of a plane
silicon sample subjected to the same number of cycles. It is clear
that there is a breakdown point where the film no longer blocks
the ALD process and the rate at which this point is reached was
dependent on the thickness of the PS brush.

The cause of HfO, deposition on both the 3 nm and 5 nm
films is linked to photoemission evidence of polymer break-
down. This was determined by calculating the Si2p to C1s ratio,
the results of which can be seen in Fig. 7. From these results it

@) —=—42K 0.2 3nm
ol —e—16K 0.2 5nm
—A— 42K 1.5 11nm
0.5
2
®
o 0.4 -
Q
'(/-’ 0.3
0.2
o1 A A L A
0 ZIO 4‘0 6‘0 8‘0 160 1%0
No. Cycles

Fig. 7 CI1S to Si2p ratios for the (a) short cycle and (b) long cycle process.

This journal is © The Royal Society of Chemistry 2022

can be seen in both cases, for the short (120 cycles) and long
(325 cycles) deposition processes, that the films which allow
HfO, deposition have a large decrease in this ratio. The point at
which this decrease occurs can be correlated to the point at
which deposition rapidly increases, which can be seen in Fig. 5
and 6. This breakdown can also be seen in the high resolution
C1s spectra, which can be seen in Fig. 8.

When looking at the thickest film, the 42 K 1.5 wt% which
experiences no breakdown, there is clearly no change in the
spectra over the course of the ALD process. Comparing this to
the 42 K 0.2 wt% and the 16 K 0.5 wt% films a clear broadening in
the C1s peak can be seen as the number of ALD cycles increases.
This broadening indicates an increased amount of C-O within the
polymer film which shows a breakdown of the carbon backbone
and benzene ring associated with the PS structure as the C-O
originates from the binding of the polymer chains to the silicon
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Fig. 8 Cls high resolution spectra for the 42 K 1.5 wt%, 42 K 0.2 wt% brush and 16 K 0.5 wt% brush at several stages over the course of the of the HfO,

ALD process.

substrate. This breakdown can also be seen in the O1s spectra
which are shown in the ESI.{ These show the increased amount of
C-O present throughout the ALD process indicating polymer
breakdown. It is proposed by the authors that physisorption of
the HfCl, precursor preferentially occurs in the thinner PS
brushes due to their degradation. This initial physisorption thus
allows for further HfO, deposition increasing the overall oxide
thickness. It is therefore concluded that a high molecular weight
and wt%. brush yields thicker films of optimal area selective
properties. From these results, it can be concluded that with an
increase in brush thickness there is a clear increase in the
blocking capability of a Hf ALD process. This result is very
important in the field of ASD research because current methods
used for surface deactivation which have been previously dis-
cussed, such as SAMs, have significantly longer fabrication times
compared to polymer brushes. The method discussed here has
the potential to be further optimised for even faster production.’

Conclusions

The controllability of brush thickness for polystyrene brush
layers through the variation of molecular weight and solution
concentration has been demonstrated. Firstly, the relationship
between the solution concentration and thickness was illu-
strated for each molecular weight. Using ellipsometry it was
shown that an increase in weight percentage caused an increase
in thickness for all cases. The optimal weight percentage for the
various molecular weights was shown to be 1.5 wt%. Secondly,
the relationship between thickness and molecular weight was
shown. It was seen that an increase in molecular weight also led
to an increase in overall brush thickness, with 42 K PS yielding
the thickest film. Finally, GA-ATR-FTIR was used to confirm the
presence of each polymer on the surface of the silicon, and its

7482 | J Mater. Chem. C, 2022,10, 7476-7484

bonding to the surface. AFM measurements were also con-
ducted which showed that all films were of good quality,
continuous and smooth. Following on from this investigation,
the relationship between the PS brush thickness and its block-
ing capabilities in the case of a HfO, ALD process were
demonstrated. Using XPS, it was clear that there was a definite
relationship between the thickness of the PS film and its
blocking efficacy. It was seen that there was significantly less
HfO, deposition on the thickest PS films when compared to the
thinnest ones. This proved that a thicker PS brushes were more
effective at blocking Hf deposition than thinner films. The
selectivity of these thicker brushes are comparable to those
seen with SAMs, which is one of the most widely used methods
for ASD. As the fabrication of SAMs can be very time consuming
this similarity is a very important result for the field of ASD as
the use of PS brushes is a more time efficient method of area
deactivation.
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