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Sample Preparation for Study

of Space Charge Limited Current
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Abstract:

Scanning probe microscopy is used to study charge injection from a metal to a pi-conjugated system.
Unique capabilities of a custom-built electric force microscope will be utilized to reproduce data collected
in Ref. [1]. This report discusses substrate preparation conducted at the Cornell NanoScale Science &
Technology Facility (CNF) to enable the study space charge limited current.

Summary of Research:

Organic photovoltaics have been steadily growing in both
efficiency and functionality [2]. To design and operate
organic electronic devices, it is essential to understand
how charge is injected from a metal to a pi-conjugated
organic system. Typically, there is an assumption that
the electric field is uniform between the source and
drain gap. However, studies done by Ng, Silveira, and
Marohn, show that the electric field varies with both
temperature and source-drain voltage [3]. Furthermore,
at the injection site, the electric field differs greatly from
the bulk, possibly due to the addition of space charge.
The previous assumption has an error that propagates
through the calculation of electron mobility and
concentrations of free charge carriers [1]. To correct for
these errors, space charge limited current in an organic
photovoltaic film will be studied.

N,N’-diphenyl-N-N’-bis(3-methylphenyl)-(1,1’-
biphenyl)-4,4’-diamine (TPD) / polystyrene (PS) films
will be spin-coated on quartz substrates. The quartz
substrates contain gold interdigitated electrodes
prepared at the CNF. The preparation is based on Ref.
[1]. The source-drain gap varies in length at 2, 5, 12, 16,
and 20 pm, and the channel width varies at 1.5, 2, and
2.5 mm. There are a total of 68 electrodes per substrate
and 15 different substrates with the various source-
drain gaps and channel widths that can be made on one
wafer.

A mask was designed in L-edit and printed using the
Heidelberg mask writer. The substrate making process
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was begun by cleaning quartz wafers with hot piranha,
spin coating resist, and exposing the wafer. An exposure
matrix using the ABM contact aligner was done to
determine the optimal exposure time.

Conclusions and Future Steps:

Users will expose a wafer using the determined exposure
time, deposit a 50 A Cr adhesion layer and 500 A Au
using the odd hour evaporator, lift off to remove excess
Au, and dice the wafer to make 1 cm x 1 cm substrates.
Once the substrates are completed, users will deposit
TPD:PS films and study space charge limited current.
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Nanopatterned Polymer Brushes
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Oxford 81 Etcher, Zeiss Ultra SEM, Optical Microscope

Abstract:

It was previously reported that the arrangement of polymer brushes could be organized via an integrated
process of electron-beam lithography, surface-initiated synthesis, and post-processing treatments.
In this work, the customizability of such polymer nanostructure was further enhanced by chemically
functionalizing the chain-ends of these nanopatterned brushes. It was later found that the distribution
of these active endpoints was strongly correlated with the polymer chain alignments as characterized by

florescence microscopes.

Summary of Research:

Introduction. Polymer brushes are polymer chains
with one end covalently anchored to a surface. The
developmentofsurface-initiated polymerization enabled
the fabrication of polymer brushes with high grafting
density. Due to the unusual molecular arrangements
and surface attachments, these densely grafted polymer
brushes have exhibited unique mechanochemical
properties and thus has gained wide interest from the
polymer science community [1]. Potential applications
of such thin film could be biosensors [2], photovoltaic
devices [3], organic electronics [4], and biomimicry
surfaces [5].
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Figure 1: Schematic illustration of the fabrication process of nano-
patterned brushes.

2.2

Previously we reported a nanopatterning process of
making “spiky” nanoarrays of polypeptide rod brushes
on silicon substrates, which has resulted in interesting
“bridging” morphology governed by the localized chain-
chain interactions (Figure 1) [6].

In this work, we further improved the customizability
of these nanopatterned polymer brushes by developing
end-point modification methods to chemically attach
active compounds, such as florescent dyes, to the chain-
ends.

Fabrication. The localized growth of polymer brushes
was achieved via a sequential fabrication process
of area-selective deposition of surface-immobilized
initiators and surface-initiated polymerizations.

E-Beam Resist Mask Preparation. E-beam resist was
patterned via JEOL 9500, which was later used as the
mask for the vapor deposition of aminosilane initiators.
Prior to the deposition, the substrate was descummed
via the Oxford 81 etcher to remove residual debris in the
unmasked area.

Synthesis of the Rod Brushes. The vapor deposition
of the silane initiators was carried out in a closed
chamber at 1 torr and 70°C for 18 hours. Afterward,
the resist mask was removed by sonication in organic
solvents. Subsequently, surface-initiated ring-opening
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polymerization of poly-b-benzyl-L-glutamate (PBLG), a rod-
like polymer, was carried out under continuous vacuum and
105°C for two hours.

End-Point Functionalization. 5 mg of rhodamine B isothio-
cyanate was dissolved in 2 ml of an hydrous dimethylformamide
(DMF) together with a piece of PBLG brush sample. Then 0.8 ml
of triethylamine was added to the solution. The reaction was
allowed to proceed for 48 hours and the substrate was taken
out, rinsed and sonicated in DMF for one minute and dried with
nitrogen gas.

Characterization and Results. The thickness of the thin film
was measured by FilMetrics F50-EXR. The patterned e-beam
resist (Figure 2) and the patterned PBLG brushes (Figure
3) were characterized using Zeiss Ultra Scanning Electron
Microscopy (SEM) and Veeco Icon Atomic Force Microscope
(AFM) for topological analysis. The florescence behavior of
the modified brushes was characterized using Zeiss LSM 710
confocal microscope (Figure 4).

Conclusions and Future Steps:

In addition to nanolithography and post-processing treatment,
we have demonstrated that polymer nanostructures can be
further customized by chemical modification of the chain-ends.
The distribution and molecular arrangements of these active
chain-ends can be examined by the behavior of the attached
florescence molecules. In the near future, we plan to explore
the possibility of functionalizing these nanostructures with
bio-active compounds for biomimicry surface and modeling
study. We also plan to introduce mixed rod-coil brushes in
the same system for binary and stimuli-responsive surface
functionalities.
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Figure 2, top: SEM of the patterned e-beam resist. Figure 3,
middle: SEM of the patterned PBLG rod brushes. Figure 4,
bottom: Florescence image of the rhodamine B functionalized
patterned brushes.
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Abstract:

In most synthetic copolymers, monomer units are distributed randomly along the polymer chain. In
sequence-controlled polymers such as peptides and peptoids, however, monomers are arranged in a
specific, application-optimized order. Polypeptoids are thus attractive as a new category of photoresists
for EUV lithography, as full control over the placement of individual functional groups yields in tunable
properties with extremely low chemical, structural, and molar mass variability [1-3]. This report
demonstrates the potential use of peptoids CAR resist using an electron-beam and deep-UV (DUV)

lithography obtaining 36 nm line pattern.

Introduction:

Polymeric resists are typically based on random
copolymers. These polymers are polydisperse and
relatively large in size, with molar masses ranging from
5,000-15,000 g/mol [1]. Characteristics such as these
can have a negative impact on resist performance, and
therefore it is necessary to explore other architectures
for new resist platforms. As a result, there has been
research on using molecular glasses as photoresists
due to their defined, repeatable structure, and low
molecular weight compared to conventional polymeric
photoresists. Like molecular glass, peptoids can be
synthesized with a controlled sequence and chain
length. Due to these properties, it is hypothesized that
using peptoids as photoresist material may be the next
promising path towards smaller feature sizes.

The goal of this project is to investigate and optimize
the composition and sequence of the synthesized short
peptoids to obtain resist with high resolution and good
processibility, as the precise sequence of moieties is key
to tuning the nano- and macro-scale characteristics of
the resulting resists.
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Results:

Peptoids with 10 repeat units were synthesized using
a solid phase peptoid synthesis approach [3]. After
activating the resin with bromoacetic acid for 30 min
the first amine solution was added and the reaction was
completed after 60 min. These steps were repeated until
a peptoid with a total length of ten amines with a defined
sequence was obtained, see Figure 1. Subsequently, the
peptoid was cleaved from the resin under mild acetic
conditions, purified and dried. Di-tert butyl decarbonate
was used to protect the hydroxy groups to introduce
solubility switching groups.

>N N N N N OH
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phenyl side chain short alkyl side chains solubility switch group

Figure 1: Peptoid 10mers used as positive tone chemically amplified
resist (CAR).
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The synthesized peptoids were characterized using
matrix assisted laser desorption ionization (MALDI)
time of flight (TOF) mass spectrometry, and differential-
scanning calorimetry (DSC).

Resists with different sequences, composition, and
hydrophobic side groups, were dissolved and spin
coated on 4-inch silicon wafers. The resist film thickness
was measured using a Woollam RC2 ellipsometer.
The resist films were exposed using deep-UV (DUV)
(ASML 300C stepper) and electron-beam (JEOL 6300).
Sequence, composition, and the choice of hydrophobic
side groups led to significantly changes in the solubility
and performance.

The obtained patterns were characterized using
scanning-electron microscopy (SEM) and atomic force
microscopy (AFM Bruker Icon), see Figure 2. The
micrographs of 24 nm-line pattern are demonstrating
the potential of peptoids as new class of resists while the
sequence, composition and total length are adjustable
and are changing and affecting the lithographical
performance. However, further research must be carried
out to further improve the lithographical performance
and demonstrate the potential of peptoids as a new
generation of EUV resists.

Conclusions and Future Steps:

Sequence controlled peptoids were synthesized and
successfully used as positive tone photoresist using
the DUV and electron beam lithography. The obtained
line patterns were characterized via SEM and atomic

2021-2022 Research Accomplishments

i Sy S e v vasaaiat

Figure 2: Line pattern by e-beam (a) SEM of line pattern 36 nm,
(b) AFM 3D height profile.

force microscopy, and proved the potential of peptoids
as resists for electron and EUV lithography. However,
further research on these new class of resists materials
is required to optimize the properties of the resist as
well as their performance.
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Abstract:

Per- and polyfluoroalkyl substances (PFASs) are contaminants of emerging concern to environmental
and human health [1]. PFASs are present in chemical mixtures used during photolithography [2] and
might undergo transformation reactions during the steps of photolithography. We acquired five
photolithography materials and characterized the occurrence of PFASs in the native materials. We
performed photolithography and collected the resulting wastewater samples to evaluate the chemical
transformations. The goal of the projectis to elucidate the sources of and mechanisms by which PFASs are
introduced or generated during photolithography.

Summary of Research:

Th f PFASs i fresh

e occurrence o Ss in wastewater anq Tes o ﬂ ﬂ ﬂ ﬂ ﬂ Jl ﬂ
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and policy makers is that there are thousands of

known PFASs, and countless others that may arise 60s 248nm

b. Pre Exposure Bake

from transformation reactions during industrial a. Spin coat to drive solvent from c. UV exposure

. . photoresist onto deposited film on (positive tone)
processing, environmental transport, or water wafer surface wafer surface
and wastewater treatment [3]. A variety of PFASs |
are used in photolithography and a recent study
demonstrated that photolithography wastewater DI Water Aqs THAH —| P

. . mLs
contains known and previously unknown PFASs , <« SolventstrippersY. & < ¥ T
o . B 30 mLs E B B wafer

[4]. Although it is known that perfluorobutane 30-60s

100-110°C
60s

sulfonate (PFBS) is a widely used constituent of s

: d. Post Exposure
photoacid generators (PAGS). [2], the sources of : : el
nearly all of the other PFASs in photolithography v M complete the reaction

. k Wast tor Wastewater o:‘ PAG w_nh
astewa

wastewater remain unknown. e. Develop the resist with TMAH to photoresist polymer

f. Developer or dissolve and remove exposed regions.

. . - P Th Ivent stripper t

The complex materials are also subject to stripper rinse any remaining resist. |
transformation reactions induced by the
chemical conditions of photolithography_ Photo- Figure 1: Process diagram of the photolithography workflow conducted at the CNF

lithography requires the application of the for each of the five native materials. In this figure, “DI water” = deionized water, and

. . . “TMAH” = tetramethylammonium hydroxide.
photoresist through spin-coating followed v 4

by a soft bake, 248 nm exposure, a hard

bake, development, and stripping [5]. These steps
expose the materials to UV radiation and highly basic
conditions. We hypothesize that many PFASs measured
in photolithography wastewater are transformation
products formed during photolithography.
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The goal of the project is to elucidate the sources of
and mechanisms by which PFASs are introduced or
generated during photolithography. We also aim to study
transformation pathways, as improved understanding of
transformation pathways will lead to better predictions
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step of photolithography. These
measurements will allow us to
calculate a mass balance of the
native materials on the wafer
throughout photolithography.

m Unexplained TOF
m Suspect TOF

Target TOF

Conclusions
and Future Steps:

Theresultsofthetargetscreening

hemical Measured 100%
Chemica TOF (/L) 90%
80%
Photoresist A 1.65+0.14 70%
60%
Photoresist B 0.36+0.03 0%
40%
30%
Photoresist C 1.31+0.04 20%
10%
TARC A 18.1+0.35 0% —_
k2]
TARC B 4.6210.08 g

Photoresist B

of the five materials revealed
the presence of only one target
PFAS in two of the materials.
Photoresists A and C contained

Photoresist C
TARC A
TARCB

Figure 2: Total organic fluorine measurements of ~ Figure 3: Percentage of total organic fluorine
measurements that are accounted for by target or
suspect PFASs in the native materials.

each of the native photolithography mixtures.

of how chemicals transform and inform the development
of new photolithography chemicals.

First, we acquired five industrially relevant
photolithography materials consisting of three
photoresists (Photoresists A, B, and C) and two top
antireflective coatings (TARCs A and B). We identified
and quantified the PFASs in the materials with multiple
analytical techniques, including two high resolution
mass spectrometry (HRMS) analyses and a combustion
ion chromatography (CIC) analysis. The HRMS analyses
consisted of a target screening, where authentic
standards of 35 target PFASs and isotope-labelled
internal standards were used to quantify PFASs in
the materials, and a suspect screening, where HRMS
data was mined to gather qualitative information on
a list of 171 PFASs that were previously identified
in photolithography wastewater samples. The CIC
analysis combusts all fluorinated compounds directly
into hydrogen fluoride (HF) and the fluoride is then
measured with IC to quantify the total organic fluorine
(TOF) in the sample [3].

Next, at the CNF we manually performed the steps of
photolithography and collected the wastewater from
a single material after development and stripping to
identify which step may be inducing transformations
(Figure 1). We also performed photolithography on
clean wafers and collected wastewater samples to
characterize the background contamination of PFAS
within the CNF and to determine which PFASs are
derived from the native materials.

Then we performed target and suspect screenings on the
wastewater samples to identify the PFASs present post-
photolithography. In addition to collecting wastewater
samples, the DISCO dicing saw to was used to cut
wafers into pieces that would fit inside the combustion
unit to measure the TOF of the wafer after each step of
photolithography. Lastly, the FilMetrics F40 was used
for thickness measurements of the wafers after each
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PFBS, which is probably used as
the PAG anion in these materials,
at concentrations of 331 and
268 mg L-1, respectively. The
suspect screening results revealed that suspect PFASs
were only identified in TARC A. Photoresist B and TARC
B did not contain any target or suspect PFASs.

Next, the samples were analyzed by means of CIC for
TOF. The TOF measurements of each photolithography
material were in the g L-1 range (Figure 2). We also
found that TARCs have higher concentrations of
TOF, sometimes an order of magnitude higher than
photoresists. These measurements display a gap
between the TOF accounted for with target and suspect
compounds and the total TOF in the materials, leaving a
fraction of the TOF unexplained (Figure 3).

After photolithography, we observed that PFBS was still
the main target PFAS identified in post- photolithography
wastewater samples and was present in the pg L-1
range. We identified a limited number of other target
and suspect PFASs in the wastewater samples. We will
next analyze the HRMS acquisitions of the wastewater
for unexpected PFASs and measure the TOF of the
wastewater and wafer samples.

After identifying the PFASs generated during
photolithography, we aim to identify transformation
reaction pathways for the fluorinated constituents in
native materials to identify reactions occurring at each
step and link parent chemicals to the products found
in the wastewater from that step. Additionally, we are
currently in the process of obtaining a 193 nm exposure
tool and temporarily installing it within the CNF to
perform the same workflow at 193 nm exposures.
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