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Abstract

3-D printing shows great potential in laboratories for making customized labware and reaction
vessels. In addition, affordable fused filament fabrication (FFF)-based 3-D printing has
successfully produced high-quality and affordable scientific equipment, focusing on tools
without strict chemical compatibility limitations. As the additives and colorants used in 3-D
printing filaments are proprietary, their compatibility with common chemicals is unknown,
which has prevented their widespread use in laboratory chemical processing. In this study, the
compatibility of ten widely available FFF plastics with solvents, acids, bases and solutions
used in the wet processing of semiconductor materials is explored. The results provide data on
materials unavailable in the literature and the chemical properties of 3-D printable plastics
that were, are in line with literature. Overall, many 3-D printable plastics are compatible with
concentrated solutions. Polypropylene emerged as a promising 3-D printable material for
semiconductor processing due to its tolerance of strongly oxidizing acids, such as nitric and
sulfuric acids. In addition, 3-D printed custom tools were demonstrated for a range of wet
processing applications. The results show that 3-D printed plastics are potential materials for
bespoke chemically resistant labware at less than 10% of the cost of such purchased tools.
However, further studies are required to ascertain if such materials are fully compatible with
clean room processing.

Keywords: 3-D printing; chemical compatibility; semiconductor wet processing; custom labware;
clean rooms



1. Introduction
3-D printing has shown considerable promise in chemical labs in the fabrication of chemical
reactionware [ 1-4], millifluidics [5,6], microfluidics [7-10], and continuous flow chemistry
[11]. In addition, accessible fused filament fabrication (FFF)-based 3-D printing [12-14] (also
called fused deposition modeling (FDM) under trademark and material extrusion as stated in
ISO/ASTM 52900:2017-02), has been shown to be effective at fabricating high-quality,
bespoke, low-cost scientific equipment [15-17]. For example, digital re-creation of devices
have been demonstrated for chemical mixing [18-20], biotechnological and chemical labware
[20-24], colorimeters and turbidimeters [25-27], liquid autosamplers [28], and fluid handling
[29-30], as well as mass spectroscopy equipment [31]. In general, this approach reduces
capital cost of scientific equipment by 90-99% compared to conventionally produced
equipment [20,32], which has created substantial value for the scientific community [32]. This
past work, however, has focused primarily on equipment without strict chemical compatibility
standards or the use of known reagent-grade materials.
As the exact chemical formulation of low-cost commercial 3-D printing filaments (as well as
additives such as plasticizers and colorants) is proprietary and thus chemical compatibility of
printed parts is unknown, there has been no significant 3-D printing use in more challenging
laboratory environments, such as those of clean rooms used for semiconductor processing.
Due to the high cost of even basic equipment in clean rooms there is thus an opportunity to
save funds while improving custom equipment with the use of 3-D printing. Furthermore, due
to the high infrastructure and operation cost of the cleanroom, it is particularly important to
improve the process throughput to fully utilize the facilities. In a multidiscipline research-
orientated clean room and industrial R&D facilities, significant time is spent on overcoming
equipment limitations, because the equipment is installed to serve a wide range of research
interests instead of the optimum for every process. Thus, 3-D printed accessories based on
individual process requirements have the potential to improve cleanroom throughput as well
as reducing processing costs by, for example, reducing the consumption of chemicals needed
for processing. In order to exploit these opportunities, this study provides laboratory and
cleanroom workers a materials toolkit for making their own reliable, customized, and
chemically resistant labware from affordable materials using accessible FFF-based 3-D
printers, as alternatives for commonly used polypropylene and fluoropolymer tools.

2. Materials and Methods

Specifically this study evaluates the chemical compatibility of 3-D printing polymers with wet
chemical treatments commonly used in the clean room processing of semiconductor devices. We
determine their chemical compatibility with common solvents and wet etchants using a down
selection process. First, a range of commercial 3-D printing polymers is immersed in a range of
common cleanroom chemicals for one week while monitoring mass and dimension changes after
both surface and vacuum drying. These results are subsequently compared to chemical compatibility
information available in the literature (chemical resistance charts from Curbell Plastics, Sirmax,
Thermo Fisher Scientific and Plastics International) for the pure plastic that correlates to the main
component of the filament. The 3-D printing materials considered are: polylactic acid (PLA),
polyethylene terephthalate glycol (PETG), 2 different co-polyesters (Eastman Amphora AM3300-
based nGen and Amphora 1800-based Inova-1800), polypropylene (PP), acrylonitrile butadiene
styrene (ABS), acrylonitrile styrene acrylate (ASA), polyamide copolymer-Nylon 6/69 (taulman3D
Alloy 910), polyethylene terephthalate (PET, taulman3D t-glase), and polycarbonate (PC). The
properties of the studied materials are summarized in Table 1.

2 Price estimates are obtained from suppliers online stores specialized in 3-D printing.



The simple chemicals tested in the first phase are deionized water (DI H,0), isopropyl alcohol (IPA),
acetone, ethanol, hydrochloric acid (HCI, 37%), ammonia (NHs, 25%), hydrogen peroxide (H202, 30%),
phosphoric acid (HsPO4, 85%), nitric acid (HNOs, 69%), sulfuric acid (H,SO4, 95-97%), and acetic acid
(100%). While many of the chemicals are generally used as dilute solutions, the 3-D printable plastics
are immersed in concentrated solutions to study the upper limit of their chemical compatibility. If a
plastic is compatible with a concentrated solution, it will most likely tolerate diluted solutions of the
same chemicals for extended times. The studied chemicals are summarized in Table 2. Deionized
water was obtained from the Micronova cleanroom water plant facilities (resistivity >18 MQ-cm).
Other studied chemicals were obtained from commercial vendors (ethanol from Altia Plc / Technical
Ethanol, Rajamaki, Finland, all others from Honeywell Specialty Chemicals Seelze GmbH, Seelze,
Germany).

The experiments were divided into three phases: Phase 1 is the immersion of filaments in a single
chemical, while in Phase 2 3-D printed rectangular pieces of the materials that showed acceptable
compatibility were immersed in the same chemicals. Based on the results of Phases 1 and 2, suitable
3-D printable materials were selected for case studies based on their chemical tolerance and ease to
print (e.g. no delamination and printable on a standard FFF type 3-D printer with no alterations).
Printed samples that pass the tests are analyzed with differential scanning calorimetry (DSC) to
evaluate changes in the crystallinity, glass transition and melting temperatures of the polymers,
which are closely linked to, amongst other factors, polymer chain structure, repeating unit type and
length, molecular weight, branching, additives, etc. [33,34]. The materials that withstand the simple
chemical environments are then tested in more demanding chemical processes and solutions
commonly used in semiconductor device fabrication: photoresist strip, RCA 1 and RCA 2 cleaning,
hydrogen fluoride (HF) dip, Aqua regia immersion, and Piranha immersion [35]. In addition, in Phase
3 open source parametric 3-D printable laboratory tools were immersed in the solutions. In the down
selection process, a £5% change in mass or dimensions of the sample was used as the acceptance
criterion, but in determining the practical compatibility of the polymers with specific solutions a
stricter £1% criterion was considered.

Samples for Phase 1 were prepared from FFF materials as received from the manufacturer. All
samples were handled with nitrile gloves to protect the filaments from contaminants resulting from
skin contact. 20-25 mm long strands of filament were cut from the spools using conventional scissors
cleaned with IPA. All individual pieces of filament were weighed with a VWR (Radnor, PA, USA)
precision scale and their diameters were measured using a digital caliper with an accuracy of +0.01
mm. After preparation, the samples were placed into borosilicate glass vials (clear Wheaton 4 ml
vials with styrene-butadiene caps) using IPA-cleaned plastic tweezers (NKR RT, Outils Rubis SA,
Stabio, Switzerland). Approximately 50 ml of a chemical was poured into a beaker (VWR, PP, 100 ml),
which had been first rinsed with water and the chemical in use, and a sufficient amount of the
chemical was dispensed to the vials using plastic pipettes (VWR, LD-PE) to fully immerse the samples.
The caps of the vials were tightly closed and the vials were preserved in a closed opaque
polypropylene container inside a fume hood for one week. The caps of the nitric and sulfuric acid
vials were not closed as the strong acids could have reacted with the plastics and caused pressure to
build up inside the glass vial. Common immersion times in these solutions are normally short in
semiconductor processing ranging from minutes to tens of minutes. An immersion time of one week
was used in Phases 1 and 2 to ensure the 3-D printed objects would be adequately chemically
resistant for all normal use scenarios. The temperature of the solutions was not controlled in Phases
1 and 2, the samples were kept inside a fume hood in room temperature. After the immersion, the
caps of the vials were opened, and the samples were picked up from the solutions using similar
water-rinsed plastic tweezers and rinsed twice in deionized water for 20s. The pieces of filament

3



were surface dried with a N, gun before weighing them with the same scales as before immersion.
After weighing, the diameter of the surface dried samples was measured again using the same digital
caliper. The “surface dried” condition was used as the eliminator: if the filament had swollen in the
immersion, it was not compatible with the chemical. £5% of change in mass or diameter of the
filament was used as the acceptance criterion in the down selection process, and compatible
materials were selected for Phase 2.

To make sure the thermoplastic extrusion printing does not impair the chemical durability of the
plastics, also 3-D printed samples of the same materials were subjected to similar chemical
immersion tests. The 3-D printed samples were only subjected to the chemicals that did not damage
the filaments in Phase 1. Rectangular objects with 100 percent infill were printed with the same
spools of material using a Lulzbot Taz 6 printer (Aleph Objects, Loveland CO). After printing, all
samples were handled with gloves. The sample dimensions were 23mm x 6mm x 2mm [36], and all
printing parameters are described in detail in Table 3. The printer and slicing settings were defined
using Cura 21.08 Lulzbot edition slicing software. For certain samples (nGen, Alloy 910, Inova-1800,
PET, and PC) a PVA-based glue was applied to the printing bed in the fabrication to decrease the
samples’ adhesion to the printing bed. For PP, clear PP-based packing tape was used to promote the
bed adhesion. The residual glue and packing tape were removed from all the samples by scraping
them with a knife and wiping them repeatedly with water- and IPA-immersed cleanroom wipes. Right
before immersion all 3-D printed samples were wiped clean with a cleanroom cloth immersed in IPA.

The 3-D printed samples were immersed similarly as the virgin filaments in Phase 1, but after the
immersion, surface drying, and weighing and measuring their dimensions the samples were left to
dry inside a fume hood in air overnight. After drying in air, the printed samples were vacuum dried in
a SalvisLab VC20 vacuum oven for at least 4 days to make sure that all the absorbed solution would
have evaporated from the filaments. Promising 3-D printed samples were further characterized with
DSC using a TA Instruments Q2000 DSC tool to observe possible changes in the crystallinity, glass
transition and melting temperatures of the samples. The vacuum drying was used to evacuate all
absorbed solvent from the samples before the DSC measurement: if there were solvent absorbed
into the polymer, it might have boiled and broken the sample container during the heating cycles.
Specimens (5-11mg) were heated at 20 °C/min, in order to remove their thermal history. This was
followed by a cooling cycle to at 20 °C/min and a second heating cycle at 20 °C/min. Transition
temperatures and enthalpy of melting were recorded from the results of the second heating cycle.
The upper and lower limits of the DSC runs are presented in Table 4.



Suitable materials for Phase 3 were selected based on the results from Phase 2. Figure 1 presents the
protocols of the wet processing case studies. In these experiments HF dipping and Piranha immersion
differed slightly from the industry standards described above.

Photoresist stripping refers to removal of photoresist from wafers after the resist has been used in
patterning the substrate. A common way to achieve this is to immerse the wafer in acetone and
place them into an ultrasonic bath, which effectively dissolves the resist providing that the resist has
not been damaged by plasma or ion bombardment during the patterning. After sonication the wafer
can be further immersed in acetone and isopropanol and rinsed with deionized water to make sure
all resist has been removed [35].

In semiconductor processing wafers are often cleaned prior to process steps by RCA 1 and RCA 2
cleaning methods. RCA 1 solution consists of ammonia and hydrogen peroxide, and it removes
organic contaminants from the wafers, while RCA 2 solution, consisting of hydrochloric acid and
hydrogen peroxide, removes metal contaminants. Both cleaning methods are performed at elevated
temperature, up to 80°C, and typical cleaning duration ranges from 10 to 20 min. In industry dilute
solutions are often used [35].

Hydrofluoric acid is commonly used in semiconductor processing to remove silicon oxide from the
surface of silicon wafers, which promotes the removal of contaminants from the substrate after RCA
cleans. Generally very dilute HF solutions are used, ranging from 1:20 to 1:500 HF : H,0 ratios, and
usually 1 min HF immersion is enough to remove thin oxides from Si surface. Exposure to HF can be
fatal and a separate system is needed for its disposal, so the chemical needs to be handled with
particular care [35].

Aqua regia is commonly used in the wet etching of metals [37]. Aqua regia is a mix of HCl and HNO3,
often used in a 4:1 HCl 37% : HNO3 69% volumetric ratio. Specifically, Aqua regia is used to remove
even noble metals like Au and Pt [38,39]. Aqua regia is also used as a semiconductor surface
treatment for example in obtaining low contact resistance p-GaN [40,41], which is important for high
efficiency white LEDs and blue lasers.

Piranha solution is widely used as a facile method to remove organic contamination [42] and to
remove photoresist residues from silicon wafers [43]. Piranha is a mixture of H,SO4 96% and H,0;
30% in a 4:1 volumetric ratio. It is often used at 120°C with typical immersion time ranging from 10 to
20 min [35]. The mixing of the Piranha solution is very exothermic and should be done with all the
necessary chemical safety procedures and care, as mixing the solution alone heats the liquid up to
100°C.



3. Results and Discussion
Mass and diameter change results measured from pieces of filament in Phase 1 and rectangular 3-D
printed objects in Phases 2 and 3 after surface drying are presented in Table 5 and DSC results from
PP, ABS and Alloy 910 samples from Phases 2 and 3 are shown in Table 6. Virgin filaments were
generally less resistant to the solutions than the 3-D printed samples. All materials tolerated the one-
week immersion in deionized water and isopropanol, but only PP and nylon-based Alloy 910 showed
resistance to acetone. However, as water can hydrolyze PLA and plasticize nylon, their long-term
stability in aqueous solutions is questionable. ASA first appeared to tolerate ethanol well, but the
sample was flexible immediately after immersion, regaining its rigidity after vacuum drying. Many
materials had good resistance to HCl and HsPQ,, but nitric, sulfuric, and acetic acids destroyed most
plastics. Polypropylene survived them all. HNOs and H,SOq slightly colored the surface of PP: In nitric
acid, PP samples turned slightly yellow and in sulfuric acid small brown areas appeared on the
sample. This discoloration suggests that oxidation may have occurred and must be considered if
extended immersion times within the aforementioned acids is desired. However, no changes in the
mass, dimensions, or thermal properties in those samples were observed.

Based on the initial experiments, three materials were chosen for tests in more realistic chemical
case studies used in semiconductor processing. The printed materials were chosen for each
immersion based on their chemical resistance, availability, and ease to print. Alloy 910, which
tolerated water, IPA and acetone quite well, was used for resist stripping. ABS was selected for RCA
cleaning due to its good thermal properties and resistance to hydrochloric acid, ammonia, and
hydrogen peroxide, but also because it is one of the most common 3-D printable plastics. PP was the
material of choice for Aqua regia, HF and Piranha immersions. Customized labware [36] was
designed, printed, and immersed into the solutions with rectangular monitor samples.

For the photoresist stripping tweezers [44] were printed out of Alloy 910 and immersed in the
solvents. For RCA cleanings as well as Aqua Regia and Piranha immersions a parametric 2
inch wafer dipper was designed and printed out of ABS for RCA cleaning (with a modified
handle) and of PP for the other immersions. In all immersions, a similar rectangular sample as
used in the previous studies was used to monitor if the solutions affected the employed
polymer in any way. All printed objects tolerated the immersions well: there was no
significant change in mass or dimensions for any small sample, and the tools were intact and
functional after immersion. The DSC results did not show any differences compared to
samples immersed in the simple chemicals of each study. Not even the Piranha solution
significantly affected printed polypropylene. Examples of the case studies are shown in
Figure 2. In addition to the dipper, a replacement handle for a standard 3 inch wafer jig was
designed and printed out of PP, shown in Figure 2f, to demonstrate that 3-D printing is viable
option for fabricating spare parts for existing laboratory equipment.

Selected samples studied in Phases 2 and 3 were further characterized with DSC to confirm that the
solutions do not damage the polymers in the 3-D printable materials. Glass transition temperature
(°C) and crystallinity values of PP, ABS, and Alloy 910. ABS displayed subtle variations in T, for all test
specimens, highlighting its stability and minimal influence of solvents on material structure. PP
displayed small fluctuations in T following treatments, with slight reductions in crystallinity values
compared with the pure specimen. Exposure to H,0,, HF and Piranha solution lead to the greatest
reduction in crystallinity of PP, in the range of ~3-4 %. Alloy 910 experienced the most drastic change
in glass transition temperatures, dropping from 75 (pure specimen) to 54 °C (acetone immersion).
Similarly, all other Alloy 910 specimens immersed in solvent displayed a drop in T,. Additionally, the
enthalpy of melting dropped for all immersed samples, suggesting a reduction in crystallinity. This is
indicative of the ability of nylon’s amide linkages to readily absorb a range of solvents, especially
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water, alcohols and acetone. Bound solvent molecules can cause swelling within the network,
increasing free volume which results in a plasticizing effect (lower T, values). This also significantly
increases chain mobility which may result in reduced crystallinity values. With the exception of Alloy
910, both ABS and PP displayed clear solvent stability, experiencing negligible changes in glass
transition and melting temperatures and crystallinity.

With the exception of Alloy 910, negligible changes in crystallinity and glass transition were observed
for the remaining polymer specimens, while melting temperature remained quite constant for all
specimens. Generally, it seems that the additives do not affect the chemical properties of the
commercial 3-D printable materials compared to base plastics, and that the thermoplastic extrusion
does not make the plastic chemically less-resistant.



ACCEPTED MANUSCRIPT



3 Only PP and Alloy 910 are semi-crystalline, ABS is amorphous. ® Due to the exotic nature of Alloy
910, an enthalpy of melting for a 100 % crystalline specimen is not available and thus crystallinity
cannot be determined using DSC. Therefore, the enthalpy of melting values are listed.



Figure 3 summarizes the results of the chemical immersion experiments and compares them
to the literature. The leftmost column represents reported compatibility of the polymer with
the chemical in the literature (L), while the center and the rightmost column present the
results from chemical immersion tests for pure filaments (F) and 3-D printed (P) samples in
this study, respectively. Literature compatibility has been assessed by comparing different
chemical compatibility charts published by polymer and labware manufacturers [45-49].
While the compatibilities reported in the literature likely apply for materials that structurally
differ from the 3-D printable materials, they are used as general guidelines to assess the
chemical resistance of the main polymers of the filaments. In determining the practical
compatibility of the polymers with specific solutions, +1% change in mass or dimensions was
considered as the acceptance criterion. Green color signifies that the polymer does not
dissolve, absorb solvent, or swell during the one-week immersion (change in mass and
dimensions below 1%), while yellow indicates that some swelling or mass change occurred
(change in mass or dimensions 2-5%). Red color signifies significant mass change, heavy
swelling (change in mass or dimensions above 5%) or complete destruction of the filament.
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4. Discussion

The results for the materials for which compatibilities have been reported in the literature were
mostly in line with the reported compatibility. Therefore, the additives and antioxidants used in 3-D
printing filaments do not significantly impair their chemical properties compared to virgin polymers.
All case studies were successful showing no loss of dimensional stability from the relatively extreme
chemical environments. 3-D printed PP emerged as the most promising material for various chemical
environments, but also cheaper and more common 3-D printing materials, such as ABS and Alloy 910,
showed resistance to a wide range of chemicals.

Despite these encouraging results, there are several factors regarding the influence of solvent on
polymer specimens that must be taken into consideration. Firstly, the use of FFF to prepare test
specimens results in a structure composed of multiple layers joined together through adhesive
forces. This is in contrast to the bulk network structures formed using conventional polymer
processing techniques, which generally provide superior mechanical performance and better
resistance to solvents. For example, PET has a bulk tensile strength yield of 47 to 90 MPa [50], where
as 3-D printed PET ranged from 27 to 45 MPa [51,52]. This is because of the porous/non-solid nature
of FFF [53], which provides pores to reduce the material per given volume for strength and provide
more surface area for solvents to contact. It is well established that there is a change in strength and
rigidity of polymers resulting from the plasticizing action of sorbed chemicals and/or due to the
withdrawal of an added plasticizer by a leaching operation [54]. Both mechanisms reduce the
operational life of the polymer component. Secondly, the type and degree of interaction between
the solvent and polymer can be varied. The polymer may leach into the surrounding solvent, or
alternatively the solvent can swell and subsequently bind to the polymer network. This can lead to
potentially detrimental effects on any 3D-printed polymer specimens exposed/immersed within
solvent. Namely, these solvents can lead to loss of dimensional stability, material softening, loss of
mechanical properties and/or retention of (potential harmful/volatile) solvents. This not only leads to
inferior material performance, but may pose a health and safety risk. Thirdly, exposure to solvent
may encourage oxidation of the polymer, which in turn can result in discoloration, material
degradation and loss of properties. This was evident for some specimens immersed within acids.
Finally, environmental stress cracking is a major consideration, given the ability of solvents (in
particular, corrosive solvents) to encourage crazing. In certain cases, additives present within the
polymer may leach out during solvent immersion, further encouraging crazing. Similarly, exposure to
UV and/or ozone may further promote oxidation and subsequent stress cracking. This results in
brittleness and loss of mechanical integrity of the specimen. It should be noted that the immersion
times of 1 week used in this study are substantially longer than the anticipated application/practical
times (generally in the range of 2-20 min ), and that the results presented here present an extreme
case of solvent effects. However, if 3D-printed parts are to be used repeatedly across a range of
different solvents, these effects must be considered.

Future work is needed to study the level and quality of contaminants that possibly eject from 3-D
printed labware used in the wet processing of silicon wafers, and explore post-processing methods to
prevent their spread if contaminant levels are significant. Further studies are also required to
determine how well 3-D printed objects, tools and containers can be cleaned from particles before
they are taken inside a clean room. The results reported here provide a foundation for using
appropriate cleaning solutions for specific polymers and applications. Quantifying the contaminant
levels is especially important in considering the clean room compatibility of 3-D printed equipment.
The fabrication of semiconductor devices is sensitive to organic and metal contaminations, ranging
from particulates to atomic-level impurities. For example, ppb levels of iron in silicon can be
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detrimental for solar cell functionality, and submicron-sized particle contaminations resulting from
conventional, as well as potentially 3-D printed labware [55] can e.g. greatly disrupt the fabrication of
features in photolithography-based processing. Even small amounts of contaminants on a Si wafer
can irreversibly contaminate high-temperature furnaces during annealing steps, so great care is
needed applying unconventional labware in clean room processes. Due to the strict cleanliness
requirements, non-colored 3-D printing materials are recommended for all lab equipment, as
different colorants can contain metal complexes and other nondisclosed compounds. In the future all
such materials ingredients may be provided [56], but for now using uncolored filament is the best
way to avoid unknown contaminants. The proposed further studies would open clean rooms to the
use of 3-D printed tools and provide academics and research personnel a broad toolkit to perform
experiments with freely distributed, affordable, and customizable open source equipment.
Additionally, in-depth characterization of solvent immersed polymers to determine the effect and
prevalence of polymer leaching, swelling, solvent adsorption, oxidation and stress cracking would
provide practical information regarding potential solvent/polymer combinations, maximum exposure
times and any potential performance or safety risks. The mechanical performance of the 3-D printed
specimens before and after solvent immersion would likewise be of great relevance and use.
Furthermore, 3-D printed labware shows potential for reducing the costs associated with sample
processing. The handle shown in Figure 2f can be used to pick up a 3 inch wafer jig, and a similar
handle can be purchased commercially for $56 [57]. The 3-D printed handle has a mass of 41 g, which
at $98/kg costs $4.02, which is more than a 92% savings following a standard economic analysis [58].

5. Conclusions
In this study, the possibility of fabricating customized, chemically resistant labware for
semiconductor processing steps using affordable FFF-based 3-D printing was investigated.
The results show that the chemical resistance of 3-D printing filaments does not greatly differ
from tabularized industrial reference values, which shows that the antioxidants and
plasticizers used in commercial filaments do not significantly affect the chemical resistance of
the polymers. We demonstrate that affordable commercial 3-D printing materials (many of
which were not previously tested) are viable options for making customized and chemically
resistant labware for handling semiconductor samples in which possible surface
contamination does not impair device functionality. The labware presented, especially the
customized wet-processing dipper, shows that customized tools can reduce the risk of
damaging the sample during handling by ensuring that such tools are tailor-made for each
specific sample size. This is especially the case in research, where sample size can be
significantly smaller than a full wafer. Customized lab tools also reduce the need to use
excess amounts of chemicals, as there would be no need to prepare large amounts of solutions
into chemical tanks in wet benches. This, in turn, reduces the processing costs and the risk of
personal injury in laboratories. However, as even filament manufacturers do not accurately
know the constituents of their products, the applicability of 3-D printed labware for
semiconductor processing needs to be studied further.
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Figure 1. Studied chemical processes and immersions with temperatures and associated
conditions: photoresist stripping, RCA 1 and 2, Aqua regia, HF and Piranha immersions.
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Figure 2. Examples of 3-D printed labware: a) 3-D model of the 2 inch dipper, b) modified dipper
made of green ABS in RCA 1 solution in a borosilicate beaker, c) clear PP dipper in Aqua regia
solution, d) PP dipper immersed into Piranha, e) Black Alloy 910 tweezers in sonicated acetone, and f)
a large clear PP handle for a 3 inch wafer jig.
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Figure 3. Map of chemical compatibility of plastics and 3-D printing materials from the
literature (L) [45-49], as virgin filament (F) and 3-D printed (P).
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Table 1. 3-D printing materials arranged by 3-D printing nozzle temperature.

Plastic Product name Supplier Color Cost [$/kg]? Print T [°C]
PLA Polylite PLA Polymaker True Blue 25 205
PETG PETG Octofiber Natural 53 225
East Amph
astman Amphora nGen Colorfabb Lulzbot green 52 230
3300
East Amph
astman Amphora nGen Colorfabb Red 52 230
3300
PP PP Ultimaker Natural 98 235
ABS ABS IC3D Green 40 245
Eastman Amphora Inova-1800 Chroma Strand Blue 80 245
1800
ASA ASA Extrafill Fillamentum Traffic Black 42 250
Polyamide copolymer- 919 taulman3D Black 79 255
Nylon 6/69 y
PET t-glase taulman3D Green 66 255
PC PC-Max Polymaker Black 61 255

Table 2. Studied single chemicals, their formulae, concentrations and use in wet processing.

Chemical

Formula

Concentration [%]

Use

Deionized water H,O

18
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2-propanol (isopropanol, IPA)

CH3CHOHCH3 100 Organic solvent
Acetone CH3COCH;3 100 Organic solvent
Ethanol (CH3)OCH;3 95 Organic solvent
Hydrochloric acid HCI 37 RCA 2, Aqua regia
Ammonia solution NHs, 25 RCA 1
Hydrogen peroxide H,0, 30 RCA1,RCA2
Orthophosphoric acid HsPO4 85 Al etching
Nitric acid HNO; 69 Si etch, Aqua regia
Sulfuric acid H,S04 95-97 Piranha
Acetic acid CH3;COOH 100 Al etching
Hydrofluoric acid HF 50 SiO; etch, cleaning

Table 3. Essential Cura settings for printing the test samples used in this study.

Setting Units PLA PETG nGen Alloy910 PP PET ABS Inova ASA PC
Layer Height mm 0.18 0.18 0.18 025 0.18 045 0.18 0.15 0.1 0.15
Shell Thickness mm 1.0 1.0 3.0 1.0 1.8 1.0 1.0 1.0 1.0
Bottom/Top mm 1.08 1.08 2.0 1.08 135 1.08 1.05 1.0 09
Thickness
Print Speed mm/s 50 50 30 50 20 50 50 37 50
Top/Bottom mm/s 45 10 30 10 10 30 20 45 30
Speed
Print T °C 205 230 255 235 255 245 245 250 255
Bed T °C 60 85 100 60 60 95 80 100 100
Minimal Layer sec 30 15 15 15 20 15 5 15 20

Time

Table 4. Temperature range of DSC runs.

Material Lower limit [°C] Upper limit [°C]
PP -70 180
ABS -90 270
Alloy 910 0 290
PC 0 300

Table 5. Mass and diameter changes for all materials tested in Phases 1, 2 and 3.

Chemical A [%]

PLA PETG

nGen PP

ABS

Inova

ASA  Allov910 PET PC

Am 0.0 0.0

0.0 0.0
19

0.0

0.4

0.5

5.1 0.5 0.9



F Ad 0.7 0.0 0.0 0.0 1.4 -0.7 0.0 1.7 0.4 1.1
DI H,O P Am 0.3 0.3 -0.3 0.0 0.0 -0.3 -0.3 43 0.3 -0.3
Ad 0.0 0.0 -0.1 0.1 -1.9 0.3 0.3 0.4 0.7 -0.1
F Am 0.0 0.0 0.0 0.0 0.5 0.0 5.3 0.0 0.0 0.5
IPA Ad 0.7 0.4 0.4 0.4 0.0 -0.4 2.5 0.3 0.0 1.1
P Am 0.3 -0.3 -0.3 -04 0.0 -0.3 2.0 0.4 0.0 -0.3
Ad 1.7 -0.4 0.0 -0.5  -0.1 -0.2 0.1 0.2 -0.5 0.0
F Am -100 17.6 11.5 2.4 -100 173 -100  -0.5 172 16.7
Acetone Ad -100 6.9 4.6 1.1 -100 5.3 -100 0.7 2.9 20.4
P Am 8.2 0.9 0.0
Ad 3.9 0.3 -0.2
F Am 1.3 -0.4 0.0 -1.3 1.6 -0.4 3.0 2.7 0.0 0.0
Ethanol Ad 0.7 0.0 0.7 0.0 1.1 0.0 3.6 1.4 0.4 0.4
P Am 1.9 0.5 0.7 0.4 0.7 0.6 3.0 8.7 0.0 0.3
Ad -0.5 -0.2 0.4 0.1 -0.1 -0.2 0.8 3.0 -0.4 -0.3
F Am 0.0 -0.5 -0.4 0.0 1.6 -0.4 2.0 -100 0.0 0.0
HCI Ad 0.4 0.7 1.8 0.4 2.5 1.1 0.0 -100 -1.4 0.7
P Am 0.8 0.5 0.0 -0.4 1.7 0.3 2.3 0.6 0.3
Ad 1.9 0.0 -0.1 0.1 0.3 -0.3 0.6 0.0 -0.3
F Am -84 -0.4 0.9 0.0 1.1 0.0 1.0 1.5 0.0 -15.9
NH; Ad -100 1.4 0.4 0.7 1.0 0.4 0.7 1.0 0.0 -100
P Am 0.0 0.3 0.0 0.3 0.3 0.0 1.4 0.0
Ad 0.4 -0.5 0.3 0.1 0.3 -0.1 0.7 0.5
F Am 1.0 1.2 0.0 1.8 1.1 0.5 1.0 19.9 1.5 0.0
H,0 Ad 1.1 1.8 1.4 1.4 2.0 0.0 1.4 4.2 1.5 1.4
72 p Am 08 0.5 0.3 00 07 03 0.0 126 03 00
Ad 0.2 -0.1 -0.5 -0.5 0.5 -0.1 0.0 3.0 -0.1 0.2
F Am 1.0 1.7 0.5 1.3 0.0 0.4 2.7 -100 0.4 0.5
H:PO Ad 1.8 1.4 1.1 0.4 0.7 1.4 1.1 -100 1.1 -0.4
S p Am 22 30 0.3 00 -03 0.0 0.3 1.1 00
Ad -04 -04 -0.3 0.3 0.3 0.1 0.6 0.8 -0.3
F Am -100  -100 39.3 1.2 -100  -100 127 -100 -100  10.1
HNO; Ad -100  -100 15.7 1.1 -100  -100 -100  -100 -100 6.1
P Am 0.0 8.5
Ad 0.0 0.9
F Am -100  -100 -100 -0.6  -100 -100 -100  -100 -100  -100
H,S0, Ad -100  -100 -100 0.0 -100  -100 -100  -100 -100  -100
P Am 0.0
Ad 0.7
Foa 085 el 21 11 oo 45 oo i85 25 1%
Aceticacid 43 0.9 14.1
Ad 0.7 0.1 6.9
Resist strip P 22,1 6044
Am 0.7
RCAT P A 0.4
Am 0.7
RCA2 P Ad 01
: Am 0.9
HF dip P Ad 02
: Am 0.9
Aquaregia P Ad 02
: Am 0.0
Piranha P Ad 02
Table 6: Glass transition temperature T, [°C], melting temperature T, [°C] and crystallinity
values of printed samples as-printed and after chemical immersions.
Crystallinity [%]? /
Plastic Immersion Tg[°C] Tm [°C]
Enthalpy of melting [J/g]?
PP As-printed -22 15 134
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DI H,O -23 15 131
Isopropanol -23 15 134
Acetone -24 13 133
Ethanol -23 15 133
HCl 37% -23 14 134
NHs 25% -21 15 134
H.0, 30% -21 15 134
H3PO4 85% -23 15 131
HNOs 69% -22 14 134
H,S04 95-97% -23 15 132
Acetic acid 100% -21 15 134
HF dip -20 14 135
Aqua regia -23 14 134
Piranha -22 14 134
As-printed 104 - -
DI H,0 102 - -
Isopropanol 103 - -
HCl 37% 106 - -
ABS NH3 25% 104 - -
H.0, 30% 104 - -
H3PO, 85% 104 - -
RCA1 105 - -
RCA 2 105 - -
As-printed 75 43.2 196
DI H,0 68 36.2 195
Alloy 910 Isopropanol 56 36.16 196
Acetone 54 41.35 195
Resist strip 55 37.38 195
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