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Paper-based electronics have been considered as one of the most exciting technologies in the near future
due to sustainability, low cost, mechanical flexibility, etc. Even though there have been numerous studies
regarding this technology, there is not any available quantitative study on how paper electronics would
minimize the impact on the environment. This work aims to give the first detailed analysis regarding this
important question. To this end, we for the first time designed and prototyped paper-based multilayer
printed circuit boards (P-PCBs), which show comparable functions to the currently available organic
printed circuit boards (O-PCBs); yet the P-PCBs adopt a “green” preparation process. A life cycle
assessment study was performed to quantify the P-PCBs' environmental impacts, e.g. acidification
potential, global warming potential, human toxic potential, ozone layer depletion potential, etc. Our

current research reveals that the P-PCBs have about two magnitude lower impact on the environment
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Accepted 7th August 2014 than O-PCBs based on the results of the life cycle assessment, which suggests that the P-PCB technique

is beneficial for the environment at the regional or global production level. The current study gives useful
information and sheds light on the future technological directions for various paper based electronics
studies.
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Broader context

The concept of paper based electronics has existed for decades and there have been many developments of the materials, techniques and applications in recent
years. Many reports present the excellent properties of paper based electronics in various applications and discuss the possibilities towards large scale
manufacturing, commercialization and product integration. As such, a comprehensive assessment of the paper based electronics is necessary, such as the cost,
environmental impact, market size, etc. Among them, the environmental impact is one of the most concerning issues, yet there are few research studies on it and
no report is available on how much of a burden on the environment paper electronics are. In this work we developed a multilayer paper based printed circuit
board (P-PCB) technique which provides adequate functionalities for common uses; we further conducted the life cycle assessment (LCA) to analyze the
environmental impacts of the prototypes based on this technique. With the comparison of the quantitative life cycle impact assessment (LCIA) results of P-PCB
and the ordinary organic printed circuit board (O-PCB), we show the great advantages of P-PCB in green electronics, which will cater to the trend of eco-products
and sustainability of future electronics.

including transistors,>* solar cells,*® supercapacitors,®’
batteries,®** radio frequency identification (RFID) tags,
Paper-based electronics have attracted considerable interest antennas,*>'* micro-fluidic paper-based analytical devices

Introduction
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because of their unique characteristics including flexibility,
foldability, lightweight, degradability and low cost. A wide range
of devices have been investigated in a paper-based scenario,*
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(LPADs),"” micro electro-mechanical systems (MEMS),"®*® touch
pads,**** flexible displays,” OLEDs,*® microfluidic analytical
devices, etc.>* Although these new types of products are
considered to be advantageous over the conventional ones in
terms of both economic and environmental concerns, there still
lacks a systematic evaluation about how and how much the
paper-based electronic products could be better than the
current counterparts. Therefore it is of considerable interest to
carry out a systematic survey of paper-based electronics, ie.
paper-based printed circuit board (P-PCB) technology in this
report.

Printed circuit boards (PCBs) are an indispensable part in
the electronics industry, which provide support for the

This journal is © The Royal Society of Chemistry 2014
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integrated circuits and electrical connections for the electronic
components. The global PCB market was about 54 billion in
2012, of which the China market accounted for almost 40% and
is predicted to continuously increase in the next five years.”
However, the conventional PCB is an environmentally
hazardous product due to the significantly negative impact
along its life cycle. For example, the PCB manufacturing is well
known as an energy-intensive and chemical-intensive industry,
which involves many chemical processes and materials that are
potentially harmful to the environment.>**” It has once been
reported that the electronics industry caused severe pollution of
some rivers around the Pearl River Delta that contain excessive
levels of heavy metals such as copper and lead.”® What is more,
the PCB industry brings about potential environmental issues
in the waste disposal and recycling stages. It is estimated that
globally, 20-50 million tons of waste electrical and electronic
equipment (WEEE) are discarded annually, and a large sum of
them are informally collected and recycled especially in those
developing countries in Africa and Asia.***® This problem is
more severe in the case of mid-range and low-end electrical
devices such as domestic appliances. It is forecasted that the
amount of domestic e-waste in China will rise to 5.4 million
tons in 2015.3' The waste PCBs are from all kinds of WEEE,
which contain a large amount of toxic substances, such as
organic compounds, heavy metals and brominated flame
retardants (BFRs); these substances can cause serious environ-
mental and health problems if improperly disposed. For
instance, Guiyu in Guangdong province, China (Fig. S11t) may
be the largest electronic waste (e-waste) site on earth.*>** Due to
the many primitive recycling operations, 80% of the children in
Guiyu suffer from lead poisoning and the soil there has been
found to be so saturated with heavy metals such as lead, chro-
mium and tin that the groundwater becomes undrinkable.**

In order to solve these problems, besides imposing more
strict regulations by the governments, technical advances such
as replacing the current hazardous materials with more envi-
ronmentally benign ones can be very effective. As such, the
paper-based PCB (P-PCB) technique has been regarded as one of
the most promising alternatives to the current organic PCB (O-
PCB) technique in the near future for green electronics and
sustainable development due to the features of sustainability,
flexibility, degradability and low cost.

In order to enable a new integration scheme of P-PCB into
the current electronic packaging technology so as to achieve the
necessary working functions for the future green electronics, a
novel prototype of P-PCB needs to be established. The design of
this prototype shall follow some basic principles so that the
future P-PCB can possess the general functions much resem-
bling those of the commonly available O-PCB. For example, (1) a
P-PCB shall possess excellent electrical conductivity in the
printed circuit areas to avoid severe resistance loss; (2) the
resolution of lines and pitches shall meet the basic require-
ments for modern electronic packages; (3) it could have a
multilayer structure with functional vias; and (4) it shall have
adequate reliability which ensures the general applications.
Moreover, considering the intrinsic characteristics of paper, a
pure additive process seems to be the best choice for the
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fabrication of P-PCB, such as 3-D printing,* inkjet
printing™**>* and screen printing,**** instead of the current
subtractive or a hybrid one which involves the wet process for
both the rigid PCB and flexible PCB. Besides, the wiring mate-
rial is one of the most important issues for P-PCB, which
requires excellent electrical properties, reliability, process-
ability, etc.

To all these ends, we for the first time established a pro-
cessing technique for the preparation of the P-PCB and
systematically evaluated the environmental impacts. Even
though there have been significant advances in the paper based
printed conductive circuit technology,>*>'**** we selected
electrically conductive adhesives (ECAs) as the conductive
material for P-PCB in this study; this is mainly because ECAs
have been well applied in the electronics packaging industry for
decades and the recent technical advances of ECAs guarantee
the necessary functionalities even when they are printed on
paper, such as excellent conductivity, mechanical robustness,
outstanding reliability as compared to the conductive inks, and
there is a broad spectrum of choices of the high performance
polymer resin binder to meet various application scenarios.**>*
The present work adopts the thermoset polyurethane (PU)-
based ECA with micro silver flakes as conductive fillers, which
exhibits excellent electrical conductivity and many other supe-
rior performance characteristics.****** Correspondingly, we
adopt the screen printing method in this work which is widely
used in the printed circuit industry.

Based on our current technique, a series of prototypes of P-
PCB with the necessary functionalities were prepared. In order
to evaluate the environmental costs of P-PCB scientifically, we
adopted the life cycle assessment (LCA) method. The LCA is an
effective approach to analyze both the energy consumption and
environmental impacts associated with a product over its full
life cycle all through the raw material acquisition, production
phase, use phase and waste management;*»*® and it has been
widely applied in the development stage of a new product or
technology. The LCA results can provide us a guidance of
materials selection, product design, recovery mode and even
policy making so that we can focus research efforts on mini-
mizing the burdens of a product while maximizing its benefits.
Life cycle thinking is helpful for the eco-design or sustainable
design of a new product or technology. So we conducted the LCA
method to quantify the environmental impacts and identify the
key drivers of the environmental impacts in the whole life cycle
of the P-PCB prototypes.

Methodology
Fabrication and characterization of the P-PCB prototypes

We designed a pure additive process for fabricating a multilayer
P-PCB, which mainly utilizes the techniques of screen printing,
drilling and filling. In a typical process, we firstly screen print
the polyurethane (PU)-based ECA with the designed patterns on
each layer of the paper substrate and cure them at 150 °C, and
then adhere them layer by layer using the pressure sensitive
adhesive with a position-alignment setup, so that the circuits on
different layers are aligned with each other. After that, we
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connect each layer by punching vertical interconnect access
(via) and filling the ECA; finally the surface mount devices
(SMDs) are mounted onto the surface of the P-PCB with poly-
acrylate based ECA which can be cured at room temperature.
Sometimes, we need blind vias or buried vias and thus we may
adjust the sequence of the adhering and punching steps and the
electrical connection would be ensured. Using the above
methods, the as-obtained P-PCB show analogous functions to
the conventional flexible or rigid O-PCB. Fig. 1a and b show the
flow chart and a scheme of a typical process for a three-layered
P-PCB.

Usually, a two to four-layered circuit board can meet the
general mid-range needs for PCB uses, thus we designed several
three-layered circuit prototypes (twinkling LED array, doorbell)
for P-PCB and replaced the control panel of a temperature
controller with our P-PCB, which worked very well and showed
adequate functionality characteristics comparable to O-PCBs
(see ESIt for details). Here, an epoxy based substrate (FR-4) is
used for comparison. Then we compared a series of perfor-
mance characteristics that were essential for PCB applications,
including line spacing, moisture resistance, flame retardation,
biodegradability, reliability, dielectrical properties of the
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substrate materials, etc. These tests were performed according
to the standards prevalently used in the PCB industry, i.e. the
ICP 6013 series.

The materials that we chose were mainly commercially
available printing paper with an adhesive sticker (pressure
sensitive adhesive) on the back (Avery Dennison Co. America,
FASSON series, AW5416), PU resin (Bayer MaterialScience AG,
Germany, DESMOPHEN 1150 and BL 3175 SN), polyacrylate
resin (Koninklijke DSM N.V., Holland, NeoCryl B-725), micro-
silver powders (Sichuang Banknote Co., China, Product No.
SF01A) and Scotch tape (3 M). We tailored a position-alignment
setup to fabricate this three-layered P-PCB.

Life cycle assessment

The present LCA was conducted according to ISO 14040
guidelines which included four steps: (1) goal and scope defi-
nition, (2) inventory analysis which quantifies the materials
inputs, the energy inputs, and the environmental discharges
through the specified life cycle phases, (3) impact assessment
which accumulates flows into different impact categories, and
(4) interpretation of the results.*”

b)

d)

Fig. 1 (a) A brief flow chart of the pure additive fabrication process of a three-layered P-PCB. (b) A schematic diagram of the through-via and
blind-via connecting the circuits on different layers of a three-layered P-PCB: the first layer and the second layer are connected by two blind-
vias, and the first layer and the third layer are connected by two through-vias. (c) A prototype of a twinkling LED array showing the letters “THU"
(the scale bar is 10 mm). (d) Optical microscopic cross-sectional images of a through-via (left) and a blind-via, the ECA filled in the via connected

well with each layer (the scale bar is 0.5 mm).
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In order to demonstrate the environmental advantage of the
P-PCB, we conducted a comparative LCA for both P-PCB and the
epoxy based O-PCB in terms of materials and processes. As the
four-layered epoxy based PCB is commonly used, we defined the
functional unit as “fabricating 10 000 m? of four-layered PCB
with the paper/epoxy substrate”, and we consider the two kinds
of PCB to have similar functionalities (we consider them to have
the same circuit area, which is 20 000 m” in this study). The
system boundaries are shown in Fig. 2. We took the raw mate-
rial acquisition, fabrication of PCB and waste disposal into
consideration, and excluded the transportation and the phase
in the system boundaries.

After defining the scope of the study, we established the
material inventory by collecting data from local firms in
Shenzhen City (Shennan circuits Co., Ltd. and Shenzhen
Hangsheng Electronics Co., Ltd.) and the published literature.
Additionally, for P-PCB, we designed and carried out a proce-
dure for multilayer P-PCB fabrications and developed the
material inventory based on reasonable assumptions, experi-
mental data and computer models. The main materials inven-
tory data and the collection methods are presented in Tables S1
and S3;t all the materials were tracked back to the point of
resource extraction, using cradle-to-gate data from the database
(Ecoinvent).
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The life cycle impact assessment (LCIA) was conducted with
the characterization model CML 2001-Apr. 2013 incorporated in
GaBi 6.0. In this assessment we considered several most con-
cerned environmental impact categories: Abiotic Depletion
(ADP) (fossil), Acidification Potential (AP), Eutrophication
Potential (EP), Freshwater Aquatic Ecotoxicity Potential
(FAETP), Global Warming Potential (GWP), Human Toxic
Potential (HTP), Ozone Layer Depletion Potential (ODP), Pho-
tochem. Ozone Creation Potential (POCP), and Terrestric Eco-
toxicity Potential (TETP). These categories can give full
description of the environmental impacts of the P-PCB.

Results and discussion
The comprehensive properties of the P-PCB

We have successfully demonstrated the feasibility of forming
3-10 layered P-PCBs with the procedure we proposed: Fig. 1cisa
prototype with three layers and Fig. 1d shows the cross-section
of a through-via and a blind-via of this prototype. The connec-
tions of five and ten layers of P-PCB are shown in Fig. S3.f We
can see that the filled ECA connects well with each layer of the
printed ECA pattern, and this may guarantee the electrical
connection of each layer, which is one of the most important
issues of a multilayer P-PCB.
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Fig. 2 System boundaries of paper based multilayer PCB (left) and epoxy based multilayer PCB (right).
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Table 1 Comprehensive comparison of paper based PCB (P-PCB) and organic based PCB (O-PCB)
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Paper based PCB

Organic based PCB*

Substrate
Biodegradability

Flame retardation
Moisture resistance

Line spacing
Line width
Tensile strength
Flexural strength

Resistivity of conductive materials

Reliability

SMT temperature

Commercially available paper
Degradable

Poor to fair

Poor to fair

~100 pm (ref. 1)

50-100 pm for screen printing’
~6 MPa for printing paper’

~107° Q cm for 50% Ag loading of PU based ECA”
>85 °C/85RH 1500 h”

>—40-125 °C per 500 cycles”

Room temperature

Epoxy resin/glassfiber/inorganic fillers
Nondegradable

Good

Good

~50 pm

~50 pm

>400 MPa

~2 x 107% Q em for copper foil
>85 °C/85RH 1500 h

>—40-125 °C per 500 cycles
~240 °C

Dielectric constant ~3 (1 GHz)"
Dielectric loss factor ~0.132 (1 GHz)*
Cost? 15-30 USD per m®

~4.5 (1 GHz)
~0.023 (1 GHz)
90-120 USD per m*

“ We took the FR-4 based PCB for comparison; the performance characteristic parameters are from the product manual of Shennan circuits Co., Ltd.
b The parameters were obtained by experiments and the details can be found in the ESL ° Tested after drying at 80 °C for 2 h and conditioned in a
closet with stable temperature and humidity (20 °C, 60%RH). ¢ Cost of the P-PCB is calculated based on the prototypes that we prepared (details are
shown in Table S11) and the cost of the O-PCB (FR-4) from Shennan circuits Co., Ltd, both contain four layers.

The comprehensive properties of P-PCB are shown in Table
1, and are compared with those of the typical O-PCB. In addition
to the advantages of low cost and degradability, the P-PCBs also
show excellent reliability performance characteristics during a
temperature-humidity (85 °C/85RH) aging test (Fig. S61) and a
thermal cycling (—40-125 °C) test. To be specific, the bulk
resistivity of the test samples was maintained at 1.6 x 107> Q
cm after being aged at 85 °C/85RH for 1500 hours, while it just
increased to 5.9 x 107> Q cm after 600 cycles of the thermal
cycling test (—40 °C-125 °C, one cycle in 30 min). Although the
line spacing, line width and dielectrical properties (dielectric
loss) are inferior to those of O-PCB, they are still sufficient to
meet the requirements for many low density and low-frequency
PCB applications. As for the poor performance of flame retar-
dation, moisture resistance and mechanical strength, we can
adopt the paper-making technique to improve them for future
applications (such as adopting a suitable sizing agent or
controlling the surface chemistry®®). On these grounds, the P-
PCB shows comparable functionalities with the conventional O-
PCB. Note that, even though silver is much expensive than
copper (about 80 times), it is still quite economical since a pure
additive process only involves a limited amount of materials
and processing steps (Tables S2 and S47).

Table 2 Material and energy inventory of P-PCB

Component Material Weight content
Substrate Paper 87.77%
Adhesive Methyl acrylate 6.58%
Conductive filler Silver flakes 2.83%

ECA binder Polyurethane 2.83%

Energy consumption per m* 0.173 kW h

3678 | Energy Environ. Sci, 2014, 7, 3674-3682

Inventory results of the P-PCB

The main components of the P-PCB are shown in Table 2, and
the inventory data are mainly calculated from the model and the
prototypes that we constructed before (see ESIt for details). The
energy consumed in the manufacturing process is estimated
with the parameters of the available equipment and the actual
consumption in the experiments. From the preliminary
assessment results, we may find that although the conductive
filler (silver flakes) only makes up 2.83 wt% of the P-PCB, its
environmental impacts account for a considerable proportion
of that of the whole P-PCB. For instance, silver is responsible for
more than 75% of the HTP. So we collected the inventory data of
the production of silver flakes (Table 3) for a more detailed LCA,
and in this way we can focus more on the main causes of the
environmental impacts. The detailed input inventory is shown
in Table S2,T which is tracked back to resource consumption.

Inventory comparisons

Fig. 3 presents the life cycle inventory results on the mass of
emissions for fabricating 10 000 m*> P-PCB and O-PCB. The
O-PCB life cycle shows significantly greater emissions to both

Table 3 Material and energy inventory for silver flakes

Ag flakes per kg

Raw materials Amount Unit
AgNO;, 1.573 kg
Ethanol 1 kg
Water 10 kg
NaOH 0.370 kg
Formaldehyde 0.139 kg
Electricity 8 kW h

This journal is © The Royal Society of Chemistry 2014
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Fig.3 Comparative LCI for P-PCB and O-PCB. PM2.5 refers to particle
matter <2.5 pm; COD refers to Chemical Oxygen Demand; BOD
refers to Biological Oxygen Demand.

air and water, which means that the life cycle of O-PCB is more
environmentally harmful: more materials and resource
consumptions contribute to more gaseous emissions like CO,,
SO,, NO, CH,, etc.; more chemical processes involved in the life
cycle are responsible for more emissions of Chemical Oxygen
Demand (COD), Biological Oxygen Demand (BOD) and
phosphate.

Environmental impact results of the P-PCB

Fig. 4 shows the environmental profile of the P-PCB. The listed
are the main raw materials in the production of silver flakes and
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Fig. 4 Environmental profile of P-PCB; the main raw materials and
consumptions in the manufacturing of P-PCB are listed.
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fabrication of P-PCB. The scores of the environmental impact of
each material are normalized in terms of percentage, so that we
can define which material is the most contributing factor in the
life cycle. For example, the raw material of paper is the main
contributor to ADP (51.1%), AP (38.9%), EP (45.1%), FAETP
(30.2%), GWP (47.9%), ODP (67.3%), HTP (11.7%), POCP
(52.88%) and TETP (40.68%). Because paper is the main
component of the P-PCB (~88 wt%), the pulp production and
paper production processes are main contributors to the envi-
ronmental impacts. The Suspended Solids (SS), Chemical
Oxygen Demand (COD) and Absorbable Organic Halide (AOX) in
the pulp production contribute to the EP, FAETP, HTP and
TETP; while burdens on ADP are due to energy consumption
which is mostly based on fossil fuels. Meanwhile, the alkyl
halide emission is the primary cause of ODP and the emissions
of SO,, CO,, and NO, in the pulp production and paper
production are the main contributors to AP, GWP, and POCP.*®

In addition to paper, silver is another significant contributor,
despite that it only accounts for less than 3 wt% of the P-PCB
(Table 2). This is because the production of silver is a high
consumption process: burdens on AP (18%) are due to SO,
emission from fossil fuel combustion; burdens on EP (36.6%)
originate from phosphide and nitride emissions; and the
cyanide, biphenyl, mercury, lead, and tin discharged in the
refining process are responsible for 78.8% of HTP, 57.9% of
FAETP and 41.3% of TETP.

On the other hand, the polymer resins, which act as the
binder (polyester) and adhesive sticker (polyacrylate), also
account for some aspects of air pollution, e.g. AP, GWP, POCP,
and ODP because of their potential to discharge SO,, CO,, NO,
and halohydrocarbons in the production and disposal phases.
Besides, the electricity used in the O-PCB fabrication contrib-
utes to ADP, AP, GWP, and POCP for its consumption of fossil
fuels and emissions of SO,, CO,, CH,, and NO,.

Environmental impact comparisons

Table 4 shows the life cycle impact assessment (LCIA) results of
both P-PCB and O-PCB. The flows in the life cycle of O-PCB are
much more than those of P-PCB. For example, the emission
equivalent weight of HTP, FAETP, EP, TETP and AP in the life
cycle of O-PCB is more than one hundred times that of the
P-PCB. This is mainly due to the consumption of copper in the
O-PCB production as the life cycle of copper contributes the
most to AP (45.15%), EP (63.56%), FAETP (89.52%), HTP
(84.02%), TETP (85.09%), and POCP (38.06%) as a result of the
energy consumption and emissions (gas emissions such as CO,,
SO,, and NO, and waste water emission) in the mining and
refining processes of copper.”® In addition, the emission
equivalent weight of the other environmental impact categories
of O-PCB is also dozens of times that of P-PCB. That is because
of the electricity consumption mainly in the electroplating
process and the large sum of raw materials such as epoxy
substrates, glassfiber, Al,O3, etc., which put much burden on
the environment in their life cycle. The contributions of each
input of O-PCB to the environmental impacts are shown in
Fig. S10.1
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Table 4 LCIA for 10 000 m? P-PCB and O-PCB
Impact categories Impact units P-PCB O-PCB O-PCB : P-PCB
ADP ] 8.51 x 10*° 5.50 x 10*2 65:1
AP g SO,-equiv. 3.63 x 10" 4.53 x 10° 125:1
EP g Phosphate-equiv. 1.88 x 10* 2.95 x 10° 157:1
FAETP g DCB-equiv. 3.11 x 10° 5.81 x 10° 187:1
GWP g CO,-equiv. 5.55 x 10° 3.92 x 10° 71:1
HTP ¢ DCB-equiv. 1.03 x 107 2.31 x 10° 224:1
ODP g R11-equiv. 3.56 x 107" 1.85 x 10" 52:1
POCP g Ethene-equiv. 3.31 x 10° 3.29 x 10° 99:1
TETP g DCB-equiv. 6.49 x 10* 9.04 x 10° 139:1
1E-5 Through a detailed comparison with the typical O-PCB, we show
I Paper based PCB that the basic characteristics of our P-PCB prototypes have
1E-6 | I Epoxy based PCB reached a promising performance level for the mid-range and
i:’ low-end electronic applications. Additionally, from the LCA
g results we found that the environmental impact index of P-PCB
o] is about two orders of magnitude lower than that of O-PCB,
g; indicating a promising prospect of P-PCB in the future green
Q electronics market. This study may have answered the question
2 which has been discussed for a long time of how “green” the
‘g 1E-114 paper electronics technology can be.
= Although the present technology is still a proof of concept,
0 1E-12 and the current performance characteristics can only meet the
needs for low density and low frequency electronics, we believe

L R AR LR KR KRR
Q v@&gc?&g\ooqoo«é

Environmental impact categories

Fig. 5 Comparison of the standardized LCIA results of P-PCB and
epoxy based PCB.

To sum up, the environmental burdens of P-PCB are about
two orders of magnitude less than O-PCB, as shown in Fig. 5
and Table 4, which render an essential difference between
P-PCB and O-PCB and that could be explained by the following.
Firstly, the raw materials of P-PCB are simple and environ-
mentally friendly ones, of which more than 80% is cellulose
paper and the environmentally harmful materials only account
for less than 5%. In contrast, the O-PCB has more unfriendly
raw materials, such as epoxy resin, glassfiber, fillers and copper
foils. Secondly, the pure additive method adopted in the P-PCB
manufacture is more economical and simpler than the
conventional processes of O-PCB production, which is energy
consuming and sacrifices a large amount of copper. Thirdly, the
waste treatment of P-PCB is more environmentally friendly due
to its cellulose nature; whereas epoxy requires a high tempera-
ture of 800 °C to decompose, and toxic emissions such as dioxin
could be discharged,® which is restricted by the European
Union (EU) because of its potential hazards to human health.**

Concluding remarks and outlook

This article for the first time evaluates the feasibility of a pure
additive process for fabricating an ECA based multilayer P-PCB.

3680 | Energy Environ. Sci., 2014, 7, 3674-3682

that with the rapid development of materials science and
technologies, there will be more appropriate candidate mate-
rials and techniques for P-PCB to meet further needs; for
example, with the development of advanced paper materials
(considering dielectric properties, thermal conductivity, fire-
resistance, moisture resistance, transparency surface rough-
ness, etc.),>***** conductive materials (stability, electrical
conductivity, processability, etc.),* and fabrication tech-
niques,®>*” the use of P-PCB in high density and high perfor-
mance integrated circuit applications is not impossible. What
is more, if combined with some substrate materials with
particular characteristics like stretchability®® or weavability,*
the P-PCB would have even more impacts on future
electronics.

We have shown the advantages and disadvantages of paper
electronics with the case study of P-PCB in this paper. With the
key problems being solved for better performance and stan-
dardized production, paper electronics will soon find broad
applications in future green electronics, such as wearable
electronics, household appliances, small electronic gadgets,
consumable electronics, toys, etc.

Acknowledgements

This work is financially supported by the Shenzhen Peacock
Plan no. KQCX20120814155245647, Shenzhen Technical
Project no. JCYJ20120616215238779, Guangdong Province
Innovation R&D Team Plan no. 2009010025, and the National
Nature Science Foundation of China no. 51202120 &
51232005.

This journal is © The Royal Society of Chemistry 2014


http://dx.doi.org/10.1039/c4ee01995d

Published on 07 August 2014. Downloaded by Carnegie Mellon University on 19/10/2014 06:31:51.

Paper

Notes and references

1 D. Tobjork and R. Osterbacka, Adv. Mater., 2011, 23, 1935-
1961.

2 O. D. Jurchescu, M. Popinciuc, B. J. van Wees and
T. T. Palstra, Adv. Mater., 2007, 19, 688-692.

3 O. D. Jurchescu, B. H. Hamadani, H. D. Xiong, S. K. Park,
S. Subramanian, N. M. Zimmerman, ]. E. Anthony,
T. N. Jackson and D. ]J. Gundlach, Appl. Phys. Lett., 2008,
92, 132103.

4 M. W. Rowell, M. A. Topinka, M. D. McGehee, H.-J. Prall,
G. Dennler, N. S. Sariciftci, L. Hu and G. Gruner, Appl.
Phys. Lett., 2006, 88, 233506.

5 C. N. Hoth, S. A. Choulis, P. Schilinsky and C. J. Brabec, Adv.
Mater., 2007, 19, 3973-3978.

6 Z. Weng, Y. Su, D. W. Wang, F. Li, J. Du and H. M. Cheng,
Adv. Energy Mater., 2011, 1, 917-922.

7 L. Yuan, B. Yao, B. Hu, K. Huo, W. Chen and J. Zhou, Energy
Environ. Sci., 2013, 6, 470-476.

8 H. Nishide and K. Oyaizu, Toward Flexible Batteries, Am.
Assoc. Adv. Sci., 2008, 319, 737-738.

9 V. L. Pushparaj, M. M. Shaijumon, A. Kumar, S. Murugesan,
L. Ci, R. Vajtai, R. J. Linhardt, O. Nalamasu and P. M. Ajayan,
Proc. Natl. Acad. Sci. U. S. A., 2007, 104, 13574-13577.

10 L. Hu, H. Wu, F. La Mantia, Y. Yang and Y. Cui, ACS Nano,
2010, 4, 5843-5848.

11 L. Hu, J. W. Choi, Y. Yang, S. Jeong, F. La Mantia, L.-F. Cui
and Y. Cui, Proc. Natl. Acad. Sci. U. S. A., 2009, 106, 21490-
21494.

12 G. Orecchini, F. Alimenti, V. Palazzari, A. Rida, M. Tentzeris
and L. Roselli, IET microwaves, antennas & propagation, 2011,
5, 993-1001.

13 Y.-L. Tai and Z.-G. Yang, J. Mater. Chem., 2011, 21, 5938-
5943.

14 T. Hornyak, Sci. Am., 2008, 298, 68-71.

15 T.T. Nge, M. Nogi and K. Suganuma, J. Mater. Chem. C, 2013,
1, 5235-5243.

16 A. Russo, B. Y. Ahn, J. J. Adams, E. B. Duoss, J. T. Bernhard
and J. A. Lewis, Adv. Mater., 2011, 23, 3426-3430.

17 J. Yan, L. Ge, X. Song, M. Yan, S. Ge and J. Yu, Chem.-Eur. J.,
2012, 18, 4938-4945.

18 X. Liu, M. Mwangi, X. Li, M. O'Brien and G. M. Whitesides,
Lab Chip, 2011, 11, 2189-2196.

19 R. Martins, I. Ferreira and E. Fortunato, Phys Status Solidi
Rapid Res Lett, 2011, 5, 332-335.

20 A. D. Mazzeo, W. B. Kalb, L. Chan, M. G. Killian, J. F. Bloch,
B. A. Mazzeo and G. M. Whitesides, Adv. Mater., 2012, 24,
2850-2856.

21 Z. Q. Fang, H. L. Zhu, C. Preston, X. G. Han, Y. Y. Li,
S. W. Lee, X. S. Chai, G. Chen and L. B. Hu, J. Mater. Chem.
C, 2013, 1, 6191-6197.

22 J. A. Rogers, Z. Bao, K. Baldwin, A. Dodabalapur, B. Crone,
V. Raju, V. Kuck, H. Katz, K. Amundson and J. Ewing, Proc.
Natl. Acad. Sci. U. S. A., 2001, 98, 4835-4840.

This journal is © The Royal Society of Chemistry 2014

View Article Online

Energy & Environmental Science

23 H. L. Zhu, Z. G. Xiao, D. T. Liu, Y. Y. Li, N. J. Weadock,
Z. Q. Fang, ]J. S. Huang and L. B. Hu, Energy Environ. Sci.,
2013, 6, 2105-2111.

24 A.K. Yetisen, M. S. Akram and C. R. Lowe, Lab Chip, 2013,13,
2210-2251.

25 Prismark, Pris. Print. Circu. Re., 2013.

26 J. LaDou, Int. J. Hyg. Environ. Health, 2006, 209, 211-219.

27 1. Hui, C. Li and H. Lau, Int. J. of Prod. Res., 2003, 41, 1149-
1165.

28 Y. Tieqiao, China Youth Daily, 2012, 7.

29 F. O. Ongondo, I. D. Williams and T. J. Cherrett, Waste
management, 2011, 31, 714-730.

30 J. Li, B. Tian, T. Liu, H. Liu, X. Wen and S. i. Honda, J. Mater.
Cycles Waste Manage., 2006, 8, 13-20.

31 M. Eugster, D. Huabo, L. Jinhui, O. Perera, J. Potts, W. Yang,
Int. Inst. Sustain. Dev., 2009.

32 K. Huang, J. Guo and Z. Xu, J. Hazard. Mater., 2009, 164, 399-
408.

33 B. H. Robinson, Sci. Total Environ., 2009, 408, 183-191.

34 BBC News, 2012.

35 Y. Zheng, Z. Z. He, Y. X. Gao and J. Liu, Sci. Rep., 2013, 3,
1786.

36 H. H. Lee, K. S. Chou and K. C. Huang, Nanotechnology, 2005,
16, 2436-2441.

37 T. H. J. van Osch, J. Perelaer, A. W. M. de Laat and
U. S. Schubert, Adv. Mater., 2008, 20, 343.

38 G. Cummins and M. P. Y. Desmulliez, Circuit World, 2012,
38, 193-213.

39 R. Faddoul, N. Reverdy-Bruas and A. Blayo, Mater. Sci. Eng.,
B, 2012, 177, 1053-1066.

40 Y. Kim, B. Lee, S. Yang, I. Byun, L. Jeong and S. M. Cho,
Curr.Appl. Phys., 2012, 12, 473-478.

41 W. Yang, C. Liu, Z. Zhang, Y. Liu and S. Nie, J. Mater. Sci.,
2013, 24, 628-634.

42 A. C. Siegel, S. T. Phillips, M. D. Dickey, N. Lu, Z. Suo and
G. M. Whitesides, Adv. Funct. Mater., 2010, 20, 28-35.

43 Z. Li, R. Zhang, K. S. Moon, Y. Liu, K. Hansen, T. Le and
C. Wong, Adv. Funct. Mater., 2013, 23, 1459-1465.

44 J. Perelaer, P. J. Smith, D. Mager, D. Soltman, S. K. Volkman,
V. Subramanian, J. G. Korvink and U. S. Schubert, /. Mater.
Chem., 2010, 20, 8446-8453.

45 J. W. Han, B. Kim, J. Li and M. Meyyappan, Mater. Res. Bull.,
2014, 50, 249-253.

46 L.N. Ho, T. F. Wu and H. Nishikawa, J. Adhes., 2013, 89, 847-
858.

47 S. L. Chen, K. H. Liu, Y. F. Luo, D. M. Jia, H. Gao, G.J. Hu and
L. Liu, Int. J. Adhes. Adhes., 2013, 45, 138-143.

48 D. S. Li, H. W. Cui, S. Chen, Q. Fan, Z. C. Yuan, L. L. Ye and
J. Liu, ECS Trans., 2011, 34, 583-588.

49 R. Ma, S. Kwon, Q. Zheng, H. Y. Kwon, J. I. Kim, H. R. Choi
and S. Baik, Adv. Mater., 2012, 24, 3344-3349.

50 Y. Li, K.-s. Moon and C. Wong, Science, 2005, 308, 1419-
1420.

51 Y. Li and C. Wong, Mater. Sci. Eng., 2006, 51, 1-35.

52 C.Yang, C. P. Wong and M. M. Yuen, J. Mater. Chem. C, 2013,
1, 4052-4069.

Energy Environ. Sci., 2014, 7, 3674-3682 | 3681


http://dx.doi.org/10.1039/c4ee01995d

Published on 07 August 2014. Downloaded by Carnegie Mellon University on 19/10/2014 06:31:51.

Energy & Environmental Science

53 C. Yang, W. Lin, Z. Li, R. Zhang, H. Wen, B. Gao, G. Chen,
P. Gao, M. M. Yuen and C. P. Wong, Adv. Funct. Mater.,
2011, 21, 4582-4588.

54 C. Yang, M. M. Yuen, B. Gao, Y. Ma and C. Wong, J. Electron.
Mater., 2011, 40, 78-84.

55 N. Espinosa, R. Garcia-Valverde and F. C. Krebs, Energy
Environ. Sci., 2011, 4, 1547-1557.

56 S. Lizin, S. Van Passel, E. De Schepper, W. Maes, L. Lutsen,
J. Manca and D. Vanderzande, Energy Environ. Sci., 2013, 6,
3136-3149.

57 M. Finkbeiner, A. Inaba, R. Tan, K. Christiansen and
H.-J. Kliippel, Int. J. Life Cycle Assess., 2006, 11, 80-85.

58 J. Lessing, A. C. Glavan, S. B. Walker, C. Keplinger, J. A. Lewis
and G. M. Whitesides, Adv. Mater., 2014, 4677-82.

59 A. C. Dias, L. Arroja and 1. Capela, Int. J. Life Cycle Assess.,
2007, 12, 521-528.

60 R. U. Ayres, L. Ayres and 1. Rade, The Life Cycle of Copper, its
Co-products and By-products, Springer, 2011.

3682 | Energy Environ. Sci, 2014, 7, 3674-3682

View Article Online

Paper

61 T.E. P. A.T. C. O. THE, E. UNION, Off. J. Eur. Commun., 2000,
L332, 91-111.

62 M. Nogi, N. Komoda, K. Otsuka and K. Suganuma,
Nanoscale, 2013, 5, 4395-4399.

63 H. Zhu, Y. Li, Z. Fang, ]J. Xu, F. Cao, J. Wan, C. Preston,
B. Yang and L. Hu, ACS Nano, 2014, 8, 3606-3613.

64 H. Zhu, Z. Fang, C. Preston, Y. Li and L. Hu, Energy Environ.
Sci., 2014, 7, 269-287.

65 H. M. Lee, S. Y. Choi, A. Jung and S. H. Ko, Angew. Chem., Int.
Ed., 2013, 52, 7718-7723.

66 G. Paul, R. Torah, K. Yang, S. Beeby and J. Tudor, Meas. Sci.
Technol., 2014, 25, 025006.

67 J. P. Rolland and D. A. Mourey, MRS Bull., 2013, 38, 299-305.

68 D.-H. Kim, J. Xiao, J. Song, Y. Huang and J. A. Rogers, Adv.
Mater., 2010, 22, 2108-2124.

69 K. Jost, C. R. Perez, J. K. McDonough, V. Presser, M. Heon,
G. Dion and Y. Gogotsi, Energy Environ. Sci., 2011, 4, 5060—
5067.

This journal is © The Royal Society of Chemistry 2014


http://dx.doi.org/10.1039/c4ee01995d

	Future paper based printed circuit boards for green electronics: fabrication and life cycle assessmentElectronic supplementary information (ESI) available. See DOI: 10.1039/c4ee01995d
	Future paper based printed circuit boards for green electronics: fabrication and life cycle assessmentElectronic supplementary information (ESI) available. See DOI: 10.1039/c4ee01995d
	Future paper based printed circuit boards for green electronics: fabrication and life cycle assessmentElectronic supplementary information (ESI) available. See DOI: 10.1039/c4ee01995d
	Future paper based printed circuit boards for green electronics: fabrication and life cycle assessmentElectronic supplementary information (ESI) available. See DOI: 10.1039/c4ee01995d
	Future paper based printed circuit boards for green electronics: fabrication and life cycle assessmentElectronic supplementary information (ESI) available. See DOI: 10.1039/c4ee01995d

	Future paper based printed circuit boards for green electronics: fabrication and life cycle assessmentElectronic supplementary information (ESI) available. See DOI: 10.1039/c4ee01995d
	Future paper based printed circuit boards for green electronics: fabrication and life cycle assessmentElectronic supplementary information (ESI) available. See DOI: 10.1039/c4ee01995d
	Future paper based printed circuit boards for green electronics: fabrication and life cycle assessmentElectronic supplementary information (ESI) available. See DOI: 10.1039/c4ee01995d
	Future paper based printed circuit boards for green electronics: fabrication and life cycle assessmentElectronic supplementary information (ESI) available. See DOI: 10.1039/c4ee01995d
	Future paper based printed circuit boards for green electronics: fabrication and life cycle assessmentElectronic supplementary information (ESI) available. See DOI: 10.1039/c4ee01995d
	Future paper based printed circuit boards for green electronics: fabrication and life cycle assessmentElectronic supplementary information (ESI) available. See DOI: 10.1039/c4ee01995d

	Future paper based printed circuit boards for green electronics: fabrication and life cycle assessmentElectronic supplementary information (ESI) available. See DOI: 10.1039/c4ee01995d
	Future paper based printed circuit boards for green electronics: fabrication and life cycle assessmentElectronic supplementary information (ESI) available. See DOI: 10.1039/c4ee01995d


