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We study the influence of inkjet printing scheme and sintering parameter on the electrical resistivity of

multi-layer silver nanoparticle films. A central composite Design Of Experiments (DOE) is employed to

maximize experimental efficiency and improve the statistical significance of parameter estimates. The

resulting mathematical correlations allow to interpret the influence of the print and sintering parameters.

Detailed inspection of the correlations reveals the existence of local extrema and indicates that

a structured approach such as the DOE would be significantly more effective for fabricating films with

a minimum of resistivity. Furthermore, we modify the well-known Fuchs—Sondheimer Mayadas—Shatzkes
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model to correlate the resistivity of a multi-layer nanoparticle film with the sintering temperature and

time. The modified model uses literature data but one constant inferred from two experiments. After
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1 Introduction

In the last decade, inkjet printing became a versatile technology
and is used for various applications such as printable/
stretchable electronics,*? batteries,* electrochromic devices,’
optoelectronics® and sensors.””® Inkjet printing is a digital
printing method which allows for rapid material deposition
with the ability for non-contact, maskless and additive
patterning. The advantages are, amongst others, low cost,
reduced material waste, and scalability for large area
manufacturing while the produced layers are uniform, well
dispersed and with fewer morphological defects.’® Several
reviews on material inks and inkjet printing are available, ¢f.
Singh et al.,"* Yang et al.**> and Choi et al.®

For many inkjet applications, one of the most important
tasks is the deposition of electrically-conducting materials. The
performance of printed conducting polymers is often not
sufficient for high-quality (high-speed) electronics or large-area
printing.’* Metal based inks offer significant advantages in
terms of conductivity with ranges from 10* to 10° S cm™ " and
metals of choice usually include silver, gold, copper and
aluminium.” These metals also have good operational stability,
but regular manufacturing processes often require very high
(sintering) temperatures and/or vacuum deposition.'® Never-
theless, alternative processes which prevent these unfavorable
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model adjustment, the resistivities of films fabricated with different parameters can be predicted with
good accuracy. This validation tremendously increases applicability and relevance of the model.

conditions were proposed in literature. For example, Shirai et al.
prepared polyvinylpyrrolidone stabilized Tin nanoparticle inks
that were printed and sintered at room temperature resulting in
conductive films."” Recently, intense pulsed light, also referred
to as flash lamp annealing,'® has gained interest for sintering of
nanomaterials since no further heat treatment is required.”
Likewise, it is possible to print a self-heatable conductive ink
(Ag»0 and silver 2,2-dimethyloctanoate) which does not require
a costly external heating instrument for rapid sintering since
the ink itself is capable of generating heat as high as 312 °C
when its exothermic reaction is triggered at a temperature of
180 °C.”® Another approach involves printing of diethanolamine
(DEA)-silver ammonia mixtures which decompose at tempera-
tures higher than 50 °C and then form silver thin films.**
Avery attractive strategy is to use metals that are dispersed in
the form of nano-sized particles (NPs) since their sintering
temperature is considerably lower and they are also suitable for
inkjet printing. The utilization of inks made of silver nano-
particles (AgNPs) is especially advantageous because they
disperse at high concentrations in environmentally friendly
solvents such as water. Furthermore, they have much lower
melting temperatures than bulk silver (962 °C) and show
reasonable conductivities (resistivities) at sintering tempera-
tures as low as 150 °C and can match the conductivity of gold
NPs at lower costs.'®** Here, several interesting alternatives to
the regular thermal annealing can be found in literature.
Ohlund et al. used an active coating to assist the sintering of
inkjet printed silver nanoparticles on a paper.* Olkkonen et al.
sintered printed silver films in brine at 110 °C and observed
electrical resistivities only two times higher than the bulk silver
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value.* Vaithilingam et al.”® used infrared light for AgNPs sin-
tering where the resulting surface temperature was in the range
of 140 °C to 160 °C. Li et al. applied a xenon flash lamp to
improve the properties of silver nano-plates during sintering at
180 °C.*® Even AgNPs sintering at room temperature was
demonstrated by Magdassi et al. who used a countercharged
polyelectrolyte to trigger a spontaneous coalescence without
additional heating.””

To obtain high electrical conductivity and strong adhesion to
the substrate, multiple layers of the AgNPs can be printed on top
of each other. Sintering can be done in-between the printing of
each layer but it is not obvious whether it is beneficial to sinter
after each layer is printed or only for selected layers.

A schematic of the multi-particle sintering mechanisms is
given in Fig. 1. Directly after printing, the particles are still
surrounded by the solvent which slowly evaporates as indi-
cated in the left part of Fig. 1. Over time or with increasing
temperature, the solvent evaporates and the NPs establish
contact with neighboring particle. At sufficient sintering
temperatures, the interfacial energy between the particles
decreases and the so-called neck growth occurs based on
different diffusion mechanisms.”® The neck formation is
initially triggered by surface diffusion which does not change
the center-to-center distance of the particles. Hence, there is
no densification of the layers at the beginning of sintering.*®
During advanced stages of sintering, diffusion along the grain
boundaries takes place where the centers of the particles come
closer which increases the contact area;***° ¢f. the right part of
Fig. 1. At the same time, matter moves from the particle bulk to
the metal-pore interface. This decreases the pore surface area
while the grain boundary area of the layers increases.** The
parameters of the NP sintering process are temperature and
time. The grain size, density and consolidation of multiple-
printed layers after sintering affect the film conductivity and
depend on the variables of both printing and sintering
process.*® Some insights in AgNPs sintering are available in
the work of Stewart et al.®* who investigated the influence of
temperature and particle shape on the film resistivity.
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Fig. 1 Illustration of multi-particle sintering mechanisms.
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However these films were neither printed nor was the influ-
ence of sintering time or film thickness investigated.

Consequently, there is essentially no literature available that
is concerned with the study of the thermal sintering (furnace)
parameters of NP films consisting of multiple-printed layers.
Likewise, no theoretical model exists that is able to quantify the
resistivity of such manufactured films. The existing models for
film resistivity are applicable if the manufacturing process does
not require any thermal treatment over longer times, for
example in case of physical vapor deposition. Despite the
progress in low temperature sintering of nanoparticle films, as
discussed above, we choose conventional thermal sintering
using a furnace in this work. This method is cost-effective and
does not require complex equipment or additives and is usually
readily available. Hence, the main objectives of the present
study are to: (i) investigate the influence of printing and sin-
tering parameters on film resistivity in order to optimize the
production of multiple-printed AgNP films with low electrical
resistance; and (ii) develop a new modelling approach which
correlates the influence of the sintering temperature and time
on the resistivity of such-produced films. For the first part, we
utilize a Design Of Experiment (DOE) method in order to
identify the relationship between parameters associated with
the (printing) process;* we are not aware of any study in the
literature that is based on such a structured and comprehensive
approach.

This article continues with a section on the Experimental
materials and methods followed by the derivation the model.
Then, we plan the DOE and discuss the results. The experi-
ments required for the DOE also serve for the validation of the
model. Finally, the article is summarized with some
concluding remarks.

2 Experimental materials and
methods

In this section, we specify the materials, fabrication of the
multi-layers films, and characterization techniques that are
used in this study.

2.1 Materials

A commercial AgNP ink (Metalon®]S-B40G, Novacentrix, Aus-
tin, TX, USA) is used in this study. The NPs size, pH and surface
tension of the ink are measured with a dynamic light scattering
technique (Zetasizer Nano ZS, Malvern Instruments Ltd, Mal-
vern, UK), an electrochemical method (Sevenmulti™, Mettler
Toledo, ON, Canada) and a pedant drop method (OCA25,
DataPhysics Instruments GmbH, Filderstadt, Germany),
respectively. The composition and properties of the ink are
given in Table 1. Glass microscope slides with dimensions 75 x
25 x 1 mm?® (Fisher Scientific, Ottawa, ON, Canada) are used as
the print substrate. Acetone and ethanol (reagent grade, Sigma-
Aldrich Canada Company, Oakville, ON, Canada) are used for
cleaning purposes.

This journal is © The Royal Society of Chemistry 2018
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Table 1 Properties of the AgQNP ink used in this study at 21 °C

Material properties

Viscosity/mPa s 6.8 £0.7
Nano-particle size/nm 50 £ 10
pH of the ink/— 7+0.3

Surface tension/N m™* 0.03 + 0.001
Specific gravity/— 1.56

2.2 Printing and sintering

At first, the glass substrates are thoroughly rinsed with ethanol
and deionized water. The AgNP ink is printed on the glass
substrates using a Dimatix Materials Printer (Model DMP-2800,
FUJIFILM Dimatix Inc., Santa Clara, CA, USA). The appearance
of the printed layers depends on the droplet-to-droplet spacing
and the droplet size controlled by the firing voltage of the inkjet
head. Furthermore, the distance of inkjet head to the substrate,
viscosity and interfacial tension of the ink as well as the surface
energy on the substrate are important. In this work, we
consistently use a print droplet velocity of 10 m s~ and
a spacing of 25 pm on the glass substrates to ensure a uniform
distribution of the ink.

The film fabrication process is sketched in Fig. 2. Generally,
the process consists of a sequence of printing (p) and sintering
(s) of multiple layers. The printed samples are thermally sin-
tered in a high-temperature box furnace at ambient pressure
(ST-1200°-678, Sentro Tech Corp, Strongsville, OH, USA)
whereas the optimal sintering temperature and time are
unknown. The film fabrication process has two further degrees
of freedom: (i) the number of printed layers; and (ii) the
number of sintered layers. A natural question arises: is it
useful - depending on the objective - to sinter every printed
layer (p-s-p-s...) or only every i-th layer (p-p-s-p-p-s...)?
Improvement of such a two-step, multiple factor process
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Fig. 2 Schematic of inkjet printing and sintering of AgNP layers. Solid

lines indicate the single layer printing and sintering scheme. Dashed
lines indicate the multi-layer printing and sintering scheme.
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cannot be done by optimizing one parameter without the
consideration of the others. That is, the parameters of the film
fabrication process have to be simultaneously optimized;
hence a multivariable optimization strategy is required.

2.3 Film characterization

Insights into the morphology of the sintered films are obtained
by taking images with a Scanning Electron Microscope (FEG
MLA 650, FEI, Hillsboro, OR, USA) having a 1 um resolution at
a working distance of 10.3 mm. These SEM images are pro-
cessed with the software Image]J (Version: 1.50i, U.S. National
Institutes of Health, Md, USA) to evaluate size and shape of the
NP grains. The elemental composition of the thin film surface is
obtained by the Energy-dispersive X-ray spectroscopy (FEG MLA
650, FEI, Hillsboro, OR, USA). The electric sheet resistance of
the films is measured based on the van der Pauw method®*
using a four-point probe station (S-1160, Signatone Corpora-
tion, Gilroy, CA, USA) equipped with four S-926 micro-
positioners along with two digital multimeters and a DC power
supply (Multimeter Model: 34401A, Power Source U8002A, Agi-
lent Technologies, Inc., Santa Clara, CA, USA). Film thickness is
measured with a profilometer (DektakXT® stylus profiler,
Bruker Corporation, Billerica, MA, USA). Finally, the resistivity p
of the films is determined using the measured sheet resistance
R, and the film thickness d according to p = Ryd. All resistivity
results reported in this article are averages that are based on at
least six measurements. The standard deviation is always less
than 5% of the average value.

2.4 Design of Experiments

A common problem in multivariate analysis is the fact that
initially it is not obvious which parameters have a significant
influence on the desired output of a process. What is a suitable
range for each parameter and are there strong interactions
between parameters? Furthermore, it is generally not possible
to optimize a single parameter without paying attention to the
other criteria or constraints. Hence, the optimization of
technical processes is cumbersome and requires a large set of
experiments even for a very limited number of parameters.
Design of experiments (DOE) is a systematic method to infer
the relationship between parameters and the desired output.
Its application allows for a reduced number of experiments
while maintaining a high level of statistical significance.*® To
evaluate the factors that influence the AgNP film resistivity,
a two level-three factor central composite design (CCD) is
performed using the statistics software MINITAB™ 17. We
choose the number of the printed layers n as well as temper-
ature T and time ¢ of the sintering as process parameters that
influence the film resistivity p and thickness d. All DOE
experiments are conducted in duplicate. The number and type
of required experimental runs for the CCD are as follows: two
level-three factors (8 experiments), star points (6 experiments),
and replicates at the center point (6 experiments) which
results in a total 40 experiments. The correlation that can be
inferred from such a DOE includes the linear, mixed and
quadratic terms of the parameters. Further details on the CCD

RSC Adv., 2018, 8, 19679-19689 | 19681
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including statistical parameters such as the factor levels,
distance from the center point and coded variables can be
found in the ESIf to this article.

3 Resistivity model

In this section, we introduce, a modelling approach to quantify
the resistivity of a printed NP film as a result of film thickness
and sintering time and temperature. Kasap et al. reported that
electrons freely move in a grain of a film but get scattered at the
grain boundaries.*® Hence, they concluded that surface and
grain boundary electron scattering are the two dominant
mechanisms that influence the resistivity in polycrystalline
films. The Fuchs-Sondheimer (FS) and the Mayadas-Shatzkes
(MS) model are commonly used to quantify the resistivity of
a film as a result of its properties. The FS model accounts for the
surface scattering while the influence of the grain boundary
reflection is considered by the MS model.***® To obtain a more
comprehensive theory, these models can be combined in
a linear fashion, cf. e.g. ref. 39-42, resulting in

iy (Capyei L) b
pofl—o—(g(l p)+2lff) 7 (1)

Here, pr and p, are the resistivity of film and conventional
bulk material, respectively; [, is the electron mean free path; d is
the thickness of the film; p is the surface scattering coefficient;
and I is the reflection coefficient. Eqn (1) is applicable to films
that do not require sintering to make them conducting; e.g.,
films that are prepared by various forms of physical vapor
deposition. In this work, we extend the FS-MS model to make it
suitable for printed and sintered NP films for various sintering
conditions and film thicknesses.

When the morphology of the thin film is very grainy, the
electrons are scattered at the grain boundaries. In this case, the
mean electron free path [, corresponds to good approximation
to the average grain size G;* it is [, = G. This correlation can be
used to replace the electron mean free path which is very
advantageous since the grain size depends on the sintering time
¢t and temperature T. In detail, Kang* noted that densification
occurs by grain boundary diffusion and grain growth by surface
diffusion so that the grain growth rate can be expressed as

dG_, Db,V

B @)
de " RrTG3 (1 - )

YIS

Here, Dy is the surface diffusion coefficient, ¢ is the grain
boundary thickness, vy, is the surface energy, R is the universal
gas constant, Vy, is the atomic volume, T is the temperature, t is
the time and @ is the relative density. Note that the original
correlation in ref. 30 describes a proportionality between grain
growth rate and the parameters above. We assume that by
introduction of the proportionality constant k, the correlation
can be quantified while this parameter mainly captures the NPs
structure resulting from print process. At the beginning of the
sintering process, the film consists of “grains” equal to the size
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of the particle d,. Therefore, we arrive in the initial condition G(¢
= 0) = d, and integration of eqn (2) gives

4Dsés m
<k¢l/4z) +dy*
RT(1 - §)}

1
4

G= 3)

This expression can replace [, in eqn (1) and we arrive after
some rearrangements in

1
o 1<3 3T kS AN
S_14-(z(1-p+= t+dt), (@)

4Dsés7b Vm

where S = has the units m (s K)~' and can be
interpreted as a sintering coefficient. To summarize, the
conventional FS-MS model is used to determine the resis-
tivity of “homogeneously”-manufactured films, using phys-
ical or chemical vapor deposition, or thin sheets. In contrast,
this modified model incorporates the grain growth depend-
ing on temperature and time and can therefore be applied for
(printed) particulate structures that have to be sintered to
make them electrically conductive. There are other factors
which can strongly influence the conductivity of the thin
films such as the surface chemistry in combination with
residuals of solvent and the binder material. We inherently
assume that there is no or only a minor influence of these
factors which is proved by Energy-dispersive X-ray spectros-
copy (EDS) measurements shown below.

4 Results and discussion

In this section, we first infer the parameter ranges that are
required for the DOE. This is the most important step during
the planning stage and often requires performing preliminary
experiments. Then, the DOE is conducted and the influence of
the parameters is discussed. Finally, the quality of the modified
model is investigated.

4.1 Determination of the DOE parameter range

At first, preliminary experiments are performed to infer a well-
working multi-layer printing-sintering scheme as well as
useful limits of the DOE parameter sintering temperature and
time.

4.1.1 Temperature and time. The practical limits of the
sintering temperature are dictated by the normal boiling point
of the ink solvent, the NP melting point, and the properties of
the substrate. The ink solvent diethylene glycol monobutyl ether
has a boiling point of 231 °C. In terms of sintering temperature,
it is known that NPs have a considerably lower melting point
than the respective bulk material which is 960 °C for silver.*
The melting temperature of the glass substrate is much higher
than both. Hence, we perform a set of preliminary sintering
experiments using temperatures of 180, 230, and 280 °C along
with a sintering time of 30 min. Additionally, we cure samples at
100 °C, where we do not expect any sintering, in order to obtain
a baseline for the evaluation of the sintering state. SEM images

This journal is © The Royal Society of Chemistry 2018
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of the differently-cured films are shown in Fig. 3. Specifically,
Fig. 3a gives insight into the morphology of the film that is
cured at 100 °C for 30 min. Under these conditions, the ink
solvent is evaporated and the film consists of a dense arrange-
ment of NPs without void areas. Image processing gives a NP
size of around 50 + 10 nm. From the uniform size distribution,
we conclude that at this low temperature sintering does not or
hardly occurs.

In contrast, the larger grains and the necks formed between
neighboring NPs in Fig. 3b indicate that the NP film after curing
at the relatively-low temperature of 180 °C is to a certain degree
sintered. The grain size distribution is relatively heterogeneous
ranging from the original NP size to clusters of around 90 +
15 nm. Additionally, some pores (void areas) are visible. Fig. 3¢
depicts the film morphology at the intermediate temperature of
230 °C. The SEM shows several large grains up to around 200 +
50 nm size that consist of particles with interconnected grain
boundaries to the neighboring particles. Though, there is still
a considerable difference in size with the smallest particle
clusters being around 100 £ 20 nm. Generally, it appears that
fewer pores are present compared to the morphology at the
lower temperature. Fig. 3d shows the film surface sintered at the
highest temperature of 280 °C. Essentially, a densified structure
with grain sizes ranging from around 250 to 530 nm is observed.
Extensive neck growth diminished the single particle structure
and very few but relatively large pores are observed.

In conclusion, we find that NPs sintering already takes place
at temperatures well below the solvent boiling point. The sin-
tering temperature has a profound influence on the grain size.
The (average) neck radius of the particles at the highest
temperature is around 15 times larger than that of the lowest
temperature. Consequently, we use the solvent boiling
temperature as the center temperature of the DOE. The DOE
minimum temperature and time required to initiate the

a) Solvent
Evaporation

b) Sintering at 180°C

c) Sintering at 230°C

d) Sinteringat 280°C
L 2¢

Fig. 3 SEM image of the AgNP films after treatment with 1 um scale at
(a) 100 °C, (b) 180 °C, (c) 230 °C and (d) 280 °C for 30 minutes.
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sintering is selected to be 180 °C and 30 min, respectively; the
maximum temperature according to the DOE is then 280 °C. To
investigate the effect of sintering time, we choose a maximum of
90 min which gives a DOE center time of 60 min. It should be
noted that the DOE with the CCD design used in this study can
provide significant information beyond the minimum and
maximum temperature and time.

4.1.2 Printing-sintering scheme. Three multi-layer
printing-sintering schemes P1, P2 and P3 are tested in the
preliminary study. Each scheme consists of a specific 5-layer
printing (p) and sintering (s) sequence while sintering time of
60 min and temperature of 230 °C are kept constant. In detail,
scheme P1 (p-s-p-s-p-s-p-s—p-s) is a sequence where each
layer is directly sintered after printing. Similarly, the two other
schemes are defined as P2 (p-p-p-s—p-p-s) and P3 (p-s-p-p-p-
s—-p-s) whereas sintering is not a mandatory step after printing
of a layer.

To obtain insight into the influence of the different schemes,
we measure the resistivity and the thickness of the so-fabricated
films; the results are compiled in Fig. 4a. The thickness of all
three printed films is relatively similar and in the range of 4 to 5
microns. The influence of the printing-sintering scheme is
more pronounced when it comes to the film resistivity. The
measured resistivity of the P1, P2, and P3 scheme are 22.2, 29.9
and 25.2 x 10 ° Qm, respectively. That is, a printed AgNP multi-
layer film has the lowest resistivity when each layer is sintered
before another layer is printed on top of it. Of course, this
printing scheme results also in a cumulative sintering for the
already sintered layers located beneath the top layer. However,
this should have a minor influence on the resistivity as we
conclude in Section 4.3.2.

To obtain an indication of the layer range for the DOE, we
prepare and analyze films fabricated with the P1 scheme and
having a different number of layers; results are given in Fig. 4b.
We identify a more or less linear increase of the film thickness
with an increase of the number of layers. Two different behav-
iors can be recognized with respect to the resistivity. We find
a pronounced resistivity drop from 42 to 28 x 10~° Qm for the
relatively small increase of a single to a triple layer. When the
number of layers is increased further, the resistivity decreases
but to a relatively lesser extent. For example, the resistivity of
a film with 7 layers is with around 24 x 10~° Qm only somewhat
lower than that of the triple layer. Nevertheless, we observe that
the resistivity continuously decreases with the number of layers.
When we extrapolate the experimental data in Fig. 4b, we infer
that a film approaches the regular silver (bulk) resistivity of 15.9
x 107° Qm, if it consists of around 22 layers with an approxi-
mate thickness of 28 um. Based on the results above, we choose
the minimum, center and maximum number of layers to be
three, six and nine, respectively.

4.2 Results of the DOE

We perform the experiments according to the DOE to system-
atically investigate the effect of the fabrication process on the
properties of multi-layer AgNP films. All experimental results in
the form of dependent variables (resistivity and thickness)

RSC Adv., 2018, 8, 19679-19689 | 19683
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Fig. 4 Thickness and resistivity of printed and sintered multi-layer films vs. (a) printing—sintering scheme and (b) number of layers for printing

scheme P1.

depending on the process parameters (temperature, time and
number of layers) are given in the ESIt to this article. Note that
we give all results in the form of an inverted resistivity
(conductivity) since this transformation increases the quality of
regression. The full model derived from the fitting to the
experiments is further investigated using the analysis of vari-
ance (ANOVA) method. The insignificant parameters from the
model equation can be eliminated when the calculated proba-
bility is greater than 0.05. In detail, the ANOVA method gives the
correlation between (inverse) resistivity p, number of printed
layers n, sintering temperature T and time ¢ according to

L (-0.19+ 1.20 x 10*31+ 1.41 x 10*3#+4.85 x 107n
p °C min

TZ
550 x 105 1.83 x 10—
min oC

2

Tt
—2.63x10° .
x C min

o

2
_ 281 x 10*[—) L

min2 10 Om”~

(5)

All linear terms of the process parameters are included in the
correlation but not all quadratic and mixed terms. When we
analyse the coefficients along with typical values for the
parameter, we can infer that both temperature linear and
quadratic terms are dominating the correlation. However, since
they have opposing signs the total influence is lowered. The
same statements can be made for the sintering time. The
accuracy of the DOE-based correlation is demonstrated in
Fig. 5a by a parity plot where experimental conductivities are
plotted against predicted data. We find good to very good
agreement with a root mean square error of only 0.004 x 10~°
Qm.

To obtain further insight into the dependencies, eqn (5) is
plotted in form of different three-dimensional surface plots in
Fig. 5b—-d by keeping one parameter at the central level while
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varying the other two within the experimental range. In detail,
part (b) illustrates the influence of the number of layers and the
sintering temperature for a sintering time of 60 minutes. The
dependency is straightforward in terms that the highest
conductivity is achieved at the highest temperature and number
of layers. Part (c) gives the mutual influence of sintering time
and number of layers at a sintering temperature of 230 °C.
Generally, we find that the conductivity increases with sintering
time and number of layers. However, the mutual influence is
more complex here since the plot indicates a local conductivity
minimum at the intermediate number of layers and time.
Likewise, part (d) reflects the mutual influence of time and
temperature for a film made of 6 layers and reveals a similar
complex situation. Generally, we observe an increase of the
conductivity when sintering time and temperature increase. But
there is a (local) maximum conductivity which indicates that too
high temperatures and times have a somewhat negative impact
and result in a conductivity decline. To conclude, all these
visualizations show that the interaction of the parameters are
complex and the maximum conductivity is only achieved by an
multivariable optimization of all process parameters based on
the outcome of the DOE.

Similarly, we use the ANOVA method to evaluate the signif-
icance of the linear, mixed and quadratic terms that influence
the thickness of the films and arrive in

H _ T 41T2 2
P-_m_ 7.67—0.07%4- 1.32n4+1.41 x 10 @—0.04711 . (6)

We note that there is no significant influence of the sintering
time. Additionally, the correlation has no mixed terms and
comprises only of the so-called main effects; i.e., terms with
a single independent variable that influences the dependent
variable. Since linear and quadratic terms of each parameter
have opposing signs, an interpretation of the correlation is not
right away available.

This journal is © The Royal Society of Chemistry 2018
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To test the quality of eqn (6), predicted and measured film
thicknesses are shown as a parity plot in Fig. 6a. Generally, we
find a very good agreement as indicated by the short distance of
the data points to the diagonal of the plot. The root mean
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(a) Parity plot of predicted and measured inverse resistivity. Inverse resistivity vs. (b) sintering temperature and number of layers at
a constant sintering time of 60 min; (c) sintering time and numbers of layers at a constant sintering temperature of 230 °C; (d) sintering

square error of the differences between predicted and observed
values is 0.57 pm.

To get detailed insights into the dependencies, we plot the
film thickness for a film consisting of 6 layers vs. the sintering

b) Layers /-
2 4 6 8 10
75L-"" Temperature vs Thickness
. —— Layers vs Thickness
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(a) Parity plot of the predicted thickness vs. the measured thickness and (b) effect of temperature (left y-axis) and number of layers on the
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temperature on the left y-axis of Fig. 6b. We find that the film
thickness initially decreases with an increase of the sintering
temperature. At around 240 °C, there is a minimum and the
thickness increases when the temperature is further increased.
Likewise, we plot the film thickness vs. the number of printed
layers sintered at a temperature of 230 °C on the upper x-axis of
Fig. 6b. The effect of the number of layers is considerably higher
than that of the temperature. To good approximation, the
correlation is linear and a doubling of the number of layers
results in a doubling of the film thickness.

To conclude, the DOE allows for a qualitative and quantita-
tive interpretation of the influence of the process parameters on
the properties of the multiple printed and sintered AgNP films.
The resulting correlations can be used, for example, to optimize
the conductivity of a printed film of desired thickness. For
instance, if we would like to fabricate a AgNP film with a thick-
ness of 5 pm and a minimum of electrical resistivity, we need to
print 5 layers where each layer is sintered at 270 °C for 70 min.
The resistivity of such a film corresponds then to 23.9 x 107°
Qm. Likewise, if we would like to have a film with a certain
resistivity, we can choose the appropriate thickness and sin-
tering temperature and time.

4.3 Analysis of the modified resistivity model

In this Section, we use literature and the experimental data of
the DOE to validate the modified FS-MS model that we intro-
duced in Section 3.

4.3.1 Evaluation of the model parameters. To test the
applicability of the model, we first identify the material data and
properties that are required to quantify the film resistivity as
a function of sintering time and temperature. Here, we solely
use literature data for the sintering coefficient S which captures
the influence of various material properties such as the surface
diffusivity and energy on the grain growth during the sintering
process. The proportionality constant k captures all film
features not covered by S. For instance, the amount of NPs per
volume, packing arrangement and others mainly resulting from
the printing parameters. Hence, k has to be determined by
regression of experimental data and it is very likely that it
differs, for example, for thicker and thinner films. We also need
an assumption in terms of surface scattering, which can range
from 0 (fully diffusive) to 1 (fully specular). Generally, the
respective parameter p is determined by fitting the FS model to
thickness-dependent resistivity data.*”*° In the present study, it
is assumed that both diffusive and specular scattering occur
and the surface scattering coefficient is consequently taken as
p = 0.5. Note that the relevance of this parameter value on the
resistivity is generally little as we discuss below. The remaining
parameters that are required for the calculation of the sintering
coefficient S are gathered from literature and summarized in
Table 2.

In terms of the proportionality constant k, we make the
assumption that we can use an average value that covers
a certain range of films. Hence, we select two experiments with
different conditions along with the literature data to calculate
the respective k from eqn (4). In detail, we choose a 5-layers film
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Table 2 Literature data for model validation

Parameter Value Ref.

Surface scattering coefficient p/— 0.5 —

Reflection coefficient I'/— 0.27 Artunce et al.**
Relative density §/— 0.8 Bai et al.*’
Surface diffusivity Dg/(m”* s ™) 3.13 x 107**  Jiang et al.*®
Atomic volume V;,/(m® mol ™) 1.03 x 107> Greer and Street™
Surface energy yp,/(J] m™?) 1.19 Alymov et al.*”
Bulk resistivity p,/(Qm) 15.9 x 10°°  Greer and Street*
Grain boundary thickness é/m 5x10° " Lee et al.*®

sintered at 230 °C and 60 min and a 3-layers film sintered at
280 °C and 30 min and calculate the & values to be 2.27 x 10"
and 3.44 x 10", respectively. Accordingly, we use an average
regression parameter k of 2.85 x 10" in the next subsection to
verify the modified FS-MS model.

4.3.2 Verification of the resistivity model. During the
derivation of the model, we assume that there is only negligible
influence of the solvent, co-solvent and binder of the commer-
cial ink on the surface chemistry of the sintered films. This can
be verified by measuring the elemental composition by EDS
after the solvent evaporation and before sintering. Fig. 7 shows
the EDS spectrum of single layer printed film after treatment at
100 °C for 30 minutes. The EDS reveals that the film consists of
silver with very small traces of oxygen and some silica which
results from the glass substrate. No residuals from solvent or
binder are detected.

We test whether or not our modified FS-MS model along with
the literature data and the average proportionality constant k
can be employed to predict resistivities of differently fabricated
multi-layer films. The left part of Fig. 8 gives the parity plot of
predicted vs. measured resistivity for films that we prepared for
the DOE. The right part is a detailed legend which gives the
fabrication conditions.

When we inspect Fig. 8, we find that the model does not only
reflect the film resistivity of experiments 4 and 10, that we used
to infer the average k from, but also predicts the majority of the
other experiments with a very good accuracy. The prediction of

4000

3000

2000

Counts

1000

0 2 KkeV 4 6

Fig. 7 EDS of a single layer AgNP film after solvent evaporation at
100 °C for 30 minutes.

n
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Fig. 8 Verification of the resistivity model by comparison of predicted with experimental results.

experiments 2, 6, 9, and 13 is somewhat less accurate as indi-
cated from the distance to the parity line while prediction of
experiment 14 more or less fails. The limited accuracy of
experiment 2, 9, and 13 can be attributed to the fact that they
consist of single or dual layers. For this case, the spacing of the
print droplets is very important and there are too few NPs per
area resulting in a packing structure with holes and isolated
NPs. This gives a non-uniform film during sintering as shown in
Fig. 3 In contrast, printing more layers deposits more NPs per
area, which improves the packing structure and lowers the
defects. This results in a more uniform film during sintering
with a different k value compared to the heterogenous film. The
limited accuracy for experiment 6 is probably related to the
extreme long sintering time which induces pore formation,
thereby increasing the film resistivity which is not captured by
the model. The failure of the model for experiment 14 is
understood. Here, the short sintering time of 11 minutes is not
sufficient for the formation of grains and we can assume that
the film consists of layers of uncoalesced single NPs. Since the
model is derived for films which consist of fused NPs due to
sintering, we cannot expect to get accurate results for a case
outside of its applicability. This is also the reason that the
prediction of the resistivity of all DOE experiments at 7= 180 °C
(data not given in Fig. 8) and below fails. At these low temper-
atures, mainly solvent evaporation occurs and neck formation is
not very advanced.

Finally, we compare the accuracy of our model with that of
the conventional FS-MS model for experiments with constant
sintering temperature and time but varying thickness (number
of layers). Fig. 9 shows experimental and predicted data for
films of various thickness that are sintered at 230 °C and 60
minutes. The FS-MS model is fitted to the experimental data as
this is the standard way to infer the model parameter. Here, we
use p = I = 0.5 and [, = 3.2 x 10 ® m, which is the average
grain size at these sintering conditions as predicted by our
extended FS-MS model, as initial guess values. The resulting
regression parameter are p = 0.77, I’ = 0.3 and [, = 3.08 x 10~ °
m. A comparison of the literature data that we engage in our

This journal is © The Royal Society of Chemistry 2018

modified model with these regression results shows a good
agreement for the reflection coefficient and the electron mean
free path. The surface scattering coefficient differs by approxi-
mately 50%. Here, the question arises whether this a mathe-
matical artifact since for a multivariable regression different
sets of regression coefficients may exist that all give good
regression results. Or is this a true difference in material char-
acteristics? The literature data that we employ is for a sputtered
silver thin film and it is possible that there are differences in the
grain morphology compared to a printed and sintered film.
Though, we would then expect that there is also a distinct
difference in the reflection coefficient which is not the case. If
we assume that the surface scattering coefficient extracted from
the FS-MS model is more realistic, we can perform another
regression of our model and arrive in a new averaged k value of
3.08 x 10" which is similar compared to the previous regres-
sion coefficient. This indicates that there is only a minor
influence of the surface scattering coefficient to the film resis-
tivity. This can also be inferred by fitting the single FS and the
single MS model to the data. The FS model (surface scattering)

~
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Fig. 9 Fitting the experimental data with FS-MS model and model in
this study.
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can hardly be fitted to the data while the MS model (grain
boundary reflection) shows an appropriate regression quality.

Nonetheless, it is obvious in Fig. 8 that the conventional and
the extended FS-MS model describe the resistivity of the sin-
tered films for different film thicknesses very well. The major
advantage is that our extended model incorporates the influ-
ence of sintering time and temperature. It utilizes mainly
literature data but the coefficient k£ which we infer from only two
experiments. And in contrast to the conventional FS-MS model,
our approach predicts the resistivity of films sintered with
different temperatures and times with a good accuracy while the
FS-MS model requires fitting for each sintering temperature
and time.

Note that there is an obvious discrepancy between the
modelling approach and the experiments that we pursue. The
model accounts only for the sintering time of the actual (top)
layer that is sintered. However, our films consist of printed and
sintered multi-layers so that sintering of the top layer continues
the sintering of the layer beneath. The straightforward question
is why the correlation still gives a good prediction of the influ-
ence of the time. On one hand, this is due to the fact that the
influence of time in eqn (4) is in the form of a fourth root.
Hence, the sintering time has a profound influence on the
initial grain growth of the top layer but this cumulative time for
the layers beneath has in comparison much less influence on
their grain size.

5 Concluding remarks

This study is concerned with the fabrication of AgNP films by
inkjet printing on glass substrates. We employ a Design Of
Experiments (DOE) to infer the influence of the sintering time
and temperature as well the number of printed layers on the
resistivity of the films. Preliminary experiments are conducted
to guide in the selection of a reasonable parameter range for the
DOE. We find that the sintering of the NPs already takes place at
temperatures well below the solvent boiling point. Still, both
sintering temperature and time determine the grain size and
distribution. We also infer the influence of the printing and
sintering scheme and the preliminary study shows that for
multi-layer films, the lowest resistivity is achieved when a prin-
ted layer is sintered before another layer is printed on top of it.
The outcome of the preliminary study is utilized in the DOE and
the corresponding experiments are conducted. The results of
the experiments are analyzed with the analysis of variance
method. The inferred correlations clarify the influence of each
process parameter and can be used to fabricate films with
desired features such as maximum electrical conductivity which
is important for many applications such as current collectors or
electrical sensors.

Finally, we introduce a novel approach to correlate the
printed film resistivity with the film thickness and sintering
time and temperature by a modification of the well-known FS-
MS model. Here, we assume that the electron average free
mean path corresponds to the average grain size in the sintered
film. This allows for the introduction of a correlation for the
grain growth depending on the sintering time and temperature
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in the FS-MS model. We validate this modified FS-MS model
against the experimental results of the DOE. All model param-
eters are selected from literature but a constant that arises from
the model derivation which mainly captures geometrical prop-
erties resulting from the printing process. We use two different
experiments to infer an average constant and this approach
allows for accurate prediction of all films with more than two
layers. Films with single or dual layers require a different fitting
constant due to a high non-uniformity in the particle arrange-
ment. The accuracy gets limited at the extremes of the sintering
process. That is, when no or little sintering occurs and the film
can be considered as a layer of isolated or little connected NPs
as well as at higher temperatures and times when pore forma-
tion is promoted.

In future work, it would be interesting to investigate the
influence of the NP surface energy on the sintering process. For
examples, many NP inks can only be dispersed by means of
adding stabilizing agents (surfactants, co-solvents etc.) which
has considerable influence on particle and substrate surface
properties. Additionally, we have not yet investigated the
mechanical properties of the films. It would be of interest to
learn about the conditions that are required to achieve good
adherence to the substrate.
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