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Abstract 

The integration of passive components directly into circuit board is an efficient alternative to surface mounted 

devices. Inkjet printing is the emerging technology for the deposition of a variety of particles and therefore for 

digital fabrication of microelectronic circuits. Resistors are one of the most frequently required passive components 

in electronic circuits. In LTCC-technology the integration and additionally the embedding of resistors promises new 

applications. Integrated resistors are usually screen printed. Inkjet printing has several advantages to compete 

seriously with screen printing as production method. This study investigates the possibilities and reliability of inkjet 

printing of thick-film resistors. 

In a first step, different resistive compositions are characterised towards compatibility with a commercial inkjet 

print head. The reliability and long term stability in drop formation are fundamental for production process. 

Further on, the interaction between ink and substrate has to be taken into account to reach the desired morphology. 

In a second step, the advantages of using inkjet for printing resistors are shown. A measure of ink amount is 

introduced for exact dosing of the ink. Afterwards, compositions with a wide resistivity range are printed with 

different print heads. The printed resistors are further passed alternatively through a post-fire or through a co-fire 

process. The effect of variations in particle composition and ink amount are characterized towards the change in 

electrical behaviour. Further, the influences of printing conditions on morphology and resistivity are discussed. 
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Introduction 

Inkjet printing allows fast digital processing of image 

data without any kind of mask. It is a flexible and 

material saving technology for digital fabrication 

which avoids contact to the substrate and previously 

printed layers. When using particle inks with 

electrically functional particles, it has the capability 

for the fabrication of thick-film components for 

microelectronic circuits. 

Conductive silver lines are the basis for such 

circuits and might consist of nano-silver particles 

[1] [2]. As the most important influences on particle 

ink composition and stability are known quite 

well [3], inkjet printing becomes more reliable and 

thus applicable for thick-film printing. To compete 

with screen-printing next step of investigation 

necessarily has to be the realization of passive 

electronic components by ink-jet printing. 

The realization of capacitors is complicated, 

as several different functional layers have to be 

printed on top of each other. In common screen 

printing process each layer passes through a printing, 

drying and sintering step. At least four passes are 

necessary. Finally, there are strong irregularities in 

thickness and the variance in capacity is about 

± 25 % [4]. New high-k particle compositions for 

thick-film screen printing promise high capacitances 

and compatibility with low-temperature co-fired 

ceramic (LTCC) substrates [5]. This is achieved by 

inorganic additives and particle size reduction [6]. 

Whereas smaller particles are a challenge for 

conventional screen printing, they are positive on the 

requirements for inkjet printing. The reliability of 

inkjet printed thick-film capacitors is proven in plate 

design [7] and interdigital design with several 

dielectric materials [8]. 

Thick-film printing of inductors is not so 

common, even though it is in principle very similar to 

conductor line printing. Inductors gain in importance 
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for high-frequency and filter applications [9]. The 

processing of the required ferrite material can hardly 

be achieved by screen printing. New ferrite particle 

compositions [10] for LTCC tape production with 

high permittivity up to 800 promise the integration of 

inductive components as embedded elements with an 

elevated inductance [11]. Inkjet printing of ferrite 

layers is more flexible towards circuit design, further 

on it promises material saving. The reliability of 

inkjet printed thick-film inductors is proven in flat 

square coil design with several ferrite core 

materials [12]. 

 
Figure 1 Thick-film resistors (black areas) on the 

back side of a micro hybrid circuit 

Considering the existing knowledge of inkjet-printed 

conductor lines, inductors and capacitors [2] [7], it is 

consequential to investigate the realization of 

resistors. Thick-film resistors (TFR) are widely used 

in electronic circuits. They serve as voltage or current 

divider or in filters with other passive components. 

Frequently, they are applied as termination, pull-

down or pull-up resistor. They can also be 

implemented as sensors for strain, temperature and 

pressure or as heaters [13] [14] [15]. The production 

tolerance of the resistance value is about ± 40 % [16]. 

About 50 % of thick-film resistors used in 

micro hybrid circuits are in the range up to 1 kOhm, 

less than 3 % are higher than 100 kOhm [17]. When 

possible the resistors are embedded in multi layer 

circuits but usually they are placed on the backside. 

In figure 1 TFR on the backside of a micro hybrid 

circuit are shown. To reduce their variance of 40 % to 

less than 5 % laser trimming can be applied. 

Although, the fundamental construction rules of 

inkjet printed TFR do not differ from screen printing, 

the deposition and behavior of the inks differs 

significantly from that of pastes, thus an adaptation of 

the whole printing process is required. 

Experimental Approach 

Ink Preparation 

The used resistor inks (RI) are a precise composition 

of different organic and inorganic ingredients. 

Organic ingredients are the composition of solvents 

and several binders and surfactants. The particle 

composition is inorganic. The main components are 

the electrically conducting ruthenium dioxide and 

different isolating borosilicate glasses to adjust the 

resistivity. Besides these, several additives (metals 

and metal-oxides) are used to adjust the thermal 

coefficient of resistance (TCR) and the thermal 

coefficient of expansion (TCE). The mean diameter 

of the particles varies from 60 nm to 1 µm. The inks 

cover a range of five resistance decades (Rsq). 

Following the index of the RI expresses the exponent 

of the resistance decade. 

 
Figure 2 Shear viscosity of the used resistor inks 

with different decades of resistance
 

The preparation of a suitable ink is based on two 

essential steps. Initially a paste with high solid 

substance content is prepared. Afterwards, the paste 

is diluted to an ink with a viscosity suitable for inkjet 

printing. The RI are all based on the same 

composition of solvents with a solid substance 

amount (SSA) of 30 wt.-%. Figure 2 shows the 

viscosity of all the used RI. The viscosity depends 

strongly on temperature. By trend, an increase in 

viscosity can be observed with increasing resistance 

decade of the ink. This is caused by an increasing 

fraction of glass particles with low density, which 

leads to an increasing volume fraction of solid 

substance in the ink. Nevertheless, at 40 °C all inks 

are printable with a commercial inkjet printer. The 

ink formulations are further tested for stability and 

reliability in a printing system. 

Printing Equipment 

All resistor inks are printed with a self engineered 

printing system. The print head is a commercial 

Microdrop MD-K-140 mono dispenser with a nozzle 

diameter of 50 µm. It is fixed on a carrier, while the 

substrate is moved underneath by a planar motor. The 

system is equipped with a nozzle surveillance camera 

and stroboscopic LED to investigate the stability of 

the drop formation. The ink meets the requirements, 

when it shows a long-term stable drop formation and 
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when it doesn’t leave too many residues of particles 

after first flushing and cleaning of the head. In our 

case, the drop volume of a stable drop varies for the 

different RI between 120 and 150 pL. 

A second camera system is used for exact positioning 

of the print head towards the substrate. The substrate 

can be heated up to 120 °C by a heating plate 

mounted on the motor's stator.  

Resistor Printing and Processing 
To evaluate resistor printing for co-firing and post-

firing process the RI are printed both, on unfired 

LTCC tapes and on fired LTCC substrates. Both 

kinds of substrates (1×1 inch²) carry an identical 

silver conductor pattern, which allows for printing 

eleven rectangular resistors of length lR = 2 mm and 

width bR = 1 mm. The overlap on termination is set to 

300 µm. The resistors are built up using inkjet 

printing with different drop pitches and different 

numbers of applied layers. The ink amount and 

consequently the thickness of the resistors hR is 

varied. During printing the temperature of the 

substrates is set to 70 °C. After drying the resistors 

are post-fired at 900 °C for 30 min or accordingly 

laminated and co-fired at the same temperature 

profile. 

Ink amount 

One advantage of inkjet printing is the capability of 

very exact dosing in the range of ± 2 %. Whereas 

screen printing applies all the paste in one pass, inkjet 

process applies a large number of small drops. This 

leads to the possibility to control the resistance value 

of each resistor individually by applying a specific 

amount of ink. Assuming, a rectangular resistor 

consists of k individual layers. Each layer is printed 

with N
L
 overlapping lines in the distance y 

consisting of N
D
 overlapping drops in the distance 

x. The applied area load 

L D
D,  

1

R

k

i i i

i

N N m

p
A



  




 (1) 

represents the mass of the ink per finally covered 

area AR (further labelled: specific ink amount). The 

mass of the individual drop mD can be determined in 

several ways. First method uses the nozzle 

surveillance camera to record the drop contour. The 

drop radius R0 can be evaluated by image processing. 

It is possible to calculate the drop mass 

0
D

D

V
m


  (2) 

using the relation 

3
0 0

4
3

V R    (3) 

for the drop volume V0 and the density D of the ink. 

The second method uses the spot contour of 

the placed drop. It is recorded by the positioning 

camera and the spot radius RS can also be evaluated 
by image processing. The drop mass

 

is then 

calculated by equation (2) using 

 2
3

0 S 3

(1 cos ) 2 cos
3 sin

V R
 




  
  


 (4) 

as the drop volume, with θ representing the contact 

angle of the ink on the substrate. 

The last method uses a large number of 

drops N (>10000) that are placed under printing 

conditions into a container. The container is weighed 

before and after printing on a high precision balance. 

The mean drop mass 

D
m

m
N


  (5) 

is averaged from the mass difference m. 

All measurements show an accuracy of 5 % 

or less. As weighting is the simplest method, it is 

used for these experiments. To avoid random error 

the measurement is passed twice and repeated 

frequently. 

Construction and Calculation 

The resistance value of a usual conductor can be 

calculated by 

R
R

R

l
R

A
   (6) 

with the specific resistance ρR of the material, its 

length lR and cross section area AR. 

Industrial pastes for TFR screen printing are 

available in a large range of 10 to 10
7
 Ohm. The 

choice of material depends on reproducibility and 

long term stability. Additional requirements are a low 

TCR, low noise and good trimming characteristics. 

Resistor pastes are normally offered in a system of 

different resistance decades. This is achieved by 

changes in the composition of the paste, resulting in a 

different specific resistance. 

 

Figure 3 Rectangular TFR on termination with 

geometric aspects 

conductor
substrate
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The easiest design to realize TFR is the 

rectangular shape. Its geometric aspects are shown in 

figure 3. Other designs as meander and hat resistors 

are rarely used and therefore not further 

considered [15][17][18]. The resistance value 

R
sq

R

l
R R

b
  

(7) 

of a rectangular TFR depends, besides on the square 

resistance Rsq, on the aspect ratio of its length lR to its 

width bR. The change in aspect ratio is the common 

way to adjust the resulting resistance value of a 

screen printed resistor. Typical minimum length and 

width are 0.5 mm. Good results are achieved with an 

aspect ratio of 2:1 [4]. The square resistance  

R
sq

R

R
h


  

(8) 

results from the specific resistance ρR and the resistor 

height hR. This relation is simplified. The specific 

resistance is not really constant within the resistor, as 

diffusion processes take place in the boundary area. 

Its mean value slightly depends on aspect ratio, 

material composition and surrounding material [19]. 

The knowledge of the influences on the resistance 

value is important, when evaluating the inkjet process 

for the fabrication of TFR. The conduction 

mechanism in TFR is well investigated but not 

completely understood [18][20][21]. The main factor 

for conductivity is the fraction of ruthenium dioxide 

particles on overall solid substance volume and the 

type of glass particles. There is also a big influence of 

the particle size of both RuO2 and glass [22]. Another 

significant influence on resistance value is given by 

the parameters of the sintering process. The softening 

of the glass does not just influence the adhesion of 

the TFR. In fact, it influences the development of the 

resistance value during sintering. Most significant 

parameter is the maximum temperature in addition 

with its dwell time [23][24]. Differences in the 

resistance value can further be caused by interaction 

with the substrate [25], cover layers [26] and 

surrounding LTCC-layers [19]. As these interactions 

are boundary effects, the thickness of the resistor 

plays an important role [27] as well as the 

composition of the interacting materials [28]. 

Geometrical and Electrical Results 

The geometrical properties of the printed 

structures are measured after drying and firing using 

a light microscope with a measurement unit as well 

as a white light interferometer. The electrical 

properties are analyzed with a high precision LCR 

meter. 

Figure 4 shows the uniformity of the 

resistor edges. The different occurrence of the 

resistors’ surface in reflected light is expected, due to 

their different composition. The surface of the 

resistors is not exactly rectangular and slightly 

waved, due to the large applied amount of solvent. 

This can be reduced with improved drying of the 

printed layers. Due to slight differences in physical 

properties the spreading of the higher RI decades is 

marginally lower. This is taken into account when the 

printing pattern is planned. Finally, the mean 

deviation of the base area (2.6 × 1.0 mm²) is less than 

4 %. 

 
Figure 4 Surface of the inkjet printed TFR on 

LTCC after post-firing 

The different roughness and waviness of the surface 

after firing can be measured with the white light 

interferometer. Figure 5 shows the surface of RI 5 

(top) and RI 1 (bottom). The higher glass amount in 

RI 5 leads to a smooth surface after firing. 

Additionally, from this surface data the medium 

height of the resistors can be calculated. 

 
Figure 5 Surface measurement of TFR: RI 5 (top) 

and RI 1 (bottom); height is ten times 

superelevated 

Figure 6 shows the thickness measurement of RI 1. 

The measurement shows a strong variance. 

Nevertheless it can be seen, that the height of the 

fired resistor is larger than calculated by 

SSA
R

R SSA, RI

SSAV p
h

A 


   

(9) 

with the SSA, that is 0.3 for all inks and the 

individual density of the solid substance, which is for 
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example 4.7 g·cm
-3

 for RI 1. The difference in 

resistor height of about +20 % indicates strong 

migration of glass from substrate into the resistor as 

well as a certain porosity. 

 
Figure 6 Resistor height in relation to applied ink 

amount (RI 1) 

For all other RI the variance of the height 

measurement remains high. Nevertheless, its mean 

value fits the calculated height with deviation < 5 %. 

Therefore, minor migration effects and porosity are 

assumed. Concluding from the applied height 

measurements, this method seems not an appropriate 

technique to approximate the resistance value, as 

several measurements are required. Even more, as it 

is not possible during printing. 

For first experiments the ink amount is 

varied on each substrate in a small range and with 

small steps. 

 
Figure 7 Resistance value of post fired resistors 

depending on applied RI 1 

Figure 7 shows the resulting resistance values 

achieved with varying amount of RI 1 after printing 

and drying on fired LTCC and post-firing. Note that 

each spot is just a single resistor. The resistance value 

of RI 1 is approximated to 
1.2

25400Ohm
μg mm

p
R





 
   

 

 (10) 

with regression analysis (power function). 

The slope of the power function is close to the 

theoretical value of -1, which was expected from the 

exponent of hR in equation (8). Altogether, the 

thickness of the resistors is very low, what might 

increase the influence of diffusion and cause the 

higher slope. This trial is repeated with RI 4 showing 

similar behavior. With the other RI the printing 

scheme is slightly changed. The resistors on a 

substrate are printed with the same specific ink 

amount to reveal the standard deviation σ of the 

resistance value. 

 
Figure 8 Range of resistance values of RI 3 and 

range from minimum to maximum value 

on an a substrate with same ink amount 

Figure 8 shows the maximum and minimum value 

on the individual substrates for RI 3. The deviation 

increases with decreasing ink amount. At high ink 

amount the standard deviation is about 2 % and rises 

to 7 % at low ink amount. This behavior can be 

observed for all inks, additionally the overall 

standard deviation increases at higher decades. 

 
Figure 9 Range of resistance values of post fired 

resistors depending on applied RI and 

ink amount 
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Figure 9 shows the summarized results of all post-

fired resistors. All decades reveal the same expected 

behavior. To keep track, the individual slope of the 

resistor decades is listed in table 1. RI 2 shows the 

expected exponent of -1 and at higher decade the 

exponent becomes larger, which means equation (8) 

has to be adapted to each ink. 

Table 1: Regression results (power function) for 

resistance value fitting curve and standard 

deviation (post-firing) 

RI Base in Ω Exponent σ 

1 5.4·10
3
 -1.2 - 

2 7.2·10
3
 -1.0 < 5 % 

3 128·10
3
 -1.2 < 7 % 

4 10·10
6
 -1.6 - 

5 50·10
6
 -1.7 < 8 % 

 

In common, the resistor ink decades are not balanced 

exactly. The increment in resistance value between 

the decades varies between factor 4 and 20 instead of 

regular factor 10. The spots of RI 2, 3 and 5 

symbolize the mean resistance value of eleven 

identically printed resistors on a substrate. The 

standard deviation σ is 7 % or less and depends 

strongly on the applied ink amount. Following the 

previous results that show an increased slope of the 

fitting curves, this is not amazing. On the one hand, 

this indicates again a relatively stronger interaction of 

the thin resistors with the substrate and termination. 

On the other hand, the exact dosing of inkjet printing 

is proven with this good reproducibility of resistance 

value. 

In parallel, the resistor inks were inkjet 

printed on LTCC tape and passed through co-fire 

process. It is not surprising that the basic behavior of 

the resistor inks does not differ much from previous 

results. There are two main differences in co-fire 

process. First, the resistors are laminated with the 

substrates and second, they are fired between two 

layers of dielectric, which might increase boundary 

effects.

 

 
Figure 10 Range of resistance values depending on ink amount for all resistor inks (RI); summary and comparison 

of the results of post-fire and co-fire process 
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The results of all inks are shown in figure 10, 

compared with post-fire results. The comparison 

reveals that co-firing causes a strong increase in 

resistance value at all decades, except RI 2. This is 

observed especially for RI 5 and also RI 4, that is 

even higher than RI 5 after the post-firing process. 

These compositions have a low fraction of RuO2 and 

are therefore very sensitive to interaction with the 

substrate. This interaction is enforced in co-fire 

process. RI 2 seems to be very stable versus 

migration and boundary effects. Regarding RI 1, also 

an interaction with the substrate can be assumed. 

Additionally, an even stronger increase in 

slope of the fitting curve is observed at the high 

decades. The results of the power function regression 

are listed in table 2. At RI 4 and RI 5 the exponent 

reaches -2.4 and -3.8 respectively. In these cases the 

resistance value is extraordinary sensitive. 

Nevertheless, the exact dosing of inkjet printing 

allows reproducible and individual resistance values. 

Although, the inks are very sensitive the standard 

deviation on a substrate is lower than 20 %.  

Table 2: Regression results (power function) for 

resistance value fitting curve and standard 

deviation (co-firing) 

RI Base Exponent σ 

1 3.9·10
3
 -1 < 5 % 

2 5.3·10
3
 -1 < 4 % 

3 2·10
6
 -1.6 < 7 % 

4 2·10
9
 -2.4 < 12 % 

5 2·10
13

 -3.8 < 20 % 

Conclusion 

Thick-film resistors can be printed 

successfully and long term stably with an inkjet 

printer. Different resistor ink compositions with 

30 wt% solid substance, covering a wide range of 

resistance values, are compatible with the print head. 

The self-engineered printing system is optimized for 

resistor printing. It is shown that the controlled 

deposition of the ink on the substrate leads to regular 

geometrical properties. The fine and exactly dosing 

of the print head allows to control the applied ink 

mass per area (ink amount). The resistance value 

correlates directly with this applied ink amount. The 

variation in ink amount could be capable of reducing 

or replacing the trim process in some cases. A low 

standard deviation is achieved in the range of 

σ < 4 %, depending on ink and processing. The used 

inks are suitable for post- and co-fire process, but 

need further calibration to the used substrate and 

process. The shown experimental setup could easily 

be used for ink calibration and test purposes. 

It is demonstrated that inkjet technology has 

the capability to build-up thick-film resistors at least 

as accurate as screen printing and gives new 

opportunities for the design and built-up. 
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