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 

Abstract— In this paper, inkjet-printed silver traces and 

interconnections produced with the print-on-slope technique were 

used in an RFID structure operating in the UHF range. Underfill 

material was used to attach silicon RFID chips onto flexible, 125-

µm-thick polymer substrates. The cured underfill was also used 

as a sloped surface for printing interconnection traces from the 

chip to the plastic substrate's radiators. Inkjet printing was 

performed in one phase, producing both the interconnections to 

the chip and the radiators. This enables the use of a single-phase 

continuous roll-to-roll compatible process instead of the 

commonly used two-phase stop-and-go process. To further 

investigate the behavior of printed low-temperature nanoparticle 

ink and its compatibility with different substrate materials, basic 

conductive traces were printed onto the substrates. 

Thereafter, the structures were exposed to thermal/humidity 

tests at 85 °C temperature/85% relative humidity ("85/85") for 

up to a 2000-hour period. To gain an understanding of the 

response of the structures under stressing, the samples were 

intermittently characterized using a read range measurement 

device, followed by removal of failed samples from the test. The 

samples were characterized also by optical imaging and field-

emission scanning electron microscopy (FE-SEM). The bulk 

conductive traces were characterized electrically by measuring 

their resistances during test breaks. 

The results point out that, although some challenges are still to 

be overcome, inkjet printing is a feasible way of producing 

conductive traces for RFID structures, and that the print-on-slope 

technique is utilizable also in practical applications as a cost-

effective method with adequate reliability for producing 

interconnections between chip and substrate. 

 
Index Terms—85/85 test, Direct chip attachment, Inkjet, 

Interconnections, Reliability 
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I. INTRODUCTION 

NKJET-printed electronics (IPE) is one potential additive 

manufacturing solution in current and future low-cost 

electronics due to its material efficiency, ease of production 

and customization, low cost of processing equipment, and 

environmental aspects [1-3]. Some other considerable additive 

manufacturing technologies are material extrusion, powder bed 

fusion, binder jetting, vat photo-polymerization, directed 

energy deposition, and sheet lamination [4]. 

The rather low processing temperatures of advanced silver 

inks of around 150 °C enable the use of a wider scale of 

materials and structural solutions than, for example, with 

traditional printed circuit board technology with surface mount 

devices [5, 6]. The minimum width of inkjet-printed lines is 

defined by the drop volume, which in commonly used modern 

technology can be around 1 pl. This results in a drop diameter 

of about 25 µm on the substrate, depending on the ink, the 

surface, and the use of surface modifiers [7]. State-of-the-art 

technology (Electrohydrodynamic EHD printing) suggests that 

a scale of 0.1 femtoliter is available, which is capable of 

producing line widths on a micrometer scale [8]. In addition to 

the aforementioned factors, the electrical conductivities of 

silver inks enable their use in a wide variety of applications 

reaching up to the GHz range [9-11]. 

In this research, inkjet printing was used to fabricate an 

RFID tag's radiator traces on planar substrates, simultaneously 

with interconnections, with the so-called print-on-slope 

technique, for RFID chips. The operating band of the chips 

was in the ultra-high-frequency (UHF) range, at 865-868 MHz. 

While inkjet-printing of RFID antennas has been demonstrated 

earlier by various research groups, fabrication of the entire tag 

structure including the component interconnection is a new 

technique [12, 13]. This was complemented by another test set 

with planar conducting traces for observing the effect of 

stressing in the cured ink. 

To characterize reliability, the fabricated test structures 

were put into a thermal/humidity test chamber ("85/85" test) 

and their read ranges were measured intermittently during test 

breaks. Finally, SEM imaging was used to characterize the 

samples, including crack locations in the structures and 

qualitative analysis of the prints. The basic inkjet-printed lines 

were measured and visually inspected during test breaks to 
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observe how the resistances and adhesion of silver ink on 

different substrates are affected by an elevated 

thermal/humidity environment.  

Figure 1a shows a sketch of RFID chip attachment 

(combining silicon-on-flex and print-on-slope concepts [14-

16]) and the inkjet-printed silver lines of the presented 

structure. The manufactured structure whose design was 

adopted from an industrial partner is presented in Figure 1b, 

where also the bendability of the tag is demonstrated. 

 

 
a) 

 
b) 

Figure 1. a) Sketch of RFID chip attachment, also showing the print-on-slope 

concept. b) Manufactured RFID tag, consisting of RFID chip and inkjet-

printed Ag on a polymer substrate. 

 

II. EXPERIMENTAL 

A. Materials and sample manufacturing 

The RFID chips used in the tags were provided by UPM-

Raflatac. The size of the chip is 450 µm × 450 µm × 150 µm. 

Si has a coefficient of thermal expansion (CTE) of about 2.6 

ppm/°C. 

A commercially available silver nanoparticle ink from 

Harima (NPS-JL, Harima Chemicals, Japan) was used to 

inkjet-print the antenna and the RFID chip connections. NPS-

JL is an n-tetradecane-based nanoparticle dispersion which has 

55 weight-% of silver particles with a 7-nm diameter. 

Three substrate materials were used. Polyimide (PI, 3M 

Kapton 500HN, USA) was included in the study as it is one of 

the most commonly used substrate materials in printed 

electronics. Polyethylene terephthalate (PET, 3M Melinex 

ST506, USA) and poly(p-phenylene oxide) (PPO)/poly(p-

phenylene ether) (PPE) (Premix, Finland) substrate were also 

tested to demonstrate fabrication capability on less expensive 

substrate materials, which on the other hand have lower glass 

transition temperatures (Tg), and to review their performance 

in the test. The substrate materials are listed in Table I together 

with the thicknesses and glass transition temperatures given by 

the manufacturers. In addition to this data, according to the 

manufacturers, moisture absorption of the PI and PPO/PPE 

substrates are 4 % and 0.2 %, respectively, whereas the 

manufacturer of PET substrate gives the coefficient of 

hygroscopic expansion as 6 parts-per-million (ppm) per 

percent of relative humidity (R.H.) between 40…80 % R.H. 

 
TABLE I 

SUBSTRATE MATERIALS USED IN THE RESEARCH 

Substrate material 
Nominal 

thickness 

Tg 

(°C) 
CTE (ppm/°C) 

Polyimide (PI) 125 µm 360 17-20, at -14-100 °C 

Polyethylene 

terephthalate (PET) 
125 µm 80 10, at 20-50 °C 

Poly(p-phenylene 

oxide)/poly(p-phenylene 

ether) (PPO/PPE) 

125 µm 210 65 

 

The RFID tags were fabricated in a so-called "component 

first" method in which the component was first attached to the 

substrate and the antenna and component connections were 

printed on top of the component [17]. The RFID chip was 

attached to the substrate using Epotek U300 (Epoxy 

Technologies, USA) adhesive material with a CTE of 55 

ppm/°C below the glass transition temperature of 127 °C. This 

epoxy underfill was placed onto the substrate with a manual 

dispenser. The adhesive was thereafter cured for 10 minutes at 

150 °C according to the manufacturer’s instructions. 

The antenna structure and component interconnections were 

printed with an iTi XY 2.0 MDS prototype inkjet printer. A 

nominal resolution of 5050 drops per inch (dpi) was used, but 

a masking algorithm employed to improve drying of the ink—

and thus print quality—meant that the actual effective 

resolution was 789 dpi. The masking algorithm is explained in 

detail in ref [18]. Spreading of the ink was also controlled by 

using a solution of 1% EGC-1720 (3M, USA) surface energy 

modifier on the substrate prior to printing [19]. After printing, 

the silver nanoparticle ink was sintered for 60 minutes at 150 

°C according to the manufacturer’s instructions. Altogether 26 

RFID tags were manufactured, verified to be operational, and 

put to the test. These tags consisted of ten with PI, nine with 

PET, and seven with PPO/PPE substrates. Figure 1b shows an 

example structure with PPO/PPE substrate. 

In addition, inkjet-printed lines were manufactured and their 

resistances measured on all the substrate types (24 lines per 

substrate type) to observe solely the response of inkjet-printed 
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lines to stressing. Examples of Ag lines on PI, PET, and 

PPO/PPE substrates are shown (after stress test) in Figure 2a-

c, respectively. Some extraneous spreading of ink on each of 

the substrates can also be observed. 

 

 
a) 

 
b) 

 
c) 

Figure 2. Laser microscopy images of the design used in simple resistance 

monitoring of cured ink during the test breaks. Images taken after stress test 

from prints on a) PI, b) PET, c) PPO/PPE substrates. 

 

B. Stress tests 

Moisture absorption of polymer materials can be a challenge 

to reliable operation of electronics. Therefore, to characterize 

the reliability of the RFID tags, an "85/85" 

temperature/humidity (T/H) life test was used [20]. The 

standard defines the temperature as 85 ± 2 °C and relative 

humidity as 85 ± 5 %. The test time is defined as at least 1000 

hours. The 85/85 accelerated stress test was chosen to study 

whether or not—besides elevated temperature—the moisture 

absorption of polymer affects the reliable operation of printed 

RFID devices. 

The total stress time for the printed RFID tags was 1724 

hours and the tags were taken out for inspection nine times. 

The stress time between inspections varied from 139 to 353 

hours, while the median stress interval was about 160 hours. 

The bulk conductors were measured during the same intervals; 

however, their stressing was continued up to 2007 hours. 

C. Characterization methods 

Before the tests and during the stress intervals the RFID tags 

were inspected visually and their functionality verified. 

Functional verification, presented in detail in ref. [21], was 

done using a Voyantic Tagformance lite RFID test chamber 

(Voyantic, Finland) to make sure each of the RFID tags 

responded to the RFID transponder. Changes in read ranges 

were characterized during the stress test intervals by 

contrasting those measurements to the initially measured read 

ranges. No specific read range threshold for determining a tag 

as failed was used, but it was deemed failed when it did not 

respond to the transponder at all. 

Resistances of basic conductive lines were measured during 

the test breaks to observe the response of the cured ink to 

stressing. 

Imaging of the samples was done with an optical 

microscope and a (field emission) scanning electron 

microscope (FE-SEM). In addition, laser microscopy was used 

to support these imaging methods. Optical microscope images 

were taken from the top of the samples to observe the inkjet-

printed interconnections and traces. SEM images were taken 

from a slight angle near the top of the samples to observe 

especially the interconnection area of the conductor traces near 

the RFID chips. Selected samples were immersed in an epoxy 

resin and dried, followed by careful grinding and polishing to 

reveal the cross-sections of the RFID structures. 

III. RESULTS 

A. Read range measurements of RFID structures 

Before stress testing, the measured read ranges averaged 5.8 

m, with a range of 4.4-7.0 meters. The data related to the read 

range measurements of the structures on each substrate are 

presented in Table II. 

 
TABLE II 

TEST SET DATA 

Property 

Substrate material 

PI PET PPO/PPE 

Number of samples 10 9 7 

Broken after test (1724 hrs.) 7 6 1 

Average read range (m) 6.21 5.45 5.70 

-Standard deviation (m) 0.66 0.42 0.81 

Average change in read range (m) 0.11 0.32 0.35 

Amount of samples with increased 

read range in the end compared to start 
1 7 4 

 

 Examples of read range measurement results of RFID 

tags obtained during intervals of the test is presented in Figure 

3a-c. No remarkable degradation in the read ranges has 

occurred in these case after 1724 hours of testing. In Figure 3b 

and c, the maximum read range has actually increased at the 

end compared to the start of the tests, being as much as 1.291 

m for the PPO case, Figure 3c. This behavior was observed 

with 7 out of 9 and 4 out of 7 of the samples printed onto PET 

and PPO/PPE substrates, respectively. With PI substrates the 

last read range measurements, taken either before breakdown 

of the sample or at the end of the test, were lower than the 

initial values in all except one PI sample (also, one PI sample 

was broken during the first stress test interval, between 0-164 

hours). For the failed tags the change from functioning to 

failed was sudden, i.e. it occurred within one testing interval, 

and no indications of failures were observed beforehand. 
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a) 

 
b) 

 
c) 

Figure 3. Read range measurement results of RFID tags at different phases of 

the test, showing the peak read range in the operating band. a) PI, b) PET, c) 

PPO/PPE. 

 

On the basis of the read range measurements, Figure 4 

shows the percentual amount of failed RFID tags as a function 

of time periods of stress testing where the tag has failed. The 

figure suggests that the tags using PPO/PPE as a substrate 

material had better reliability with no failures after 1000 hours 

of testing, and one failed tag out of seven after the test, thus 

indicating that 14 % of the population failed, while tags with 

PI and PET as a substrate were somewhat less reliable. 

 

 
Figure 4. Amount of failed RFID tags as a function of test time. 

B. Resistance measurements of inkjet-printed conductor 

lines 

Resistance measurements of the printed lines were done on 

each of the three substrate types. Two individual samples of 

each substrate type were used, with 12 lines printed on both, 

i.e. 24 lines per substrate type were measured. The averaged 

resistances and standard deviations of the lines on each 

substrate are presented in Figure 5. For lines printed on PET 

and PPO/PPE substrates, clearly decreasing trends in the 

averaged resistance values can be seen, whereas for the PI 

substrate, this trend does not exist. The average standard 

deviations of the resistances in the whole testing period were 

1.1 and 0.42 for substrates PI_1 and PI_2, respectively; 0.17 

and 0.14 for PET_1 and PET_2, respectively; and 0.14 and 

0.12 for PPO/PPE_1 and PPO/PPE_2, respectively. The 

adhesion of the printed conductors to the PI substrates was 

found to be poor. 

During the testing a total of six printed resistance 

measurement lines failed during four intervals, all on PI 

substrates, see Figure 5a. In the figure, points i)–iv) show 

failures that occurred between i) 490-678 hours, ii) 678-837 

hours, iii) 1000-1139 hours, and iv) 1724-2007 hours, 

respectively. 

 

 
a) 
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b) 

 
c) 

Figure 5. Average resistance values and standard deviations of inkjet-printed 

conductor lines on a) PI, b) PET, c) PPO/PPE substrates. 

 

C. Optical and SEM imaging 

Figure 6a is a top view of the chip attachment area on a 

substrate showing underfill, RFID chip, print-on-slope, and the 

interconnection parts of the silver lines to the chip. Figure 6b 

and Figure 6c show problems encountered during 

manufacturing, i.e. non-uniform spreading of the ink and 

misalignment of the chip on top of the underfill. Despite the 

somewhat poor quality, these particular RFID tags were 

functional. Besides these initial process problems, in some 

cases the ink spread along geometrically favorable features of 

the chip. 

Figure 6d shows the initial and after test conditions of a test 

case with PET substrate, respectively. The stress-induced 

cracks are seen most clearly in the corner area pointed out with 

an arrow.  

Complementary laser microscopy imaging and measurements 

showed the ink thickness of conductors being on the order of 3 

µm. 

 

 
a) 

  
b)            c) 

 

 
d) 

Figure 6. Images taken from top of RFID tags. a) RFID chip attached with 

underfill onto a PET substrate, together with inkjet-printed Ag lines shown. b) 

Non-uniform distribution of Ag ink on underfill deposited on top of a 

PPO/PPE substrate. c) Misaligned component in the underfill deposited on 

top of a PPO/PPE substrate. d) PET sample #9 before stress test (left) and 

after 1724 hours of 85/85 test (right). 

 

Figure 7 is a cross-section image of a stress-tested RFID tag 

with a PPO/PPE substrate, showing a side view of the print-

on-slope structure and ink spreading. The ink thickness is 

slightly smaller on top of the chip than on the slope part, i.e. 

the underfill. 

SEM micrographs from the top of the RFID tags show the 

quality of printing, some observed anomalies, and stress-

induced cracks (Figure 8a-c). Observed thickness of the Ag 

print was on the order of 3 µm in SEM images as well. 

Figure 8a shows a stressed sample with some, yet non-

critical, process issues. These include grooves in the thickest 

part of the Ag layer on top of the chip, and one interconnection 

trace having an impaired connection to the pad due to slightly 

misaligned print combined with extraneous flow of underfill 

material on top of the chip corner area. In spite of these 
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defects, the tag was operational before stress testing: initially 

the read range was 6.54 m, which was better than the average 

of the test set (6.21 m). The imaging of the structure was 

performed after testing. Looking at the lower left side in more 

detail, inset of Figure 8a, an area of cracked silver print can be 

seen, with a crack opening being most significant in the corner 

of the chip. This (PI) sample was the first broken during the 

testing, between 0-164 hours, confer to Figure 4. 

Figure 8b shows a common failure observed in the 

structures, i.e. cracking of the chip-underfill interface, which 

has cracked the silver ink, as well. Besides this, the figure 

shows how silver ink has run along the vertical details on top 

of the chip (upper part of the image) during processing. Cracks 

similar to those shown in Figure 8a-b were observed with all 

three substrate materials after stress test. Figure 8c shows the 

cracked corner area of a sample with PET substrate after 1724 

hours of T/H test, pointed out with an arrow in the optical 

microscope image, Figure 6d. 

 

 
Figure 7. Cross-section view of an RFID chip attachment on a PPO/PPE 

substrate, showing the result of the print-on-slope technique; images were 

taken from a stressed sample after 1139 hours in the 85/85 test. 

 

 
a) 

 
b) 

 
c) 

Figure 8. a) Ag print on the chip and in its vicinity (PI substrate) with a inset 

image of the lower left corner, showing stress test induced cracks in print. b) 

1000x magnification of a chip's corner, showing cracking of the underfill-

chip interface of a chip attached on PI, which has resulted in cracking of the 

conductor. c) Test induced cracks in print, PET substrate. 

 

IV. DISCUSSION 

A. Process 

1) Print-on-slope technique 

The print head was kept at a fixed location during the 

processing and the "focal point", in a sense, was adjusted 

according to the chip structure. This resulted in the actual print 

distance being smaller on top of the chip compared to the 

substrate. However, no significant difference was observed in 

the resulting print. 

The main challenge in the printing phase was optimization 

of the surface energy of the substrate, especially the slope. 

Wetting modification is necessary as the silicon chip, the slope 

material, and the polymer substrates have different surface 

characteristics. 

As Figure 6b shows, a potential risk that should be noted in 

manufacturing printed interconnections is the ink spreading 

along the surface of the chip, adding to the possibility of short-
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circuits between connecting pads. However, robustness of the 

design ensured the functionality of the RFIDs despite process 

fluctuations. 

In some cross-sections ink thickness was slightly smaller on 

the chip compared to the slope and substrate parts, see Figure 

7. The causes of this can be i) in the edge areas of the print, 

such as on the chip, the ink is thinner than in the middle areas, 

and ii) the ink had flowed downhill from the top part of the 

underfill during the process. 

 

2) Ink curing temperatures 

Post-curing of the silver ink was observed in resistance 

measurements of the lines printed on the PET and PPO/PPE 

substrates. This can be seen in Figure 5b-c, where the average 

resistance values were reduced to approximately half of the 

initial average value during the execution of the whole test. 

This is in line with previous results [22]. Contrary to this, no 

such phenomenon was observed with the PI substrate. 

Although an increased state of curing of ink printed on PI 

substrates cannot be ruled out, a more likely factor is the 

adhesion problem, which caused a large deviation in the 

measured resistance values, thus masking the reduction in 

resistance. 

 

B. Measurements and reliability test results 

1) Read range 

It was found with each tag that stress testing did not reduce 

the measured read range significantly until a total failure 

occurred. In most cases with PET and PPO/PPE substrates the 

read range was actually higher at the final measurement before 

breakdown or at the end of the test; an example is shown in 

Figure 3c. This occurred with only one sample with PI. This 

increase hints towards post-curing of the ink during the stress 

test. This phenomenon has been observed earlier [22]. 

Decreasing ohmic resistance can be straightforwardly linked 

to improving read distance. In free space, the read range can 

be presented by Friis’ equation, see [23], for example. The 

equation in its basic form is 

 
2

4










r
GG

P

P
rt

t

r





        

     (1)

 where 

Pr   = received power 

Pt   = transmitted power 

Gt   = gain of the transmitting antenna: ttt DG  , ηt = 

efficiency; Dt = directivity of the transmitting antenna 

Gr   = gain of the receiving antenna 

λ   = wavelength of the RFID’s operation frequency 

r     = distance of the transmitting and receiving antennas 

(maximum read range of the RFID tag) 

 

Rearranging the equation to find the read range, and including 

power reflection coefficient |s|2 presented by Kurokawa [24] 

results in 
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P
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r
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4
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     (2) 
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


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s
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SL          (3) 

 

the rest parameters being 

|s|   = power wave reflection coefficient 

ZL   = load impedance (e.g. tag’s RFID chip) 

ZS   = source impedance (e.g. tag’s RFID antenna), asterisk 

implies a conjugate 

 

The ratio of output and input powers, Pr/Pt, represents the 

efficiency η of the whole transmission path. Setting aside the 

reflections from mismatches, this number is affected by gains 

of antennas (which accounts for efficiency of both antennas), 

wavelength of the operating frequency, and distance between 

antennas as pointed out in Figure 9. The figure shows 

reference antenna patterns as spheres, and main lobes of the 

actual antennas with directivities Dt and Dr as cones pointing 

towards each other. Often a high directivity is desired so that 

the antenna can transmit/receive signal at a given direction 

from far away. Gains Gt,r account for directivities and also 

efficiencies ηt,r, affected by losses such as resistive loss Rloss. θ 

and Φ are the elevation and azimuthal angles ranging from 

0…π radians (0…180°) and 0…2π radians (0…360°), 

respectively. They are used in representing the radiation 

patterns of antennas, F(Ѳ,Φ) function values, in spherical 

coordinate system. 

 

  
Figure 9. Transmission path from transmitter to receiver. 

 

 Looking at a single (transmitting) antenna element, similarly 

the proportion of antenna’s radiated versus applied input 

power, PTx/Pt, shows its efficiency [25]. Reciprocally, for the 

receiving antenna the proportion of its available output and 

input powers (Pr/PRx) is equivalent to its efficiency. To 

simplify following analysis it is assumed that good impedance 

matching exists for operation (i.e. resonance) frequency, and 

therefore practically no power is reflected, |s|2→0, and gain 

equals realized gain. Thus, the power received at the element 

is either transferred onwards or dissipated by ohmic losses Rloss 

along the trace. Considering the power depleted through ohmic 

loss and that P=I2R, the efficiency ηtag expressed by terms of 
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power and finally by proportionality of resistances (e.g. [26]) 

is 

 

lossr

r

lossr

r

Rx

r
tag

RR

R

PP

P

P

P





        (4) 

where 

Pr   = power delivered to the tag’s chip, see equation (1) 

PRx  = input power to the tag’s radiator 

Ploss   = power loss due to ohmic resistance 

Rr   = antenna’s radiation resistance 

Rloss   = antenna’s loss resistance 

 

Figure 10 presents the RFID tag in receiving mode. For 

calculations of e.g. the required transmission power, Pr could 

be chosen to be the threshold power needed to power up the 

RFID chip. 

 

 
Figure 10. Efficiency of the tag antenna with received power PRx. 

 

 Looking at equation (4) and Figure 10, large Rloss compared 

to Rr results in low antenna efficiency ηtag, i.e. large portion of 

power is attenuated/transformed into heat along the conductor. 

Therefore, maximizing antenna efficiency requires maximizing 

the proportion of radiation resistance Rr to loss resistance Rloss. 

With current case, decreasing Rloss due to post-curing of the 

inkjet-printed lines results in increasing efficiency ηtag, and 

therefore an increased read range r. 

As stated before, measurements were made during the 

testing intervals. However, slightly larger variation could 

occur before failure if the measurements were made during 

stressing. This has been noted previously with DC and RF 

measurements of interconnections, and is discussed, for 

example, in refs. [27, 28]. On the basis of a short search, the 

read ranges of inkjet-printed tags are close to or equal to those 

made with traditional technology with etched aluminum or 

copper traces. When the fractures on traces connecting the 

chip to the radiator have propagated through the whole 

interconnection, as most clearly shown in Figure 8b, an 

electrical discontinuity occurs and the tag fails to respond to 

the reader. 

 

2) Resistance measurements of bulk conductors 

As mentioned in the results, the average resistances of the 

lines printed on PET and PPO/PPE substrates were reduced 

during the execution of the test. This was likely due to post-

curing of the ink. Similar results have been found with paper 

substrates [29]. In addition to the measurements being 

performed at room temperature, the resistances were not 

continuously monitored during the stressing, which might have 

masked some of the failures. No indications of failures were 

observed beforehand in the resistance measurements. Poor 

adhesion of the ink onto the PI substrate caused randomness in 

the measured resistances. This effect can be seen by comparing 

the standard deviations of each substrate in Figure 5. This 

finally resulted in failures of some of the conductors. 

Disregarding these also easily visually observable failures it 

can be noted that the ink-substrate interface was not affecting 

the reliability lifetime of the actual RFID test case, and the 

critical place concerning reliability is elsewhere (chip-underfill 

interface). 

 

3) Differences between substrates 

Although the amount of samples in the tests was not large, 

the results can be considered indicative. Of the samples, the 

ones printed on PPO/PPE substrates seem to be most reliable 

under combined thermal and humidity stress. With PI the 

adhesion of the ink was found to be a challenge. Peeling of the 

printed lines was observed in many cases. For example, by 

roughening the rather smooth substrate surface the ink would 

have adhered to it better. However, this result together with 

previous supporting results, and also noting the large moisture 

absorption of PI, [22, 30] suggests that the use of this ink-

substrate material combination is rather risky. 

 

4) Location of cracks 

On the basis of SEM imaging, the most vulnerable place on 

the RFID tags is the chip corner areas, at the interface between 

the chip and underfill, as seen in Figure 8a-c. The reason for 

this is that the materials (Si chip versus polymer substrates) are 

dissimilar in terms of both thermal expansion and moisture 

absorption. Si has a CTE of about 2.6 ppm/°C as noted earlier, 

and in addition it does not absorb moisture, whereas the CTEs 

of polymer substrates and underfill are many times higher—

see Table I—and are prone to moisture absorption. 

This research showed that 85/85 tests induced cracks in the 

chip-underfill interface, finally breaking the interconnections 

to the silicon chip's pads. This cracking was not observed with 

non-stressed sample. No cracks were anticipated nor observed 

in the functional areas of the chips. The polymer material 

absorbed humidity and swelled, this together with the elevated 

temperature caused creep that finally resulted in electrical 

opens in the printed traces. In addition to this, delamination of 

the printed conductors from their substrates was observed with 

PI, suggesting incompatibility between the ink and the smooth 

and inert surface of PI. 

It is a known fact that increasing the distance to neutral 

point (DNP) increases stresses in interconnections. Thus, using 

a larger chip increases stresses at the vertical chip-underfill 

interfaces, i.e. the edges and corners of the chip, resulting in 

earlier failures. Therefore, with the current configuration the 

chip size of 450 x 450 µm is near, if not, the maximum, size 

that can be used with a chip thickness of 150 µm. Increasing 

the chip thickness and thus the interconnection height will not 

likely increase reliability due to increased rigidity and the 

different properties (CTE and moisture absorption in this case) 

of the chip compared to the substrate and underfill. The 

problematic vertical interface remains the same, and may not 
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therefore be contrasted to the more common case of 

interconnection height in solder interconnections, for example. 

 

C. Stress testing 

In this study, 85/85 T/H stress testing was selected in order 

to observe the behavior of the samples, especially the printed 

interconnections at elevated temperature and humidity. 

Moisture absorption of polymer materials can cause problems 

in a field environment, as can elevated temperatures, which 

both in this case caused stresses in the interfaces of the 

different materials. Also, potential adhesion problems between 

the inkjet-printed, low-temperature curable silver conductors 

and substrates were of interest, as these issues have been noted 

earlier in stress tests with PI substrates and inkjet-printed silver 

conductors [22, 31, 32]. 

The test duration recommended in the JEDEC A-101C 

standard is 1000 hours. In the current research, however, the 

stressing was continued for up to 2000 hours in order to record 

more failure times of the samples, and thus to better determine 

their reliability. 

V. CONCLUSIONS 

This work presented a capability assessment of inkjet printing 

for reliable RFID applications. 85/85 tests were used to induce 

stresses in the manufactured flexible RFID tags. Also simpler 

structures made of similar conductor and substrate materials 

were used in the tests for monitoring resistance changes of the 

actual inkjet-printed lines. Characterizations (both electrical 

and imaging) were performed on the structures. According to 

the results, the following conclusions can be made: 

1) The material and structural compatibilities of inkjet-

printed and more traditional electronics manufacturing 

technologies are crucial factors affecting reliability. These 

issues can be condensed into three factors: adhesion, 

thermomechanical properties, and dimensions. 

2) Challenges during IPE processing that must be considered 

include spreading of ink, material thickness control, 

component attachment, and curing profile optimization. 

3) The print-on-slope technique is a potential additive 

manufacturing solution for connecting pads of small chips 

successfully onto thin substrates in one phase process. 

4) Post-curing of silver ink can occur in spite of following a 

conservative ink curing profile. This was observed in 

electrical measurements as a decreasing resistance value, 

which related to increasing RFID read range. 

5) Read range measurements made during testing intervals 

showed no degradation before total failure of RFID tags. 

In best case, the read range actually improved as much as 

1.3 m due to post-curing of the ink during stressing. 

6) Of the tested material and structural combinations, the one 

with PPO/PPE substrate passed the 1000-hour no-fault 

test requirement in the 85/85 test. 
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