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A B S T R A C T   

Exploring processes for industrial large-scale manufacture of low-cost electronic devices is timely for the up
coming era of the Internet of Things. In this study, a roll-to-roll process using selective metallisation (a combi
nation of flexographic printing of an oil liquid-mask and physical vapour deposition: sputtering and evaporation) 
is explored for the large-scale manufacture of flexible electronics, with a wearable thermoelectric generator as an 
exemplar device. Two post-treatments (electron beam and infrared) are trialled to remove the residual oil after 
selective metallisation. Both are effective for the removal of oil, however, the oil used in selective metallisation 
degrades the functional thermoelectric material severely, causing a dramatic increase in the internal resistance of 
the device. This is attributable to (1) the doping and oxidation issues in the semiconductor film; (2) the existence 
of oil at the interface between the two coatings. The fabricated thermoelectric generator with post-treatments 
shows a good voltage output comparable to a standard device fabricated using shadow mask, providing an 
option for portable devices requiring a voltage source. This study reports an industrially compatible roll-to-roll 
manufacturing process for large-scale manufacture of flexible electronics. Further studies are under way to 
optimise the device performance.   

1. Introduction 

Flexible electronics technology has attracted great attention in the 
era of the Internet of Things [1]. Flexible electronics is a collective term 
for all kinds of electronic systems that are bendable and foldable [2]. 
Flexible technology has a wearable application that enables sensors/ 
electronics to be implanted into the human body (e.g. a brain chip, 
Neuralink) or attached to human skin (e.g. a fitness tracker, Fitbit® 
Flex™). Flexible/wearable thermoelectric generators (TEGs) can be a 
local power source to minimise charging and energy storage re
quirements for wearable electronics [3]. TEGs exploit the Seebeck effect 
to generate power using a temperature difference (ΔT) between the 
human body temperature and the environment across thermoelectric 
(TE) semiconductors (e.g. bismuth telluride, Bi–Te, a typical kind of TE 
material that works in the human body-temperature range). Flexible 
thin-film TEGs made up of inorganic materials deposited onto a polymer 
substrate, are particularly attractive since nanostructured materials 
using boundary or defect engineering could significantly improve the 
performance of TE materials [4–7]. A wide variety of studies have been 
carried out around flexible thin-film TEGs since the first report in 2001 

[8]. Physical vapour deposition techniques such as sputtering or evap
oration are atomistic techniques [9] and have been widely used in the 
fabrication of inorganic flexible thermoelectric thin-film materials 
[9–11]. Physical vapour deposition techniques are roll-to-roll (R2R) 
compatible and have been applied in industry e.g. for flexible packaging 
[12]. Herein, this study focuses on an engineering challenge for large- 
scale manufacture in commercialisation: how to make in-line- 
deposited patterns for a flexible TEG using an industrially compatible 
process – physical vapour deposition in R2R. 

R2R manufacture of flexible electronics is a developing field as a low- 
cost and high throughput means for technology transfer from laboratory 
to industry. Flexible TEGs can be printed onto flexible substrates on 
rollers in a fast R2R process using e.g. screen-printing [13,14], inkjet 
printing [15], or dispenser printing [16]. However, these solution-based 
printing techniques have an inherent drawback for fabricating thin-film 
TEGs: the film thickness cannot reach the nano-size range. However, 
nanostructured TEGs give the prospect of significantly improved device 
performance. Recent advances in a combination of flexography oil 
masking technique and thermal evaporation (the so-called selective 
metallisation technique, SMT [17]) raise the prospect of means to 
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fabricate in-line patterns of nano-thick metals in a fast (e.g. ~25 m 
min− 1 in-line speed) R2R process for flexible electronics. In SMT, an oil 
mask is printed onto a polymer web, then the metal vapour is deposited 
by evaporation during which the oil is simultaneously evaporated by 
source radiative heating and metal condensation [17]. 

In addition to evaporation, sputtering is another promising tech
nique for large-scale manufacturing because of its easy incorporation in 
R2R [18] and compatibility with in-line fabrication [19,20]. Typically, 
evaporation of functional materials (e.g. Bi–Te) requires multiple co- 
evaporation boats and power systems for each element, while sputter
ing is much easier for accurate process control of the deposition of 
functional thin films. Often superior functional properties can be ach
ieved with sputtered layers and hence sputtering is widely industrially 
applied despite typically being orders of magnitude slower than can be 

achieved with evaporation. Further study using SMT by sputtering [21] 
demonstrated a successful in-line pattern of flexible electrodes for TEGs, 
however, the heating of oil on the substrate was insufficient during the 
sputter deposition to form a vapour cloud, and/or the vastly greater 
kinetic energy of the incoming particles via sputtering (several hundred 
eV compared to <1 eV for evaporation) prevented the oil vapour cloud 
from repelling depositing atoms/molecules such that the sputtered 
metal (in that case) deposited onto or into the oil. The residual oil 
remained, and thus a post-cleaning process (isopropanol washing) was 
required. Chemical solution washing is not a desired method in thin-film 
manufacturing because of the likely damage to nanostructures and the 
economics of the process. Hence, this study carries out a further study of 
the combination of SMT with sputtering. The previous work employed 
this technique to fabricate metal patterns while this study is the first trial 

Fig. 1. (a) Schematics of continuous R2R setups and 
stepwise processes used in this work where SMT with 
evaporation of Cu was made in three individual 
processes: flexography + evaporation (2 cycles) +
post-deposition treatment; the oil pattern plate of Cu 
was replaced with one for the Bi–Te pattern; SMT 
with sputtering (20 cycles) of Bi–Te was also made 
followed by post-deposition treatment to remove oil. 
(b) An image of flexography setup (with conveyor 
belt at left side and piston at right side to balance the 
pattern plate).   
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of this technique to fabricate patterned semiconductor materials. 
In this study, SMT employs Krytox® vacuum oil as the liquid mask. 

The oil has a vapour temperature in a vacuum as shown in Appendix 
Fig. A. Hence, post-deposition heat treatment can be considered to 
remove residual oil. A vacuum oven [22–26] is the most simple and 
common method but it is not compatible with flexible polymer sub
strates in R2R, considering the blocking/melting risk of polymer roll. 
Two feasible post-annealing strategies, electron beam (Ebeam) and 
infrared (IR) irradiations, are proposed in this study to remove the re
sidual oil without damage to the functional coating and polymer sub
strate. This would be a step closer to R2R high-throughput manufacture 
of flexible electronics for commercialisation. 

2. Experimental details 

2.1. Sample fabrication 

To make the fabrication process easy, a single n-type TEG [27], 
rather than n- & p-type TEG [28], was employed in this study. Cu 
electrodes have been found favourable for electrically connecting the TE 
(Bi–Te) strips [29]. These semiconductor strips were electrically con
nected in series and a ΔT was applied in parallel to diffuse carriers from 
the hot side to the cold side [30]. 

A continuous R2R process was broken into stepwise processes as 
shown in Fig. 1 a. SMT with evaporation was used to make in-line pat
terns of Cu electrodes, followed by IR or Ebeam irradiation to remove 
the residual oil. Then, the oil printing pattern plate was replaced by one 
suitable for the pattern of the TE material layer. SMT with sputtering 
was then used to make patterns of Bi–Te films aligned to the previously 
deposited Cu patterns, followed by post-deposition treatments (Ebeam 
or IR) for removal of the residual oil. The flexography head was pulled 
back after the first rotation of the drum so it had deposited the oil pattern 
on the flexible sheet, then multiple passes of the oiled substrate were 
conducted over the deposition source for the film deposition and 
simultaneous removal of oil, followed by an IR or Ebeam treatment for 
completion of oil removal. 

All films were fabricated onto a 125 μm-thick polyethylene tere
phthalate (PET) substrate in an Aerre Machines vacuum R2R webcoater 
under a base pressure of 1.3 × 10− 4 mbar. Polymer web was attached to 
a coating drum (circumference 1.8 m) rotating at a speed of 25 m min− 1 

at the drum surface. In addition, silicon wafers were taped alongside the 
PET substrate to simultaneously make samples on which to measure the 
film thickness and for x-ray diffraction (XRD) characterisation. 

The coating thickness was built up by multiple passes of the sput
tering (20 passes) or evaporation (2 passes) source. The sputtering 
condition has been optimised from the previous study [31] (Ar flow rate: 
250 sccm, DC power: 0.25 kW), using a three-inch planar Bi2Te3 target 
(99.999 % purity, Mi-Net Technology Ltd.). In terms of the evaporation, 
Cu wire (1.2 mm diameter, Speedmet 98 Welding Alloys) was fed into two 
resistively heated ceramic boats (Sintec Ceramics) for thermal evapora
tion under a power of ~500 A and a source-to-substrate of ~180 mm. 

Both Ebeam (100 mA, 4 V) and IR (250 W) sources inside Aerre 
Machine vacuum R2R webcoater were trialled to remove residual oil 
from the patterning process with the sample attached to a rotating drum 
(25 m min− 1) under a vacuum of 1.3 × 10− 4 mbar. ~12 min were 
required to reach the set condition for both Ebeam and IR, and ~5 min to 
cool down the sample before it was removed. The treatment time was 
varied: 1, 10, 25, and 50 min (a shorter time is desirable for a fast R2R 
process). The IR source was measured to heat a thermocouple at the 
coating drum to ~70 ◦C, close to the vaporisation temperature of Kry
tox® vacuum oil under this vacuum level (see Appendix Fig. A). 

Alongside the SMT-fabricated samples, non-patterned coated films 
were fabricated under the same deposition condition without the flex
ography technique (i.e. no oil). These evaporated/sputtered films were 
then treated under the same IR or Ebeam condition, to check whether 
the Ebeam or IR could degrade the film performance. There was also a 

control group of TEGs fabricated by sputtering/evaporation through 
solid shadow masks as a standard to be compared with the SMT- 
fabricated TEG. 

2.2. Sample characterisation 

2.2.1. Materials characterisation 
The film thickness was assessed using a Veeco DekTak 6 M stylus 

profilometer to measure a step height between uncoated and coated 
regions (made by polyimide tapes before deposition) on a Si wafer 
(L14017, Siegert Wafer) at six different locations. 

Material phases were identified using XRD (Rigaku Miniflex diffrac
tometer) with Cu kα radiation at 2θ = 10◦–80◦, step size = 0.007◦, 40 kV, 
40 mA, λ = 0.154 nm. 

The film crystallinity was characterised using a high vacuum JEOL 
3000F high-resolution transmission electron microscope (TEM) under 
200 keV connected to Gatan imaging filter 2000TM (1 K × 1 K and 2 K ×
2 K charged coupled camera). Samples were prepared by direct depo
sition of films onto a lacey carbon-supported copper grid (3000 mesh, 
Agar Scientific). 

Sheet resistances of films were measured using an in-house custom 
four-point probe system, by applying current (10− 3–10− 7 A) between 
the outer two probes and measuring voltage in two inner probes via an 
Agilent 34420 A Nano Volt/Micro Ohm meter at 5 locations. Then, the 
electrical resistivity was calculated by a product of the film thickness 
and sheet resistance. 

Mechanical tests were performed in a Linkam Scientific TST350 with 
a 200 N load cell, using a dog bone-like shape sample: width 10 mm ×
length 20 mm with a semicircle of 2 mm radius in the middle at each 
side. 

The residual oil on an SMT specimen was imaged using a Nikon 
LV150NL optical microscope with a magnification of 5×. 

The infrared absorption of the sample was recorded using a Varian 
Excalibur FTS 3500 Fourier transform infrared spectrometer with 
attenuated total reflection in a range of 800–5600 cm− 1. 

Because there is fluorine (F) in Krytox® vacuum oil, detecting the 
element F in the sample could be a method to check the effect of IR and 
Ebeam irradiations on removing the residual oil. A ThermoFisher Scien
tific Al Kα x-ray photoelectron spectrometer (XPS) system was used. 

2.2.2. Device characterisation 
TEGs were characterised via an in-house built Seebeck setup using 

two Peltier modules (RS No. 693–7080) to apply a ΔT between the two 
sides of the TEG. The short-circuit current (ISC) and open-circuit voltage 
(VOC) were recorded by applying various ΔT in the range of 5–31 K. The 
Seebeck coefficient is given by the ratio of VOC and ΔT. The ratio of ISC 
and ΔT is defined herein as ‘Seebeck current’. The power output was 
calculated (P = U2/R) by measuring the voltage (U) across an external 
load resistor (RL = ~18 MΩ) under a ΔT of 11.4 ± 0.2 K, which is similar 
to the internal resistance of the SMT-fabricated TEGs (RTEG) in this case 
(because a maximum P can only be obtained if the load resistance equals 
to RTEG [32–34]). (A ΔT of 11.4 K is a little smaller than the real tem
perature difference, 14–17 K, between the human body and room tem
perature, as considered a temperature loss at the contact between TEGs 
and the human body in a real wearable condition). 

Resistances of in-line patterns (Cu and Bi–Te) were measured in a 
probe station using a Keithley 2400 meter. 

The electrical contact resistance (Rc) at the interface of Cu and Bi–Te 
films was assessed, using the method described in [35], in a probe sta
tion with a Keithley 2400 source to apply current and a Keithley 2400 
meter to measure voltage. Rc was calculated from the average voltage 
jump before/after the interface, using the equation: 

Rc = A •
Vjump

I
(1)  

X. Tao et al.                                                                                                                                                                                                                                      



Surface & Coatings Technology 447 (2022) 128826

4

where A is the contact area between semiconductor and metal (6 mm2), 
Vjump is the voltage jump as the probes move across the interface of metal 
and semiconductor, I is the current applied to pass through the element 
(0.02 μA). 

3. Results and discussion 

3.1. Non-SMT fabricated samples 

3.1.1. Phase identification 
The purpose of using post-deposition treatment is to only remove the 

residual oil after SMT, without any damage to the functional coating and 
polymer substrate (NB: a strong post anneal, as is commonly applied to 
improve semiconductor performance, could improve the film perfor
mance but also could damage the polymer substrate, some such treat
ments on Bi–Te on polymer have been investigated in [36]). Thus, to 
start with, non-SMT samples (the films manufactured without oil pat
terns) were characterised to identify the material phase and to assess the 
effect of the potential oil removal treatments on the electrical perfor
mance of the films. The thicknesses of as-deposited (evaporated) Cu and 
(sputtered) Bi–Te films were 105 (±6) nm and 63 (±6) nm, respec
tively. There is no XRD peak observed for the 60-nm Bi–Te film in Fig. 2 
b although the XPS result confirms the presence of Bi and Te elements 
and the TEM image suggests a polycrystalline structure. The Bi–Te film 
is too thin to obtain sufficient XRD signals. Thicker Bi–Te films (fabri
cated for a longer sputtering time, see Appendix Fig. B) confirmed the 
Bi2Te3 crystalline phase by XRD. 

In Fig. 2 a, both XRD and XPS results confirm the phase of Cu in the 
evaporated film. Because the film is very thin, there is low intensity of 
the (1 1 1) peak. After an IR treatment under ~70 ◦C, there is no obvious 
change with increasing the annealing time (see Fig. 2 c). Short-time 
Ebeam treatment can slightly increase the (1 1 1) peak of Cu films, 
revealing that the Ebeam system is strong enough to enhance the crys
tallinity of as-evaporated Cu films, similarly observed in [37]. The depth 
of Ebeam irradiation was reported as ~50 μm [38], which could anneal 
the whole thickness of Cu films in this case. However, due to such a 

strong Ebeam, a long-time (50-min) irradiation removes the (1 1 1) 
peak, indicating that the film is damaged. This is also observed in an 
image inset Fig. 3 a, in which a 50-min Ebeam irradiation partially 
removes the coating of Cu, and a significant increase in resistivity is 
measured. These suggest that the Cu coating can be removed by a 50- 
min Ebeam irradiation such that the polymer substrate is exposed. The 
sputtered Bi–Te film seems to be less etched by the Ebeam treatment, 
perhaps because of the covalent nature of Bi–Te [39] and its bonding 
strength on PET. 

3.1.2. Electrical performance 
Both IR and Ebeam irradiations improved the measured electrical 

conductivity of as-evaporated Cu films, and the Ebeam treatment seems 
to be more effective (see Fig. 3 a). However, a 50-min Ebeam irradiation 
appears to etch the Cu film, thus increasing the electrical resistivity 
(thickness dependence [40]). In terms of as-sputtered Bi–Te films, there 
is no obvious enhancement after these post-deposition treatments. A 
slight apparent increase in resistivity is observed for >10-min Ebeam 
irradiations; such a strong Ebeam might also etch Bi–Te films, making 
them thinner. (The thickness used in the resistivity calculation was 
constant because of the limitation of the Dektak to measure e.g. <60nm 
Be-Te film). 

This could be regarded as a further study to post-anneal a much 
thinner Bi–Te film (~60 nm), as contrasted to ~1-μm thick Bi–Te film 
[36] which was dynamically post-annealed in the Oxford webcoater by 
Ebeam (170 mA, 7.3 kV) or IR (~145 ◦C). In this study, the treatment 
conditions are 100 mA 4 kV (Ebeam) and ~70 ◦C (IR, see Appendix 
Fig. A) because the purpose is to only remove the residual oil without 
affecting the functional coating. Unlike [36], the IR radiation is not 
sufficient to anneal the Bi–Te film hence there is not an obvious 
enhancement in the film conductivity. In terms of the Ebeam treatment, 
again unlike [36], it does not seem to decrease (there is even a slight 
increase) the electrical resistivity for the ~60 nm thick Bi–Te film, 
because (1) the Ebeam condition in this study is not as strong as used in 
[36] (see above); (2) ~60 nm is close to the so-called threshold between 
the partially coated region and completely coated region for the room- 

Fig. 2. (a) XRD and XPS results of the evaporated Cu film; (b) XRD, XPS and TEM results of the Bi–Te film; (c) Variations of the (1 1 1) peak in XRD of the Cu film 
under 10 and 50 min of Ebeam or IR treatments. 
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temperature sputtered Bi–Te film [41], hence, if the Ebeam etches the 
film into the partially-coated region, the electrical resistivity will 
increase. 

The as-deposited Bi–Te film has a power factor of 3.3 (± 0.2) ×
10− 4 W m− 1 K− 2 with a Seebeck coefficient of − 120.4 (± 3.9) μV K− 1 

(average from five identical samples) and an electrical resistivity of 4.4 
(± 0.02) mΩ cm (average from five samples). A couple of Bi–Te with Cu 
has already been reported [29], and herein the stability is further 
confirmed - a negligible change in thermoelectric performance after a 
year (see Appendix Fig. C). 

3.1.3. Effect on mechanical performance of the substrate 
Wearable electronics should be able to undergo ~1 % strain without 

significant degradation of the electronic performance [42]. In terms of 
the flexible thin-film TEG grown on polymer sheets, the mechanical 
performance is dominated by the polymer substrate. A previous study 
examined the role of substrate properties in the resilience of these de
vices to the mechanical stresses that may be found during R2R pro
duction and use in wearable technologies [43]. In this study, post- 
deposition treatments, IR and Ebeam, are not expected to significantly 
influence the polymer substrate. Fig. 4 shows the result of a tensile test 
for untreated PET, and PET after IR/after Ebeam irradiation for ~50 
min. After the irradiation by IR or Ebeam on the PET sheet, a similar 
Young's modulus indicates a negligible influence on the mechanical 
performance, as expected. 

Fig. 3. Electrical resistivity of as-deposited and post-treated (a) Cu films and (b) Bi–Te films (inset: the image of the arrow pointed specimen. An etching phe
nomenon is only visually observed for the Cu film after a 50-min Ebeam treatment). 

Fig. 4. Tensile stress-strain or force-displacement plot of PET with/without 
post-deposition treatments for ~50 min (Young's modulus is calculated by the 
slope below 2 % strain). 
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Fig. 5. Images of patterns fabricated by SMT (the strip 
width is 2 mm): (a) as-evaporated Cu films; (b-c) as- 
sputtered Bi–Te films with the source-to-substrate dis
tances of 6-cm and 12-cm (the bright regions are directly 
exposed to a light source); (d) SMT-fabricated TEGs; (e-v) 
Cu and Bi–Te patterns after Ebeam/IR treatments for 1, 
10, 25, 50 min, imaged by optical microscopy. (For e – v, 
the white text means the as fabricated patterns; the black 
means the sample after Ebeam treatment; and the red 
means the sample after IR treatment).   
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3.2. SMT-fabricated TEGs 

3.2.1. Images of Cu/Bi-Te patterns 
Fig. 5 a shows a clear in-line-deposited pattern of as-evaporated Cu 

film fabricated using SMT. A small amount of residual oil can be seen by 
visual observation. This is further confirmed by optical microscopy 
(Fig. 5 e). The residual oil was even observed in the region (see the 
colourful area) where the coating had been deposited. Both IR (Fig. 5 f-i) 
and Ebeam (Fig. 5 j-m) irradiations gradually remove the residual oil, 
indicating that these two treatments work well for the removal of oil 
from SMT-evaporated Cu samples. 

Sputtered layers tend to overcoat the patterned oil creating a metal/ 
oil surface mixture (see Fig. 5 b), as previously reported in [21]. A series 
of subsequent experiments were trialled to figure out this phenomenon, 
for example, varying the sputtering time (i.e. the film thickness), the 
drum rotating speed, and the sputtering power (i.e. increasing the en
ergy of the sputtering source) to thermally remove the oil during 
deposition. Only increasing the target-to-substrate distance is found to 
work (see Fig. 5 c). The overcoating phenomenon disappears as the 
target-to-substrate distance is increased from 6 cm (Fig. 5 b) to 12 cm 
(Fig. 5 c), suggesting that (1) a shorter distance could move the substrate 
further into the central plasma region during sputtering, thereby all the 
oil pattern is under the pressure of plasma and thus there is too much 
local pressure for the oil to evaporate; and/or (2) the sputtered particles 
may have lost sufficient energy during the transfer from target to sub
strate, through momentum loss and interatomic collisions to allow oil to 
evaporate through the condensing vapour. This phenomenon is reduced 
(see Fig. 5 c) as the distance increases i.e. the substrate is out of the 
central, higher pressure, plasma region. It should be noted that a long 

target-to-substrate distance would decrease the sputtering rate and in
crease material waste. The as-deposited patterns are then post-treated 
for the residual oil and both IR and Ebeam are also effective to 
remove the residual oil in SMT-sputtered Bi–Te samples (see Fig. 5 n-v). 

3.2.2. Seebeck performance of SMT-fabricated TEGs with post-deposition 
treatment to remove oil 

Open-circuit voltage (VOC) and short-circuit current (ISC) are dis
played with varying ΔT, showing a linear relationship where slopes of fit 
lines are the Seebeck coefficient and Seebeck current in Fig. 6 a and b, 
respectively. There is no significant change in Seebeck coefficient, while 
Seebeck current is significantly lower for SMT-fabricated TEGs after 
either IR or Ebeam irradiation, compared to a standard TEG (made by a 
shadow mask, i.e. non-oil fabrication). The oil seems to damage the 
performance of functional coatings. The internal resistances of the TEGs 
(RTEG) measured using a probe station at room temperature are: 270 kΩ 
(a standard TEG fabricated by solid shadow masks without any post- 
deposition treatments), 25 MΩ (an SMT-Ebeam TEG), 20 MΩ (an 
SMT-IR TEG). These high resistances were not observed (Fig. 3) for 
samples exposed to the radiation treatment without oil. In terms of P 
output (Fig. 6 c), the SMT-fabricated TEG works even though the P is 
three times poorer than the standard TEG. It is noted that the external 
load resistance is closer to RTEG of the SMT-fabricated TEG, thus the 
measured P is approximately the maximum of the SMT-fabricated TEG 
rather than the standard TEG. 

RTEG measured using a probe station may not be very precise because 
there could be an oil gap between the probe and the coating. Seebeck 
measurement uses a silver paste to join the leads and Cu contacts in 
TEGs, which may be less prone to the effects of residual oil at the 

Fig. 6. (a) A plot of VOC vs ΔT (slope of the linear fit is Seebeck coefficient); (b) Plot of ISC vs ΔT (slope of the linear fit is defined as Seebeck current herein); (c) P 
output of TEGs (the dimension of TE strip is 13 mm × 2 mm); (d) Plot to calculate RTEG through the linear fit. (Specimens contain four Bi–Te strips. The Ebeam and 
IR irradiations are 25 min.) 
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contact. To further confirm RTEG, the data of P is used to calculate RTEG 
under a ΔT, using the following equation [34]: 

P = I2 • RL =

(
STEG • ΔT
RTEG + RL

)2

• RL (2)  

rearranged to: 
̅̅̅̅̅
P
RL

√

=
STEG

RTEG + RL
ΔT (3)  

where RL is the load resistance (18.45 MΩ), STEG is Seebeck coefficient of 
the whole device (i.e. the slope in Fig. 6 a), ΔT is the temperature dif
ference (11.4 K), RTEG is the internal resistance of the whole device. 

The calculated RTEG under ΔT (see Fig. 6 d) again indicates that oil 
significantly affects the performance of functional films, and thus a 
significant difference is observed in Fig. 6b. Fig. 6a reveals that the R2R 
SMT-manufactured TEG has a comparable voltage output to the stan
dard TEG, and thus can be used for portable devices requiring a voltage- 
dominant source. To behave as a power source, the SMT-fabricated TEG 

(Fig. 6 c) is more suitable for portable devices with an extremely large 
resistance (in the MΩ range). 

3.2.3. Why does RTEG increase using SMT? 
IR and Ebeam treatments are not expected to significantly affect 

RTEG, as analysed from Fig. 3 for non-SMT-fabricated samples. However, 
RTEG changes a lot for SMT-fabricated and cleaned samples. Resistances 
of SMT-fabricated strips (2 mm × 13 mm) were measured using a probe 
station, as shown in Fig. 7a and b. The oiled Cu film (67 Ω) has a much 
higher (~10 times) resistance than non-oiled Cu film (7 Ω). Post- 
deposition treatments (IR and Ebeam) should gradually decrease the 
resistance of oiled Cu film with the annealing time. However, the trend 
is not obvious, and some samples with a long-time anneal even have a 
higher resistance than the original oiled Cu film. Diffusion of oil into the 
film region is observed in Fig. 5. Given the scatter in the results in 
Fig. 7a, it is speculated that the oil thickness is not even. This is 
particular to the case in which a single drum rotates. It is predicted that, 
in a real R2R case, the residual oil will uniformly cover the film region 
after the polymer web passes a series of rollers, rapidly moving away 
from the oiling region. Hence, it is predicted that the thickness of re
sidual oil could likely be removed at a linear speed with the annealing 
time, thus reducing resistance. In addition, during an R2R process, if the 
residual oil is so thin that the cleaning technique can rapidly remove it, 
then the residual oil will not diffuse to the coated region. However, the 
resistance of the Cu film is not significant in TEGs because RTEG is 
dominated by the TE (semiconductor) part, so this observed change in 
the Cu resistance is likely not significant to the device performance. 

In Fig. 7b, it is seen that resistance of the Bi–Te strip dramatically 
increases for SMT/oiled Bi–Te films (in the MΩ range), compared to 
non-oiled films (the standard sample in the kΩ range). Some Bi–Te 
strips are even unmeasurable. 

Doping and oxidation are considered possible causes of the high 
resistance in SMT-fabricated films. Krytox® oil contains carbon, oxygen 
and fluorine. XPS was used to check the residual F (Fluorine) on the film 
after post-anneals (see Fig. 8 and Table 1). F is found in both Cu and 
Bi–Te films even after 50-min post-deposition treatments. Ebeam irra
diation gradually decreases the amount of observed F (see atomic% in 
Table 1) with the treatment time for both Cu and Bi–Te films. Removal 
of the F using IR seems to work for the Cu film but not well for the Bi–Te 
film. This could be because IR annealing could cause a reaction between 
F and Bi–Te films and thus F will never be removed by the IR irradia
tion. The existence of F in the Cu film does not change their electrical 
performance too much, because TEGs only require the Cu contacts to be 
conductive in the Ω range. However, there is a severe phenomenon for 
the Bi–Te semiconductor because doping of F in a Bi–Te film seems to 
significantly degrade the electrical performance, RTEG (see Fig. 6 b and 
d). Oxidation is another consideration in terms of an increase in RTEG. 
Both Bi and Te elements could be oxidised: a big oxidation peak is 
observed in Fig. 8 e and f. The influence of oxygen content on the TE 
performance of the Bi-Te-based film has already been reported [44]. 

In addition to a possible doping or oxidation issue in Bi–Te films, the 
junction between Cu and Bi–Te films is also analysed. Images inset 
Fig. 7 c indicate the region of the oil pattern is not uniform. After SMT- 
evaporated Cu patterns are post-annealed, the residual oil may not be 
completely removed, prior to deposition of the Bi–Te patterns. A 
breakage in the Bi–Te pattern of the strip was observed (see Fig. 7 c 
inset image) because the Bi–Te film cannot grow onto the residual oil 
region. Only true patterns of SMT-fabricated TEGs are selected for 
analysis through this study. In terms of the Cu/Bi-Te junction, oil could 
also exist at the interface. The contact resistance, Rc, of SMT-fabricated 
TEG is about 200-times larger than that of the standard TEG (Fig. 7 c). 
Hence, a layer of oil or F possibly exists between Cu and Bi–Te coatings. 

Overall, the residual oil could dope or oxidise the functional coating, 
especially in Bi–Te films. A sandwich structure, Cu/Oil/Bi-Te, could 
exist at the interface. These two phenomena result in an increase in RTEG 
of the SMT- fabricated TEG. 

Fig. 7. (a & b) Resistances of SMT-fabricated Cu and Bi–Te strips (13 mm × 2 
mm), following IR or Ebeam irradiations with different annealing times; (c) RC 
of Cu/Bi-Te interface of a standard TEG and SMT-fabricated TEGs following 25- 
min IR and Ebeam treatments (the standard deviation is from three 
measurements). 
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4. Conclusion 

Selective metallisation by sputtering and evaporation was explored 
to fabricate flexible thin-film TEGs in a roll-to-roll process. To deposit a 
two-layer device by oil printing, two post-deposition cleaning methods 
(electron beam and infrared) were studied to remove the residual oil of 
the first layer before deposition of the second layer. The fabricated TEG 

works and behaves as a voltage-dominant source, comparable to a 
standard TEG fabricated using a shadow mask, but the power perfor
mance is much poorer than the standard device because the internal 
resistance increases dramatically. This could be ascribed to the effect of 
the oil by (1) oxidation/doping of fluorine in the functional coatings; (2) 
residual oil at the metal-semiconductor interface. Further investigations 
of the oil type, precise control of oil pattern and stronger Ebeam or IR 

Fig. 8. XPS results of SMT-fabricated patterns after IR or Ebeam treatment.  

Table 1 
Elemental compositions of SMT-fabricated samples after IR/Ebeam treatments as determined from XPS.  

Atomic% F Cu Bi Te O C 

Oil Cu + 10-min Ebeam  44.33 4.24 – –  18.19  33.27 
Oil Cu + 50-min Ebeam  26.55 3.47 – –  52.38  17.6 
Oil Cu + 10-min IR  61.42 0.35 – –  9.6  28.63 
Oil Cu + 50-min IR  28.97 7.38 – –  26.39  37.27 
Oil Bi-Te + 10-min Ebeam  54.52 – 2.2 2.17  14.67  26.45 
Oil Bi-Te + 50-min Ebeam  23.85 – 1.51 1.78  15.25  57.61 
Oil Bi-Te + 10-min IR  62.16 – 0.07 0.19  9.34  28.24 
Oil Bi-Te + 50-min IR  62.52 – 0.03 0.08  9.4  28.01  
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irradiations are considered in the future. 
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Appendix A

Fig. A. (a) Plot of vapour pressure and temperature of Krytox® 1506 vacuum oil; (b) Temperature recording of IR source in web coater (a thermocouple was attached 
on the drum which rotated at a speed of 25 m min− 1 at the drum surface, hence the thermocouple passed the IR source every 4.32 s. The temperature number 
fluctuates around 70 ◦C as the drum rotates). 

Fig. B. XRD pattern of ~80-nm film grown on a Si wafer and ~1-μm Bi–Te film grown on a polymer substrate, with the references of Bi2Te3 (ICSD 
#193330) powders.  
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Fig. C. Power results of TEG (shadow mask): as deposited and after a year.  
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