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Abstract: In this work, we investigated the use of in-line linear electron beam irradiation (LEB) surface
treatment integrated into a commercially compatible roll-to-roll (R2R) processing line, as a single
fluorocarbon cleaning step, following flexography oil masking used to pattern layers for devices.
Thermoelectric generators (TEGs) were selected as the flexible electronic device demonstrator; a
green renewable energy harvester ideal for powering wearable technologies. BiTe/BiSbTe-based
flexible TEGs (f-TEGs) were fabricated using in-line oil patterned aluminium electrodes, followed
by a 600 W LEB cleaning step, in which the duration was optimised. A BiTe/BiSbTe f-TEG using
an oil-patterned electrode and a 15 min LEB clean (to remove oil prior to BiTe/BiSbTe deposition)
showed similar Seebeck and output power (S ~ 0.19 mV K−1 and p = 0.02 nW at ∆T = 20 K) compared
to that of an oil-free reference f-TEG, demonstrating the success of using the LEB as a cleaning step
to prevent any remaining oil interfering with the subsequent active material deposition. Device
lifetimes were investigated, with electrode/thermoelectric interface degradation attributed to an
aluminium/fluorine reaction, originating from the fluorine-rich masking oil. A BiTe/GeTe f-TEG
using an oil-patterned/LEB clean, exceeded the lifetime of the comparable BiTe/BiSbTe f-TEG,
highlighting the importance of deposited material reactivities with the additives from the masking
oil, in this case fluorine. This work therefore demonstrates (i) full device architectures within a R2R
system using vacuum flexography oil patterned electrodes; (ii) an enabling Electron beam cleansing
step for removal of oil remnants; and (iii) that careful selection of masking oils is needed for the
materials used when flexographic patterning during R2R.

Keywords: flexible electronics; roll-to-roll; physical vapor deposition; patterning; flexography;
thermoelectric; linear electron beam irradiation

1. Introduction

Thermoelectric generators (TEGs) exploit the voltage differential across n- and p-type
materials when a temperature gradient is present, via the Seebeck effect, allowing for
current to be driven through an applied electric load. TEGs are often utilised as energy
harvesters powered by waste heat in the automotive, power, and personal electronic indus-
tries. In particular, flexible TEGs (f-TEGs) gained attention for the wearable technology
sector, utilising the natural thermal gradient between the body (37 ◦C) and the surround-
ing environment (15–25 ◦C), powering low-power devices such as health monitors and
sensors [1–3].

Roll-to-roll (R2R) is a desirable manufacturing technique for flexible electronics that
can be utilised for devices such as f-TEGs. Webs of flexible substrates are wound at high
speeds, e.g., 10–500 m min−1 from one roll, through processing chambers, back onto
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another roll. Multiple layers of a device can be deposited in sequential deposition steps
within a single pass of the R2R [4–8]. Physical vapour deposition (PVD) techniques, such as
sputtering and thermal evaporation, offer high-quality and tuneable thin films and recently
demonstrated promising R2R compatibility for high-throughput manufacturing of f-TEGs.
To create patterned devices, flexography is an ideal PVD-R2R compatible process, offering
high speeds (e.g., up to 180 m min−1), and relatively low set-up costs compared to that of
traditional ink-jet or gravure techniques [4,9].

Flexographic oil masking transfers oil from a stamp to the substrate to function as a
mask. During deposition of thin films via PVD, the oil mask is simultaneously evaporated
or ablated, removing the mask and leaving behind the patterned thin film. However,
complete removal of the oil during this process is challenging, often with oil residue left
behind, thus creating potential contamination and cleanliness problems for subsequent
fabrication steps, possibly compromising the function of devices [4,10].

This paper proposes a novel approach to overcome this challenge by incorporating
a linear electron beam (LEB) process into the PVD-R2R flexography process line. To
obtain a suitably clean surface for deposition of subsequent device layers after electrode
deposition by oil masking, an in-vacuum cleaning stage was deemed a fundamental
processing requirement to progress and develop oil patterning for full multilayer device
fabrication. For sputter deposited Cu and Ag as in ref. [4], where oil was not removed, an
iso-propanol wiping stage was used to remove oiled regions. However, an R2R compatible
technique, linear electron beam irradiation (LEB), was implemented here to ablate residual
oil and organics to cleanse the surface prior to semiconductor deposition. LEB sources for
commercial R2R application were used for web precleaning and/or as a polymerisation
source for organic films. In operation, an Electron beam is produced via a positively charged
hollow cathode and collimated through a linear aperture with control of the magnetic
field arrangement around the source. This produces both a sheet-like Electron beam and
ionisation of the Ar process gas to generate plasma, directed at the moving web [11]. Other
high energy ablation techniques such as pulsed electron beams were used extensively for
surface modifications from etching to recrystallisation or polishing of films [12,13].

The effects of the approach will be assessed in the form of a f-TEG, which consists of
alternating n-type and p-type semiconductor thermoelectric strips connected in an S-like
formation via electrodes. Firstly, aluminium electrodes are deposited via flexography al-
lowing for the Electron beam cleaning technique to be reviewed. The effects of this Electron
beam cleaning will be assessed in the form of multiple f-TEGs by subsequent deposition
of thermoelectric materials by sputtering through a shadow mask. Optimisation of the
particularly active thermoelectric materials of BiTe and BiSbTe or GeTe was extensively
investigated within the group and through collaborators, however, with limited scalability
via the use of shadow masked electrodes [5–7,14]. Here, we aim to successfully demon-
strate the next required processing step for the realisation of continuous oil masking of the
electrode to fabricate a full device architecture within a dynamic R2R system.

2. Results and Discussion

This work will implement LEB within a R2R process chamber as an in-line technique
for surface cleaning following flexographic oil masking. Continuous R2R patterning is
achieved by flexographic oil masking onto flexible substrates followed by deposition of
materials, resulting in simultaneous oil removal, leaving behind the patterned deposited
material. Three possible theories can be used to describe the oil masking mechanism:
(i) radiative heating of the oil by the thermal deposition source increases the oil vapour
pressure to produce an imparting and repelling vapour cloud from the oil mask surface
to selectively prevent deposition [10]; (ii) heat of condensation of the depositing material
on the oiled regions vaporises the oil and ablates the depositing material, selectively
preventing deposition; (iii) the depositing material is unable to nucleate on the oil surface
and condenses elsewhere [15].
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f-TEGs will be used as device demonstrators to assess the viability of using LEB as a
surface cleaning technique in an R2R environment. The fabrication steps are listed below:

(1) Aluminium electrodes are thermally evaporated using R2R flexographic oil masking
(Figure 1A). Aluminium is a commonly used electrode material.

(2) The Al electrode patterned substrate is cleaned via LEB for 0, 3, 5 or 15 min where the
time quoted is the duration of time on the rotating drum vs. the actual exposure time
to the Electron beam per rotation (Figure 1B). The substrate chosen is a 12 µm (fully
flexible) polyethylene terephthalate (PET), commonly used as a low-cost packaging
film.

(3) Four pairs of thermoelectric strips are sputtered through a shadow mask (Figure
1C). As the thermoelectric material performance is linked to operating temperature,
BiTe and BiSbTe, which remain two of the more promising semiconducting materials
operating in the low-temperature range up to ~100 ◦C, were selected for first tests,
whilst a recently promising room-temperature compatible GeTe (p-type) material was
selected for the second test to investigate material-oil compatibility [3,14,16].
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Figure 1. Three-step methodology for producing scalable thermoelectric generators on flexible PET
at substrate speeds of 25 m min−1. (A) Step 1: roll-to-roll Al electrode patterning by flexographic
oil masking followed by Al thermal evaporation. (B) Step 2: removal of residual oil on PET by
electron-beam irradiation. (C) Step 3: sputter deposition of thermoelectric semiconductors. (D)
Printed oil pattern and nitrile print sleeve acquired from Phoenix Printing Plates Ltd. (E) Printed
electrode section was removed from rewind roll. (F) Complete generator on pristine electrodes;
TE:500-15. Nomenclature was assigned to manufactured TEGs to denote approximate semiconductor
thickness in nm and Electron beam on-time, e.g., TE:500-15 to denote 500 nm and 15 min Electron
beam cleaning time.

Figure 1D–F display photographs of each processing stage, including the printed oil
mask (Figure 1D) using a nitrile print sleeve (Figure 1D inset), a section from the 25 m
Electron beam cleansed electrode roll (Figure 1E) and a completed four-pair, pristine, and
operational TEG (Figure 1F).

BiTe/BiSbTe f-TEGs, each containing four semiconductor pairs, were fabricated using
R2R deposited electrodes with a 0 (TE:100-0), 15 (TE:100-15), and 60 min (TE:100-60) LEB
cleaning step to remove masking out prior to active layer deposition. A f-TEG made from



Coatings 2021, 11, 1470 4 of 14

statically deposited electrodes through a shadow mask, in oil-free conditions, was also
fabricated for reference (TE: 100-ShadowMask).

To determine the composition and distribution of the deposited active materials (BiTe
and BiSbTe) and to assess the impact of the cleaning step, we used Energy Dispersive
X-Ray Spectroscopy (EDX). To quantify remaining masking oil from the patterning stage
through to device fabrication, fluorine quantities were assessed within the Al electrode and
through/below the semiconductor strips by EDX as the techniques electron beam readily
reaches depths of severely microns, therefore beneath the ~100 nm Al layers here [17].
Scanning Electron Microscopy (SEM) (at micron scale) and optical microscopy (micro scale)
were each used to image the morphology of the surface. High-resolution compositional
analysis was investigated by X-ray Photoelectron Spectroscopy (XPS) which enabled surface
specific (1–10 nm) assessment of any reaction that occurred between masking oil, fluorine,
and the aluminium electrode. Finally, the electronic performance of active materials was
assessed by 4-point probe for resistivity, work function by Kelvin Probe, and Seebeck
performance/power generation of devices by applying a temperature gradient across the
device and measuring output through a high precision multimeter. A detailed account of
each technique and parameters used can be found in the methodology section.

The sputtered semiconductor layers showed the following characteristics on depo-
sition: (i) the composition, measured from EDX, was shown to vary slightly compared
with that of the target for both materials (Table 1). Preferential sputtering effects can cause
variation in composition from sputtering target to deposited coating [18]. SEM imaging of
both films showed a granular morphology with features on an approximately 100 nm scale
(Figure 2A,B).

Coatings 2021, 11, x FOR PEER REVIEW 4 of 15 
 

 

statically deposited electrodes through a shadow mask, in oil-free conditions, was also 
fabricated for reference (TE: 100-ShadowMask). 

To determine the composition and distribution of the deposited active materials 
(BiTe and BiSbTe) and to assess the impact of the cleaning step, we used Energy Disper-
sive X-Ray Spectroscopy (EDX). To quantify remaining masking oil from the patterning 
stage through to device fabrication, fluorine quantities were assessed within the Al elec-
trode and through/below the semiconductor strips by EDX as the techniques electron 
beam readily reaches depths of severely microns, therefore beneath the ~100 nm Al layers 
here [17]. Scanning Electron Microscopy (SEM) (at micron scale) and optical microscopy 
(micro scale) were each used to image the morphology of the surface. High-resolution 
compositional analysis was investigated by X-ray Photoelectron Spectroscopy (XPS) 
which enabled surface specific (1–10 nm) assessment of any reaction that occurred be-
tween masking oil, fluorine, and the aluminium electrode. Finally, the electronic perfor-
mance of active materials was assessed by 4-point probe for resistivity, work function by 
Kelvin Probe, and Seebeck performance/power generation of devices by applying a tem-
perature gradient across the device and measuring output through a high multimeter. A 
detailed account of each technique and parameters used can be found in the methodology 
section. 

The sputtered semiconductor layers showed the following characteristics on deposi-
tion: (i) the composition, measured from EDX, was shown to vary slightly compared with 
that of the target for both materials (Table 1). Preferential sputtering effects can cause var-
iation in composition from sputtering target to deposited coating [18]. SEM imaging of 
both films showed a granular morphology with features on an approximately 100 nm 
scale (Figure 2A,B). 

 
Figure 2. (A) As dep BiTe and (B) As dep BiSbTe micrographs of surfaces for thermoelectric coat-
ings. Individual grains and grain boundaries are clearly present in both As dep compositions. EDX 
mapping as shown in (B) compositional mapping suggested uniform elemental dispersion. 
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Individual grains and grain boundaries are clearly present in both As dep compositions. EDX
mapping as shown in (B) compositional mapping suggested uniform elemental dispersion.
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Table 1. Composition of thermoelectric chalcogenide sputtering targets Bi0.40Te0.60 and Bi0.05Sb0.32Te0.63

and as-deposited coatings. Composition was obtained by EDX on 500 nm thick active layers to maximise
precision of analysis, as electron beam interaction volume is well known to probe several microns in
depth, leading to additional error in very thin samples [17].

Target As Dep (±1)

Composition (at%)

Te material 1
Bi 40 39.5

Te 60 60.5

Te material 2

Bi 5 8.7

Sb 32 26.9

Te 63 64.4

(a) LEB Irradiation of Spin Coated Oil (As a proxy methodology for determining oil
removal rate)

To optimise the LEB radiation step, oil was spin coated onto a glass cover slip, where a
minimum thickness (determined by mass) of the oil layer was achieved at ~660 ± 110 nm.
These films were then Electron beam irradiated for 1, 2, and 5 min at 600 W (Figure 3A). A
linear relationship suggested an oil removal rate of 85 nm min−1 or 6 nm pass−1. Electron beam
power was varied from 320, 600, 1000, and 1440 W (Figure 3B) to increase the oil removal rate
to 293 nm min−1 or 21 nm pass−1. Notably, no variation in Electron beam performance was
observed between 320 and 600 W or 1000 and 1440 W. These measurements give an indication
of the thickness of residual oil (following a deposition process in which much of the printed oil
is removed) that could be removed by a post-deposition Electron beam treatment.
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Figure 3. (A) Oil removal by electron beam irradiation was found to be linear with time, assessed at
600 W for 60, 180, and 300 s. Oil outgassing resulted in partial evaporation of 194 ± 22 nm during 1 h
chamber evacuation process. (B) Irradiation power was varied and appeared to increase oil removal
rate from 95–293 nm min−1. Error bars represent ± standard error of 3× independently measured
samples within the same cleaning batch.
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The LEB effects on the Al electrodes were investigated via sheet resistance measure-
ments, before and after 15 min of electron beam irradiation at 600 W (the conditions selected
for f-TEG fabrication). It was confirmed that electrode resistivity increased only modestly,
with the as-deposited Al exhibiting sheet resistance of 0.97 ± 0.03 × 10−7 Ω·m compared
to 1.14 ± 0.04 × 10−7 Ω·m after radiation.

(b) LEB Irradiation of R2R printed Oil

Based upon the results from the static LEB optimisation and the beam being most
stable at 600 W over a prolonged period, a 600 W LEB step was incorporated into the
fabrication of f-TEGs. f-TEG properties are investigated here to assess how the LEB
cleanings step impact device performance.

The oil thickness used for this R2R Al masking step was measured to be 204 ± 74 nm,
indicating 3–5 min LEB process should result in a clean film even if no oil were removed
during deposition of the Al. Nomenclature was assigned here to manufactured TEGs
to denote approximate semiconductor thickness in nm and electron beam on-time, e.g.,
TE:100-15 to denote 100 nm and 15 min electron beam cleaning time.

TE:100-0 did not have an LEB cleaning step and is visually marred by remaining
residual oil left behind after the electrode process (Figure 4). This leads to an exfoliated
morphology with porosity and cracks forming within the BiTe/BiSbTe strips that were
sputtered after the electrode step, likely caused by over-coating onto oil. Similar findings
were observed for sputtered Cu and Ag on oil masks [4].
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Figure 4. (BiTe) and (BiSbTe) semiconductors sputtered onto uncleaned patterned electrodes (TE:100-
0) (left column) was impaired by residual masking oil on the PET substrate resulting in noncontinuous
semiconductor layers. An intermediate, roll-to-roll compatible electron beam cleaning stage (right
column) successfully removed residual oil for production of a pristine TEG (TE:100-15) to allow a
continuous, featureless semiconductor layer observed via optical microscopy and SEM.
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Based upon the static LEB study above, 3 and 5 min LEB radiation steps were expected
to result in a full oil removal for the oil films deposited via R2R on PET. However, visual
observation of the f-TEGs following electron beam irradiation for 3 and 5 min clearly
displayed the effects of remaining masking oil similar to Figure 4, suggesting the oil mask
transfer possibly resulted in inhomogeneous oil layers, with the oil film exhibiting areas
much thicker than 204 nm, or that LEB treatment of a partially metallized film provides
less rapid cleaning. When the cleaning time was further increased to 15 min (TE:100-15),
defect-free f-TEGs were achieved as shown in Figure 4.

A total of 24–26 at% fluorine was measured from an area of the semiconductor de-
posited without an electron beam cleaning step, compared to 2% for the semiconductor
deposited onto the 15 min LEB cleansed surface (Table 2). The Al electrodes were measured
by EDX to contain 6–7 at% fluorine in both the as-deposited and 15 min LEB irradiated
devices. As Al was deposited onto unmasked regions only, and as they are the same for
the cleaned and uncleaned specimens, this finding suggests that the masking fluorinated
oil cloud evaporating from the surface during Al deposition possibly reacted or became
trapped within the condensing Al electrode. This occurrence was previously found and
assessed in ref [4] where Al–F, Al–O, and metallic Al–Al species were found by XPS depth
profiling through the thickness of the layer (for which the surface was saturated with
fluorine of ~62 at%) [4]. The f-TEG device here was completed in two stages prior to active
material deposition: (1) R2R oil patterning and electrode deposition (single pass and taken
up by the rewind roller), followed by (2) remounting of the electrode coated substrate onto
the web for multipass oil cleaning. This leads to an alternative explanation for fluorine
found within the electrode. Whereby, residual oil spread over the electrode as the Al
electrode coated web passed over the idler rollers and was rewound onto the rewind roller
during the single pass R2R process. Subsequent diffusion resulted in through-thickness
fluorine contamination of the Al electrode. Future development work will aim to achieve
single pass in-line oil patterning and electron beam cleansing.

Table 2. EDX was used to detect fluorine contamination associated with coating BiTe and BiSbTe
TEG semiconductor strips over residual masking oil. Fluorine found within unmasked regions, i.e.,
Al electrodes, were possibly associated with a reaction between condensing Al and simultaneous
generated Oil Vapour cloud. Error represented variation of three randomly selected locations.

Fluorine Detection
Associated with (Krytox®

1506 Masking Oil)

TE:100-0
As Dep
(F at%)

TE:100-15
15 min LEB

(F at%)

BiTe Strip 26 ± 1 2 ± 1

BiSbTe Strip 24 ± 1 2 ± 1

Al Electrode 7 ± 1 6 ± 1

XPS, which typically probes 5–10 nm in depth, was previously assessed for uncleaned
electrodes in ref [4]. XPS of Al surfaces following 15 min LEB after deposition were analysed
here. Crucially, surface oil residue remained despite electron beam cleaning protocols,
appearing to remove the bulk of oil residuals decreasing from 62 at% for uncleaned
electrodes [4] vs. 20 at% observed here. A fluorine reduction from 20–5 at% was found
between the surface and the subsurface layers following ion depth etching for 30 s. A high-
resolution scan of the F_1s (Figure 5) showed photoelectron emissions at 685.5 and 688.2
eV, associated with metal fluoride (Al–F) and organic fluorine, respectively, and attributed
to fluorinated oil compounds on the surface. The Al_2p contained peaks associated with
Al–O or Al–F and metallic Al. Detection of the organic fluorine peaks with Al-F and
metallic Al peaks suggested that only a thin (<10 nm) or incomplete residual oil layer
remained to allow detection of the metallic/Al–F electrode beneath. Following a 30 s etch
for depth profiling, the organic fluorine disappeared in the F_1s spectra whilst components
associated with metallic Al increased in relative intensity compared to Al–O and Al–F



Coatings 2021, 11, 1470 8 of 14

which remained present. This confirms the reactivity of masking oil with aluminium
vapour during deposition, as seen previously [4].
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of these f-TEGs at ΔT = 20 K (conventional operating point near to room temperature for 
wearable devices) [19] are also similar with P ~ 0.01 nW (TE:100-15 and TE:100-Shadow-
Mask) and increased slightly for TE:100-60 to P ~ 0.02 nW. 

Figure 5. XPS analysis of aluminium electrodes after 15 min electron beam cleaning stage of top
surface and after ion etching into subsurface for 10–30 s. Compositional analysis where fluorine
contamination was observed on surface and into subsurface. High-resolution scans of F 1 s and Al 2p.
Fluorine is present as Al–F and organic fluorine’s associated with a reaction between deposited Al
and oil and remaining oil residue, respectively. Thirty-second etch showed only remaining Al–F. Al
2p spectra showed Al oxides and further support for presence of Al–F on surface and in subsurface.
Al metal was also present, increasing in subsurface.

Seebeck coefficient and power generation were measured within 1 h of f-TEG man-
ufacture. As presented in Figure 6, uncleaned surfaces (TE:100-0) showed no power
output, open circuit behaviour. Where electrodes were cleaned (TE:100-15 and TE:100-60),
Seebeck per pair is comparable to the reference f-TEG manufactured using the oil free
shadow masked electrode (TE:100-ShadowMask), all exhibiting S ~ 0.19 mV K−1. The
power output of these f-TEGs at ∆T = 20 K (conventional operating point near to room
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temperature for wearable devices) [19] are also similar with P ~ 0.01 nW (TE:100-15 and
TE:100-ShadowMask) and increased slightly for TE:100-60 to P ~ 0.02 nW.
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Figure 6. Seebeck open-circuit voltage and power output with temperature difference up to 24 K
of BiTe/BiSbTe devices manufactured via pilot scale R2R coater and oil patterning, with electrodes
cleansed of oil remnants by LEB. BiTe/BiSbTe control device with electrode patterned using shadow
masking, BiTe/GeTe device manufactured using a combination of oil masked electrodes in R2R
coater and thermoelectric layers in R&D scale static coating system. Devices were tested within 1 h of
manufacture to compare TEG utilising shadow masked (no oil condition) and oil masked electrodes
with post-deposition LEB oil cleansing. BiSbTe 100-0 data are not shown in graphs as they exhibit
open circuit behaviour.



Coatings 2021, 11, 1470 10 of 14

f-TEGs were remeasured +3 days after manufacture and both TE:100-60 and TE:100-15
exhibited open-circuit behaviour. Upon further inspection at the semiconductor/electrode
interface, devices demonstrated poor or no ohmic contacts and large variations in IV
curves. This occurrence may were attributed to poor adhesion between the semiconductor
and electrode, reaction with atmosphere as these were uncapped, or diffusion of fluorine
through the Al layer; an effect reported previously by Stuart et al. [4].

Work functions of uncleaned oil mask and shadow mask deposited Al electrodes
were measured as 4.21 ± 0.05 and 4.14 ± 0.07 eV. To confirm compatibility at the layer
interface, BiTe and BiSbTe were deposited on top of 15 min LEB cleaned electrode patterns
and exhibited work functions of 4.71 and 4.68 eV, respectively (Table 3). This is in good
agreement with BiTe (4.65 ± 0.05 eV) and BiSbTe (4.61 ± 0.06 eV) deposited on clean PET
which was never exposed to any oil steps.

Table 3. Thickness, resistivity, Seebeck, and power factors for BiTe and BiSbTe semiconductors
deposited for 3 and 15 min.

Coating Thickness
(nm)

Resistivity
(mΩ·cm)

Seebeck
(µV/K)

Power Factor
(10−4

W/mK2)

Work
Function

(eV)

BiTe 99 ± 6 1.5 ± 0.1 52.8 ± 0.6 1.8686 4.65 ± 0.05

BiSbTe 96 ± 5 405.5 ± 47.3 54.7 ± 0.5 0.0074 4.61 ± 0.06

To investigate the masking oil compatibility with other thermoelectric materials, a
f-TEG with BiTe/GeTe layers of 150 nm thick was fabricated with Al R2R deposited
electrodes followed by a 15 min LEB cleaning step (TE: GeTe-150-15). BiTe/GeTe recently
demonstrated R2R high-throughput compatibility, and good thermoelectric performance
based upon GeTe’s potential as a superior p-type TEG material [14]. Following the R2R
flexographic deposition of Al electrodes and a 15 min LEB cleaning step, BiTe and GeTe
were statically consecutively sputtered through a hard shadow mask. The Seebeck and
power output can be seen in Figure 6, where TE: GeTe-150-15 exhibited a Seebeck per
pair of 0.97 mV K−1 and a power output of 0.9 pW at ∆T = 20 K. The BiTe/GeTe f-TEG in
this work demonstrates a Seebeck coefficient that is over 5× higher than our BiTe/BiSbTe
f-TEG made using the same Al flexographic and LEB cleaning steps. This can be attributed
to GeTe’s superior thermoelectric behaviour [20]. However, when looking at the power
output, the BiTe/GeTe f-TEG in this work demonstrated a power output one order of
magnitude lower than BiTe/BiSbTe. This could be attributed to GeTe’s high electrical
resistance when deposited at room temperature, as indicated by the much higher output
power of 1.8 nW at ∆T = 20 K of the BiTe/GeTe f-TEG in [14], in which the thermoelectric
materials were deposited onto a substrate held at 250 ◦C.

The BiTe/GeTe f-TEGs were measured again +2 months after fabrication and the
electrode/TE interfaces were found to still demonstrate ohmic conduction, unlike the
BiTe/BiSbTe which were unmeasurable after +3 days. Whilst they were still performing as
a TEG, they did exhibit reduced Seebeck (0.65 mV K−1 per pair) and power output (0.3 pW
at ∆T = 20 K), most likely due to reaction with the masking oil that the BiTe/BiSbTe also
demonstrated. This demonstrates the reaction between the masking oils and the materials
used in the process line can be reduced by selecting appropriate combination of mask and
deposited material to reduce the effect on performance of deposited materials, resulting in
improved, more stable device performance.

High-speed vacuum printing of thermoelectrics at low cost onto flexible films rep-
resents a considerable step forward for affordable commercialization of thin-film TEGs.
By future stacking optimized thin-film modules, hundreds of layers will produce usable
energy outputs. The output energy density of these modules vs. current Peltier devices
will be of future importance. The authors. Tao et al. and Morgan et al. demonstrated con-
siderable progress in other publications to optimize chalcogenide-based devices on the lab
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scale [5–7,14]. Significant research and development are still required for industrialization.
The progress presented here begins to bridge the gap between lab scale optimization and
continuous high-volume production.

3. Conclusions

Al electrodes were deposited by selective vacuum metallization using a single-pass, 25
m min−1, R2R patterning based on flexographic printing of Krytox® 1506 oil as a mask dur-
ing continuous circuit manufacture. Flexible TEGs on 12 µm PET for operation in wearable
generators were constructed by subsequent deposition of Bi0.56Te0.44 and Bi0.11Sb0.30Te0.49
through a shadow mask to prove principle of multilayer device fabrication using an oil
masking stage. Residual oil on the sample during deposition of active thermoelectric layers
led to porosity, cracking, and an exfoliated type morphology attributed to over-coating of
remaining oil in masked regions.

A R2R electron beam irradiation processing step ablated oil residue prior to thermo-
electric deposition, thereby successfully removing remaining oil to produce an unaffected
morphology. Semiconductors were deposited to 99/96 nm for device fabrication requiring
42 drum rotations with power factors of 1.869 and 0.007 × 10−4 W/mK2 for BiTe and
BiSbTe, respectively. However, fluorine remained present in quantities of 6 and 5 at% (EDX
and XPS, respectively) within the electrode structure as an Al–F compound, whilst fluorine
detected on oil-masked PET regions reduced from 24–26 at% (uncleaned) to 2 at% detected
through the active layer after 15 min electron beam cleansing. Despite Al-F contaminates,
devices were compared with shadow masked electrodes (no oil condition) which had
similar work functions (4.21 and 4.14), comparable Seebeck coefficients (0.018–0.20 mV/K
per pair), and power generation (0.009 and 0.017 nW), suggesting that device performance
was minimally impaired. Critically, devices using oil-masked electrodes were remeasured
3+ days post-fabrication after storage in ambient conditions and were dysfunctional, which
was attributed to diffusion of organic elements such as fluorine towards the interface.
Finally, BiSbTe was replaced with GeTe, leading to a 5× increase in Seebeck coefficient and
an order of magnitude for reduction in power factor, which was attributed to expected
high resistance during room temperature deposition of GeTe. Material compatibility was
improved using GeTe as the device remained functional 2 months post-fabrication.

Whilst challenges remain, work here showed for the first time (i) a R2R-compatible oil
cleansing method for future multilayered device fabrication via oil patterning; (ii) ability
to fabricate a functional BiTe/BiSbTe TEG using oil-masked electrodes manufactured at
substrate speeds of at 25 m min−1; and (iii) improved stability in BiTe and GeTe TEGs using
oil-masked electrodes.

4. Materials and Methods
4.1. f-TEG Characterisation

TEGs consist of n-type and p-type semiconductor strips connected in series electrically,
with a thermal gradient in parallel, resulting in an accumulation of electrons and holes
at the cold side in the n-type and p-type strips, respectively [21]. This creates a potential
difference across the strips and causes a current to flow through an electrical load when it
is connected in series with the TEG strips.

The TEG can be assessed by estimating the contributions from the p-type or n-type
strips separately, looking at one material on its own, or by taking into account the generator
as a whole, with both n and p-type strips in series. Individually, the voltage produced for a
given temperature gradient across a single thermoelectric strip of either semiconducting
type, is given by the Seebeck coefficient, S. Another useful parameter to assess the energy
generation potential of a material is the power factor (PF), given by PF = ρα2. The con-
stituents of a TEG, consisting of n number pairs, where one pair consists of 1 n-type and 1
p-type strip in series are assessed by Seebeck coefficient, power output and a figure of merit
ZT, where ZT for state-of-the-art devices remains close to 1 [1]. ZT = (α2ρ/λ) T where α,
ρ, λ, T are Seebeck coefficient, electrical, thermal conductivities and absolute temperature
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respectively. Theoretical power output P = (n × αnp ∆T)2/4R where n, αnp, ∆T, and R are
number of pairs, Seebeck coefficient of a single n–p junction, temperature difference and
resistance, respectively [1].

4.2. Flexographic Al Electrode Patterning/Deposition

All processing steps were conducted in an Aerre Machines Vacuum R2R Webcoater.
An in-line flexography printing apparatus as published in [4] was used to apply a Krytox
1506® oil mask for continuous Al electrode patterning on 12 µm thick PET substrates of
Al, which was thermally evaporated in a single substrate pass using previously published
parameters. Substrate web speed was maintained at 25 m min−1 [4]. The transfer of oil
from the print stamp to substrate was approximated by weighing the pre- and post-transfer
PET substrate using a Mettler Toledo Micro Excellence Plus XP Analytical Balance accurate
to 0.01 mg. The Krytox 1506® Oil pattern thickness was approximated by weighing five
independent 30 × 20 mm2 PET samples after subtracting the oil-free electrode area to
account for only the printed area of the sample.

4.3. Electron Beam Cleaning

A linear electron beam source was generated to remove residual oil in 180 sccm of
argon and was passed through a 4 × 375 mm2 aperture to span the length of the R2R
drum with the sample rotating past the source at 25 m min−1. Accelerating voltages and
currents were trialled from (3.45–8.00) kV and (80–180) mA, respectively, thereby applying
(276–1440) W to the sample. To obtain an oil cleanse vs. electron beam time/power profile,
borosilicate glass slides were spin-coated with Kyrtox 1506® oil using a Laurell CZ-650
series to an approximate thickness of 660 ± 110 nm by spin coating ~50 ± 5 mg of oil
at 8000 RPM for 3 min. Irradiation treatment times were varied up to 15 min of drum
rotations as specified in the results.

4.4. BiTe/BiSbTe Deposition

All BiTe and BiSbTe coatings were deposited at a separation distance of 6 mm apart,
through a stainless-steel shadow mask with semiconductor dimensions of 21 × 2 mm2

(L × W), respectively. Depositions were conducted in an Aerre Machines Vacuum R2R
Webcoater, except the BiTe film used for TE: GeTe-150-15 (more details of this specific
device can be seen below). A pump down time of 1 hr to a base vacuum of 1.5 ± 0.2 ×
10−4 mbar was achieved. Sputtering was from thermoelectric semiconductor targets of
Bi0.40Te0.60 and Bi0.05Sb0.32Te0.63 in 250 sccm of Argon onto PET using a 75 mm diameter
water cooled, planar magnetron sputtering cathode at a target to substrate distance of 60
mm. The target was precleaned for 160 s followed by 3 or 15 min of deposition at 250 W.
Substrates were fixed to the process drum and rotated at 25 m min−1.

4.5. GeTe/BiTe Deposition (TE: GeTe-150-15)

The GeTe and BiTe films were co-sputtered from Ge, Te and Bi targets using a AJA
Orion sputterer onto R2R patterned and LEB cleaned Al electrodes, on a PET substrate. All
depositions were performed at 1 mT Ar environment. The target powers used are 30 W for
the Te target, 25 W for the Bi target and 80 W for the Ge target. Film thicknesses of 148 nm
and 150 nm ± 5 nm were measured using a KLA-Tencor stylus profiler for BiTe and GeTe,
respectively.

4.6. Materials Characterisation

Coating thicknesses were determined using a Veeco DekTak stylus profilometer (Veeco
Instruments Inc., NY, USA) on partially masked and coated silicon wafers and represent
the average and standard errors of four independent locations. Surface micrographs were
acquired using a Zeiss Merlin Analytical Scanning Electron Microscope with a Field Emis-
sion Gun (FEG-SEM) at a working distance of 5 mm. Elemental analysis was conducted by
Energy Dispersive X-Ray Spectroscopy (EDX) using acquiring X-ray signal from 10 spot
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for 100 s each, obtaining a minimum of 250,000 counts. Elemental maps were acquired
for 300 s on 500 nm thick BiTe and BiSbTe samples. An X-ray Photoelectron Spectrometer
(XPS), ThermoFisher Scientific K-alpha system with an Al Kα X-Ray source was used to
analyse the surface and subsurface of Al electrodes, which were etched with an EX06 ion
gun for 10 s per step to a maximum of 30 s.

4.7. Work Function, Sheet Resistance, Seebeck Coefficient, and Power Output

Work functions were acquired via a KP Technology SKP5050 Scanning Kelvin Probe
(KP Technology, Scotland, UK). Au and Al were used as reference calibration electrodes and
correlated to literature values [22]. Absolute work functions were measured from the mean
value of 25 scans and 3 spatially distinct points by plotting them along a linear relationship
between the two reference electrode values. Error values represent the maximum and
minimum gradient of the linear reference relationship in conjunction with the respective
minimum and maximum deviation in the sample measurements.

Sheet resistance was calculated using Ohms Law by acquiring voltage outputs using a
4-point probe under applied currents of 1, 2, 4, 6, and 8 µA. Voltage outputs were measured
via an Agilent 34420A Nano Volt/Micro Ohm Meter. Correction factors were used based
on sample size/geometries where 4.53 were used for semi-infinite plane, where sample
size was >40× the probe separation distance of 1 mm.

Seebeck coefficient and power outputs were assessed for BiTe/BiSbTe devices via a
custom Seebeck apparatus consisting of two thermoelectric modules to apply a temperature
differential at opposing ends of the TEG. The Seebeck chamber was evacuated to 1 ×
10−1 mbar and purged with 600 mbar of 99.99% nitrogen three times. The TEG was
heated/cooled over the area of the electrodes by increasing current input to the Peltier
module by 0.1-amp intervals. Voltage output across 17 temperature differentials from
0–55 K was measured using a multimeter. Power output was calculated as V2/R by
measuring the voltage drop across a 14.5 MΩ resistor. BiTe/GeTe devices were tested using
the same methodology as in ref. [14], with a similar Seebeck apparatus. Sample size for
as-deposited semiconductors was 60 × 30 mm2 on 12 µm.
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