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ABSTRACT  

Addfitfive manufacturfing has been finvestfigated as a more tfime, energy, and cost-efficfient method for fabrficatfing 

thermoeflectrfic  generators  (TEGs)  compared  to  tradfitfionafl  manufacturfing  technfiques.  Earfly  resuflts  have  been 

promfisfing  but  are  hefld  back  by  fincfludfing  a  hfigh-temperature,  flong-duratfion  curfing  process  to  produce  hfigh- 

performance  thermoeflectrfic  (TE)  fiflms.  Thfis  work  finvestfigates  the  synergfistfic  effect  of  four  factors – a  smaflfl 

amount  of  chfitosan  bfinder  (0.05wt%),  a  combfinatfion  of  mficron  and  nano-sfized  partficfles,  the  appflficatfion  of 

mechanficafl  pressure  (20  MPa),  and  thfickness  varfiatfion  (170,  240,  300 µm) – on  the  performance  of  stencfifl 

prfinted p-Bfi0.5Sb1.5Te3 (p-BST) and n-Bfi2Te2.7Se0.3 (n-BTS) TE composfite fiflms. The combfinatfion of these four 

factors controfls the mficro and nanostructure of the fiflms to decoupfle thefir eflectrficafl and thermafl conductfivfity 

effectfivefly. Thfis resuflted fin figures of merfit (ZTs) of 0.89 and 0.5 for p-BST and n-BTS thfinner (170 µm) fiflms, 

respectfivefly,  comparabfle  to  other  addfitfive  manufacturfing  methods  despfite  eflfimfinatfing  the  hfigh-temperature, 

flong-duratfion  curfing  process.  The  process  was  aflso  used  to  fabrficate  a  6-coupfle  TEG  devfice,  whfich  coufld 

generate 357.6 µW wfith a power densfity of 5.0 mW/cm2 at a ΔT of 40 K. The devfice demonstrated afir stabfiflfity 

and flexfibfiflfity for 1000 cycfles of bendfing. Ffinaflfly, the devfice was fintegrated wfith a vofltage step-up converter to 

power  an  LED  and  charge  and  dfischarge  capacfitor  at a ΔT  of  17  K,  demonstratfing  fits  appflficabfiflfity  as  a seflf- 

sufficfient power source.   

1. Introductfion 

Thermoeflectrfic  generators (TEGs)  dfirectfly convert  waste heat finto 

vafluabfle eflectrficafl energy and have been proven to be one of the most 

promfisfing  energy  harvestfing  devfices  because of  thefir  reflfiabfiflfity,  scafl-

abfiflfity,  reflatfivefly  smaflfl  voflume,  and  adaptabfiflfity  to  varfious  envfiron-

ments [1–3].  Fflexfibfle  TEGs  (f-TEGs)  fabrficated  usfing  addfitfive 

manufacturfing methods such as dfirect prfintfing, finkjet prfintfing, or screen 

prfintfing finnovate on tradfitfionafl devfices due to thefir advantages fin cost, 

scaflabfiflfity,  and manufacturfing  efficfiency. Moreover,  these f-TEGs can 

scavenge waste heat from non-pflanar surfaces (e.g., human body) and 

potentfiaflfly be used as a seflf-sufficfient power source for varfious appflfi-

catfions  such  as  flexfibfle  eflectronfics,  heaflth  monfitorfing  sensors,  and 

wearabfle devfices. Therefore, a process for fabrficatfing hfigh-performance 

f-TEGs usfing addfitfive manufacturfing fis desfirabfle [4–11]. Prfintfing ther-

moeflectrfic  (TE)  fiflms  wfith  a  hfigh  figure  of  merfit  (ZT)  fis  essentfiafl  to 

fabrficate hfigh-performance f-TEGs, as fit can dfirectfly reflect the TEG’s 

power output and power densfity. In the past, the prfinted TE fiflms had a 

reflatfivefly flower ZT than buflk materfiafls due to the hfigh wefight ratfio of 

the finsuflatfing bfinder and the poor finterfacfiafl connectfions between the 

TE partficfles and the poflymer bfinder [12–14]. As a resuflt, many efforts 

have been devoted to fimprovfing the ZT vaflue of prfinted TE composfites, 

fincfludfing usfing flong, hfigh-temperature sfinterfing processes, removabfle 

bfinders,  addfing  Se  and  Te  addfitfives,  densfificatfion  vfia  mechanficafl 

pressure,  and  post-processfing  technfiques [15–21].  These  new  tech-

nfiques have sfignfificantfly fimproved the ZT of prfinted TE fiflms, wfith the 

best-reported  fiflms  reachfing  ZTs  of  1.0  for  p-BST  and  0.6  for  n-BTS 

[17–21].  However,  each  new  step  of  the  manufacturfing  process 
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introduced to improve the films’ performance has also increased the 
time and energy required to produce them. In particular, the 
high-temperature, long-duration (~500◦C for up to 18 h) sintering 
process negated the time and energy advantage of additive 
manufacturing over traditional manufacturing methods [16–20]. More 
information and comparison of the high energy consumption and long 
duration between different methods and literatures are shown in 
Table S1 in the supplemental file. 

Existing literature demonstrated the film thickness dependence only 
for thin films (hundreds of nanometers or several micrometers) [22–24]. 
Han et al. used chemical vapor deposition (CVD) to fabricate p-type 
Sb2Te3 thin films at a thickness range of 1-16 µm and achieved a 
maximum electrical conductivity of 666 S/cm at the lowest thickness (1 
µm) [23]. Wang et al. used electron-beam evaporation to fabricate 
p-type Sb2Te3 thin films with thicknesses between 10 to 100 nm. A 
maximum electrical conductivity of 700 S/cm was also achieved at the 
lowest thickness (10 nm) with decreases in defects and interfaces [22]. 
Physical techniques like CVD and physical vapor deposition (PVD) are 
costly and time-consuming. They grow films by repeatedly depositing 
thin layers, which could introduce extra defects, interparticle interfaces, 
and void formations. As an alternative, in this work, we have used a 
cost-effective and energy-efficient additive manufacturing technique to 
print thermoelectric films and TEGs with thicknesses in the range of 
hundreds of microns. However, the thickness effect in printed composite 
films (up to 300 µm) has not been systematically studied. This work aims 
to systematically investigate the effect of thickness together for 
next-generation f-TEGs with optimized performances fabricated via 
energy-efficient and scalable manufacturing processes. 

Our previous works reported a low-energy-input printing method for 
fabricating n-BTS and p-BST composite films and single-leg devices 
using the synergistic effects of (1) a small amount of chitosan binder 
(0.05 wt%), (2) heterogeneous (mixed nanoscale and microscale) TE 
particles, and (3) applied mechanical pressure of 20 MPa combined with 
curing at a low temperature of 120◦C for 30 mins [25–29]. Table S2 and 
S3 (Supporting Information) compare this current research work with 
our previously reported printed TE composite work. While the results of 
these experiments were promising, the performance of films produced 
by our low-energy input process was lower than those produced by the 
energy-intensive sintering process. Therefore, we hypothesize that the 
reduction in film thickness, similar to what was observed in previously 
researched thinner films (1-16µm) produced through vapor deposition, 
will lead to a reduction in the occurrence of defects increasing electrical 
conductivity in our 170 µm films when compared to our 300 µm films. 
More generally, defect concentration and nature within TE films seem 
critical in optimizing film performance. With this in mind, we intro
duced a fourth synergistic factor – thickness variation – to our process, 
intending to produce films with micro and nanostructures that opti
mized electrical conductivity while simultaneously reducing thermal 
conductivity, effectively decoupling the two properties. Finding 
high-performance n and p-type films will allow high-energy density 
f-TEG devices to be manufactured at scale without expending much time 
or energy. 

Each of the four synergetic factors influences the micro and nano
structure and interfaces of the films differently. We assume that tuning 
the weight ratio of the naturally occurring and low-cost Chitosan binder 
will produce composite microstructures that will not affect the electrical 
connection among active TE particles while facilitating interfacial 
thermal resistance among particles and the polymer micron-sized par
ticles that provide a large mean free path for charge carriers and nano- 
sized particles and interfacial defects facilitating phonon scattering. 
Additionally, tuning external uniaxial pressure will initiate lattice de
fects, resulting in high-weighted mobility and phonon vibrations. We 
hypothesize that a film with a lower thickness (~170 µm compared to 
300 µm) will have fewer micron-scale defects (grains, grain boundaries, 
and interfaces), resulting in less charge carrier scattering and high 
electrical conductivity. Moreover, we assume different film thicknesses 

will experience the effect of other synergetic factors differently. An 
important aspect of the proposed low-thermal budget additive- 
manufacturing method is that it promises to eliminate the need for the 
current state-of-the-art long-duration and high-temperature curing 
process, decouple electrical and thermal conductivity, and achieve high- 
performance composite TE films. This results in a process whose only 
energy-consuming component is the application of mechanical pressure, 
which had previously been used together with the high-temperature 
curing process [23,24,30]. 

Thus, this work demonstrated the fabrication of n and p-type free- 
standing films using this low-thermal budget approach to overcome 
the issues of the high-temperature curing process to allow for wide- 
spread adoption of TEGs as illustrated in Fig. 1. The effect of thickness 
on thermoelectric parameters was explored. Air stability and flexibility 
tests showed the real-world durability of our TEG manufacturing tech
nique. Finally, the f-TEG device’s capability as a self-sufficient power 
source was demonstrated by integrating it with a step-up circuit to light 
a blue LED and charge a capacitor. Fig. 1 illustrates the importance of all 
synergistic factors to produce scalable f-TEGs with high energy density. 

The free-standing films achieved high electrical conductivity for both 
chitosan p-BST-100 mesh (660 S/cm) and chitosan n-BTS-100 mesh 
(286 S/cm) films of 170 µm owing to the smaller number of micro-scale 
defects (pores, interfaces, grain boundaries) compared to 240 µm and 
300 µm films. The nano-sized defects, particles, pores, and interfaces 
resulted in a low thermal conductivity of 0.77 W/m-K for p-BST and 0.65 
W/m-K for n-BTS films. We decouple electrical and thermal conductivity 
using interfacial engineering and a low-thermal budget additive 
manufacturing approach. High electrical conductivity and low thermal 
conductivity resulted in a high ZT of 0.89 for p-BST and 0.50 for n-BTS 
composite films, which is 25% higher than our previously reported ZT 
for p and n composites [25–27]. Further, a 6-couple flexible device was 
stencil printed using p-BST and n-BTS composite inks. A maximum open 
circuit voltage of 91 mV and a maximum power output of 357 µW was 
achieved at a temperature difference (ΔT) of 40 K. The device exhibited 
a power density of 5.0 mW/cm2, a 40% improvement from our previ
ously best-reported TEG devices [17-21,25-27,30]. A flexibility test was 
performed by bending the TEG device at a 3-cm radius for 1000 cycles. 
Electrical resistance was chosen to evaluate the flexibility of the TEG 
device due to its sensitivity to cracking with bending [18]. The TEG 
device experienced only 4.3% increase in internal resistance and no 
measurable change in voltage at a ΔT of 40 K, as seen in Fig. S16. An air 
stability test was conducted by exposing the TEG device to ambient air 
for more than six months, showing an increased resistance of 23% and 
no measurable change in voltage at a ΔT of 40 K. Finally, the TEG device 
capability as a self-sufficient power source in a real-world application 
was demonstrated by lighting a blue LED and charging a capacitor at a 
ΔT of 17 K when integrated with a step-up circuit. These demonstrations 
proved the potential application of printed f-TEGs as a self-sufficient 
power supply for wireless sensor devices to monitor physical parame
ters continuously. 

2. Experimental Section 

2.1. Materials 

The materials used in the research, 100 mesh Bi0.5Sb1.5Te3 (BST-100) 
and Bi2Te2.7Se0.3 (BTS-100) were purchased from Wuhan Dongxin Inc., 
China. The 100 mesh TE particles contain a mixed distribution of micron 
and nano-sized TE particles [25]. Chitosan powder (MP Biomedicals, 
LLC), Dimethyl sulfoxide (DMSO, ≥99.7%, extra dry, ACROS Organics), 
and Salicylic acid were purchased from Fisher Scientific. The 5 mm thick 
non-adhesive Kapton substrate was purchased from Caplinq, Canada, 
and used as masking tape. 
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2.2. Ink preparatfion 

The  Chfitosan  bfinder  soflutfion  was  synthesfized  by  mfixfing  DMSO, 

Saflficyflfic acfid, and Chfitosan powder and stfirrfing at 60◦C for 24 h. The 

finks  (BST  and  BTS  separatefly)  were  synthesfized  by  mfixfing  Chfitosan 

bfinder and actfive TE partficfles at a wefight ratfio of 1:2000 [25,27]. Inks 

were mfixed fin a vortex mfixer for 2 mfins and fin an ufltrasonfic mfixer for 30 

mfins. 

2.3. Free-standfing fiflm fabrficatfion 

Free-standfing BST and BTS composfite fiflms were prepared to ensure 

the accuracy of fiflm thficknesses. Free-standfing fiflms eflfimfinate the error 

of  thfickness  measurements  caused  by  non-pflanar  Kevflar  substrate 

[25–27]. Mufltfipfle flayers of the mask were stacked together to controfl 

the thfickness of the fiflm. A custom-desfigned prfintfing mask was prepared 

by  stackfing  severafl  flayers  (1,  2,  and  3)  of  sfingfle-sfide  tape  (Busfiness 

Source®), resufltfing fin 170, 240, and 300 µm fiflm thficknesses. The fiflm 

fabrficatfion wfith a flower thfickness was not appflficabfle due to the flfimfi-

tatfion of the mfinfimum thfickness of a sfingfle-flayer mask (170 µm). Usfing 

a  CNC  flaser  cutter,  a  mask  pattern  was  desfigned  usfing  Soflfidworks 

software and cut onto the mask tape. The mask was then attached to the 

Kapton substrate, and the TE fink was stencfifl prfinted. The prfinted fiflms 

were cured at a flow temperature of 120◦C for 10 mfins and then pressed 

at 20 MPa for 30 mfins. Pressures above 20 MPa were tested to evafluate 

thefir effects on TE parameters, and no sfignfificant fimprovements were 

found, fleadfing to the seflectfion of 20 MPa for the appflfied pressure used fin 

thfis  work.  The  appflfied  pressure  was  among  the  flowest  compared  to 

other works, as many used 100-200 MPa [18,19,29]. Due to Kapton’s 

flow adhesfion, the fiflms coufld then be transferred to a fresh substrate 

fitted  wfith  doubfle-sfided  tape  for  a  more  accurate  thfickness  measure-

ment (Ffig. S1, Supportfing Informatfion). Each fiflm measured approxfi-

matefly 7 mm ×7 mm. 

2.4. Devfice fabrficatfion 

The TEG devfice was fabrficated on a flexfibfle Kevflar substrate wfith a 

gofld-coated Cu eflectrode. (Purchased from South Korea PASF250, Sueco 

Advanced Materfiafl Co., Ltd). Before prfintfing, a commercfiaflfly avafiflabfle 

soflder paste was coated on the gofld eflectrodes to fimprove the eflectrficafl 

and mechanficafl connectfions between TE eflements and eflectrodes [29]. 

Then, p-type BST-100 and n-type BTS-100 composfite finks were stencfifl 

prfinted  fin  an  aflternatfing  pattern  on  the  substrate.  The  same  type  of 

sfingfle-flayered  mask  (Busfiness  Source®)  was  used  to  heflp  prfint  the 

desfired dfimensfion of the thermoeflements. The pattern on the mask was 

manufactured  by  a  flaser  cutter  wfith  dfimensfions  of  (2  mm ×6  mm) 

(wfidth ×flength) for each thermoeflement. Then, the devfice was cured at 

120◦C  for  10  mfins  and  20  MPa  for  30  mfins.  Each  thermoeflement 

measured approxfimatefly 3 mm ×7 mm. 

2.5. TE propertfies measurement and characterfizatfions 

The  fin-pflane  eflectrficafl  conductfivfity,  carrfier  concentratfion,  and 

mobfiflfity measurements were measured fin ambfient condfitfions usfing the 

Haflfl  Effect  measurement  system  (ECOPIA,  HMS-5500) [24–29].  The 

Seebeck Coefficfient was measured usfing a custom-bufiflt system [25–29]. 

To  measure  the  fin-pflane  thermafl  conductfivfity  of  thfick  TE  composfite 

prfinted  fiflms  (100-1500 µm),  researchers  have  mafinfly  used  the  Ang-

storm method and flaser flash LFA 457 from Netzsch company (Tabfle S4 

Supportfing  Informatfion)  [17-21,25,26].  The  Angstrom  method  was 

seflected to measure the thermafl conductfivfity of our fiflms, as detafifled fin 

Tabfle S4, based on fits demonstrated reflfiabfiflfity fin provfidfing consfistent 

resuflts  for  sfimfiflarfly  prfinted  fiflms.  [18,25,54].  In  addfitfion,  X-ray 

dfiffractfion (XRD), scannfing eflectron mficroscopy (SEM), hfigh-resoflutfion 

transmfissfion  eflectron  mficroscopy  (HRTEM),  Brunauer–Emmett–Teflfler 

(BET),  energy  dfispersfive  X-ray  anaflysfis  (EDAX),  and  Raman  Anaflysfis 

were performed to show the composfite mficrostructure, heterogeneous 

Ffig. 1.Graphficafl research flow for fabrficatfing hfigh-performance n and p free-standfing fiflms by finvestfigatfing the fimpact of flow bfinder concentratfion, heterogeneous 

partficfle sfize dfistrfibutfion, mechanficafl pressure, and thfickness to produce scaflabfle and hfigh-energy densfity f-TEG devfices. 
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partficfle sfize (mficro-sfized and nano-sfized) dfistrfibutfion, finterfaces among 

partficfles and chfitosan, mficro-/nano-sfized defects fin the cross-sectfionafl 

area  of  the  fiflms,  as  weflfl  as  pore  number  and  voflume  wfithfin  fiflms. 

The detafifled characterfizatfion finformatfion was shown fin the Supportfing 

Informatfion. 

3. Resuflts and Dfiscussfions 

3.1. XRD and Raman spectra anaflysfis 

Ffig.  2a shows  that  the  X-ray  dfiffractfion  (XRD)  patterns  for  p-BST 

powder, p-BST 170, and 300 µm thfickness fiflms are consfistent wfith the 

standard  database  of  the  BST  XRD  peaks  (JCPDS  49-1713)  [31,32]. 

Chfitosan  peaks  are  not  vfisfibfle  due  to  the  very  flow  concentratfion  of 

chfitosan wfithfin the fiflms (0.05wt%). Ffig. 2b-d shows the Raman spectra 

for p-BST powder, 170 and 300 µm thfickness fiflms. The Raman peaks 

A11g, Eg, A
2
1g at the phonon vfibratfion modes exfist at 62, 102, and 135 

cm−1 for both p-BST 170 and 300 µm thfickness fiflms findficate the pres-

ence of BST (Ffig. 2c). The peak for p-BST and n-BTS 170 and 300 µm 

thfickness fiflms at ~1470 cm−1 findficate the presence of chfitosan (1400 

cm−1) (Ffig. 2d, h) [33,34]. After fincfludfing BST/BTS and appflyfing unfi-

axfiafl  pressure  fin  the  composfite  fiflms,  a  sflfight  Raman  peak  shfift  was 

observed.  The  XRD  pattern  and  Raman  spectra  show  the  presence  of 

both chfitosan and BST materfiafls fin p-BST composfite 170 and 300 µm 

fiflm thfickness [25,33,34]. Sfimfiflarfly, the XRD and Raman spectra were 

finvestfigated for n-BTS powder and n-BTS composfite for 170 and 300 µm 

fiflm  thfickness  and  chfitosan  powder.  The  XRD  peaks  (Ffig.  2e) are 

consfistent wfith the standard database of the BTS XRD spectra (JCPDS 

50-0954) [35]. Ffig.  2f-h shows  the  Raman  spectra  of  n-BTS  powder, 

n-BTS 170, and 300 µm thfickness fiflms. The Raman peaks A11g, Eg, A
2
1g at 

the  phonon  vfibratfion  modes  exfist  at  65,  118, and  139 cm−1 for  both 

n-BTS  170  and  300 µm  thfickness  fiflms  findficate  the  presence  of  BTS 

(Ffig. 2g) [33,36]. A Raman peak shfift was observed for both p-BST and 

n-BTS  composfite  fiflms  (Ffig.  2c,  g) due  to  appflyfing  pressure  durfing 

fabrficatfion, as expflafined fin Sectfion 3.4. 

3.2. Eflectrficafl conductfivfity 

Ffig. 3 shows the eflectrficafl conductfivfity, Seebeck coefficfient, carrfier 

concentratfion,  mobfiflfity,  power  factor,  and  densfity  of  p-type  BST-100 

and  n-type  BTS-100  composfite  fiflms  wfith  respect  to  the  fiflm  thfick-

nesses (170, 240, and 300 µm). Ffig. 3a shows an finversefly proportfionafl 

reflatfionshfip between the eflectrficafl conductfivfity and thfickness for p-BST 

and n-BTS composfite fiflms. The TE propertfies of the 240 µm n and p 

fiflms flfie between those of the 170 and 300 µm fiflms, as fiflflustrated fin 

Ffig. 3a-e. To sfimpflfify the comparfison of TE propertfies wfith fiflm thfick-

ness,  we  wfiflfl  focus  on  170  and  300 µm  fiflms.  The  average  eflectrficafl 

conductfivfity of 660 S/cm was achfieved for p-BST 170 µm fiflms and 555 

S/cm  for  300 µm  fiflms.  The  eflectrficafl  conductfivfity  fincreased  by 

approxfimatefly 20% from 300 µm to 170 µm fiflms. Sfimfiflarfly, the average 

eflectrficafl conductfivfity of 286 S/cm was achfieved for n-BTS 170 µm fiflms 

and  182  S/cm  for  300 µm  fiflms,  showfing  an  about  54%  fincrease  fin 

eflectrficafl conductfivfity. These resuflts findficate that p-BST and n-BTS fiflms 

have hfigher eflectrficafl conductfivfitfies at flower thficknesses. 

3.3. Seebeck coefficfient and Power factor 

Ffig. 3b shows the absoflute Seebeck coefficfient vaflue of p-BST and n- 

BTS fiflms wfith respect to thefir thfickness. The average Seebeck coeffi-

cfient of 186 µV/K and 194 µV/K was achfieved for p-BST 170 and 300 µm 

fiflms, respectfivefly. The average absoflute Seebeck coefficfient for n-BTS 

170 and 300 µm fiflms was 194 µV/K and 203 µV/K, respectfivefly. The 

Seebeck coefficfients sflfightfly fincreased for p-type and n-type fiflms wfith 

fincreased  fiflm  thficknesses.  The  resuflt  can  be  attrfibuted  to  the  sflfight 

decrease  fin  carrfier  concentratfion.  The  carrfier  concentratfion  of  p-BST 

fiflms decreased from 3.6 ×1019 (170 µm) to 3.2 ×1019 (300 µm), and 

the vaflues of n-BTS fiflms decreased from 170 µm 3.2 ×1019 (170 µm) to 

2.4 ×1019 (300 µm) as shown fin Ffig. 3c. Therefore, the Seebeck Co-

efficfients for both p and n-type fiflms sflfightfly fincreased from 170 µm to 

300 µm (Ffig. 3b) based on Eq. (1) [1]. 

S=
8π2κ2B
3eh2

m∗T
(π

3n

)2/3
(1)  

where n fis the carrfier concentratfion, κB fis the Bofltzmann constant, h fis 

the Pflank constant, and m∗fis the effectfive mass of the carrfier. Moreover, 

the absoflute Seebeck coefficfient of p-BST (186 µV/K - 194 µV/K) and n- 

BTS fiflms (194 µV/K - 203 µV/K) were comparabfle to reported vaflues of 

exfistfing prfinted fiflms, and buflk p-BST and n-BTS, respectfivefly [17,19, 

20,25,27].  The  mobfiflfity  of  p-BST  300 µm  fiflms  (120 cm2/V-s)  was 

sflfightfly flower than the mobfiflfity (125 cm2/V-s) of 170 µm fiflms (Ffig. 3d). 

Moreover,  a  decrease fin  mobfiflfity  from 62 cm2/V-s  for  n-BTS  170 µm 

fiflms to 55 cm2/V-s for 300 µm fiflms was aflso observed (Ffig. 3d). 

The average power factor for p-BST 170 and 300 µm fiflms was 2300 

and 2070 μW/mK2, respectfivefly, as shown fin Ffig. 3e. The BST fiflms wfith 
a thfickness of 170 µm  had an 11% hfigher power factor than 300 µm 

fiflms. The hfighest power factor for p-BST 170 µm fiflms (2300 μW/mK2) 
fis  comparabfle  to  other  reported  vaflues  of  prfinted  fiflms  fin  exfistfing 

flfiterature  [17,19,20,25].  The  power  factor  for  p-BST  was  flower  than 

buflk BST (5200 μW/mK2) due to the decrease fin eflectrficafl conductfivfity 
(Ffig. 3e). The average power factor for n-BTS 170 and 300 µm thfickness 

fiflms were 1100 and 778 μW/mK2, respectfivefly. The BTS 170 µm fiflms 
have 41% hfigher power factor than 300 µm fiflms. 

The hfighest power factor for n-BTS 170 µm fiflms (1100 μW/mK2) 
were flower than other reported vaflues for prfinted fiflms and buflk vaflues, 

mafinfly due to the flower eflectrficafl conductfivfity and fiflm oxfidatfion [17, 

19,20,27]. These fiflms were produced wfith a fractfion of the tfime and 

energy finvestment requfired by other prfintfing methods, makfing thfis a 

worthwhfifle tradeoff fin many cfircumstances. Ffig. 3f shows the densfity of 

p-BST and n-BTS 170 µm and 300 µm fiflms. The average densfity ach-

fieved  for  p-BST  fiflms  was  6.02  and  5.93  g/cm3 for  170  and  300 µm 

thfickness fiflms, respectfivefly. The hfighest densfity of p-BST 170 µm fiflms 

(6.02 g/cm3) was about 89% that of buflk p-BST [20,37]. Thfis densfity 

vaflue fis amongst the hfighest reported vaflues for prfinted TEG fiflms [20, 

25]. The average densfity achfieved for n-BTS fiflms was 6.25 and 6.12 

g/cm3 for  170  and  300 µm  thfickness  fiflms,  respectfivefly.  The  hfighest 

densfity of n-BTS 300 µm fiflms (6.25g/cm3)was about 86% of the buflk 

n-BTS densfity [38]. The vaflue fis among the hfighest reported vaflues from 

other  flfiterature  wfith  prfinted  fiflms  [20,27].  The  comparabfle  densfity 

between 170 and 300 µm thfickness fiflms for p-BST and n-BTS fin thfis 

work findficates that the thfickness varfiatfion has a mfinor effect on fiflm 

densfity. 

The hfighest eflectrficafl conductfivfity of p-BST fiflms was fimproved by 

9%  from  our  prevfious  work  and  fis  comparabfle  to  the  best-reported 

eflectrficafl conductfivfity of prfinted fiflms [17-20,25]. Thfis can be attrfib-

uted to the free-standfing fiflms wfith precfise thfickness measurements and 

the mficrostructure changes fin 170 µm fiflm [25]. However, the hfighest 

achfieved eflectrficafl conductfivfity of p-BST 170 µm fiflms (660 S/cm) was 

stfiflfl flower than that of buflk p-BST (1100-1200 S/cm) [39]. Thfis flower 

eflectrficafl  conductfivfity  can  be  attrfibuted  to  the  fincreased  number  of 

defects  found  wfithfin  the  11%  flower  fiflm  densfity  of  p-BST  fiflms 

compared to buflk BST. On the other hand, the hfighest eflectrficafl con-

ductfivfity (286 S/cm) of n-BTS 170 µm fiflms was fimproved by 43% from 

our prevfious work and comparabfle wfith other prfinted fiflms [17,19,20, 

27]. Thfis fincrease fin eflectrficafl conductfivfity compared to our prevfious 

work  can  be  attrfibuted  to  the  flower  charge  carrfier  scatterfing  found 

wfithfin thfinner free-standfing fiflms wfith precfise thfickness measurements 

and a 3% fincrease fin fiflm densfity. Thfis eflectrficafl conductfivfity of n-BTS 

composfite fis fless than haflf of buflk n-BTS (800 S/cm) vaflues due to the 

flower densfity of n-BTS at 86% that of buflk and the oxfidatfion of n-BTS 

fiflms fin ambfient afir [40–42]. 
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Ffig. 2.(a) XRD patterns and (b) Raman spectra of BST powder, chfitosan powder, BST-chfitosan composfite 170 and 300 µm thfickness fiflms, (c-d) Raman spectra of 

BST powder and BST-chfitosan composfite 170 and 300 µm thfickness fiflms showfing the peaks of BST and the Chfitosan peak fin BST composfite fiflms, (e) XRD patterns 

and (f) Raman spectra for BTS powder, BTS-chfitosan composfite 170 and 300 µm thfickness fiflms, (g-h) Raman spectra of BTS powder and BTS-chfitosan composfite 170 

and 300 µm thfickness fiflms showfing the BTS peaks and Chfitosan peak fin and BTS composfite fiflms. 
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The  effect  of  thfickness  and  mficrostructure  changes  on  eflectrficafl 

conductfivfity and mobfiflfity for 170 and 300 µm thfickness p-BST and n- 

BTS composfite fiflms were finvestfigated usfing scannfing eflectron mficro-

scopy (SEM). The grafin, grafin boundarfies, grafin finterfaces, and mficro- 

sfized  defects  wfithfin  the  fiflms  at  dfifferent  thficknesses  were  finvestfi-

gated usfing SEM fimages (Ffig. 4). The cross-sectfionafl 100µm SEM fimages 

of  our  thfinner  and  thficker  p-BST  and  n-BTS  fiflms  (Ffig.  4b,  d,  f,  h) 

showed  mfinor  thfickness  varfiatfions  compared  to  Vernfier  caflfiper  mea-

surements. The dfifference between SEM and Vernfier caflfiper-measured 

thfickness  can  be  attrfibuted  to  the  fact  that  the  Vernfier  caflfiper  mea-

sures the thfickness of the fiflm between fits jaws, whereas SEM measures 

fiflm thfickness fin a smaflfl fiflm regfion. The fiflm thfickness measured by 

SEM can be sensfitfive to the partficfle-sfize varfiatfions fin the startfing ther-

moeflectrfic materfiafl. Gfiven the partficfle sfize varfiatfion (partficfles up to 50 

µm  sfize)  fin  the  startfing  thermoeflectrfic  materfiafl,  the  SEM  thfickness 

measurements are wfithfin the expected range. 

The resuflts confirmed the thfickness measurement accuracy and the 

dfifference between the 170 and 300 µm thfickness fiflms. Ffig. 4a, c, e, g 

shows the grafins, grafin boundarfies, partficfle finterfaces, and pores of p- 

BST and n-BTS for the 170 and 300 µm thfickness fiflms, respectfivefly. The 

top-vfiew SEM fimage of the p-BST 300 µm  thfickness fiflm shows more 

grafins and pores (Ffig. 4a) than the 170 µm thfickness fiflm (Ffig. 4c). 

ImageJ software was used for the SEM fimages (Ffig. 4b, d, f, h) of p- 

BST and n-BTS 300 and 170 µm thfickness fiflms to acqufire partficfle sfize 

and partficfle numbers, as shown fin Ffig. S2. The number of grafins fin p- 

BST 300 µm fiflms fis aflmost doubfle that of p-BST 170 µm fiflms (Ffig. S2a- 

b).  Sfimfiflarfly,  the  number  of  grafins  fin  n-BTS  300 µm  fiflms  fis  nearfly 

doubfle that of n-BTS 170 µm fiflms (Ffig. S2c, d). Thfis dfifference can be 

attrfibuted to the thfickness varfiatfion of the fiflms. The 300 µm thfickness 

fiflms have a hfigher TE partficfle count when fiflm area and partficfle sfize are 

fixed. The hfigher number of partficfles fincreases grafins, grafin boundarfies, 

finterfaces,  and  mficro-sfized  defects  fin  the  composfite  fiflms,  formfing  a 

short mean free path, causfing fincreased charged carrfier scatterfing, and 

reducfing  the  carrfier  concentratfion.  Thus,  reduced  carrfier  mobfiflfity, 

carrfier concentratfion, and eflectrficafl conductfivfity were obtafined for p- 

type and n-type 300 µm thfickness fiflms [43,44]. On the contrary, 170 µm 

Ffig. 3.(a) Eflectrficafl conductfivfity, (b) absoflute Seebeck coefficfient, (c) carrfier concentratfion, (d) carrfier mobfiflfity, (e) power factor, and (f) fiflm densfity of BST-100- 

chfitosan and BTS-100-chfitosan composfite fiflms wfith respect to the thficknesses. 
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thfickness fiflms have a smaflfler TE partficfle count, thus contafinfing fewer 

grafin  boundarfies  and  grafins  that  can  form  a  flonger  mean  free  path. 

Therefore, 170 µm thfickness fiflms exhfibfited fless charged carrfier scat-

terfing, hfigher mobfiflfity, and eflectrficafl conductfivfity [43–45]. 

3.4. Thermoeflectrfic propertfies across an fincrease fin temperature 

Ffig. 5 shows the TE propertfies (eflectrficafl conductfivfity, Seebeck co-

efficfient, Power factor, and Wefighted Mobfiflfity) of p-BST and n-BTS 170 

µm fiflms at fincreasfing temperatures. The temperature-dependent mea-

surements sufitabfle for flow waste heat appflficatfions were performed at 

298, 323, 348, and 373 K [12,15,46]. Ffig. 5a shows the eflectrficafl con-

ductfivfity of both p-BST and n-BTS fiflms at fincreasfing temperatures. The 

eflectrficafl conductfivfity of p-BST fiflms was 660 S/cm at 298 K and 600 

S/cm  at  373  K.  The  sflfight  decrease  fin  eflectrficafl  conductfivfity  wfith 

fincreased  temperature  findficates  fits  semfi-metaflflfic  behavfior,  consfistent 

wfith prevfious reports [18,25,46]. Conversefly, the eflectrficafl conductfivfity 

for n-BTS fiflms was 286 S/cm at 298 K and 290 S/cm at 373 K. The 

sflfightfly fincreasfing trend fin eflectrficafl conductfivfity wfith fincreased tem-

perature findficates fits semficonductfing behavfior [15]. The absoflute See-

beck coefficfient for p-BST and n-BTS fiflms dfid not change sfignfificantfly 

wfith an fincrease fin the temperature (Ffig. 5b). The power factor for p-BST 

170 µm  fiflms  decreased  sflfightfly  due  to  the  decrease  fin  the  eflectrficafl 

conductfivfity and a comparabfle Seebeck coefficfient (Ffig. 5c). The power 

factor  for  n-BTS  fiflms  fincreased  sflfightfly  due  to  fincreased  eflectrficafl 

conductfivfity and a comparabfle Seebeck coefficfient (Ffig. 5c). 

The  average  wefighted mobfiflfity  was  caflcuflated  usfing  Snyder’s  for-

mufla, Eq.  (2),  and  measured  eflectrficafl  conductfivfity  and  the  Seebeck 

coefficfient of p-BST and n-BTS 170 µm fiflms, respectfivefly [47]: 
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where μw fis the wefighted mobfiflfity, ρ fis the eflectrficafl resfistfivfity, T fis the 

absoflute temperature, S fis the Seebeck coefficfient, and kB/e fis 86.3 µV/ 

K. The average wefighted mobfiflfity of p-BST 170 µm fiflms was 272 cm2/V- 

s at room temperature and decreased to 194 cm2/V-s at 373 K (Ffig. 5d). 

Sfimfiflarfly, the average wefighted mobfiflfity of n-BTS 170 µm fiflms was 109 

cm2/V-s  at  room temperature  and decreased  to  78 cm2/V-s  at  373 K. 

Moreover, the hfigh-wefighted mobfiflfity findficates a hfigher densfity of state 

(DOS) effectfive mass was achfieved for p-BST and n-BTS 170 µm thfick-

ness  fiflms [47].  It fis  weflfl  known that appflyfing pressure to  composfite 

fiflms may finduce flattfice defects, resufltfing fin a change fin DOS effectfive 

mass,  phonon  vfibratfions,  hfigh-wefighted  mobfiflfity,  and  eflectrficafl  con-

ductfivfity [47–49]. XRD and Raman anaflysfis was performed on p-BST 

and  n-BTS  powder  and  170 µm  composfite fiflms  to  confirm  the  fintro-

ductfion of flattfice defects [33,47-51]. XRD peak shfifts fiflflustrate changes 

fin d-spacfing or flattfice spacfing, whfich fis determfined by Bragg’s flaw, as 

shown fin Eq. (3) [52]. 

d=
nλ

2 sfinθ
(3)  

where d represents the d-spacfing fin the flattfice, λ fis the waveflength of the 

X-ray, and θ fis the dfiffractfion angfle (0◦-45◦) fin the XRD pattern. The 

cflear XRD peak shfift was observed for p-BST and n-BTS fiflms at (006), 

(015),  and  (0015)  (Ffig.  S3,  Supportfing  Informatfion),  findficatfing  a 

change fin flattfice spacfing [52]. In addfitfion, the fuflfl wfidth at haflf maxfima 

(FWHM) from Raman spectra of p-BST and n-BTS 170 µm fiflms (Ffig. 5e, 

f) findficates the FWHM peak fintensfity fincrease and peak shfift compared 

to p-BST and n-BTS powders at aflfl Raman actfive vfibratfion modes A11g, Eg 

and A21g (62, 108, 160 cm
−1) [33,48,49]. The fincreased FWHM and peak 

shfift suggest that the defects were fintroduced finto the composfite fiflms by 

appflfied  pressure  fin  both  n-type  and  p-type  composfite  fiflms  [48,49]. 

Therefore, the Raman peak shfift and fincrease fin FWHM fintensfity findfi-

cate a change of DOS effectfive mass and fincreased phonon vfibratfions 

due to appflfied pressure [33,48,49]. The DOS effectfive mass was caflcu-

flated usfing Snyder’s Eq. (4) to confirm the change [47]. 

μw≈μ

(
m∗

me

)3
2

(4) 

The DOS effectfive mass for the p-BST and n-type BTS 170 µm fiflms 

was  caflcuflated  to  be  1.66  and  1.67me respectfivefly  usfing  wefighted 

mobfiflfity found at 20 MPa, hfigher than the typficafl DOS effectfive mass of 

1.1 for BST [47,53]. The reduced wefighted mobfiflfity of p-BST and n-BTS 

170 µm composfite fiflms wfith an fincrease fin temperature aflfigns wfith the 

predfictfion of deformatfion potentfiafl phonon scatterfing theory [47]. 

Ffig. 4.SEM cross-sectfion fimages (1 µm and 100 µm) of p-BST and n-BTS composfite fiflms wfith dfifferent thficknesses: (a-b) 300 µm BST, (c-d) 170 µm BST, (e-f) 300 µm 

BTS, and (g-h) 170 µm BTS. 
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3.5. Thermafl conductfivfity 

In-pflane  thermafl  conductfivfity  measurements  were  performed  for 

170 and 300 µm thfickness fiflms of p-BST and n-BTS to study the effect of 

flow-thermafl  budget  manufacturfing  method  on  thermafl  conductfivfity. 

The thermafl conductfivfity for p-BST 170 and 300 µm thfickness fiflms was 

0.77 and 0.73 W/m-K, respectfivefly, comparabfle to prevfiousfly reported 

bfinder-based  prfinted  composfite  fiflms  [25,28,29,54].  However,  thfis 

vaflue  fis  fless  than  the  thermafl  conductfivfity  of  prfinted  fiflms  wfith  the 

removabfle bfinder and buflk BST (0.9-1.5 W/m-K) [18-20,30,39,54]. The 

flattfice thermafl conductfivfity,  whfich mafinfly  depends on phonon  trans-

port, for the p-BST 170 µm and 300 µm thfickness fiflms was 0.44 and 0.45 

W/m-K, respectfivefly. These vaflues were approxfimatefly 43% of the BST 

buflk flattfice thermafl conductfivfity (1.04 W/m-K) [39,54,55]. Sfimfiflarfly, 

the thermafl conductfivfity for n-BTS 170 µm and 300 µm thfickness fiflms 

were  0.65  and  0.64  W/m-K,  respectfivefly,  comparabfle  to  prevfiousfly 

reported bfinder-based prfinted composfite fiflms and flower than buflk BTS 

(1.6 W/m-K) [14,15,27,42]. Further, the flattfice thermafl conductfivfity for 

n-BTS 170 µm  and 300 µm  thfickness fiflms  was 0.5  and 0.54 W/m-K, 

flower than n-BTS buflk flattfice thermafl conductfivfity (1.23 W/m-K) [54, 

55]. No sfignfificant dfifference was observed fin the thermafl conductfivfitfies 

of  170 µm  and  300 µm  thfickness  fiflms  for  both  p-BST  and  n-BTS 

composfites. 

We hypothesfize that the foflflowfing four factors coufld effectfivefly fin-

crease the phonon scatterfing, reducfing the flattfice thermafl conductfivfity 

of composfite fiflms as compared to buflk: (1) the presence of finsuflatfing 

chfitosan bfinder, (2) the exfistence of grafin-grafin and grafin-poflymer fin-

terfaces,  (3)  fincreased  phonon  vfibratfions  and  scatterfing  caused  by 

pressure-finduced flattfice defects, and (4) the densfity and sfize of nano- 

sfized  defects  and  TE  partficfles  [29,39,46].  The  HRTEM  fimages  show 

the  presence  of  p-BST,  n-BTS,  and  chfitosan  bfinder,  as  weflfl  as  the 

grafin-grafin and grafin-poflymer finterfaces fin p-BST and n-BTS composfite 

Ffig. 5.(a) Eflectrficafl conductfivfity, (b) Absoflute Seebeck coefficfient, (c) power factor, and (d) wefighted mobfiflfity of p-BST and n-BTS composfite fiflms at dfifferent 

temperatures, (e) FWHM for BST powder and composfite 170 µm fiflm, and (f) FWHM for BTS powder and composfite 170 µm fiflm confirmfing peak shfift and change 

of fintensfity. 
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fiflms (Ffig. 6) [29,41,61-67]. The BST powder shows the presence of onfly 

BST partficfles wfith no chfitosan finterface (Ffig. 6a). The BST 170 and 300 

µm  composfite  fiflms  show  the  presence  of  BST  (bflack  partficfles)  and 

chfitosan bfinder (whfite regfion) and grafin-bfinder finterfaces (Ffig. 6b,c). 

Whfifle  BTS  powder  shows  the  presence  of  onfly  BTS  partficfles  wfith  no 

chfitosan  finterfaces  (Ffig.  6d),  BTS  170  and  300 µm  composfite  fiflms 

findficate the  presence of  BTS (bflack partficfles), chfitosan bfinder  (whfite 

regfion), and grafin-bfinder finterfaces (Ffig. 6e,f). Further, to dfifferentfiate 

the  BST  and  BTS  partficfles,  the  hfigh-resoflutfion  transmfissfion  eflectron 

mficroscope  (HRTEM)  was  performed,  whfich  cflearfly  depficts  the  crys-

taflflfine  structure  wfith  flattfice  frfinge  spacfing  of  BST  and  BTS  partficfles 

(Ffig. S4, Supportfing Informatfion). The HRTEM fimages showed that the 

flattfice spacfing fincreased from 0.215 nm correspondfing to (110) crystafl 

pflane (BST powder, Ffig. S4a, Supportfing Informatfion) to 0.24 nm cor-

respondfing  to  (1010)  crystafl  pflane  (BST  170 µm  fiflm, Ffig.  S4b,  Sup-

portfing Informatfion). Sfimfiflarfly, the flattfice spacfing fincreased from 0.308 

nm (BTS powder, Ffig. S4c, Supportfing Informatfion) to 0.32 nm (BTS 

170 µm fiflm, Ffig. S4d, Supportfing Informatfion). The fincreased flattfice 

spacfing corresponds wfith the defects fintroduced by appflyfing mechanficafl 

pressure [50–51]. In addfitfion, EDAX anaflysfis (Ffig. S5-S10, Supportfing 

Informatfion) shows the presence of TE partficfles and chfitosan bfinder (Bfi, 

Sb, Te, C, O, N eflements) for p-BST. Whfifle the n-BTS 170 and 300 µm 

composfite fiflms show the presence of Bfi, Te, Se, C, O, and N eflements fin 

the composfites [25], the presence of grafin-grafin and grafin-poflymer fin-

terfaces and finsuflatfing chfitosan fincreases the finterfacfiafl thermafl resfis-

tance and flowers the flattfice thermafl conductfivfity [25,56-67]. Increased 

phonon  vfibratfions  and  scatterfing  caused  by  pressure-finduced  flattfice 

defects  have  been  shown  by  peak  shfift  and  change  fin  peak  fintensfity 

usfing XRD and Raman (See Ffig. S3, Ffig. 4e, f), and the peak shfift was 

confirmed by measurfing flattfice spacfing usfing HRTEM (Ffig. S4). 

The average nanopartficfle and pore sfize for p-BST and n-BTS 170 and 

300 µm composfite fiflms was estfimated to be ~5 nm usfing FESEM fimages 

and ImageJ software (Ffig. S11 and S12, Supportfing Informatfion). The 

totafl voflume occupfied by the pores fis fless than 1% (Ffig. S13 and S14, 

Supportfing Informatfion) through Brunauer–Emmett–Teflfler (BET) anafl-

ysfis. The flow voflume (~ 1%) occupfied by the pores refinforces that these 

n-type and p-type composfite fiflms are dense, as shown earflfier. Heflflman 

et afl. showed that the flattfice thermafl conductfivfity of Bfi2Te3decreases to 

fless than 0.3 W/m-K when the phonon mean free path fis about 10 nm 

[60].  Lee et  afl.  showed  that  flattfice  thermafl  conductfivfity  coufld  be 

reduced to 0.35W/m-K usfing a combfinatfion of an average grafin sfize of 

fless than 10 nm and a smaflfl wt% of nanopartficfles and nanopores (~ 0.5 

wt%) [58]. However, Dresseflhaus et afl. predficted that charge carrfiers 

woufld pass through wfithout gettfing scattered when nano features are 

smaflfler than 10 nm [56,57]. Based on thfis work on buflk TE materfiafls, we 

expect nano-sfized TE partficfles (~ 5 nm), pores (~ 5 nm), and finterfaces 

present fin the composfite fiflms to onfly cause phonon scatterfing [29,39, 

46,56,57,60,61].  Therefore,  a  flower  flattfice/thermafl  conductfivfity  was 

achfieved for p-BST and n-BTS 170 and 300 µm thfickness fiflms than thefir 

buflk  vaflues  and  other  bfinder-free  prfinted  composfite  fiflms  wfithout 

compromfisfing  the eflectrficafl conductfivfity. It  fis worth mentfionfing that 

mficron-sfized  TE  grafins  are  flarger  than  the  eflectron  mean  free  path, 

whfich reduces charge-carrfier scatterfing and contrfibutes to hfigh mobfiflfity 

and eflectrficafl conductfivfity. Therefore, we successfuflfly decoupfled eflec-

trficafl and thermafl conductfivfity. The p-BST 170 and 300 µm thfickness 

fiflms  have  a  ZT  of  0.89  and  0.81,  whfifle  the  n-BTS  170  and  300 µm 

thfickness fiflms have a ZT of 0.5 and 0.34, respectfivefly, at room tem-

perature. These resuflts confirm that the 170 µm fiflms exhfibfit a better TE 

performance than 300 µm thfickness fiflms prfimarfifly due to hfigher eflec-

trficafl  conductfivfity.  Usfing  finterfacfiafl  engfineerfing  and  flow-thermafl 

budget  prfintfing,  we  achfieved  a  ZT  comparabfle  to  the  best-reported 

prfinted fiflms (Tabfle S2, S5, Supportfing Informatfion) [19-30,68-71]. 

3.6. TEG power output characterfizatfion 

The fabrficatfion of TEG was done usfing sfix-coupfle devfices (5 cm ×2 

Ffig. 6.HRTEM fimages of (a) BST powder, (b-c) BST 170 µm and 300 µm composfite fiflm showfing the grafins and poflymer finterfaces, HRTEM fimages of (d), BTS 

powder, (e-f) BTS 170 µm and 300 µm composfite fiflm showfing the TE partficfles and chfitosan finterfaces. 
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cm ×170 µm) (flength ×wfidth ×hefight) by a stencfifl prfintfing method 

usfing p-type BST and n-type BTS composfite fink. The dfimensfions of each 

thermoeflectrfic eflement fleg (TE eflement) were 7 mm ×3 mm ×170 µm 

(flength ×wfidth ×hefight), as shown fin Ffig. 7a. Ffig. S15 (Supportfing 

Informatfion)  shows  the  custom-bufiflt  setup  for  the  performance  mea-

surement of the TEG. Cross-sectfion SEM fimages were used to measure 

the thfickness of TE materfiafl prfinted on the TEG devfice. Ffig. 7b shows the 

cross-sectfion SEM wfith the soflder paste and metafl eflectrodes at the ends 

of the flegs wfithfin the TEG devfice, befing ~ 113 µm fin thfickness. Once TE 

materfiafls were prfinted, the same area of TEG was ~ 280 µm fin thfickness 

(Ffig. 7c). Therefore, the thfickness of the TE eflement can be confirmed to 

be ~ 167 µm, sfimfiflar to the 170 µm fiflm thfickness desfired. Ffig. 7d,e 

shows  the  vofltage  and  power  output  characterfizatfions  performed  at 

room temperature. The measured vofltage output fincreased flfinearfly wfith 

ΔT (Ffig. 7d) and was comparabfle to the caflcuflated open-cfircufit vofltage 

usfing the Seebeck coefficfient of BST and BTS fiflms. The maxfimum power 

output of 357.6 µW was achfieved at a ΔT of 40 K wfith a cflosed cfircufit 

vofltage  of  45.5  mV  and  a  current  of  9  mA  (Ffig.  7e).  The  maxfimum 

measured  power  densfity  of  5.0  mW/cm2 (fincfludfing  spacfing  between 

thermoeflements) was achfieved at ΔT of 40 K, shown fin Ffig. 7f [15,16]. 

The fincreasfing dfifference between the measured and caflcuflated power 

densfity wfith ΔT can be attrfibuted to the fincreased devfice resfistance at 

hfigher  temperatures,  confirmfing  the  sflfight  decrease  fin  eflectrficafl  con-

ductfivfity of the semfi-metaflflfic p-BST composfite at hfigher temperatures. 

The TEG devfice fabrficated usfing a flow-thermafl budget method achfieved 

a  45% hfigher power densfity  than our  prevfious work  (Tabfle S3, Sup-

portfing  Informatfion) [25].  It  was  aflso  comparabfle  to  the  prevfious 

best-reported vaflues of the prfinted TEG devfices (Tabfle S1, Supportfing 

Informatfion). 

Fflexfibfiflfity and afir stabfiflfity tests were performed to finvestfigate the 

TEG devfice durabfiflfity for practficafl appflficatfions. Ffirst, the flexfibfiflfity test 

was performed by bendfing the devfice at a bendfing radfius of 3 cm for up 

to 1000 cycfles (Ffig. 8a,b). The devfice resfistance fincreased by 4.3% onfly 

after 1000 cycfles of bendfing, and no measurabfle change fin vofltage and 

4% change fin power at a ΔT of 40 K was observed (Ffig. S16a) dem-

onstrates  fits  hfigh  flexfibfiflfity  and  potentfiafl  appflficatfion  fin  harvestfing 

waste heat from pflanar and conformafl surfaces. 

Next, the stabfiflfity of the fabrficated TEG devfice was finvestfigated by 

dfirectfly exposfing the devfice to ambfient afir wfith no encapsuflatfion for 

more  than  sfix  months  (Ffig.  8c).  As  a  resuflt,  the  devfice  resfistance 

fincreased by 10% after 48 days and 23% after 184 days wfith no change 

fin  vofltage  and  a  20%  decrease  fin  power  observed  at  a ΔT  of  40  K 

showfing the oxfidfizatfion of n-type BTS (Ffig. S16b). Thfis findficates the afir 

stabfiflfity of the fabrficated TEG devfice. Moreover, we powered a bflue LED 

and charged a capacfitor to finvestfigate the devfice’s practficaflfity for reafl- 

worfld appflficatfions (Ffig. 8d). Ffinaflfly, the devfice was fintegrated wfith a 

vofltage step-up cfircufit (LTC 3108EDE demo board, Lfinear Technoflogy 

Corp.), whfich can ampflfify the flow finput vofltage (up to 20 mV provfided 

from  TEG)  to  hfigh  output  vofltage  (up  to  5  V).  However,  fit  fis  worth 

mentfionfing that the finput vofltage reaflfized by the step-up cfircufit depends 

on the TEG devfice finternafl resfistance and vofltage output based on Eq. 

(5). 

VL=Vs
RL

Rs+RL
(5)  

Where VL fis the vofltage through the step-up converter, Vs fis the vofltage 

provfided by the TEG devfice, RL fis the resfistance of the converter, and Rs 
fis the finner resfistance of the TEG. The RL at the finput sfide was measured 

to be 5.8 Ω by source meter (Kefithfley 2410-C). The TEG’s cflosed cfircufit 

vofltage and finternafl resfistance must be sufficfient to meet the mfinfimum 

vofltage finput requfirement of the step-up converter cfircufit VL (20 mV). 

Three, 4 coupfled TEG devfices were manufactured wfith a resfistance 

of 12.6 ohms fin totafl and produced 64 mV of open cfircufit vofltage, suf-

ficfient to power the step-up converter at a temperature dfifference of 17 

K  (Ffig.  S17,  S18, Supportfing  Informatfion).  Thfis  fintegrated  TEG  was 

utfiflfized to flfight up a 2.4 V bflue LED at 14 µA (Ffig. 8d) and charge a 

capacfitor at 25 µA (Ffig. 8e) [72,73]. Commercfiaflfly avafiflabfle batterfies 

used  fin  wfirefless  sensors  must  be  perfiodficaflfly  charged,  finterruptfing 

contfinuous  monfitorfing  of  physficafl  parameters.  Therefore,  thfis  work 

demonstrates that f-TEGs fintegrated wfith a step-up vofltage cfircufit can 

charge  a  capacfitor  (50  V,  100 µF)  and  act  as  a  seflf-sufficfient  power 

source  for  wfirefless  sensor  network  devfices.  The  chargfing  and  dfis-

chargfing  vofltage  of  the  capacfitor  was  recorded  at  reguflar  fintervafls 

(Ffig.  8e,f)  at  a  temperature  dfifference  of  17  K.  It  took  6  mfinutes  to 

charge the capacfitor and stabfiflfize fits vofltage at the 5.1 V outputted by 

the step-up cfircufit. The wfirefless monfitorfing sensors use fless than 10 µW 

power fin sfleep mode (~ 96% of tfime), ~ 300 µW durfing sensfing (~ 4% 

of tfime), and ~ 1 mW durfing communficatfion (~ 0.05% of tfime) [74,75]. 

Ffig. 7.(a) Photographfic fimage of the fabrficated TEG devfice, (b) cross-sectfionafl SEM fimage of the soflder paste and metafl eflectrode thfickness at ends of TEG flegs, (c) 

cross-sectfionafl SEM fimage of TE materfiafl combfined wfith the soflder paste and metafl eflectrode at ends of TEG flegs, (d) caflcuflated and measured open cfircufit vofltage 

wfith respect to temperature dfifference, (e) TEG vofltage, power, and current curve at ΔT of 10, 20, and 40 K, and (f) measured and the caflcuflated fideafl power densfity 

wfith respect to temperature dfifference. 

J. Huang et afl.                                                                                                                                                                                                                                   



AppflfiedMaterfiaflsToday37(2024)102116

11

Therefore,  the  achfieved  power  output  of  TEG  fis  sufficfient  for  sfleep 

mode, whfich wfiflfl be utfiflfized 96% of the tfime. Hence, fintegratfing TEGs, 

step-up  cfircufits,  and  capacfitors  can  meet  wfirefless  sensor  devfices’ 

contfinuous power requfirements and act as seflf-sufficfient power suppflfies. 

In our future works, we wfiflfl utfiflfize the scaflabfiflfity of our flow-cost and 

energy-efficfient  manufacturfing  process  to  connect  a  more  sfignfificant 

number  of  TEG  devfices  fin  serfies,  whfich  can  potentfiaflfly  be  a  seflf- 

sufficfient and flong-flastfing power source for many wearabfle devfices to 

monfitor physficafl parameters contfinuousfly usfing body heat at tempera-

tures dfifferences of 10 K or beflow [76]. Thus, we beflfieve that the hfigh 

output vofltage obtafined coufld be utfiflfized to charge the capacfitors/bat-

terfies used fin next-generatfion flexfibfle wfirefless sensor devfices and enabfle 

contfinuous monfitorfing of physficafl parameters. The flexfibfiflfity test, afir 

stabfiflfity  test,  LED  flfightfing,  and  capacfitor  chargfing  demonstratfions 

confirm  the  TEG  devfice’s  capabfiflfity  as  a  sufficfient  and  flong-flastfing 

power  suppfly  for  mufltfipfle  wfirefless  sensors  and  wearabfle  monfitorfing 

devfices. 

4. Concflusfion 

In summary, thfis work finvestfigates the synergetfic fimpact of the flow- 

energy  finput  prfintfing  method  on  the  mficro  and  nanoscafle  composfite 

mficrostructure (grafins, grafin boundarfies, pores, and other defects) and 

finterfaces to decoupfle the eflectrficafl and thermafl conductfivfity. The p- 

BST-chfitosan and n-BTS-chfitosan composfite fiflms were fabrficated usfing 

varfious thficknesses (170, 240, and 300 µm), a smaflfl amount of bfinder 

(0.05 wt%), heterogenous dfistrfibutfion of mficron and nano-sfized partfi-

cfles, and appflfied pressure. The study demonstrates that 170 µm fiflms 

have fewer mficro-scafle defects (grafins, grafin boundarfies, grafin-chfitosan 

bfinder finterfaces) than 300 µm thfickness fiflms. Therefore, the smaflfler 

mficro-scafle defects fin 170 µm thfickness fiflms caused fless charge carrfier 

scatterfing  and  hfigher  eflectrficafl  conductfivfity.  The  nanoscafle  defects 

fintroduced by appflfied pressure, nano-sfized TE partficfles, nanopores, and 

grafin-poflymer  finterface  resuflted  fin  flow  thermafl  conductfivfity.  Hfigh 

eflectrficafl conductfivfity and flow thermafl conductfivfity resuflted fin a ZT of 

Ffig. 8.(a) Normaflfized resfistance of TEG vs. bendfing cycfles, R0 and R fis resfistance before and after bendfing, (b) bendfing demonstratfion, (c) normaflfized resfistance of 

TEG vs. exposfing tfime, R0 and R fis resfistance before and after exposure to ambfient afir, (d) LED flfightfing setup, (e) capacfitor vofltage wfith respect to tfime durfing 

chargfing and dfischargfing, and (f) capacfitor chargfing and dfischargfing setup. 

J. Huang et afl.                                                                                                                                                                                                                                   



Applied Materials Today 37 (2024) 102116

12

0.89 for p-BST 170 µm and a ZT of 0.50 for n-BTS 170 µm composite 
films at room temperature. The higher ZT achieved for p-type and n-type 
composite films is among the best-reported values for printed films using 
a low-thermal budget method with a low curing temperature (120◦C for 
10 min). The achieved power density of 5.0 mW/cm2 at a temperature 
difference of 40 K for 6 couple BST-BTS devices stands as a 40% 
improvement from our previously best reported TEG. Further, the sta
bility and flexibility tests showed that the fabricated TEG device is 
suitable for practical and real-world applications. Demonstrating LED 
lighting and capacitor charging at a temperature difference of 17 K 
confirms the device’s capability as a self-sufficient power source for 
wireless sensor devices. We envisage that the high-performance, flex
ible, scalable, and air-stable TEG device, fabricated with energy-efficient 
methods, can be a self-sufficient and long-lasting power source for many 
wireless sensors to monitor physical parameters continuously. 
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