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methods. We show that the 3D printing fabrication method 

offers a facile and promising way to obtain “electron-crystal 

phonon-glass” TE materials. [ 20–22 ]  In this work, we chose the 

classical TE materials—p-type Bi 0.5 Sb 1.5 Te 3  (BST) alloys 

which are the best commercial TE materials at room temper-

ature—as a proof-of-concept. BST samples are obtained by 

3D fabrication followed by thermal annealing. Amorphous 

characteristics with ultralow thermal conductivity, [ 23–25 ]  which 

are favorable for TE applications, are found. 

  Figure    1   depicts the schematic steps of 3D printing and 

3D fabrication of BST samples, respectively, followed by 

thermal annealing process, which removes the template of 

photoresins while forming crystalline BST nanoparticles. 

Composite resins used in these 3D processes are a mixture 

of BST powders and photoresins at various loading ratios 

of BST. BST powders were prepared by mixing Bi, Sb, and 

Te granules, followed by ball milling for 100 h. Photoresins 

used for 3D printing and 3D fabrication are Formlabs Clear 

Photoresins (chemical structures are not disclosed) and 

our customized photoresins, respectively. Our photoresin 

formulations comprise epoxy resin of 3,4-epoxycyclohex-

ylmethyl-3,4-epoxycyclohexane carboxylate, diluent of 

3-ethyl-3-oxetanemethanol, cationic photoinitiator of triaryl-

sulfonium hexafl uoroantimonate salts, and photosensitizer of 

PSS-303 (Scheme S1, Supporting Information).  

 In general, 3D printed photoresins serve as versatile tem-

plates, allowing one to generate any complicated shapes of 

BST samples at a much lower cost than those by hot-pressing 

moulds. As shown in route (a) in Figure  1 , the printing was 

performed on a Form1+ SLA 3D printer at a layer-height 

of 100 µm. The computer aided design (CAD) model stereo 

lithography (STL) fi les were fi rst input into the Form-

labs’ custom-built PreForm software. Then the printing job 

started after pouring the composite resins into the tank. The 

detailed printing process is shown in Movie S1 (Supporting 

Information). Upon the completion of printing, excess resins 

were washed away from the BST samples by using isopro-

panol (IPA). Finally, the samples were thermally annealed 

under atmospheric pressure in a tubular furnace at 350 °C to 

remove the photoresins, producing the BST materials. Nev-

ertheless, a challenge was encountered during the above pro-

cesses. When the BST contents were more than 5 wt%, the 

samples could not be printed successfully because we are cur-

rently not authorized to adjust the printing speed of Form1+ 

SLA 3D printer whose custom-built PreForm software is not 

open-source yet. Such a low BST content (≤5 wt%) is unfor-

tunately useless for TE applications. Once we are authorized DOI: 10.1002/smll.201502153
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  The 3D printing technology, which was fi rst reported by 

Hull, [ 1 ]  has been rapidly developing in recent years with the 

advances of precision measuring and control technology. 

One 3D printing method is based on the photoresins, which 

is realized primarily through three routes of sterolithog-

raphy apparatus (SLA), digital light processing (DLP), and 

3D spray printing (3DSP). [ 2 ]  The principle of this technology 

relates to building up the objects by optically curing liquid 

photoresins during the layer-by-layer printing processes. [ 3,4 ]  

The 3D printing of photoresins, which exhibits the advan-

tages of cost-effective utilization, high building accuracy, and 

fast fabrication, has been widely applied to rapid prototyping 

and manufacturing. [ 5–7 ]  In the past several years, there has 

been considerable interest in the application of 3D printing 

technologies for creating bionic ear, [ 8 ]  “reactionware” for 

chemical science, [ 9,10 ]  fl ow plates for water electrolysis, [ 11 ]  

lithium-ion microbattery, [ 12 ]  bone scaffolds, [ 13 ]  multifunc-

tional microsystems, [ 14 ]  cell-laden tissue constructs, [ 15 ]  light-

weight cellular composites, [ 16 ]  and so on. 

 Of unique advantages, 3D printing enables the generation 

of free-standing bulk objects, which are particularly useful 

for preparing thermoelectric (TE) material samples. Unfor-

tunately, there has no report yet on this utility. By contrast, 

traditional methods of making TE samples involve hot-

pressing, [ 17,18 ]  melt spinning, and spark plasma sintering, [ 19 ]  

all of which rendered enormous challenges for cost-effective, 

high-throughput production of TE modules. 

 Herein we report for the fi rst time a 3D fabrication of 

amorphous TE materials, which represents a new manu-

facturing paradigm other than conventional hot-pressing 
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to tune the printing speed, high-contents of BST samples can 

be printed. 

 As an alternative solution, we mimicked the 3D printing 

principle and photocured the resins by optical equipment in a 

layer-by-layer fashion to fabricate BST samples with the con-

tents of 40, 50, and 60 wt%, respectively. Such 3D fabrication, 

in analogy to 3D printing, is schematically shown in route 

(b) in Figure  1 . In our early attempts, the composite resins 

containing Formlabs Clear Photoresins and high contents of 

BST powders failed to be photocured. Thus, we formulated 

our photoresins (see the Supporting Information for details 

of resin formulation procedures), which enables to photo-

cure successfully the composite resins with high contents 

of BST nanoparticles. Likewise, a thermal annealing step 

was conducted in the fi nal stage to remove the template of 

photoresins. 

 In order to determine the optimal temperature of thermal 

annealing, we studied thermal behavior of 3D fabricated 

samples by using thermogravimetric analysis (TGA) meas-

urement. Figure S1 (Supporting Information) compares the 

weight loss profi les of composite resins with 60 wt% BST 

powders, taken as an example, and our customized pho-

toresins. Customized photoresin samples exhibit a two-step 

process of weight loss in the range of 30−600 °C. The fi rst step 

is attributed to the loss of volatile solvent while the second is 

due to the decomposition of macromolecular chains and the 

oxidation of char residues. Furthermore, derivative thermo-

gravimetric analysis (DTG) profi les (Figure S1, Supporting 

Information) were obtained from TGA results, showing the 

mass loss rate. There exist two DTG peaks at 350 and 425 °C 

for composite resin samples, in contrast to 325 and 437 °C 

for pure photoresin samples. We initially chose 425 °C for 

thermal annealing of 3D fabricated BST samples, which how-

ever caused lots of cracking in the samples. Then we used 

350 °C with various thermal annealing times, which gave 

high-quality samples for the following measurements. 

 We then investigated the infl uence of thermal annealing 

process on 3D fabricated composite resin samples by stud-

ying their crystalline structures and bulk morphology by 

X-ray diffraction (XRD) measurement and fi eld-effect scan-

ning electron microscopy (FE-SEM), respectively.  Figure    2  a 

shows the XRD patterns of 3D fabricated 60 wt% BST sam-

ples with different thermal annealing time. It can be seen that 

the unannealed sample is in two phases which consist of Te 

and a solid solution of Bi and Sb, while thermally annealed 

samples show a single-phase of BST. All patterns are in good 

agreement with the standard JCPDS XRD pattern (49-1713) 

of BST. As thermal annealing time increases from 1.5 to 6 h, 

all the peak intensities are enhanced, indicating an increase 

of crystallinity. Figure  2 b−e displays the cross-sectional 

FE-SEM images of 3D fabricated 50 and 60 wt% BST sam-

ples with different thermal annealing time. Hollow structures 
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 Figure 1.    Schematic routes of a) 3D printing and b) 3D fabrication of BST samples mixed with Formlabs Clear Photoresins and our customized 
phtoresins, respectively, followed by thermal annealing.

 Figure 2.    a) XRD patterns of 3D fabricated 60 wt% BST samples with various thermal annealing time at 350 °C. Cross-sectional FE-SEM images of 
3D fabricated samples with different BST contents and various thermal annealing time at 350 °C: b) 50 wt%, 1.5 h; c) 60 wt%, 1.5 h; d) 60 wt%, 
3 h; e) 60 wt%, 6 h. The scale bars are 10 µm.
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can be found in all samples, in which the formation of pores 

presumably results from the decomposition of photoresins 

during thermal annealing. This is in good agreement with 

the results found in energy-dispersive spectra (EDS) anal-

ysis (Figure S2, Supporting Information). It can been seen 

that carbons are gradually removed by prolonging thermal 

annealing time, as indicated by the decreasing carbon content 

from 17 to 10 wt% with increasing annealing time from 1.5 

to 6 h (Table S1, Supporting Information), which implies the 

thermal decomposition of photoresins and therefore forma-

tion of amorphous carbons. Amorphous carbons were further 

inspected by Raman spectroscopy. As shown in Figure S3 

(Supporting Information), the Raman-active modes of 3D 

fabricated 60 wt% BST sample are found around 1600 cm −1  

(G band, G means “graphitic”) and 1360 cm −1  (D band, D 

means “disordered”), which suggests the formation of amor-

phous carbons in the samples during thermal annealing pro-

cess. The relative Raman intensity of the D and G bands is 

a measure of the degree of order in an amorphous carbon 

sample. These residual amorphous carbons are likely trapped 

inside the samples. The oxygen content notably decreases as 

thermal annealing time increases. However, a small quantity 

of oxygen can still be found in all samples, suggesting the 

incomplete decomposition of photoresins.  

 To reveal the generated pore structures, we measured the 

densities of 3D fabricated BST samples and the results are 

displayed in  Table    1  . The densities of 3D fabricated samples 

before and after thermal annealing are much smaller than 

that of hot-pressed Bi 0.5 Sb 1.5 Te 3  (HPBST) sample, [ 17 ]  because 

of the existence of pores, amorphous carbon, and residual 

photoresins as indicated in Figure  1 . The densities of 3D fab-

ricated 60 wt% BST samples increase over thermal annealing 

time, presumably because of volume shrinkage of samples 

caused by decomposition of photoresins. The density of 

50 wt% BST sample is found to be larger than that of 60 wt% 

BST sample probably because of its faster decomposition of 

photoresins. Based on the reduction of density, the porosities 

of 50 and 60 wt% BST samples can be estimated as ≈70% 

and 62%, respectively, if we assume that the photoresins are 

completely decomposed and all the carbons are removed. 

We then carried out the porosity measurements by using gas 

sorption surface area and pore size analyzer. The calculated 

Brunauer–Emmett–Teller (BET) results provide an estima-

tion of surface areas of micro, meso, and macropores. As seen 

in Table  1 , as thermal annealing time increases from 1.5, 3 

to 6 h, the BET surface areas of 3D fabricated BST samples 

increase from 0.144, 1.918 to 2.356 m 2  g −1 , respectively, sug-

gesting an increasing numbers of pores. These pores range 

from 1.8−20.4 nm in size distribution (Figure S4, Supporting 

Information). The average grain sizes of 3D fabricated BST 

samples were calculated from the XRD data by the Wil-

liamson–Hall method and summarized in Table  1 . For the 3D 

fabricated 60 wt% sample, with the annealing time increasing 

from 1.5 to 6 h, the grain size increases from 46.1 to 67.6 nm, 

in accordance with the XRD results (Figure  2 a) which show 

an increase of crystallinity with increasing annealing time.  

 Finally, we measured the TE properties of 3D fabricated 

samples. The energy conversion effi ciency of a TE material is 

characterized by the dimensionless TE fi gure of merit ( ZT ), 

which is defi ned as  ZT  = ( S  2  σ / κ  total ) T , where  S ,  σ ,  κ  total  are 

Seebeck coeffi cient, electrical conductivity, thermal conduc-

tivity, which consists of electronic thermal conductivity ( κ  elec ) 

and lattice thermal conductivity ( κ  lattice ), and  T  is the abso-

lute temperature, respectively. 

  Figure    3   presents the TE characteristics of the 3D fab-

ricated BST samples as a function of temperature in com-

parison with those of the HPBST sample reported by 

Poudel et al. [ 17 ]  Figure  3 a shows the measured  κ  total  (dots) 

of four 3D fabricated BST samples. Extremely low values 

of  κ  total  around 0.2 W m −1  K −1  at 44 °C were obtained in the 

3DBST50 sample, which are much lower than that of HPBST 

sample, [ 17 ]  respectively. This fi nding proves that the 3D fab-

rication is an effective way to decrease the thermal conduc-

tivity of TE materials. Moreover,  κ  total  exhibits a nearly linear 

dependence on temperature for all the samples, which sug-

gests that the sample is amorphous rather than crystalline. 

The reason is that thermal conductivity increases with tem-

perature in amorphous materials which is opposite to that in 

crystalline materials. [ 29 ]   

 In order to better understand the amorphous char-

acteristics of 3D fabricated samples, we fi tted the experi-

mental results of thermal conductivity with theoretical 

models used in amorphous TE materials. In this regard, 

we used the Boltzmann transport equations (BTE) to 

calculate  κ  elec  and used a model consists of multimecha-

nisms to calculate  κ  lattice . In the calculation of  κ  elec , the 

contributions from both electrons ( e ) and holes ( h ) are com-

bined by /elec
2T S Se h e h e h e hκ κ κ σ σ σ σ( ) ( ) ( )= + + − + . 

The expressions of the above transport properties are 

written as 2ei iσ = 〈Σ 〉 , /S E q Ti i i i iμ [ ]( )= 〈Σ − 〉 〈Σ 〉 , and 
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  Table 1.    Structural parameters of 3D fabricated BST samples with different nominal compositions and thermal annealing conditions in comparison 
with the HPBST sample.  

Sample ID Composition Annealing process Density 
[g cm −3 ]

Average grain size 
[nm]

BET surface area 
[m 2  g −1 ]

  Temperature [°C] Time [h]    

3DBST50 50 wt% BST 350 1.5 2.449 60.7 2.154

3DBST60 60 wt% BST Unannealed  1.402 11.0  

3DBST60-1 60 wt% BST 350 1.5 2.062 46.1 0.144

3DBST60-2 60 wt% BST 350 3 2.467 62.2 1.918

3DBST60-3 60 wt% BST 350 6 2.631 67.6 2.356

HPBST   6.89 [17]    
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κ μ μ( ) ( )= 〈Σ − 〉 − 〈Σ − 〉 〈Σ 〉[ / ] /
2 2E E Ti i i i i i , [ 26,27 ]  where  i = 

e ,  h  and 

    
E dE E
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n
i i i

n i
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μ μ( ) ( )〈Σ − 〉 = ∫ Σ − −

∂
∂

⎛
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⎞
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(1)

   

 Here  n  = 0, 1, 2. q ee = −  and =q eh  are the charge of 

electrons and holes, respectively.  E e   and  E h   are the energies, 

 µ  is the chemical potential,  f e   and  f h   are the Fermi–Dirac dis-

tribution functions, eΣ  and hΣ  are the transport distribution 

functions. [ 28 ]  Scattering mechanisms such as carrier-impurity 

scattering, carrier-phonon scattering, and carrier-boundary 

scattering are considered. The parameters used are presented 

in Table S2 (Supporting Information). In the calculation of 

 κ  lattice , we employed a model for amorphous materials which 

takes into account the phonon scatterings by pores. [ 29–31 ]  This 

model starts from / 3lattice V pC v lκ =  where  C  V  is the specifi c 

heat which can be estimated by Debye model, [ 32 ]   v  p  is the pho-

group velocity, and  l  is the phonon mean free path (MFP). [ 29 ]  

The phonon frequency-dependent MFP is calculated by 
1 1.2l Aν=−  when ν ν< ξ  and 1 4l Bν=−  when ν ν< Ξ , where 

νξ  and ν Ξ  are transition frequencies of different scat-

tering regimes. [ 30 ]   A  and  B  are fi tting parameters which can 

be found in Table S3 (Supporting Information). The former 

MFP, which is valid for low frequency, considers the phonon 

scattering by two-level states, while the latter MFP, which is 

valid for intermediate frequency, considers the phonon scat-

tering by pores. [ 30 ]  For higher frequency scattering regime, 

Dν ν ν< <Ξ , the hopping mechanism dominates where the 

hopping relaxation time hop
1 Tτ ∝− . Its contribution to  κ  lattice  

is calculated by [ 28 ] / 3 / 3V 0
2

hop VC l C CTτ = , where  l  0  is the 

hopping distance,  v  D  is the Debye frequency and C  is fi t-

ting parameter as shown in Table S3 (Supporting Informa-

tion). At room temperature, the high-frequency scattering is 

most important which causes a linear dependence of  κ  lattice . 
[ 31 ]  

The calculated  κ  lattice  (dotted curves) and  κ  elec  +  κ  lattice  (solid 

curves) are shown in Figure  3 a. Our theoretical results are in 

good agreement with the measured values. We fi nd that the 

calculated  κ  elec  is much less than the calculated  κ  lattice  since 

the carrier concentration of BST samples is small. The  κ  lattice  

in the HPBST sample reported by Poudel et al. [ 17 ]  (purple 

dashed curve) is also plotted for comparison. Our theoretical 

calculations confi rm that the temperature dependence of 

 κ  lattice  in 3D fabricated samples is opposite to that in HPBST 

sample. This fi nding implies that our 3D printing fabrication 

method is a promising way to fabricate “phonon-glass” TE 

materials. 

 Figure  3 b shows the measured temperature dependence 

of electrical conductivity together with the theoretical cal-

culated values using Equation  ( 1)   and e hσ σ σ= + . [ 27 ]  The 

calculated results fi t the experimental data very well with 

reasonable parameters as shown in Table S3 (Supporting 

Information). We fi nd that higher BST contents lead to 

higher  σ  values. As the annealing time increases from 1.5 to

 6 h, the  σ  value of 3DBST60 sample is increased by 246%, 

presumably due to increased carrier concentration. The 

highest  σ  value of ≈50 S cm −1  was obtained in the 3DBST60 

sample at 43 °C, which is one order of magnitude lower than 
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 Figure 3.    Temperature dependence of TE properties of the 3D fabricated BST samples. a) Lattice thermal conductivity ( κ  lattice ) and total thermal 
conductivity ( κ  total ) in comparison with that of hot-pressed sample, [ 17 ]  where the dashed and solid lines correspond to the calculated  κ  lattice  and 
 κ  total , respectively, b) electrical conductivity ( σ ), c) Seebeck coeffi cient ( S ) and d)  ZT . The dots with error bar are experimental data and the curves 
with the same colors are the corresponding theoretical calculation results. Symbol representations: � 50 wt% BST, annealed for 1.5 h; � 60 wt% 
BST, annealed for 1.5 h; � 60 wt% BST, annealed for 3 h; � 60 wt% BST, annealed for 6 h; � HPBST. All these samples were thermally annealed 
at 350 °C.
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that of hot-pressed samples. The reason is that the carrier 

concentration is signifi cantly low in our 3D fabricated amor-

phous samples. Future work will aim at introducing addi-

tional dopants to increase the electrical conductivity in such 

3D fabricated samples. 

 Figure  3 c shows the measured temperature depend-

ence of  S  for the 3D fabricated BST samples together with 

the theoretical calculated values using Equation  ( 1)   and 

/S S Se e h h e hσ σ σ σ( ) ( )= + + . [ 27 ]  Positive  S  indicates that 

the samples are p-type in which holes dominate the charge 

transport. Clearly, the sample which has more BST content 

exhibits higher  S  value. The highest  S  value of 191 µV K −1  at 

151 °C is found in the 3DBST60 sample with an annealing 

time of 1.5 h. 

 The  ZT  values of the 3D fabricated BST samples were 

obtained from the above experimental and theoretical results, 

as shown in Figure  3 d. All 3DBST60 samples exhibit much 

higher  ZT  values than 3DBST50 sample because of their 

higher values of  σ  and  S . Besides, for the 60 wt% BST sam-

ples, the  ZT  values increase as the annealing time increases 

because of the  σ  enhancement as shown in Figure  3 b. Thus, 

increasing the annealing time has demonstrated an effective 

means to increase  ZT  values of 3D fabricated BST samples. 

The best  ZT  value is 0.12 at 43 °C for the 3DBST60 sample 

with an annealing time of 6 h. 

 In conclusion, we have demonstrated a promising 3D 

printing technique, as an alternative to hot-pressing and spark 

plasma sintering methods, to fabricate thermoelectric mate-

rials. Interestingly, amorphous behavior of thermal conduc-

tivity was found in these 3D fabricated samples, as observed 

by a linear increase of lattice thermal conductivity, which is 

a typical “phonon-glass” phenomenon and confi rmed by 

theoretical calculations. An ultralow thermal conductivity of 

0.2 W m −1  K −1  was therefore obtained. Yet the resulting  ZT  

value is low due to poor electrical conductivity of as-fabricated 

BST samples, which can be improved by additional doping. 

It can be envisioned that 3D printing technique enables the 

generation of fl exible, any shaped thermoelectric materials, 

which are otherwise diffi cult to obtain by traditional methods, 

thereby largely extending thermoelectric applications.   

 Experimental Section 

  Chemicals and Materials : All the reagents used in the experi-
ments were used without further purifi cation, including an epoxy 
resin (3,4-epoxycyclohexylmethyl-3,4-epoxycyclohexane carboxy-
late, Jingzhou Xinjing Chemical Co., Ltd), a diluent (3-ethyl-3-oxe-
tanemethanol, Nantong Synasia Co., Ltd), a cationic photoinitiator 
(triarylsulfonium hexafl uoroantimonate salts, Nantong Synasia 
Co., Ltd), a photosensitizer (PSS-303, Nantong Synasia Co., Ltd), 
and Formlabs Clear Photoresins (Formlabs Inc.). 

  BST Powder Preparation : High-purity (over 99.999%) Bi, Sb, 
and Te granules were weighed with a nominal composition of 
Bi 0.5 Sb 1.5 Te 3 . Then the weighed materials were loaded with stain-
less steel balls into stainless steel vials and sealed inside a glove 
box. The planetary mill operating at 500 rpm was used for mechan-
ical alloying. Wet milling used hexane as the grinding media. The 
synthesized powders were obtained by ball milling for 100 h fol-
lowed by drying overnight inside a nitrogen glove box. 

  Photoresin Formulations : The composite resins were formu-
lated by stirring a mixture of all components at ambient tempera-
ture in light-sealed 250 mL fl asks until homogenous solutions 
were obtained. A typical procedure of preparing composite resins 
for 3D printing/fabrication is described as follows. A mixture of 
triarylsulfonium hexafl uoroantimonate salts (9 g) and PSS-303 
(0.9 g) was dissolved in a mixed solution of 3,4-epoxycyclohexyl-
methyl-3,4-epoxycyclohexane carboxylate (69 g) and 3-ethyl-3-ox-
etanemethanol (39 g) under stirring at room temperature. Then BST 
powders were fully dispersed in the above mixture solution with a 
solid content of 40, 50, and 60 wt%, respectively. The composite 
resins for 3D printing were made of Formlabs Clear Photoresins 
and BST powders at contents of 1, 3, and 5 wt%, respectively. 

  SLA Apparatus : SLA processes were performed on a Form 1+ 
SLA 3D printer (Formlabs Inc.) equipped with a 405 nm-laser. And 
a layer thickness of 100 µm was chosen for the printing process. By 
utilizing the 3D printing principle, for 3D fabricating process, the 
composite resins were cured by optical equipment with 405 nm-
laser diode (Nichia Corporation) at power of 1.2 W to generate the 
BST bulk samples. The photocuring time was adjusted to obtain a 
curing depth of about 20 µm for the resins. The obtained samples 
were cleaned with IPA several times, and then dried at 90 °C over-
night in a vacuum oven. 

  Thermal Annealing Process : All the BST samples were ther-
mally annealed at atmospheric pressure in a tubular furnace (BTF-
1200C, Anhui BEQ Equipment Technology Co., Ltd) at 350 °C under 
a constant fl ow of Ar gas. 

  Characterizations and Measurements : The electrical transport 
properties involving  σ  and  S  were measured from 42 to 300 °C using 
a thermoelectric measurement system (LSR-3/1100; Linseis, Ger-
many) in a helium atmosphere. The thermal diffusivity ( D ) was meas-
ured using a laser fl ash apparatus (LFA 1000; Linseis, Germany) 
and the specifi c heat ( C  p ) measurements which were performed 
on a DSC Q2000 TA differential scanning calorimeter. The density, 
 d , was measured by Archimedes’ method and fi nally, the thermal 
conductivity was calculated using the equation  κ  =  D  ×  C  p  ×  d . 
X-ray diffraction pattern data were collected with a Bruker AX D8 
Advance diffractometer with nickel fi ltered Cu Kα radiation ( λ  = 
1.5406 Å). FE-SEM (Hitachi S-520) was used to study the micro-
structure of the samples. Sample porosities were evaluated by a 
Quadrasorb evo gas sorption surface area and pore size analyzer 
(Quantachrome Instruments, USA) and the BET method was used to 
calculate the specifi c surface areas. Raman spectra were obtained 
on an XploRA PLUS Raman microscope (Horiba JY, France) under a 
laser excitation at 638 nm. Spectra was acquired over a range of 
300−2200 cm −1  with suffi cient averaging to allow for reliable fi tting.  
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