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Copper-phthalocyanine (CuPc), as a classical small molecular organic semiconductor, has been applied in
many fields. However, the low intrinsic conductivity limits its application in thermoelectricity. Here,
hexacyano-trimethylene-cyclopropane (CN6-CP), a strong electron acceptor, is synthesized as dopant
for CuPc thin films to improve their conductivities. Multilayer thin films constructed from alternate
thermally evaporated CuPc and CN6-CP thin layers are investigated. Under the optimized condition, the
doped CuPc film with a conductivity of 0.76 S cm™* and a Seebeck coefficient of 130 uV K™%, shows
a high power factor of 1.3 yW m~! K~2 and the carrier concentration is estimated to be 2.8 x 102° cm™.
Considering the relatively superior performance, the CN6-CP doped CuPc film is a promising small
molecular organic thermoelectric (OTE) material. In addition, for those highly crystalline materials with
poor solubility, the layer-by-layer structure offers a general strategy for investigation and optimization of

rsc.li/rsc-advances their TE performance.

Introduction

Recently, organic thermoelectric (OTE) materials, which convert
thermal energy and electricity, are of huge interest.'” The figure
of merit ZT was established to evaluate the TE performance:

ZT = S*aTlk (1)

where T, o, k, and S are absolute temperature, electrical
conductivity, thermal conductivity, and Seebeck coefficient,
respectively. As organic compounds generally have low value
thermal conductivities, the main evaluation criterion for OTE
materials is the value of the power factor PF, PF = §%¢.*
Therefore, enhancement of electrical conductivity as well as
maintaining the Seebeck coefficient value is important for OTE
materials.” Some polymeric systems which potentially have high
TE performances have been reported,”*® but small-molecule
based OTE materials have so far rarely been addressed.” Due
to the wide variety of small-molecule organic semiconductor
materials and their obvious advantages in synthesis,
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characterization and crystal growth, their TE properties still
need to be investigated extensively and in depth.

Metallic Phthalocyanines (MPcs), which are well known for
their excellent chemical and thermal stability, is a versatile class
of organic semiconducting materials with attractive charge
transport and optical properties.®*** Early studies reported that
the Seebeck coefficient of pristine MPcs falls into the range of
0.9-1.8 mV K™ %,*> and the Hall measurement demonstrated that
the mobility in single crystal MPcs is on the order of 1 cm® V™"
s .2 The highest field-effect mobility of holes in thin films of
TiOPc is reported to be 10 cm® V' s~ .** The high charge carrier
mobilities and the large Seebeck coefficients suggest that MPcs
could have promising TE properties. Additionally, theoretical
simulations carried out by Shuai et al*® revealed the close
relationship between carrier concentration and TE properties of
MPcs. Their work predicts the ZT value of NiPc may reach
marvellous 2.5 at particular carrier concentration.'>*®

Here, we chose CuPc as the p-type TE materials. Since pris-
tine CuPc are intrinsic semiconductor, charge carriers must be
externally provided by means of doping. A stronger electron
acceptor is needed for doping CuPc efficiently. CN6-CP was
originally synthesized in the 1970s"*®* and was recently identi-
fied as a promising molecular dopant by Karpov et al.* With an
EA of —5.87 eV, this is the strongest p-type small-molecular
dopant for organic semiconductor yet reported in the litera-
ture."”** We made CN6-CP as the dopant for improving the
carrier concentration of CuPc films. Multilayer thin films

This journal is © The Royal Society of Chemistry 2019
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constructed by alternately thermal evaporated CuPc and CN6-
CP thin layers were investigated. Under the optimized condi-
tion, the corresponding conductivity and Seebeck coefficient
can be up to 0.76 S cm ™" and 130 pV K, respectively. Thus,
a high power factor of 1.3 yWm ™! K2 can be obtained, which is
the highest value ever reported for CuPc films. Combining the
mobility derived from the corresponding FET devices and
conductivities measured, the carrier concentrations is esti-
mated to be 2.8 x 10>° cm " for the doped CuPc films. Compare
to the intrinsic CuPc films, the conductivity of doped CuPc films
has remarkably improved. It shows relatively superior TE
performance and broadens the range of small molecular OTE
materials. In addition, the layer-by-layer structure provides
a general opportunity for investigation and optimization of the
TE performance for those highly crystalline materials with poor
solubility.

Experimental
Materials

CuPc was purchased from Sigma-Aldrich and purified by
sublimation for two times. CN6-CP was synthesized following
a reported procedure.*

Film preparation and doping process

The samples are prepared by thermal evaporation in high
vacuum chambers (6 x 10™* Pa) driven by turbo molecular
pumps. The material is evaporated from fused silica crucibles
onto substrates and the rate for CuPc and CN6-CP is 0.6
nm min " and 0.3 nm min ", respectively.

Film characterization

The ultraviolet-visible-near-infrared (UV-vis-NIR) absorption
spectra are obtained from V-570 UV/vis/NIR spectrometer
(JASCO 1Inc.). The morphologies are measured by atomic force
microscopy (AFM) in tapping mode (Nanoscope IV Digital
Instruments, Bruker). The X-ray diffraction (XRD) spectra were
obtained from the Rigaku D X-ray diffractometer with Cu Ka
radiation. X-ray Photoelectron Spectrum (XPS) and Ultraviolet
Photoelectron Spectrum (UPS) were obtained by using an AXIS
Ultra-DLD ultrahigh vacuum photoemission spectroscopy
system (Kratos Co.). A monochromatic aluminium Ko source
(1486.6 eV) was used for XPS and a He I source (21.22 eV) was
used for UPS. All characterizations were performed under ultra-
high-vacuum (3 x 10~° Torr).

The measurement of OFETS of pristine and doped CuPc films

OFETs with a bottom-gate/bottom-contact configuration were
constructed on the substrate of highly doped silicon with
300 nm of SiO, as the dielectric layer. The source-drain gold
electrodes are evaporated in a vacuum chamber by a shadow
mask. The channel length and width were 50 pm and 1400 um,
respectively. The SiO,/Si substrate was cleaned by distilled
water, ethanol, and acetone and dry with nitrogen. Then it dips
in piranha solution (a mixture of 30 vol% H,0, and 70 vol%
H,S0,), followed by O, plasma treatment. Finally, it is modified
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with a self-assembled monolayer (SAM) of octadecyltri-
chlorosilane (OTS). Multilayer CuPc films with different doping
concentration were deposited on OTS-modified substrate via
thermal evaporation. The evaporation rate is 0.6 nm min~" for
CuPc and 0.3 nm min "~ for CN6-CP with the substrates kept at
ambient temperature. The performances of OFETs are
measured with a Keithley 4200 SCS.

The measurement of TE property

The glass substrates were cleaned by distilled water, ethanol,
and acetone and dry with nitrogen. Then it dips in piranha
solution (a mixture of 30 vol% H,0, and 70 vol% H,SO,), fol-
lowed by O, plasma treatment. Finally, it is modified with a SAM
of OTS. CuPc and CN6-CP were evaporated alternately on OTS-
modified substrate and adjust the thickness of CN6-CP to
alter the doping concentration. The evaporating rate for CuPc
and CN6-CP is 0.6 nm min ' and 0.3 nm min ", respectively.
The gold electrodes are evaporated onto the glass substrate in
a vacuum chamber by a shadow mask. The channel length and
width were 500 pm and 5000 um, respectively. Conductivity was
measured with Keithley 4200 SCS by a four-probe method. The
Seebeck coefficient can be obtained by the formula:n

S = Vinem! AT (2)

The temperature difference AT was created by two Peltier
modules. We fix the two Peltier modules, and then apply
a voltage to one module. As a result, it will generate a certain
temperature difference and that corresponds to the voltage. The
temperature difference can be obtained from two resistive
thermometers and the thermal voltage Viem is measured by
Keithley 4200 SCS. Besides, the conductivity and Seebeck coef-
ficient are recorded in the same device.

Results and discussion

The molecular structure of CuPc and CN6-CP is show in Fig. 1a.
The highest occupied molecular orbital (HOMO) level of CuPc is
—4.80 eV and the lowest unoccupied Molecular Orbital (LUMO)
level of CN6-CP is —5.87 eV. The energy offset between the
HOMO of CuPc and LUMO of CN6-CP is sufficient to drive the
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Fig. 1 (a) The molecular structure and relative energy level of frontier
molecular orbitals of CuPc and CN6-CP, (b) the illustration of multi-
layer structure constructed by alternately thermal evaporated CuPc
(donor) and CN6-CP (acceptor) thin layers.
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electron transfer from the donor molecules to the acceptors.***®
Considering the co-evaporation will lead poor ordering of the
microstructure of CuPc and decrease the mobility of CuPc film,
which will lower the thermoelectric performance, multilayer
structure were constructed by depositing CuPc and dopant
alternatively to form a layer-by-layer structure (as illustrated in
Fig. 1b). The charge transfer between CuPc and dopant mole-
cules happens at the interface between CuPc and CN6-CP layers,
while the CuPc layers retain the crystallinity similar to its pris-
tine state which provides the efficient electronic transport path
for achieving a higher conductivity comparing to that of the co-
sublimated films. So, the conductivity will be mainly deter-
mined by the contacting area between the CuPc layers and the
dopant layers.

Screening of the film formation conditions including film
structure, substrate surface modification, total thickness of
the CuPc layer and doping concentration

The thin films that we present here can be described with
a general formula of (Ty CuPc/T, CN6-CP) x Ly (Tm and Tp
refer to the thickness of the monolayer of CuPc and CN6-CP and
Ly refer to the number of repeated CuPc/CN6-CP bilayers).
When the total thickness of CuPc Tyytotal = Tm X Ly maintained
at a constant value, a higher conductivity can be expected for the
film with smaller T\, and larger Ly, as more CuPc molecules
locate at the CuPc/CN6-CP interface to interact with the dopant
molecules for carrier generation. This expectation is confirmed
with a comparison investigation. We construct three multilayer
CuPc/CN6-CP films on bare glass substrate with the same Ty
total = 40 nm and Tporal = 8 nm (as shown in Fig. 2), but
a different Ly (Ly = 1, 4 and 20 for device 1, 2 and 3). The total
CN6-CP/CuPc molecular ratios (MR) in the three devices are
equal, as the same total thickness of CuPc and CN6-CP layers
present in these films. A drastic increase in electrical conduc-
tivity can be observed with lessening the thickness of each CuPc
layer. The conductivity of the bilayer thin film displays the
lowest of value of 0.002 S ecm™!, it increase to 0.12 and
0.3 S cm ™! for the eight-layer and forty-layer films (the results
were summarized in Table S17). This observation shows that the
more contact area between CuPc and CN6-CP layer, the more
CuPc molecules can be converted into the corresponding
cations and serve as charge carriers. So, a multilayer structure
with alternatively deposited semiconductor and dopant mole-
cules is an effective method for constructing thin films of doped
small molecular semiconductors. And the charge carrier
concentration depends on the interface area ratio.

It is well known that the surface state of the substrate has
critical impact on the structural ordering of organic semi-
conductor to be deposited on.*** So, for further optimizing the

a one-cr b C
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— ———

Fig. 2 The structures of three different device. (a): device 1: (40 nm
CuPc/8 nm CN6-CP) x 1, (b): device 2: (10 nm CuPc/2 nm CN6-CP) x
4, (c): device 3: (2 hm CuPc/0.4 nm CN6-CP) x 20.
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thermoelectric properties of CuPc films, the glass substrates
were modified with SAM of OTS,* (1H,1H,2H,2H-heptadeca-
fluorodecyl)trichlorosilane,* octadecylphosphonic acid,* hex-
amethyldisilazane,® and poly(amic acid),” respectively. We
constructed multilayer devices with the structure of (2 nm CuPc/
0.4 nm CN6-CP) x 20 on the modified substrates. As show in
Table S2,f the SAMs have a significant influence on the
conductivities of CuPc films, and the OTS-modified substrate is
superior to others. As a result, the conductivity increased from
0.3 S cm™* for film on bare glass substrate to 0.5 S cm ™" for film
on OTS-modified substrate. The AFM images show that the
pristine CuPc films deposit on OTS-modified glass substrate
(Fig. S1t) display enlarged grain size compared to the films
deposited on bare glass substrate, corresponding to the
improved crystallinity of CuPc films, which will lead to the
increase of carrier mobility and hence the enhancement of
electrical conductivity.

It is found that for thin films with a structure of (2 nm CuPc/
0.4 nm CN6-CP) x Ly, when the Ly decrease from 20 (total
thickness of CuPc layers is 40 nm) to 5 (with total thickness of
CuPc layers is 10 nm), the electrical conductivity increases from
0.50 Scm ™' to 0.78 S cm ™' and the Seebeck coefficient (~120 uv
K~ ') shows no obvious change. As thermal evaporated CN6-CP
thin films are totally amorphous (no diffraction pattern of
CN6-CP can be observed in the XRD data of CuPc/CN6-CP films
as shown in the following section), the crystallinity of CuPc
layers deposited on CN6-CP decrease compared to the films
deposited directly on the glass substrates. And this situation
gets worse for films with a larger layer number. Based on these
pre-screening investigations, we choose the films structure of
(2 nm CuPc/Tp CN6-CP) x 5 for further optimization of the TE
performance via varying the doping concentration, which can
be realized by change the Ty, value, the monolayer thickness of
dopant part.

Optimization of TE performance through adjusting of the
doping concentration

Finally, multilayer thin films with repeated CuPc/CN6-CP
bilayer structures on OTS-modified glass substrate with the
total thickness of CuPc of 10 nm are fabricated, in which the
thickness of each CuPc layer is 2 nm and the doping concen-
tration was varied by changing the thickness of each CN6-CP
layer from 0.1 nm to 0.8 nm. As the monolayer thickness of
CN6-CP layers is close to the detecting limit of quartz micro-
balance, it is difficult to derive the MR between dopant and
CuPc via the film thickness monitored by the quartz micro-
balance. Here, the MR values were estimated by fitting the
XPS spectra of Cls to two parts, the CuPc and CN6-CP mole-
cules, which was shown in Fig. S57 (the data were summarized
in Table S31). The conductivities measurement of the corre-
sponding thin films show that the conductivity increases with
the doing concentration and reach a maximum value of
0.78 S cm ™' under a MR of 30% corresponding to thin film with
Tp = 0.4 nm. Then, the conductivity decreases with further
increasing of MR value. The Seebeck coefficients continuously
decrease with the increase of MR value (Fig. 3). Under the

This journal is © The Royal Society of Chemistry 2019
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optimized condition, MR = 27% (Tp = 0.3 nm), the corre-
sponding conductivity and Seebeck coefficient can be up to
0.76 S cm ™' and 130 uV K, respectively. Thus, a high power
factor of 1.3 yW m~* K2 is obtained. The continuous decrease
of Seebeck coefficient corresponding to an increase of carrier
concentration when more CN6-CP molecules are presented in
between the CuPc layers, although the contacting areas between
CuPc/CN6-CP layers are equal for these multilayer films. This is
due to the fact that, when less CN6-CP molecules (such as the
film with MR = 14%) are deposited on CuPc film, it could not
fully cover the surface of CuPc layer, and the effective interface
between CuPc/CN6-CP is small than the area of CuPc deposited.
So, more CN6-CP will go to contact with CuPc molecule when
the coverage gets increased with more CN6-CP molecules
evaporated. The mutual diffusion between the CuPc and CN6-
CP layer may contribute to the further increase of carrier
concentration after the fully covering of the CuPc layer.

Tuning of the charge carrier concentration is the most
general strategy for optimization of the TE performance, not
only for inorganic material but also for organic semiconductors.
For organic semiconductor, the doping process is critical for
carrier generation, which relies on efficient charge transfer
between the semiconducting molecules and dopant molecules.
For extracting the carrier density of pristine and doped CuPc
films, thin film transistors (TFTs) based on CuPc films are
constructed and characterized. The TFTs characterization data
are shown in Fig. S2 and S3.f For TFTs based on pristine CuPc
film, the output curve displays typical saturation region. And
the mobility is extracted with the data in the saturation region
(Vps > (Vas — Vin)) by applying the following equation:*®

Ins = WRLpC(Vas — V) (3)

For the CN6-CP doped CuPc films, no saturation region can
be observed. The mobility is extracted with the data of linear
region (Vps < (Vs — Vin)) according to the equation:

IDS = W/LMCi(VGS - V[h) VDS (4)

where u is field-effect mobility, Ing is source-drain current, C; is
the capacitance per unit area of the gate dielectric layer, Vpg is
drain-source voltage, Vy, is threshold voltage, Vg is gate-source
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Fig. 3 Thermoelectric properties of multilayer CuPc films doped by
CN6-CP with the total thickness of CuPc of 10 nm. The performances
are optimized by adjusting the CN6-CP/CuPc molecular ratio.
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voltage, and L and W are the channel length and width,
respectively.”® As shown in Fig. 4, compared to the pristine CuPc
films, the mobilities of the doped films with the lowest MR ratio
display a significant increase of carrier mobility, which should
be due to the filling of trap states,* while the structural ordering
maintain at the same level. The mobility decreases with further
increasing of doping concentration. This is due to the fact that
increasing of the thickness of amorphous CN6-CP layer leads to
structural disorder of CuPc deposited on it, which was
confirmed by the XRD data (Fig. 6) and AFM images (Fig. S67).
The FET mobility (u) was used to deduce the charge carrier
density combining with the conductivity measured (o) (Fig. 3)
according the eqn (5):*

0 =enu (5)

As shown in Fig. 4, the density of charge carrier of pristine
CuPc film is only about 10"°-10'® cm 3. When CN6-CP was
deposited, we can see a sharp increase of the density of charge
carrier reaching 10" cm ™2 even with the lowest dopant loading
amount. Finally, at higher doping level, a saturated charge
carrier density of 2.8 x 10>° em™? is reached after the MR value
arriving at 34% (Tp = 0.5 nm). Considering the molecular
density of CuPc in single crystal state is about 1.72 x 10>
cm ™2 * about 16% of the CuPc molecules in the thin film has
been converted into the corresponding cations. This result
shows that CN6-CP is an efficient dopant for CuPc films.

Spectroscopy characterizations

In order to elucidate the doping effect, the UV-vis-NIR, XPS and
UPS were employed for further characterization of the multi-
layer CuPc/CN6-CP thin films with different doping concentra-
tion. The characteristic peaks of CuPc in UV-vis-NIR absorption
are 627 nm and 692 nm (Fig. S41). They both shows blue shift
with the increase of doing concentration, and under high
doping concentration the peak at 627 nm shifts to 615 nm and
the peak at 692 nm shift to 682 nm. This phenomenon is similar
with I, doped CuPc films.*> We suppose this may attribute to the
electron transfer from CuPc to CN6-CP. However, formation of
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Fig. 4 The mobility and density of charge carrier of doped CuPc films
with different CN6-CP/CuPc MR value.
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ion pairs or charge transfer complexes can't be uncovered,**** as
no new peaks appeared in the range of 300 to 1200 nm. The UPS
and XPS spectra of pristine and doped CuPc films with different
doping concentration is shown in Fig. 5. The work function of
pristine CuPc is 4.02 eV and it shifts constantly to higher kinetic
energy with the increase of doping concentration (Fig. 5a).
Fig. 5b shows the HOMO region of pristine and doped CuPc
films. The onset of valence band edge is 0.75 eV below the Fermi
level for the pristine CuPc films. A continuous shift to lower
binding energy region with the increase of doping concentra-
tion can be observed, corresponding to the shift of Fermi level
towards the valence band edge. This is consistent with the
observed decrease of Seebeck coefficient value with the increase
of carrier concentration. Fig. 5¢ and d shows the XPS spectra of
pristine and doped CuPc films. As shown in Fig. 5c, the C1s
spectrum of pristine CuPc film have three characteristic peaks.
Their binding energy are 288.0 eV, 286.0 eV and 284.6 eV and
they are associated with a w—m* satellite feature from the pyrrole
carbon, pyrrole carbon linked to nitrogen, and the aromatic
carbon of the benzene rings, respectively.’*?” The peak at
288.0 eV is weak and it nearly disappear after doping. The other
two peaks both shift to lower binding energy with the increase
of doping concentration. Under a CN6-CP/CuPc MR value of
34% (Tp = 0.5 nm), the two peaks shift from 284.6 eV to 283.9 eV
and from 286.0 eV to 285.4 eV respectively. Similarly, as shown
in Fig. 5d, the N1s spectrum of pristine CuPc film has a char-
acteristic peak at 398.9 eV and it shifts to lower binding energy
with the increasing of doping concentration. Under a MR value
of 34% (Tp = 0.5 nm), the peak shifts from 398.9 eV to 398.3 eV.
Both the variation of C1s and N1s XPS spectra indicate the p-
type doping induced by electron transfer from CuPc to CN6-
CP. The data show that CN6-CP is an effective dopant for CuPc.

The microstructure of thin films

For investing the impact of doping on the morphology and
microstructure ordering of CuPc films, AFM and XRD charac-
terization are performed. The AFM morphology images of CuPc
films with different doping concentration show that the grain
size decrease with the increase of doping concentration, which
illustrate the present of dopant layers destroy the crystallinity of
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Fig.5 The UPS and XPS of pristine and doped CuPc films. (a) The shift
of work function, (b) the shift of HOMO level, the shift of binding
energy of C 1s (c) and N 1s (d).
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Fig. 6 The XRD measurements of pristine and doped CuPc films with
different doping concentration deposited on OTS-modified substrate.

pristine CuPc thin films (Fig. S61). As shown in Fig. 6, only
characteristic diffraction patterns of CuPc corresponding the
present of a-phase CuPc microcrystal can be observed.*® No
diffraction peaks of CN6-CP can be observed, showing that the
total amorphous nature of CN6-CP in the thin film. The inten-
sity of CuPc (200) peak at 26 ~ 6.5° shows a negative correlation
to the doping concentration, that is in accordance with the
results of AFM, which indicates that the introducing of CN6-CP
layers has a detrimental effect on the crystallinity of CuPc film.
In addition, the (200) peak shifts from 6.70° to 6.35° with the
MR increase from 0 to 27% (T = 0.3 nm), which indicates the
interplanar spacing increase with the increase of doping
concentration. This result is due to the intermolecular interac-
tions between the CuPc molecules changes after the molecules
are partially charged. The AFM images and XRD patterns illus-
trate the introduction of CN6-CP layers in between the CuPc
layers will destroy the morphology and stacking ordering of
CuPc films. And this effect is more significant under higher MR
concentration.****** This phenomenon will hinder the
improvement of charge transport performance, which may be
solved by employing of a dopant molecule preferring a highly
crystalline state in thin films.

Conclusions

We use CN6-CP as dopant for the CuPc thin films to improve
their thermoelectric performance. Through constructing
multilayer devices and modification of the substrate surface,
adjusting the thickness of films and doping concentration, the
conductivity has been improved remarkably and it can reach up
to 0.76 S cm ™ '. Meanwhile, the optimal power factor value is
obtained as 1.3 pW m~* K~? when CN6-CP/CuPc molecular ratio
of the film is 30% and Seebeck coefficient displays 130 uv K.
Under the optimized condition, the carrier concentration of
CuPec films is 2.8 x 10?° em >, which means that about 16% of
CuPc molecules have been charged and CN6-CP is a very
effective dopant for CuPc. Moreover, we demonstrated that
alternatively deposited multilayer structure of small molecular
semiconductor and dopant molecules offers a general strategy

This journal is © The Royal Society of Chemistry 2019
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for investigation and optimization of their TE performance, as it
is feasible for achieving high crystallinity and carrier concen-
tration simultaneously. This is especial the case for those highly
crystalline materials with poor solubility.
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