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 Ultrahigh Thermoelectric Performance by Electron and 
Phonon Critical Scattering in Cu 2 Se 1-x I x  

   Huili    Liu    ,     Xun    Yuan    ,     Ping    Lu    ,     Xun    Shi    , *     Fangfang    Xu    ,     Ying    He    ,     Yunshan    Tang    ,  
   Shengqiang    Bai    ,     Wenqing    Zhang    , *     Lidong    Chen    , *     Yue    Lin    ,     Lei    Shi    ,     He    Lin    ,  
   Xingyu    Gao    ,     Xingmin    Zhang    ,     Hang    Chi    ,   and     Ctirad    Uher   
  Besides the potentially great impact on effi cient harvesting and 
conversion of waste industrial heat into electricity as well as pro-
viding a fully solid-state operational heat pump, [ 1,2 ]  thermoelec-
tricity has also attracted considerable interest by the electronic 
industry due to its potential to rapidly cool microprocessors and 
sensors, thus increasing their speed and capacity. [ 3–6 ]  Applica-
tions of thermoelectrics in electronic industry require highly 
effi cient materials with an exceptional fi gure of merit ( zT ) that 
would operate within a narrow temperature range near room 
temperature. Unlike the traditional applications in solid-state 
heat pumping and waste heat recovery that require a high TE 
performance over an extended regime of temperatures to maxi-
mize energy conversion effi ciency, the rapid cooling devices 
for microprocessors and micro-power generators in wireless 
devices call only for a high TE effi ciency within a relatively 
small temperature interval less than 30–50 degrees around or 
slightly above room temperature. [ 3–6 ]  While recent advances in 
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developing thermoelectric materials for power generation have 
resulted in  zT  around 2 typically near 1000 K, room tempera-
ture applications of thermoelectricity are still hampered by the 
lack of materials having  zT  above 1. Here we demonstrate a 
signifi cantly improved thermoelectric performance by utilizing 
critical electron and phonon scattering that takes place during a 
continuous phase transition. Using iodine-doped Cu 2 Se where 
the critical phase transition temperature can be tuned to within 
a few tens of degrees around room temperature, we show 
that critical scattering greatly enhances the thermopower and 
strongly diminishes thermal conductivity, leading to a dramatic 
increase in  zT  by a factor of 3–7 times culminating in  zT  values 
of 2.3 at 400 K. This new mechanism provides great opportuni-
ties for  zT  enhancement in materials displaying second-order 
phase transitions near ambient temperature and is appealing 
for a more extensive use of thermoelectrics in electronic 
industry. 

 The energy conversion effi ciency in TE technology is mainly 
limited by the materials’ performance, which is described by 
the dimensionless TE fi gure of merit  zT .
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 The fi gure of merit depends, apart from the absolute tempera-
ture  T , on three transport parameters: thermopower  S  (Seebeck 
coeffi cient), thermal conductivity  κ , and electrical resistivity  ρ . 
The three transport coeffi cients are strongly inter-dependent 
(see Equation (1)), making the design of high  zT  materials a 
very challenging task. Currently, the bulk materials with  zT  
above 2 have only been reported at fairly high temperatures 
near 1000 K in a few nano-structured materials. [ 7,8 ]  The room 
temperature commercial Bi 2 Te 3 -based TE materials have a 
maximum  zT  much less than 2. [ 2 ]  Therefore, there is an urgent 
need to develop high performance TE materials for near room 
temperature applications such as providing rapid and effi cient 
cooling of microprocessors and micro-generators for wireless 
devices. 

 The current successful strategies for enhancing the perfor-
mance of TE materials focus mostly on the reduction of the 
thermal conductivity by incorporating nanometer-scale inclu-
sions, [ 7–13 ]  rattlers, [ 14 ]  or the liquid-like state. [ 15 ]  In principle, 
there is a limiting value which the lattice thermal conductivity 
( κ min  ) can reach in solid materials [ 16 ]  although the recent work 
suggests the  κ min   in materials with a liquid-like state could 
be even smaller due to an additional reduction of the specifi c 
heat. [ 15 ]  For the current state-of-the-art TE materials such as 
bH & Co. KGaA, Weinheim 6607wileyonlinelibrary.com
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   Figure 1.     zT  curves for iodine-doped Cu 2 Se, which show hugely increased 
values due to electron and phonon critical scattering during the phase 
transition. 
Bi 2 Te 3 , [ 2 ]  PbTe, [ 17 ]  or for multiple-fi lled skutterudites, [ 18 ]  the 
lattice thermal conductivities ( κ L  ) are very low and some of 
them have approached the  κ min   value. In this case, any fur-
ther enhancement in  zT  must come from improvements in 
the Seebeck coeffi cient,  S . This, however, is a truly challenging 
task since  S  is determined by the electronic properties in a very 
narrow window of energy within a few  k B T  around the Fermi 
level ( E F  ), where  k B   stands for the Boltzmann constant. Only a 
few successful examples of enhancing the Seebeck coeffi cient 
have been reported and they depend either on the distortion of 
the electronic density of states by forming band-resonant states 
such as Tl does in PbTe [ 19 ]  or on the presence of unbalanced 
spin and orbital degrees of freedom among magnetic ions with 
different charge states in cobalt oxides. [ 20 ]  

 Here, we show that the Seebeck coeffi cient and thermal con-
ductivity can be signifi cantly increased and decreased respec-
tively by critical scattering of electrons and phonons during the 
second-order phase transition in Cu 2 Se, leading to  zT  values 
dramatically improved above 2 within a range of dozens of 
degrees around room temperature. Elemental doping can easily 
tune (lower) the peak temperature of  zT , providing a great 
fl exibility for applications such as cooling of microprocessors. 
The basis in this work is the additional electron and phonon 
scattering by fl uctuations in the sample density, concentra-
tion, structure, and correlations of sample density-concen-
tration induced by thermal fl uctuation when the temperature 
approaches the critical phase transition point  T C  , which could 
strongly scatter carriers and phonons in the form of a com-
bined critical scattering. The effect of the electron critical scat-
tering on the Seebeck coeffi cient can be described by the Mott 
expression [ 21 ]  given in Equation  ( 2)  .
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 Here  q  is the carrier charge and  μ(E)  the carrier mobility, which 
is determined by the relaxation time  τ  (E)  and the carrier effec-
tive mass  m* (μ(E) = qτ(E)/m*) . In addition to the normal car-
rier scattering in material phases, the electron critical scattering 
during the phase transition can strongly change  μ(E)  and its 
energy-dependence, and thereby provide a possibility for greatly 
enhancing the thermopower. In an element-doped TE semicon-
ductor Cu 2 Se, such investigations led to a series of values of  zT  
above 1 around room temperature and the highest  zT  in excess 
of 2.3 at 400 K ( Figure    1 ) by bringing into play critical phonon 
scattering.  

 Cu 2 Se is a good TE material at high temperatures with very 
low thermal conductivity on account of a liquid-like state of Cu 
ions. [ 15,22,23 ]  It undergoes a structural transition from a non-
cubic to the cubic phase upon heating the sample and there-
fore represents an excellent example for this study as it offers 
an exploration of the infl uence of critical scattering during 
the phase transition. Using the newly developed measure-
ment equipment for electrical resistivity and thermopower (see 
Supporting Information) and laser fl ash method, the detailed 
TE transport measurements were carefully carried out to see 
8 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
accurately the physical trends during the phase transition in 
iodine-doped Cu 2 Se and the results are shown in  Figure    2 a–c. 
Monotonous changes in  S, ρ,  and  κ  are observed in both α- and 
β-phases. However, we detect abnormal transitions in transport 
coeffi cients in the interval 340∼410 K. The Seebeck coeffi cient 
and the electrical resistivity sharply increase by a factor between 
2 and 4, while the thermal conductivity is rapidly reduced when 
 T  is approaching  T C .  Cu 2 Se is a typical p-type conductor due to 
the defi ciency of Cu in the crystal lattice. Iodine in the lattice 
of Cu 2 Se provides one extra electron and thereby acts as n-type 
doping. This is consistent with the observed increased elec-
trical resistivity in iodine-doped samples shown in Figure   2 b. 
In addition, doping by iodine shifts the transition temperature 
 T C   to lower temperatures without signifi cantly changing the 
character of the phase transition. A signifi cant change in TE 
properties is observed in the doped samples when  T C   is low-
ered from 400 K to 360 K. Based on the measured individual 
properties, the  zT  quickly improves to values above 1 during 
the phase transition (Figure   1 ), a factor of 3 to 7 times larger 
than the fi gure of merit when the structure is outside of the 
transition region.  

 To further confi rm the signifi cantly improved  zT  values 
during the phase transitions, a device with a single-pair of 
legs was constructed to measure the cooling ability as this is 
directly determined by the materials’  zT  values (see the details 
in Supporting Information). Here, Cu 2 Se is used as the p-type 
leg, and Yb single-fi lled skutterudite is chosen as the n-type 
leg because its  zT  value (about 0.2-0.4 below 400 K) [ 18 ]  matches 
those of the normal α- and β-phases of Cu 2 Se. The averaged 
 zT  values of Cu 2 Se are around 0.6 between 300 and 400 K, two 
times larger than those of the normal α- and β-phases. The 
maximum temperature drop ( ΔT ) achieved with respect to the 
temperature of the cold junction ( T CJ  ) for various currents ( I ) at 
different cold junction temperatures is shown in Figure S9. The 
 ΔT  values in the phase transition region are signifi cantly higher 
than those of normal α- and β-phases. The hugely enhanced 
cooling ability during the phase transition is further verifi ed 
by the values of  ΔT/T CJ   (see Supporting Information) when 
the current is small, the data shown in Figure   2 d. For a range 
mbH & Co. KGaA, Weinheim Adv. Mater. 2013, 25, 6607–6612
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   Figure 2.    Temperature dependence of thermoelectric properties in iodine-doped Cu 2 Se materials and performance of the cooling device. a) thermo-
power ( S ), b) electrical resistivity ( ρ ), c) thermal conductivity ( κ ), and d)  ΔT/T CJ   vs temperature in  π -shape device where  ΔT  is the dropped temperature 
from the cold junction side ( T CJ  ). Solid lines in Figure   2 a are calculated using Equation  ( 3)  . Dashed lines in Figure   2 d are guides to the eyes. 
of small currents, the relationship between ( ΔT/T CJ  ) and tem-
perature shows a similar trend as does  zT  with the values sig-
nifi cantly improved during the phase transition. The maximum 
enhancement is more than 50% for the device with only one leg 
benefi ting from critical scattering. These cooling ability meas-
urements of the device are fully consistent with the measured 
thermoelectric properties. 

 The abnormal TE properties in iodine-doped Cu 2 Se during 
the phase transition could be well explained by the presence 
of electron and phonon critical scattering in addition to the 
usual scattering processes. The critical scattering is tightly 
associated with the crystal structures of α-phase and β-phase, 
and the structure variation during phase transitions. Different 
from the high temperature cubic β-phase of high symmetry, 
the low temperature α-phase of low symmetry in Cu 2 Se is 
complicated and its crystal structure is not yet fully deter-
mined. Starting from the fi rst principles calculations, one pos-
sible crystal confi guration of Cu 2 Se is shown in  Figure    3 a (see 
the details in Supporting Information). The high temperature 
cubic phase has regular two copper layers between Se layers 
(see the marked red region). Upon undergoing the transition 
into the low temperature α-phase, the copper layers above or 
below the red region are completely moved into the red region 
resulting in a new structure. There are no copper ions located 
between the Se layers next to the red frame. As a result, the 
high temperature cubic phase is transferred to a layered struc-
ture at room temperature, where the layers are interconnected 
by Se–Se bonds.  

 This layered structure is supported by the X-ray diffraction 
analysis of the ingot before Spark Plasma Sintering (SPS) 
© 2013 WILEY-VCH Verlag GAdv. Mater. 2013, 25, 6607–6612
(shown in Figure   3 b). Only peaks corresponding to (0 0 n) 
planes are displayed at room temperature, a typical pattern of 
a layered material shown in Figure   3 a (left one). However, at 
420 K, all room temperature peaks have disappeared and only 
cubic peaks are observed, consistent with the structure shown 
in the right-hand diagram of Figure   3 a. High resolution trans-
mission electron microscopy further confi rmed the proposed 
layered structure of the α-phase (Figure   3 c–e). Atom-resolved 
high-angle annular dark-fi eld (HAADF) Z-contrast image at 
room temperature clearly visualizes gathering of Cu into one 
Se interlayer while leaving interlayer at its either side empty of 
Cu. The experimental and calculated diffraction patterns are 
consistent and refl ect a layered structure by noting the doubled 
interplanar spaces of a {111} cubic plane owing to alternating 
segregation of Cu atoms. Clustering of Cu within a Se inter-
layer suggests existence of Cu-Cu bonding. This has also been 
evidenced by electron energy-loss spectroscopy (EELS) analysis 
(Figure S5). 

 According to the literature [ 15 ]  and our own Differential Scan-
ning Calorimetry (DSC) measurement, the transition tempera-
ture  T C   for Cu 2 Se is near 400 K. (Figure S1, Supporting Infor-
mation). Doping by element iodine shifts  T C   toward room tem-
perature (see Supporting Information). Figure   3 f shows the cal-
culated energies of transformation path during the phase trans-
formation. Very smooth changes in energy demonstrate that 
there are no energy barriers, a behavior typical of the second-
order phase transition. This is further confi rmed by High-
Temperature X-Ray Diffraction (HTXRD) and Synchrotron 
Radiation Light Source (SRLS) measurements. A gradual and 
continuous phase transition shown in Figure   3 g is observed 
6609wileyonlinelibrary.commbH & Co. KGaA, Weinheim



6610

www.advmat.de
www.MaterialsViews.com

C
O

M
M

U
N

IC
A
TI

O
N

   Figure 3.    Structure aspects of Cu 2 Se. a) Crystal structures of room temperature α-phase (left) and high temperature cubic β-phase (right) in Cu 2 Se. 
Cu ions are randomly distributed at 8c and 32f sites in the cubic β-phase. Here they are fi xed at 8c sites in the right-hand side picture in order to 
simplify the fi gure. b) X-ray diffraction peaks of Cu 2 Se ingot before SPS, showing different crystal structures for room and high temperature phases. 
c) Atom-resolved HAADF image at room temperature, where large bright dots refer to Se atoms and weak contrast among Se layers refer to Cu atoms. 
d) Experimental electron diffraction pattern of the monoclinic phase obtained from a micro-region in the ingot sample before sintering. e) Calculated 
electron diffraction pattern using the structure shown in Figure    3 a (left one). The framed lattice in (e) refers to the primitive cubic structure in <110> 
direction. f) Calculated energies of the transition states during the phase transformation. g) HTXRD data collected on heating of Cu 2 Se powder from 
300 K (top) to 410 K (bottom), showing the coalescence of the split peaks around 26.4–26.7° and 44.0°, and the disappearance of the extra peaks 
around 12.9° and 26.5° as the lower-symmetry α-phase transforms to the higher-symmetry cubic β-phase. 
when the sample is heated to high temperatures. Above 400 K, 
the low temperature α-phase is completely transformed to the 
cubic β-phase. SRLS measurements (see Figure S2) give similar 
results showing how the peak of the α-phase at 26.15° steadily 
weakens and fi nally disappears, while the peak around 26.4° 
gradually shifts left and fi nally transits to the cubic peak. 

 The character of the second-order structural phase transition 
results in extremely large fl uctuations in the sample density, 
concentration, structure, and correlated sample density-con-
centration induced by thermal fl uctuation at  T C  , [ 24 ]  and thus 
could lead to extremely large electron and phonon critical scat-
tering. The lattice thermal conductivities during phase transi-
tions (shown in Figure S7) are signifi cantly lowered compared 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
to the normal phases. In addition, the effect of the electron 
critical scattering on carrier mobility induced by the thermal 
fl uctuations during the second-order phase transition in Cu 2 Se 
can be determined from the Hall and mobility measurements 
on Cu 2 Se ( Figure    4 a). In α- and β-phases, the carrier mobility 
varies as  T −3/2  , indicating the electron scattering is dominated 
by normal electron-acoustic phonon interactions. This is pre-
vailing interaction in TE materials around room temperature. 
However, we detect a dramatically decreased mobility by a 
factor of up to four during the phase transition. The relation-
ship between the mobility and temperature is also signifi -
cantly altered from the normal acoustic phonon scattering and 
shows extremely large temperature dependence. This is fully 
bH & Co. KGaA, Weinheim Adv. Mater. 2013, 25, 6607–6612
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   Figure 4.    Temperature dependence of the intensity of peaks and carrier 
mobility in Cu 2 Se. a) Carrier mobility during the process of phase transi-
tions. b) Peak intensity around 26.15° and 26.40° of the α-phase. During 
the phase transition, variations of the intensity are given by formulas 
inserted in Figure   4 b. 
consistent with the ideal characteristic of electron critical scat-
tering where it displays extremely large temperature depend-
ence when  T  approaches  T C  .  

 The impact of this critical scattering on electrical trans-
port could be judged from the intensity variation measured 
by HTXRD and shown in Figure   4 b. The intensity of peaks 
between 26° and 27° shown in Figure   3 g is presented because 
it covers both the increasing and decreasing peak intensities 
when the sample is heated and the structure changes from the 
α-phase to the β-phase during the phase transition. The peak of 
the α-phase at around 26.15° is diminished and the peak of the 
β-phase near 26.4° is increased when  T  approaching  T C  . The 
corresponded peak intensities vary as  (1-T/Tc) δ   for the α-phase 
and  (T-T 0 ) δ   for the β-phase where  δ  is a constant with the 
value of about 1 by fi tting the experimental data in Figure   4 b, 
where  T 0   is the onset temperature of the phase transition. 
These relationships thus could be used to describe the weights 
of normal and critical electron scattering during the second-
order phase transition in iodine-doped Cu 2 Se. 
© 2013 WILEY-VCH Verlag GmAdv. Mater. 2013, 25, 6607–6612
 For a material with two distinct carrier scattering mecha-
nisms present, [ 25 ]  the total  ρ  has two contributions from the 
normal and critical electron scattering with the electrical resis-
tivity  ρ c   of the maximized fl uctuated phase at  T C   four times 
larger than the value of the normal phase at  T 0  . The expres-
sion for the thermopower above the Debye temperature can 
be derived from Equation  ( 2)   for a material with both normal 
and critical electron scattering, the approach used to explain 
the abnormal thermopower near  T C   in metal alloys. [ 26 ]  Here, in 
semiconducting iodine-doped Cu 2 Se, the thermopower is given 
by Equation  ( 3)   which includes weights of normal and critical 
electron scattering.

 
0

0

0
S S AT

T T

T TC C

ρ
ρ

= +
−
−

⎛
⎝⎜

⎞
⎠⎟

γ

  
(3)

 

 Calculated transport parameters (solid lines in Figure   2 a) are 
fully consistent with the experimental data for all samples. The 
fi tting parameters are given in Table S3. Thus, starting with the 
Mott expression, Equation  ( 3)   gives a nice connection between 
 S  and  ρ  that enables to describe the abnormal electrical trans-
port, especially the rapid enhancement of the thermopower, 
during the phase transition when iodine-doped Cu 2 Se is infl u-
enced by electron critical scattering. 

 The use of electron and phonon critical scattering 
in enhancing  zT  goes beyond the traditional ideas and 
approaches of improving TE performance with the possi-
bility of realizing ultrahigh  zT  values. It takes an advantage 
of signifi cant optimization of electrical and thermal trans-
port properties in addition to the material’s intrinsic physical 
properties such as its electronic band structure. Using this 
new approach, charge carriers and phonons can be strongly 
scattered to achieve very high thermopower and low thermal 
conductivity, and thereby the exceptional thermoelectric per-
formance. Iodine-doped Cu 2 Se with its large temperature 
dependent structural transition illustrates an example how 
to achieve  zT  of 2.3 near room temperature by relying on 
critical scattering. Abnormal TE properties observed during 
phase transitions have also been reported recently in other 
metal chalcogenides. [ 27 ]  With exceptionally high values of the 
fi gure of merit observed in the phase transition region and 
with the ability to tune the phase transition temperature by 
doping, we can expect a proliferation of applications where 
these new phase transition thermoelectrics would serve as 
powerful solid-state heat pumps or power generators within 
a narrow (a few tens of degrees) temperature range around 
room temperature. Cooling microprocessors or utilizing min-
iature thermoelectric generators to power wireless sensors are 
just two important applications.   

 Experimental Section 
 Polycrystalline Cu 2 Se 1-x I x  samples were prepared by melting Cu 
(shot, 99.999%, Alfa Aesar), Se (shot, 99.999%, Alfa Aesar), and 
CuI (powder, 99.998%, Alfa Aesar) in Pyrolytic Boron Nitride (P-BN) 
crucibles enclosed in a fused silica tube at 1423 K for 24 hours under 
vacuum. The melt was slowly cooled down to 923 K in 50 hours and 
was rested at 923 K for 5 days, and fi nally being slowly cooled down 
to room temperature in 50 hours. The resulting ingots were ground 
6611wileyonlinelibrary.combH & Co. KGaA, Weinheim
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 into fi ne powder in an agate jar and plunger and then sintered by 

spark plasma sintering (Sumitomo SPS-2040) at around 750 K under 
a pressure of 65 MPa. The bulk samples show random orientation 
distribuions of grains (see details in Supporting Information), 
suggesting isotropic TE properties. The thermal diffusivity ( D ) 
was measured using the laser fl ash method (Netzsch, LFA457) 
with a temperature step as small as less than 1 K. The density ( d ) 
was measured by Archimedes method. Thermal conductivity was 
calculated from  κ = D × C P  × d  by taking the Dulong-Petit value for  C p  . 
The enhanced cooling effi ciency of thermoelectric device using Cu 2 Se 
shown in Figure   3 d strongly implied that the Dulong-Petit value of  C p   
should be used for the calculations of thermal conductivities during 
phase transitions. This is due to the fact that the additional heat 
enthalpy during phase transitions does not contribute to heat transfer 
because the energy is adopted and stored in materials’ entropy. 
Hall coeffi cient measurements were performed at the University of 
Michigan. Differential Scanning Calorimetry (DSC) measurements 
were performed using the Netzsch DSC 200F3 apparatus to identify 
the materials’ phase transition temperatures. TEM examination was 
performed on a JEM-2100F fi eld-emission transmission electron 
microscope. Atom resolved HAADF images were acquired using 
a JEM-ARM200F Cs-corrected scanning transmission electron 
microscope. X-ray measurements were performed at the Shanghai 
Synchrotron Radiation Facility (SSRF) with a wavelength of 1.24 Å. The 
 2θ  values in Figure S2 were calibrated using a normal wavelength of 
1.5406 Å. High-temperature X-ray diffraction (HTXRD) patterns were 
collected on heating the samples with a temperature step as small as 
1 degree during the phase transition. 

 In order to accurately measure the thermopower and electrical 
resistivity during the phase transition, we developed a new system 
based on the thermal expansion equipment (Netzsch DIL 402C). Two 
pairs of R-type thermocouples, one heater, and two Ni electrodes were 
packaged into the chamber of the thermal expansion system. The 
electrical resistivity was measured by the standard four-probe method. 
The thermopower was calculated from the slope of the  ΔV vs. ΔT  curve 
upon applying power to a heater and keeping  ΔT  to no more than 2–3 K. 
The Seebeck voltage  ΔV  was measured with a Keithley nanovoltmeter 
and the data were corrected for the thermopower of Pt. [ 28 ]  We also 
developed a program to automatically collect the data. We used 
a sample of multiple-fi lled skutterudite to test the measurement 
accuracy of this new system. The data are fully consistent with the 
literature values measured using Ulvac ZEM-3 system. [ 18 ]  Finally, the 
temperature dependence of thermopower and electrical resistivity was 
measured under a very small temperature step (around 0.1 K) between 
300 K and 500 K and the data collection took about one week for each 
sample. Hall measurements were even more tedious as one had to 
stabilize the temperature to perform magnetic fi eld sweeps in both 
fi eld directions.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.   
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