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Abstract: Semi-classical transport thermoelectric properties of y-Cul are investigated using density functional
theory (DFT) calculation containing Boltzmann transport equations. The Tran—Blaha modified Becke—Johnson
potential (Th-mBJ) approximation is used as the exchange correlation potential. Thermoelectric properties such
as, Seebeck co-efficient, electrical conductivity, thermal conductivity, power factor, figure of merit,
thermoelectric voltage and thermoelectric conversion efficiency are discussed with constant relaxation time as a
function of chemical potential. This is because the chemical potential is directly related with the carrier
concentration and temperature. These parameters are strongly dependent on the doping level and temperature.
The maximum range of figure of merit (0.8 — 1.0) and conversion efficiency (93%) is found to be in the range of
chemical potential.0.032 — 0.036 Ry. The active thermoelectric region of y-Cul is observed in the range of
temperature from 300 K to 450 K. Hence, y-Culbehaves excellent thermoelectric material for heat generation
and extraction applications.
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I.  Introduction

Nowadays, the usages of plentiful heat sources (consumer electronics, solar cells, home heater and
wearable devices) innear room temperature is tremendously reside in day to life. Harvesting of such energyfrom
room temperature range devices has significant interest in the scope of present researchers. Agood
thermoelectric material such as heavily doped semiconductors have an energy band gap value (Eg) close to 0.4
eV[1]. Mostly established thermoelectric materials have a tendency to be optically opaque because of their small
band gap [2, 3]. Recently, quite a lot ofcategories of non-transparent thermoelectric materials such as
tellurides[4], half-Heuslers[5] and silicides[6]were reported with attractive thermoelectric properties for
renewable power generation applications. Few optically transparent (E;> 3 eV) thermoelectric devices are
known to exist till now, which could be open a new field of novel applicationsin smart windows (or screens),
cooling and thermal sensors. In addition to these, it is the fast on-chip cooling and power recovery [7, 8]in
optoelectronic devices together with solar cells, infrared photo detectors, as well as fully transparent electronic
devices.

Transparent thermoelectric material ismostlybeing gooda transparent conductor (TC) with high S and
low kvalues.N- and p-type transparent thermoelectric materials are indispensable to manufacture the
thermoelectric device. However, the deficiency of highly conductive p-type TCs leads to the recent research has
focused on thermoelectric properties of n-type TCs including heavily doped ZnO[9] In,0O5[10] and SrTiO3[11].
Among these n-type TCs, Sn-doped In,03 (ITO) shows the highest value of figure of merit (ZT) ~ 0.14 at room
temperature. Conversely, p-type TCs usually exhibit poor electrical conductivities, which is leading to poor
thermoelectric performance at room temperature, for example, ZT ~ 0.001 for CuAlO,[12] and ZT ~ 0.002 for
CuCr0O,[13]. The p-type misfit-layered oxide CazCo,09 Was possessing thermoelectric performance (ZT ~ 0.07
at room temperature for single crystal) comparable to the n-type TCs.But, it is not exactly transparent due to its
small band gap (E4 ~ 2.1 eV) value[14]. Therefore, the lack of p-type transparent thermoelectric materials is the
foremostimpediment in comprehension of fully transparent thermoelectric devices.

Beginning of 1907, transparent conducting properties of zincblende copper iodide (Cul)was exposed by
Béadeker[15, 16]. The wide direct bandgap value of Cul (3.1 eV at room temperature) leads to a high
transparency in the visible spectral range and it hasexciton binding energy (62 meV) is similar to that of
ZnO[17]. Result of copper vacancies and small effective mass (0.30mg) of the light holes,Culhas a native p-type
conductivity with high hole mobility (>40 cm®V *s* in bulk) [18]. It might be possible to improve the hole
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conductivity further by appropriate iodine doping [19]. Moreover, n-type doping is alsofeasible in Zn-doped
Cul[20, 21], which would be greatly extend its applications.

High room-temperature hole conductivity (c >280 S cm™) of Cul thin film has been achieved very
recently [22]. A large Seebeck coefficient of y-Cul (S=237 uVK*for a hole concentration p of 10%cm™) was
theoretically predicted based on the Boltzmann transport theory combining with first-principles calculations at
300 K [23]. Yang et al[1] reportedthat the superior thermoelectric performance of transparent p-type y-Cul thin
films in room temperature range. The thermoelectric transport properties of y-Cul are analyzed based on the
single band model. Besides, a prototype of y-Cul-based transparent and flexible thermoelectric module is
demonstrated. However, a detailed study of thermoelectric performance of y-Cul is in need considering all these
aspects. We report here the thermoelectric transport properties of y-Cul through Boltzmann transport equations
using TB-mBJ first principle calculations. Thermoelectric parameters such as, Seebeck co-efficient, thermal
conductivity, electrical conductivity, figure of merit and power factors are discussed as a function of chemical
potential.

Il. Computational details

We have used the first-principle study based on density functional theory with the full-potential
linearized augmented plane-wave (FP-LAPW) method for the present study. It is implemented in the WIEN2K
package[24]. The exchange and correlation energy have been described by the generalized gradient
approximation GGA [25] for structural calculations, and the TB- mBJ approximation [26] for the transport
proprieties calculations. All other computational parameter values of y-Cul used for the present calculation is
taken from our previous reported work [27].

The transport properties (Seebeck co-efficient, electrical conductivity, thermal conductivity, power
factor and figure of merit)of y-Cul were calculated using the BoltzTraP code [28] that solvesthe semi-classical
Boltzmann transport equation under theconstant relaxation time (z) approximation and the rigid band approach
[29]. One of the shortcomings of the semi-classic Boltzmann equation is that it couldn’t describe exactly the
carrier scattering mechanisms in a solid. For this reason, the relaxation time approximation is adopted to
overcome such complexity, where the relaxation time is treated as an energy independent constant. These
approaches have been demonstrated to be a reasonable good approximation for evaluating the optimal doping
level of several bulk thermoelectric materials [30-32].

I11. Results and Discussions

The electronic band structure near the valance band maximum (VBM) largely describes the
thermoelectric performance of materials. Seebeck co-efficient of a material has been enhanced by the flat band
at VBM due to a large effective mass. Furthermore, the occurrence of a more dispersive band at VBM leads to
the lighter effective mass, which implies high mobility and hence, a larger value for the electrical conductivity.
Therefore, a favourable situation for a better thermoelectric performance is the combination of light and heavy
bands at VBM [33].

The density of states (DOS) and band structure (inset figure) of y-Cul is shown in Fig.1. Inset figure
shows that the y-Cul phase has less dispersive flat bands and more dispersive parabolic bands. Hence, this may
lead to the higher value of thermoelectric power factor. Fig.1 shows that the VBM comprises of Cu and | state.
It reveals that the Cu states at VBM come from 3d orbitals, whereas | state at VBM due to the 5p orbitals. This
result is well accordance with the previous DFT [34] and tight binding approximation calculations [35]. The
peak in the DOS of the topmost valance band is situated about 1 eVbelow VBM. It is very much closer to the
other p-typethermoelectric materials. The closer peak in the VBM shows better thermoelectric performance
[36]. Hence, y-Culappears to be a comparable thermoelectric material with the other p-type thermoelectric
materials.
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Fig.1: Density of states of y-Cul, Inset: Band structure of y-Cul.

The efficiency of thermoelectric device is characterized by a material dependent figure of merit[37],
ZT=S%6T/K oo, (1)
where, $%T is the thermoelectric power and K is the thermal conductivity. loffeet al[38] reported that the carrier
concentration needs to be optimized in order to obtain the best balance between thermoelectric power and
conductivity in a given semiconductor system. A variety of materials with ZT~1 have been discovered over the
years with such an optimization.

In order to achieve this optimization, the thermoelectric properties of the materials are analysed as a
function of chemical potential (). It is the main driving force for any mass transfer operation to occur. It
determines the centre of the Fermi — Dirac distribution function, which gives the chemical potential as a
function of temperature for a given carrier concentration. Hence, the calculated thermoelectric properties are
discussed based on chemical potential, because temperature and carrier concentration are simultaneously
optimized through chemical potential.

The position of chemical potential plays decisive role with regard to the transport properties. Chemical
potential indicates the doping level (or carrier concentration) of the systemwithin the rigid band picture [29]. It
is positive (u > 0) for n-type doping while negative (u < 0) for p-type doping. Hence, the behaviour of chemical
potential with varying temperature is important for selection of the proper doping element for increasing
thermoelectric response. Chemical potential as a function of temperature is presented in Fig.2. It indicates that
the p-type doping increases with the increase of temperature while the n-type doping decreases. It is observed
that the hole concentrations are crossing the Fermi level at and above the room temperature (300 K) to 400 K
and saturate at above 500 K with
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Fig.2: Chemical potential as a function of temperature.

the chemical potential of 0.0115 Ry. It is clearly depicted that the y-Cul have maximum thermoelectric response
around 300 — 400 K temperature range.

Seebeck co-efficient analysis gives information about the optimization of TE performance of the
materials. The variation of Seebeck co-efficient with chemical potential is shown in Fig.3. It exhibits a single
peak pattern along both sides of chemical potential. It is due to the presence of bipolar conduction as expected
from the substantial band gap. Fig.3 clearly depicted that at © = 0, the value of Seebeck co-efficient is 2.88
mV/K at 300 K. It confirms the p-type semiconductor nature, as Seebeck co-efficient has greater value at zero
chemical potential. Fig.3 shows that the Seebeck co-efficient decreases with the increase of temperature above
room temperature (RT), whereas much more changes are not observed in the peak height at below RT. But the
peak position is shifted towards higher chemical potential region.
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Fig.3: Variation of Seebeck coefficient with chemical potential.

The decreases of Seebeck co-efficient with increase of temperature indicate the presence of
compensation between holes and electrons. And also, it can be described by the excitation of electron — hole
pairs across the energy gap [39]. This result is concordant to that seen in the case of low band gap TE materials
such as PbTe[40]. The values of Seebeck co-efficient are larger than those of PbTe (100 xV/K) at RT [41, 42].
Nishikawa et al[43] reported that the molten Cul has the value of Seebeck co-efficient lies in the range 620 —
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890 uV/Kfor the 880 — 1173 K temperature range. The present calculated Seebeck co-efficient value of y-Cul is
962uV/K at 800 K and it is agreeable to the previously reported experimental results. Seebeck co-efficient is
observed around 1 — 2.8 mV/Kin the 100 — 700 K temperature range. Thus, the large value of Seebeck co-
efficient of y-Cul is attributed to a large effective mass which is dominated by the heavy hole band.Hence it is
desired for efficient TE devices. However, a small difference found between the experimental and theoretical
values.

The obvious reason for the difference between the calculated and experimental result is as follows (i)
DFT produce results after the materials are optimized at the ground state, while the experimental results are not
obtained from the ground state (ii) Pseudo — Eigen values are available in the DFT approximation. The active
TE response region of y-Cul observed from p = 0 — 0.0178 Ry over the RT to 800 K. The intrinsic character of
the semiconductor nature of y-Cul is observed from the rapid drop in the Seebeck co-efficient values which
changes as 1/T[44].
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Fig.4: Thermal conductivity of y-Cul versus chemical potential.

Electrons and phonons are the typical sources of heat conduction in metals and semiconductors
respectively and which are account for features of thermal conductivity. Thermal conductivity (K/t) is an
important parameter for TE materials which is the physical quantity of materials to conduct heat. Thermal
conductivity of y-Cul is shown in Fig.4. It can be observed that the thermal conductivity gradually increases
with the increase of temperature and chemical potential and reaches the maximum value at -0.12 Ry in the p-
type doping region. Beyond this region, it decreases exponentially and get minimum values between -0.03 Ry to
0.08 Ry chemical potential. It leads to achieve high figure of merit and it clearly indicates that the present
investigated material gives proper TE response in this region. Thermal conductivity rapidly increases with the
increase of temperature above the 0.08 Ry chemical potential due to increasing of electrical conductivity and
phonon scattering. A large enhancement in the thermal conductivity is observed at 0.23 Ry chemical potential
which indicates the absence of phonon conductivity. The observed values of thermal conductivity of y-Cul are
2 X 101°W /mKS at RT and 4.60 x 101°W /mKS at 800 K. It obviously indicates that the thermal conductivity
strongly affects the value of figure of merit.

The electrical conductivity (o/7) is another important parameter in the TE performance of TE device. In
TE devices, the current is produced as a result of movement of electron from the hot regions of a material to the
cold regions. High values of electrical conductivity are necessary for a good TE performance. The calculated
anisotropic electrical conductivity of y-Cul in the temperature range from 100 to 800 K is displayed in Fig.5. It
shows that the electrical conductivity is increased with the increase of chemical potential and maximum
electrical conductivity is observed at -0.12 Ry. The minimum value of electrical conductivity is perceived at in
the chemical potential range from -0.06 Ry to 0.08 Ry. The rapid increase in the electrical conductivity is
observed above 0.08 Ry chemical potential due to the direct association ofSeebeck co-efficient. The calculated
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values of electrical conductivity of y-Cul are 2.99 x 10%°(2mS)~! at RT and 2.83 x 102°(2mS)~! at 800 K. It
is higher than the previously reported values of materials such as BiGaO; (2.2 x 10'8), BilnO; (4.8 X
10'8)[45],Zn0O (1.63 x 10'®)[46], CuZnAlS,(1.15 x 10)[47]and Zr,CoSi (5 x 10'®)[48]respectively. The
inset figure 5 (a&b) shows the variation of
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Fig.5: Electrical conductivity of y-Cul in the temperature range from 100 to 800 K,
Inset: (a) variation at p=-0.18 Ry, (b) Electrical conductivity versus temperature.

electrical conductivity at -0.18 Ry and -0.12 Ry chemical potential. The inset figure 5 (b) depicts change in
electrical conductivity with temperature. It can be seen that the electrical conductivity decreases with the
increase of temperature which predicts the metallic behaviour of the y-Cul at -0.12 Ry chemical potential. It is
due to the large effective mass by the presence of heavy hole and it is well matched with the results of discussed
Seebeckco-efficient.

700.0G
650.0G -
% 600.0G
¢ 550.0G -
£ 500.0G
= 450.0G -
S 400'06—- 007 020 018 016 014 o1
£ 350.0G o
|.‘|.° 300.0G~_ —200 K|
». 250.0G - ——300K
g 20006 =l
100.0G | —— 700K
50.0G 1 ——=800K
0.0

Chemical Potential (Ry)

Fig.6: Thermoelectric power factor of y-Cul for various temperatures.
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Power factor (S%/z) is an important parameter gives information about the effectiveness (generation or
extraction of heat) of thermoelectric materials. The calculated value of power factor per time of y-Cul is shown
in Fig.6. It shows the presence of two peaks in the p-type doping and a peak in the n-type doping atall
temperatures. P-type doping shows higher power factor value than the n-type doping because y-Cul is a p-type
semiconductor material. Enhancement in the power factor peak values is observed with the increase of
temperature from 100 K to 800 K. The maximum power factor value of p-type doping is obtained at 717
GW/mK?S and 575 GW/mK?S for n-type doping of y-Cul. This high value of power factor forecast the efficient
heat generation or extraction of y-Cul at appropriate doping concentration. It gives the direct information about
the doping rangesuggesting that the thermoelectric performance can be enhanced by adopting appropriate
doping concentration. It can be further seen that the presence of the optimum power factor values become
independent of the chemical potential in the region of the maximum value of the Seebeck co-efficient and
electrical conductivity.
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Fig.7: The calculated figure of merit versus chemical potential with various temperatures.

The dimensionless figure of merit plays a vital role in predicting the efficiency of the investigated
material for thermoelectric applications and it is calculated mathematically from equation (1). It gives direct
information about energy conversion between heat and electricity based on thermoelectric effects without
moving parts is an attractive form from any applications in power generation and heat pumping. The calculated
figure of merit of y-Cul as a function of chemical potential is shown in Fig.7. The maximum value of figure of
merit is observed from 0.8 to 1.0 in the -0.06 to ORy (p-type doping) chemical potential range for each
temperature. A slight decrease is observed with the increase of temperature from 100 K to 800 K whereas it
increases from 0 to 0.3 in the p-type (at -0.09Ry) doping region. It is due to the increases/decreases of
thermal/electrical conductivity in the y-Cul for all the temperatures in this region. Besides, the values of the
figure of merit are quantitatively equal for the p-type and n-type doping which is suggest that the y-Cul can be
used as an p-type or n-type thermoelectric material. It creates very interesting properties for fabricating y-Cul
based thermoelectric devices.

Hence, the more insights into the figure of merit are necessary to discuss as a function of temperature.
Therefore, the figure 7 is re-plotted with different optimum chemical potentials and it is presented in Fig.8. It
can be seen that the figure of merit increases with increase of temperature at 0.032 Ryp-type doping while it
decreases with increase of temperature for all other doping. However, it lies between 0.84 - 1.0 and it is well
accordance
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Fig.8: Variation of figure of merit versus temperature with optimum chemical potentials.

with the previous results of different materials [45, 46, 48]. From these results, the active thermoelectric
generation region of y-Cul is found to be 300 K to 450 K range of temperature. The variation of figure of merit
with different temperature gradient is presented in Fig.9. It clearly depictsthat the increases of temperature
gradient leads to an increase of figure of merit which confirms that the y-Cul act as a very good thermoelectric

material.
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Fig.9: Variation of figure of merit with different temperature gradients.

When a material is subjected to a temperature gradient it would build up a thermoelectric voltage at
two ends of the material. It is also directly proportional to the Seebeck co-efficient and the thermoelectric
conversion is indirectly connected with the Seebeck co-efficient.Hence, the thermoelectric voltage and
conversion efficiency is calculated using the following relation and discussed with respect to Seebeck co-

efficient[49, 50].

_ATV1+2T -1

AV = SAT (V)

— (%)
1+ 2T + 2
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Where, AT is the temperature gradient, T, and Tyare the cold and hot end temperatures, Z is the figure of merit
and T is the average temperature. Here, we take cold and hot end temperaturesas 300 K and 800 K. The
calculated thermoelectric voltage and conversion efficiency is shown in Fig.10 as a function of Seebeck co-
efficient. It exhibits that the thermoelectric voltage increases with the increase of Seebeck co-efficient. The
maximum value of thermoelectric voltage is observed at 0.85 V at 283 mV/K Seebeck co-efficient.
Thermoelectric conversion efficiency is found to decrease with the increase of Seebeck co-efficient. The
maximum conversion efficiency value of y-Cul is 93 % at 138 mV/K (800 K) Seebeck co-efficient.
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Fig.10: Thermoelectric voltage and conversion efficiency of y-Cul versus Seebeckco-efficient.

V. Conclusions

Different thermoelectric properties of y-Cul are studied using density functional theory contained
Boltzmann transport equations. To obtain accurate result, the Tran Blaha modified Becke Johnson potential
(TB-mBJ) approximation is used for the exchange correlation potential. P-type semiconductor behaviour of y-
Cul is confirmed from the value of Seebeck co-efficient at zero chemical potential. The large Seebeck co-
efficient value observed around 1 — 2.8 mV/K in the 100 — 700 K temperaturerange on account of large effective
mass dominated by heavy hole band. The increases/decreases of thermal/electrical conductivities with respect to
the increase of temperature are observed. Enhancement in the power factor peak value with the increase of
temperature is observed and maximum power factor (575 GW/mK?S) value is found in the p-type doping region.
v-Cul act as a p-type/n-type thermoelectric material with the presence of quantitatively equal figure of merit (0.8
— 1.0) values in the p-type/n-type doping region. The calculated thermoelectric voltage and conversion
efficiency of y-Cul is 0.85 V and 93%. From these results, we infer active thermoelectric generation and heat
extraction in y-Culmaterial as observed in the temperature range300 — 450 K which can be used in the
fabrication of thermoelectric devices.
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