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ABSTRACT 

Counter doping is a prevalent strategy to optimize the excessively high carrier 

concentration in GeTe, while it may impair carrier transport and reduce mobility, thereby 

limiting the potential to improve ZT. Herein, we propose a novel approach to overcome this 

challenge. A multiphase coherent nanointerface network, formed between pseudo-cubic GeTe, 

Cu2Te, and PbTe phases, with effective Cu ions delocalization, has been realized in Cu2Te 

alloyed Ge0.84Cd0.06Pb0.10Te. This design selectively modulates both charge carrier and phonon 

transport, resulting in increased mobility and optimized carrier concentration that contribute to 

enhanced power factor, with an ultra-low lattice thermal conductivity of ~0.33 W m−1 K−1 at 

653 K. Consequently, the peak ZT of ~2.22 at 803 K and average ZT of ~1.40 from 303 to 803 

K is achieved in (Ge0.84Cd0.06Pb0.10Te)0.99(Cu2Te)0.01. Furthermore, the novel structural 

modulation results in robust mechanical properties. Utilizing these optimized materials, 

achieving a high power density of ~1.47 W cm−2 at a temperature difference of 400 K in the 

fabricated 7-pair thermoelectric module. Moreover, a thermoelectric energy harvesting array 

device is assembled, exhibiting potential for applications in non-radiative energy harvesting 

from lasers and touchless thermosensation, further advancing the applications of thermoelectric 

materials and devices. 

 

Keywords: thermoelectrics, GeTe, coherent interfaces, energy conversion, photo-

thermoelectric effect 
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1. Introduction 

Thermoelectric (TE) technology, capable of directly converting thermal and electrical energy,  

provides a means to harness a significant portion of waste heat generated during energy 

consumption, transforming it into electrical energy to realize carbon neutrality.[1] The 

performance of TE materials limits the maximum conversion efficiency ηmax of TE technology, 

which is determined by the dimensionless figure of merit ZT, defined as ZT = S2σT/κ, where S, 

σ, T, and κ refer to the Seebeck coefficient, the electrical conductivity, the absolute temperature, 

and the total thermal conductivity (comprising both electronic thermal conductivity κele and 

lattice thermal conductivity κlat),[2,3] respectively. Therefore, striking a balance between the 

carrier (power factor, PF=S2
σ) and phonon (κlat) transport properties, which are strongly 

coupled, presents an ideal strategy for attaining higher ZT values.[4–7] 

Among the numerous TE materials, the eco-friendly GeTe stands out due to its exceptional 

performance, making it a viable candidate for medium-temperature power generation.[8,9]
 Some 

effective strategies have been proven to improve the performance of GeTe-based TE materials. 

Trivalent elements such as Sb[10] and Bi[11] are commonly doped to provide additional electrons, 

optimizing the excessively high carrier concentration nH caused by the Ge vacancies in GeTe. 

Conversely, alloying with PbSe,[12] Cu2Te,[13] and NaSbTe2
[14] can inhibit the formation of Ge 

vacancies, thereby reducing nH. To enhance the electronic band structure by increasing effective 

mass m*, elements such as Cd,[15] Mn,[16] and Sn[17] are doped to achieve band convergence by 

reducing the energy offset (ΔE) between light band (L band) and heavy band (Σ band) of GeTe. 

Meanwhile, the resonant level induced by In[18,19] doping can potentially distort the electronic 

density of states near the Fermi level. However, the process of doping inevitably introduces 

defects of various dimensions, the most common being point defects and nanoprecipitates. 

These defects, with phonon-free paths smaller than the phonon, can enhance phonon scattering 

and reduce κlat.[20,21] Nevertheless, the increase in effective mass or the introduction of 
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nanostructures such as nanoprecipitates and defects could easily impair carrier transport, 

leading to a decrease in mobility μ, thereby limiting the enhancement of ZT.[22,23] 

Here, we introduce a novel multiphase coherent nanointerface network constructed in 

Cu2Te alloyed Ge0.84Cd0.06Pb0.10Te. This network allows for flawless passage of charge carriers, 

thereby significantly enhancing the TE performance for energy conversion and touchless 

thermosensation applications. Specifically, Cu2Te alloying further optimizes the nH without 

altering the band structure. This is facilitated by a coherent interface network formed through 

the mutual interaction of Cu2Te, PbTe, and GeTe, and the delocalization of Cu ions, resulting 

in an improvement in μ and PF. Moreover, the established multiphase nanostructures and the 

softening of chemical bonds due to Cu2Te-alloyed lead to an ultra-low κlat of ~0.33 W m−1 K−1 

at 653 K in (Ge0.84Cd0.06Pb0.10Te)0.99(Cu2Te)0.01. As a result, a high ZT of ~2.22 at 803 K and an 

average ZTave of ~1.40 (303–803 K) are achieved in (Ge0.84Cd0.06Pb0.10Te)0.99(Cu2Te)0.01. With 

enhanced hardness and compressive properties, the corresponding 7-pair TE module displays a 

power density Pd of ~1.47 W cm−2 and a maximum conversion efficiency ηmax of ~ 7.0% at a 

temperature difference ΔT of 400 K. Furthermore, we have developed a unique TE energy 

harvesting device that exhibits superior performance in nonradiative harvesting of laser energy 

and contactless thermosensation, providing a potential application in GeTe-based TE materials. 

2. Results and Discussion 

2.1. Phase Identification and Microstructure Characterizations 

The X-ray diffraction (XRD) of the as-prepared (Ge0.84Cd0.06Pb0.10Te)1-x(Cu2Te)x (x=0–

0.02) was conducted to identify the phase composition and displayed in Figure S1a. All 

characteristic diffraction peaks align well with the rhombohedral GeTe phase (r-GeTe, PDF 

#00–47-1079), indicating a tendency to transition from r-GeTe to cubic GeTe phase (c-GeTe). 

This observation is confirmed by the slight shift of the diffraction peak towards a lower 2θ as 

the content of Cu2Te increases (Figure S1b), and the lattice parameters α increase, which is 
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caused by the larger ionic radii of Cu+1 (~0.77 Å) compared to Ge2+ (~0.73 Å). Concurrently, 

the gradual convergence of the diffraction peak at 2θ=41°-43° and the increase in interaxial 

angles α in r-GeTe are noted (Figure S1c,d). Differential scanning calorimetry (DSC) 

measurements reveal that the phase transition temperature (Tc) of 

(Ge0.84Cd0.06Pb0.10Te)0.99(Cu2Te)0.01 is 673 K (Figure S2), and an additional Tc from δ 

(hexagonal) to ε (cubic) of Cu2Te appears at 752 K,[24] indicating the potential presence of cubic 

Cu2Te phases in the matrix. To further determine the valence state of Cu in 

(Ge0.84Cd0.06Pb0.10Te)0.99(Cu2Te)0.01, X-ray photoelectron spectroscopy (XPS) was performed. 

The full scan XPS results for the elements Cd, Pb, and Cu are presented in Figure S3a. The 

detailed XPS scan of Cu confirms that the valence state of Cu is +1 (Figure S3b)[25,26], in 

agreement with the XRD analysis. 

To gain a comprehensive understanding of how Cu2Te alloying impacts the microstructure 

and crystallography of the matrix, as well as its modulating effect on phonon and carrier 

transport, the scanning transmission electron microscopy (STEM) characterization was carried 

out on (Ge0.84Cd0.06Pb0.10Te)0.99(Cu2Te)0.01 sample. As shown in Figure 1a, various nanoscale 

precipitates with different contrasts are randomly dispersed in the matrix. The corresponding 

EDS reveals that there are primarily three different types of nanoprecipitates, namely Cu2Te, 

PbTe, and Ge. Among these foreign phases, the Pb-enriched phase, identified as PbTe based on 

the chemical composition, exhibits an elongated morphology resulting from phase separation.[27] 

Given the valence state of Cu+1 and the low solid solution limit of Cu in GeTe, the Cu-enriched 

phase can be identified as Cu2Te.[26] The bright-filed TEM image (Figure 1b) illustrates a 

region of the Cu2Te nanoprecipitate and matrix with planar defects. Figure 1c presents the 

selected area electron diffraction (SAED) pattern obtained from the area circled in yellow in 

Figure 1b, which clarifies the orientation relationship at the phase boundary. The orientation 

relationship of Cu2Te(112)//GeTe(111) is confirmed by indexing the overlapping diffraction 
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patterns. Figure 1d,e displays magnified images of the GeTe matrix and Cu2Te phase regions 

in Figure 1b, as well as the corresponding fast Fourier transform (FFT) pattern. Notably, the 

measured interplanar spacings of ~3.5 Å and ~2.1 Å align well with the (1 1 0) and (22 0) planes 

of Cu2Te phase, respectively. In Figure 1e, the {220} plane of r-GeTe with a spacing of ~2.1 

Å can be observed. Therefore, a highly coherent interface can be formed between Cu2Te and 

GeTe, given the small lattice mismatch. Interestingly, coherent interfaces of r-GeTe and ε-

Cu2Te are also observed in different regions of this sample (Figure S4-5). Figure 1f illustrates 

the schematic atomic model and explains the formation of a coherent interface between the 

doped GeTe matrix and the Cu2Te phase along the zone axis indicated by Figure 1c. 

 

Figure 1 Coherent nanointerface between Cu2Te and GeTe nanoprecipitates for the 

(Ge0.84Cd0.06Pb0.10Te)0.99(Cu2Te)0.01 sample. a) Low-magnification STEM image and corresponding EDS 

elemental maps. b) A low-magnification bright-field TEM image of the corresponding area of (a), showing 

the planar defects of the GeTe matrix. c) The diffraction spots of the Cu2Te phase along the [112] direction 

and the overlapped diffraction pattern of the GeTe phase along the [111] direction, marked in yellow. d, e) 
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HRTEM image of Cu2Te and GeTe, magnified by the marked region in (b), respectively. f) The schematic 

of the coherent phase interface between Cu2Te and GeTe. 

Further characterization indicates that a relatively high proportion of the Cu2Te 

nanoprecipitates observed in the GeTe matrix may preferentially co-precipitate within the PbTe 

nanoprecipitates. As revealed by the dark-field STEM imaging, Figure 2a,b depicts a 

substantial quantity of banded PbTe precipitates distributed in the matrix, with smaller 

nanoscale strip/layered structures appearing nearby, suggesting that the interfaces can serve as 

the origin of defects. Moreover, Cu2Te nanoparticles distributed near the PbTe phase are 

observed. A small number of Cu atoms have entered the PbTe lattice to form a Cu-doped PbTe 

phase, because the Cu atoms are small enough to form point defects in PbTe.[28,29] Careful 

indexing of the overlapping diffraction patterns at the interface between the PbTe and Cu2Te 

phases demonstrates that the d-spacing between them is very similar, leading to the formation 

of a coherent interface (Figure 2c). Figure 2d enlarges a selected area with a herringbone 

domain structure. A layered sandwich structure is formed in this region, with the matrix 

containing planar defects/interfaces, closely connected defects (areas of lattice distortion), and 

PbTe phases, reflecting the evolution process of defects. Further magnification of the interface 

region and the ~3% lattice mismatch between the parallel planes of PbTe and GeTe phases 

prove the formation of a coherent interface (Figure 2e-g). The doped GeTe adopts a pseudo-

cubic structure, as revealed by the previous XRD analysis. Additionally, a high-quality coherent 

interface has also been established between the ε-Cu2Te and PbTe phases (Figure 2h,i). 

Therefore, Cu2Te alloying has modulated the evolution of defect formation in the 

Ge0.84Cd0.06Pb0.10Te matrix by: 1) introducing various nanophase heterojunctions, 2) forming a 

sandwich-like layered defect structure, and 3) constructing a novel multiphase coherent 

nanointerface network. The corresponding schematic atomic model is displayed in Figure 2j. 
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Figure 2 Structural characteristics of multiphase coherent nanointerface network for the 

(Ge0.84Cd0.06Pb0.10Te)0.99(Cu2Te)0.01 sample. a) Low-magnification STEM image and b) corresponding EDS 

elemental maps. c) A low-magnification TEM image of the herringbone domain and SAED image obtained 

from the PbTe and GeTe phases, indicating the highly coherent interfaces. d) HRTEM image magnified by 

the marked region in (c), showing the distribution of PbTe and Cu2Te in GeTe. (e) HRTEM image of an 

interface between PbTe and GeTe obtained from (d). f, g) HRTEM image of PbTe and GeTe, magnified by 

the marked region in (e), respectively. h) HRTEM image of multiphase and defect evolution area. i) HRTEM 
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image of an interface between ε-Cu2Te and PbTe. j) The schematic of the multiphase coherent nanointerface 

network between ε-Cu2Te, PbTe, and pseudo-cubic GeTe. 

In fact, incorporating nanostructures into TE materials commonly results in incoherent 

interfaces, which enhance carrier scattering and reduce carrier mobility due to substantial lattice 

mismatch and high interface energy at the phase boundary. Thus, it is desirable to construct 

semi-coherent and/or coherent nanointerface structures with smaller lattice mismatches. This 

can effectively decrease the interfacial energy in TE materials, ensuring optimal transmission 

of carriers and strong phonon scattering.[30] Excitingly, the multiphase coherent nanointerface 

network in (Ge0.84Cd0.06Pb0.10Te)1-x(Cu2Te) provides an unparalleled conductive network 

medium for the transport of charge carriers. 

The carrier transport properties of (Ge0.84Cd0.06Pb0.10Te)1-x(Cu2Te)x at room temperature 

are summarized in Figure S6. With increasing the Cu2Te fraction, the carrier concentration nH 

decreases, which is attributed to the increase in Ge vacancy formation energy induced by Cu2Te 

alloying.[13] As the temperature rises to 503 K (Figure 3a), the rapidly increasing nH is due to a 

reduction in phase transition temperature (Figure S3). It should be noted that when x≥0.01, the 

nH remains almost constant, while carrier mobility μ shows an unexpected linear increase. The 

temperature-dependent μ of all samples adheres to the T-3/2 trend, confirming that acoustic 

phonon scattering is the primary carrier scattering mechanism (Figure 3b), the increase of μ is 

independent of the scattering mechanism. 

For a deeper understanding of the impact of Cu2Te-alloying on charge transport 

characteristics, we theoretically calculated μ as a function of nH for experimental values and 

representative GeTe systems [31,32,15,33,34] at 303 K, using the single parabolic band (SPB) model 

(Figure 3c). Due to the large effective mass m* of Ge0.84Cd0.06Pb0.10Te in the valence band, its 

theoretical μ (red curve) is lower than the theoretical value of the pristine GeTe (black curve). 

The experimental μ of Ge0.84Cd0.06Pb0.10Te fell below the theoretical curve owing to the 
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introduction of additional point defects. However, the experimental μ of (Ge0.84Cd0.06Pb0.10Te)1-

x(Cu2Te)x exceeds theoretical predictions as the Cu2Te content increases. It is higher than Ge0.84-

xCd0.06Pb0.10SbxTe[15] with similar nH, and even closer to Ge1-xCdxTe[32] and Ge1-xPbxTe[31]. This 

contradicts the general semiconductor physics principle that a larger effective mass corresponds 

to heavier charge carriers and lower drift mobility.[35] Therefore, the multiphase coherent 

nanointerface network in (Ge0.84Cd0.06Pb0.10Te)1-x(Cu2Te)x plays a crucial role in charge carrier 

effective transport, acting as a conductive network medium to promote perfect carrier transport 

and ultimately improve μ. 

Two-dimensional mapping of the calculated electron localization function (ELF) for the 

rhombic and cubic phases of Ge0.84Cd0.06Pb0.10Te and (Ge0.84Cd0.06Pb0.10Te)0.99(Cu2Te)0.01 are 

plotted (Figure 3d and Figure S7) to further comprehend the regulatory effect of introducing 

Cu2Te on chemical bonding. The corresponding crystal structure is shown in Figure S8. The 

ELF of 1 corresponds to strong electron localization, while a decrease to 0 indicates electron 

delocalization, as depicted by a color bar from red to blue. In both rhombic and cubic phases, 

electron delocalization zones with an ELF close to 0 were formed by Cu2Te alloying. Dispersed 

circular domains with a blue color were observed around the Cu atom, indicating an obvious 

degree of electron delocalization near the Cu atom,[36] which could be an additional critical 

factor contributing to the increase of μ in (Ge0.84Cd0.06Pb0.10Te)1-x(Cu2Te)x. 

The temperature-dependent σ of (Ge0.84Cd0.06Pb0.10Te)1-x(Cu2Te)x is depicted in Figure 3e. 

The addition of Cu2Te suppresses the formation of Ge vacancies, thereby reducing nH and σ. 

However, as the Cu2Te content increases, the synergy of the established multiphase coherent 

nanointerface network and the effect of delocalization increases μ, leading to a slight 

enhancement of σ. All S of the Cu2Te-alloying samples exhibit enhancement in the entire 

temperature range (Figure 3f). The peak S of (Ge0.84Cd0.06Pb0.10Te)0.99(Cu2Te)0.01 is ~ 265 μV 

K-1 at 503 K. Despite a decrease, S can be maintained over ~200 μV K-1 up to 803 K due to the 
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phase transition. The theoretical calculation of nH-dependent S at room temperature, based on 

the SPB mode is illustrated in Figure 3g. Effective band convergence pushes the m* over 2.0 me 

in the Ge0.84Cd0.06Pb0.10Te matrix,[15,32,37] and with the introduction of Cu2Te, there is no change 

in m*, as reported in GeTe-xCu2Te[13] and Ge1-2xCu2xTe[33], indicating that Cu2Te cannot 

modulate the band structure of GeTe. The density functional theory (DFT) calculations for the 

rhombic and cubic phases of Ge0.84Cd0.06Pb0.10Te and (Ge0.84Cd0.06Pb0.10Te)0.99(Cu2Te)0.01 

further theoretically confirm that the influence of Cu2Te on the electronic band structure of 

GeTe is negligible (Figure 3h,i and Figure S9). Therefore, the optimized nH by Cu2Te alloying 

enhances the S of (Ge0.84Cd0.06Pb0.10Te)1-x(Cu2Te)x. The multiphase coherent nanointerface 

network and effective delocalization, both induced by Cu2Te alloying, lead to optimized nH and 

enhanced μ. This collaboration ensures that the PF remains at a high value (Figure S10). 
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Figure 3 The electrical transport properties for (Ge0.84Cd0.06Pb0.10Te)1-x(Cu2Te)x. Temperature-dependent a) 

nH and b) μ, c) nH-dependent μ at 303 K, with a comparison to some typical GeTe-based TE materials. 

[31,32,15,33,34] d) 2D mappings of the calculated ELF for r-Ge0.84Cd0.06Pb0.10Te and r-

(Ge0.84Cd0.06Pb0.10Te)0.99(Cu2Te)0.01. Temperature-dependent e) σ and f) S of (Ge0.84Cd0.06Pb0.10Te)1-x(Cu2Te)x. 

g) nH-dependent S in comparison with literature results.[13,15,32,33,37]
 Band structure calculated for h) r-

Ge0.84Cd0.06Pb0.10Te and i) r-(Ge0.84Cd0.06Pb0.10Te)0.99(Cu2Te)0.01. 

Figure S11a presents the temperature-dependent κ of (Ge0.84Cd0.06Pb0.10Te)1-x(Cu2Te)x. 

The total κ sharply decreases to ~ 1.24 W m−1 K−1 for (Ge0.84Cd0.06Pb0.10Te)0.99(Cu2Te)0.01 at 

303 K, with an average κ of ~ 1.12 W m−1 K−1 in 303–803 K. The decrease in σ leads to a 

decrease in κele (Figure S11b,c), contributing to a partial reduction in total κ. Moreover, the 

reduced κlat is shown in Figure 4a. Interestingly, the reduction in κlat due to Cu2Te alloying is 

not evident in the low-temperature range, but as the temperature increases, the κlat of 

(Ge0.84Cd0.06Pb0.10Te)1-x(Cu2Te)x decreases, possibly due to the enhanced phonon scattering by 

delocalized Cu atoms with increasing temperature.[29,38]
 The ultra-low κlat is ~0.33 W m−1 K−1 

at 653 K in (Ge0.84Cd0.06Pb0.10Te)0.99(Cu2Te)0.01, a 45% reduction compared to 

Ge0.84Cd0.06Pb0.10Te, which is remarkably lower than most advanced GeTe systems (Figure 

4b).[26,32–34,37,39] 

The Debye Callaway model[40] is employed to further understand the role of phonon 

scattering sources (Figure 4c). Evidently, for the (Ge0.84Cd0.06Pb0.10Te)0.99(Cu2Te)0.01 sample, 

the influence of Umklapp and normal processes (UN), grain boundary (GB), and point defects 

(PD) as the primary scattering sources for κlat is relatively limited. The scattering sources due 

to stacking fault (SF), which affects mid-frequency phonons, drastically reduce the calculated 

κlat (green curve). Notably, with the additional phonon scattering source of nano precipitates  

(NP(PbTe+Cu2Te)) introduced by Cu2Te alloying, the calculated κlat (red curve) further decreases 

and aligns well with the experimental values. This highlights the important role of multiphase 

nanostructures in enhancing phonon scattering. 
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Fundamentally, due to the high sensitivity of Raman characteristics to the phase structure 

of GeTe, which can distinguish between r-GeTe and c-GeTe.[41,42] Raman measurements were 

carried out to further elucidate the “structure-property” relationship of the ultra-low κlat 

phenomenon. The Raman signal at random positions (Figure 4d) reveals that the 

Ge0.84Cd0.06Pb0.10Te sample exhibits representative peaks near 94 cm-1 (E mode) and 125 cm-1 

(A1 mode), indicative of typical r-GeTe.[43,44] As the introduction of Cu2Te, 

(Ge0.84Cd0.06Pb0.10Te)0.99(Cu2Te)0.01 sample shows nearly no Raman peak, approaching the 

typical c-GeTe Raman mode, with enhanced cubic properties (Figure S1), leading to weakened 

chemical bonds and softened phonons. The decrease in sound speed with the increase of Cu2Te 

content further confirms the weakening of chemical bonds (Figure S12) due to the 

delocalization of Cu. Hence, the evolution of defect structures driven by Cu2Te intensely 

softens and scatters phonons, achieving an ultra-low κlat. 

Owing to the weak electron-phonon coupling induced by multiphase coherent 

nanointerface network and effective delocalization, the ZT value of (Ge0.84Cd0.06Pb0.10Te)1-

x(Cu2Te)x remarkably raises in the entire temperature range (Figure 4e). The peak value of ZT 

and device ZT can reach ~2.22 and ~1.30 in (Ge0.84Cd0.06Pb0.10Te)0.99(Cu2Te)0.01 at 803 K, with 

an average ZTave of ~1.40 in the 303–803 K range. In addition, the repeatability test results 

demonstrate high repeatability in this work (Figure S13). Figure 4f plots the comparison of 

(Ge0.84Cd0.06Pb0.10Te)0.99(Cu2Te)0.01 in the 303-653 K range with other reported excellent GeTe 

materials,[26,32,33,37,45,46]
 surpassing most other Cu-alloyed GeTe.[26,33,45,46] 

In addition to the high TE performance, the reliable mechanical properties are equally 

crucial for the fabrication and practical application of TE modules. We performed the room 

temperature Vickers microhardness and compressive tests to evaluate the mechanical properties 

of (Ge0.84Cd0.06Pb0.10Te)1-x(Cu2Te)x. With the introduction of Cu2Te, the room-temperature 

Vickers microhardness Hv remarkably increases, improving from 175 Hv of Ge0.84Cd0.06Pb0.10Te 
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to 227 Hv of (Ge0.84Cd0.06Pb0.10Te)0.99(Cu2Te)0.01, with a 30% increase. This is competitive with 

the reported GeTe materials (Figure 4g and Figure S14).[15,19,47–49] Moreover, the uniaxial 

compressive stress-strain curves are depicted in Figure 4h. Clearly, the compression strength 

increases from  287 MPa for Ge0.84Cd0.06Pb0.10Te to  350 MPa for 

(Ge0.84Cd0.06Pb0.10Te)0.99(Cu2Te)0.01, an enhancement of 22%, surpassing some typical brittle 

TE materials[50–55]. Similar to several metallic materials,[56,57] the compression strength exhibits 

an inverse relationship with strain. The high-strength GeTe obtained is attributed to the 

synergistic effect of the formation of a solid solution and multiphase precipitation by Cu2Te 

alloying, which prevents crack propagation and improves mechanical strength,[58] with its 

strengthening mechanism shown in the inset in Figure 4h. 

 

Figure 4 The thermal transport properties, TE performance, and mechanical properties for 
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(Ge0.84Cd0.06Pb0.10Te)1-x(Cu2Te)x. a) Temperature-dependent κlat, b) Compared the κlat of 

(Ge0.84Cd0.06Pb0.10Te)0.99(Cu2Te)0.01 in this work with other reported GeTe materials. [26,32–34,37,39] c) The 

calculated κlat by the Debye–Callaway model. d) Raman spectra of (Ge0.84Cd0.06Pb0.10Te)1-x(Cu2Te)x. e) 

Temperature-dependent ZT of (Ge0.84Cd0.06Pb0.10Te)1-x(Cu2Te)x. f) Compared the ZT of 

(Ge0.84Cd0.06Pb0.10Te)0.99(Cu2Te)0.01 in this work with some superior GeTe materials in the 303-653 K range. 

[26,32,33,37,45,46]
 g) Room-temperature Vickers microhardness Hv and comparison with literature data. [15,19,47–

49] h) compressive tests and comparison with some typical brittle TE materials, [50–55] the inset shows the 

schematic diagram of the strengthening mechanisms. Photographs of the tested samples i) before and j) after 

for compressive tests. 

To further validate the superior TE and mechanical performance of optimized 

(Ge0.84Cd0.06Pb0.10Te)1-x(Cu2Te)x materials, a 7-pairs of TE modules were assembled, based on 

(Ge0.84Cd0.06Pb0.10Te)0.99(Cu2Te)0.01 as p-type legs and Yb0.3Co4Sb12 (Figure S15) as n-type legs, 

to confirm its mid-temperature TE conversion efficiency. The photo of the module is displayed 

in the inset of Figure 5b. The output performance test of the module was conducted in a home-

built system.[15] The relationship between the output voltage (U), output power (P), and 

measured current (I) is plotted in Figure 5a. As the ΔT increases, the U increases from 0.09 V 

to 0.92 V, and the P also increases. The maximum P of 0.4 W (corresponding to power density 

Pd of 1.47 W cm−2) and a maximum η of ~7.0% are reached at ΔT = 400 K and I = 0.87 A 

(Figure 5b). Moreover, the radiation heat loss during the measurement can lead to an 

underestimation of η and raise its uncertainty.[59,60] Therefore, power density (Pd) can serve as 

a reliable parameter to compare the performance of different TE devices, as it is largely 

independent of radiation heat and heat flux measurements. The Pd obtained in this work 

surpasses many advanced GeTe-based TE modules,[20,27,61] as well as PbTe-,[62] Cu2Se-,[63] half-

Heusler-,[64] and Skutterudites-based[65] TE modules. It even exceeds 8-pair[61] and 18-pair[20] 

GeTe/skutterudites TE devices (Figure 5c), and is expected to generate sufficient output power 

for practical power generation applications. The reduction of the internal resistance Rin (Figure 
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S16) of the TE module and the improvement of the TE performance of n-type legs are 

anticipated to further enhance the η and Pd of the GeTe-based TE module. 

On the other hand, the multifunctionality of developing TE materials and the exploration 

of interdisciplinary fields have always been appealing. In the field of solid-state photonics, 

lasers are considered the next generation of high-brightness solid-state light sources for optical 

communication systems. However, the non-radiative recombination generated by high-power 

laser excitation can produce thermal energy, leading to luminescence failure. In this context, 

TE materials, driven by their TE conversion, offer a potential solution for harvesting non-

radiative energy in high-brightness laser illumination. The enhanced S in this work has strong 

practical application potential in the nonradiative energy of lasers. A laser power density of 

~0.5 W/cm2 can experimentally generate an output voltage (V), where V=S×ΔT, of ~0.9 mV 

(Figure 5d and Figure S17). To optimize energy conversion efficiency, Figure 5e presents a 

schematic diagram of a modified TE energy harvesting array device. This device utilizes an 

infrared laser (808 nm) beam with an adjustable power density. Figure 5f displays the transient 

response curves dependent on the incident power density. Owing to the low thermal 

conductivity, a large ΔT can be easily established by the photo-TE effect, in conjunction with 

a large S. As displayed, when the laser power density was increased, the temperature of the 

illumination spot (temperature on the hot sides) increased, leading to a linear increase in output 

voltage. When the illumination was terminated, the output voltage returned to its static state. 

As a result, the TE device displayed a repeatable and stable optical switching behavior, which 

perfectly aligns with the conditions of laser irradiation (Figure S18). 

To explore the scalability of the TE energy harvesting array device and verify its 

contactless thermosensation function for applications such as smart robotics and augmented 

reality as human-machine interfaces, we conducted additional tests. When a heat source 

approaches the center of the TE energy harvesting device, a substantial output voltage can be 
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rapidly generated (Figure S19), demonstrating its suitability for contactless thermosensation. 

Furthermore, as shown in Figure 5g, the observed change in output voltage as an object 

approaches the TE energy harvesting device showcases the device's ability to sense proximity, 

even when separated from the heat source by several centimeters. Hence, the gradual increase 

in the response output voltage allows for the detection of the object's proximity to the device. 

By establishing a specific threshold (Vref-H) as an indicator of thermal sensitivity, following the 

mechanism of infrared detection, the distance between the TE energy harvesting device and the 

object serving as the heat source can be determined,[66] thus enabling the contactless thermal 

sensing function. 

 

Figure 5 The GeTe-based TE module and TE energy harvesting device. The a) U and P, and b) η of the 

module as the function of the I at different ΔT. c) Compared the Pd between our TE module and some 

excellent TE modules,[20,27,61–65,67] where SKD is skutterudites and HH is half-Heusler alloys. d) The photo-
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thermoelectric signals of the single-TE energy harvesting module based on the 

(Ge0.84Cd0.06Pb0.10Te)0.99(Cu2Te)0.01 in this work and the pristine GeTe. e) Schematic diagram of an integrated 

modular TE energy harvesting device and its sensing signal acquisition circuit. f) The infrared thermal 

imaging images of infrared radiation correspond to transient photoelectric response curves related to different 

incident laser power density. g) When the TE energy harvesting device approaches the heat source and 

records the response voltage change with distance, the inset shows the infrared thermal imaging image of the 

heat source. 

 

3. Conclusion 

In this work, by incorporating Cu2Te into Ge0.84Cd0.06Pb0.10Te, we obtained a competitive 

ZT of ~2.22 at 803 K and an average ZTave of ~1.40 in the 303–803 K range in 

(Ge0.84Cd0.06Pb0.10Te)0.99(Cu2Te)0.01. This is accomplished through a strategy of constructing a 

coherent nanonetwork across multiple phases, demonstrating applications for TE energy 

conversion and contactless thermosensation. The Cu2Te alloying promotes the evolution of 

defects in the matrix, creating a coherent nanonetwork with multiple nanophases. This 

coherently improves μ and optimizes nH to enhance PF, combined with delocalized Cu ions 

providing a conductive channel for carrier transport. It results in chemical bond softening, 

effectively blocking phonon transport and significantly enhancing TE performance across the 

entire temperature range. Moreover, Cu2Te alloying effectively enhances Vickers 

microhardness and compressive strength, which is beneficial for the assembly and durability of 

TE modules. Consequently, a high Pd of ~1.47 W cm−2 and a maximum ηmax of ~7.0% at ΔT = 

400 K is attained for the TE module. In particular, the TE energy harvesting array device 

demonstrates excellent performance in nonradiative energy harvesting of lasers and touchless 

thermosensation. This study indicates that Cu2Te alloying effectively optimizes the broad-

temperature-range TE performance of GeTe through electron-phonon decoupling, verifying the 

potential for expanding functions in energy conversion and infrared detection. 
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