Lattice Thermal Conductivity Modelling of A Diatomic Nanoscale Material


Adil. H. Awad
Department of Physics, College of Education for Pure Science, University of Basrah, Basrah, Iraq.

Abstract:  A new approach for expressing the lattice thermal conductivity of diatomic nanoscale materials is developed. The lattice thermal conductivity of two samples of GaAs nanobeam at 4-100K is calculated on the basis of monatomic dispersion relation. Phonons are scattered by nanobeam boundaries, point defects and other phonons via normal and Umklapp processes. A comparative study of the results of the present analysis and those obtained using Callaway formula is performed. We clearly demonstrate the importance of  the utilised scattering mechanisms in lattice thermal conductivity by addressing the separate role of the phonon scattering relaxation rate. The formulas derived from the correction term are also presented, and their difference from Callaway model is evident. Furthermore their percentage contribution is sufficiently small to be neglected in calculating lattice thermal conductivity. Our model is successfully used to correlate the predicted lattice thermal conductivity with that of the experimental observation.  
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1. INTRODUCTION

Lattice thermal conductivity in semiconductors remains an interesting subject given that no fundamental demonstration of its behaviour has yet been performed within the experimental temperature range. The anharmonicities of lattice forces control thermal conductivity via lattice waves along with the external boundaries and several crystal imperfections. Thermal conductivity has been regularly utilised as a major transport property, which effectively describes  crystalline solids and is essential for recognising the behaviour of bulk and nanoscale systems. The literature reports that lattice thermal conductivity can be solved using the Boltzmann transport equation within the frame of the relaxation time approximation[1,2]. Callaway[3] presented  a model, which is amenable to computations and accepted at low temperature region to predict the lattice thermal conductivity of bulk semiconductors. Callaway expected a linear dispersion relation, which is the limiting form for small wave vectors and thus, he  utilised phase velocity in place of group velocity. However, he did not distinguish between monatomic and diatomic lattices. Holland[4] modified Callaway's model to become applicable to regions with a wide temperature range by considering the two-mode conduction of phonon. A number of mechanisms for predicting the lattice thermal conductivity of bulk GaAs depend on the Boltzmann transport equation and relaxation time approximation has been improved[5-10], by considering different scattering mechanisms. 





Considerable interest has been demonstrated in understanding the thermal conductivity of  nanoscale semiconductors, which are considered a potential material system for high- temperature, high-frequency and high-power equipment[11]. The thermal properties of these nanostructure materials are lower than those of their corresponding bulk materials[12-27]. This reduction is attributed to the variations in phonon density of states [14,17,19,23] and phonon-boundary scattering[23]. The semiempirical calculation of  lattice thermal conductivity is expected to coincide with the experimental results[17,28-30]. 
Fon et al.[31] measured the effective thermal conductance in suspended GaAs nanobeams with various geometries and dopant profile, at 4-40K, using Callaway's model. They considered the phonon relaxation of surfaces, electrons, point defects and the contribution of Umklapp three-phonon scattering processes. Given the exponential term, they suggested that the Umklapp processes of three phonon scattering are the fundamental mechanisms that cause thermal resistance. They unexpectedly determined that the existence of dopants is considerably affected by the scattering of phonons. Fon et al.[31] pointed out that the dopant in nanobeam device provides additional effective phonon scattering processes, such as by point defects, mobile electrons and donor state electrons.
Barman and Srivastava theoretically                                addressed Fon et al.'s[31] estimation using the
 Callaway model and a treatment 


for three-phonon scattering that depends on an isotropic continuum phonon dispersion 
relation[32]. They suggested that the reduction in lattice thermal conductivity of the doped samples compared with that of the undoped samples relies on electron-phonon scattering, whereas phonon reflection by rough surfaces only plays a minor role in controlling thermal conductivity . 
Mamand et al.[33] also presented a theoretical prediction of the thermal conductivity of Fon et al's. samples using the Callaway model via two-mode conduction. The scattering of phonons by nanobeam boundaries, dislocations, electrons, imperfections and other phonons is conducted to match the measured thermal conductivity to the experimental data.
In the present study, a new approach is used to evaluate the lattice thermal conductivity of GaAs nanobeam  samples with different dopant profiles at low temperatures (4-100K), by adopting a diatomic phonon dispersion relation. The proposed formula for thermal conductivity and the correction term are based on the solution for the Boltzmann transport equation via relaxation time approximation, where in the scattering of phonons by nonabeam boundaries, point defects and other phonons is effectively performed to fit the calculated values of the lattice thermal conductivity with the experimental curves.  


2. MODEL DEVELOPMENT

 2.1. Expressions For Lattice Thermal Conductivity

The simplest formulas for the Callaway[3]  and Holland models[4] fail to capture the difference between the formulas for monatomic lattice and diatomic lattice thermal conductivities. Their models were developed on the basis of Debye's approximation of linear 




phonon dispersion. Therefore, the present work considers the 1D diatomic lattice with lattice constant  . The forces are assumed to act between the nearest neighbour atoms with masses  and . The solution for the motion equations of such lattice is as follows[34]:
    
              (1)
 
where the phonon wave vector can be given by:
                                                                                                                                                                                                                                                                           
                                       (2)

Then, the corresponding group velocity will be

                                                                                                                                                                      (3)
                                                                                                        
The density of phonon states can be written as: 

                                   (4)
                                                                                                                                                                                                           
         (5)
where





Here,  and N  and  V  are the number and volume of primitive cells respectively. Using 
and the temperature 
we obtain

 (6)
 where,


	


 and 	
Awad[35] suggested that lattice thermal conductivity per unit volume exhibits the following form:
                                                                                                                                                                      (7)
Hence, using Eq.(6), lattice thermal conductivity is transformed as follows:

(8)




where represents total relaxation time and

.

2.2. Correction Term




Callaway[3] investigated the effect of considering the conservation of total wavelength via the normal process of three-phonon scattering. The thermal conductivity of this process is called the correction term . Assuming the Debye model for a solid, an approximate method was developed to estimate the value of the correction term. To avoid such approximation, we use the diatomic dispersion relation to express the formula for. With help of Eq. (2), we define the quantity  as follows:
                  (9)  

In terms of the dimensionless parameter  x, we use Eq.(3) to obtain the following:

	          (10)


Awad[35] determined in terms of (combined scattering relaxation time) and the Boltzmann transport equation  as follows:

	                     (11)
                                                                                                                                                                                                                                                                                                                                                                            (12) 

Thus, on the basis of Eqs. (9), (10) and (11),  Eq. (12) exhibits the following form: 

                                                                                                                                                           (13)                                     

Hence, we obtain  as follows:             

                                   (14)      
where,
                                                                   



	Undoped nanobeam
	Doped
 nanobeam
	Parameter

	3.1
	4.2
	
  108

	0.17
	2.0
	
      10-44

	1.0
	1.0
	
   10-13

	1.7
	1.5
	
  10-8



The total relaxation time  in Eq. (11) is transformed as follows:

         (15)
When Eq.(15) is substituted into Eq.(8) , the following is derived: 

                       (16)
where,

 ,

	


The resulting thermal conductivity is obtained using Eq.(14) 

                           (17)
where the final expression for the correction term as follows:

                                 (18)





In our calculation, we consider boundary scattering,point defect scattering[1]and Normal [1] and Umklapp [36] three-phonon scattering. Matthiessen's rule indicates that the combined scattering relaxation rate exhibits the following form:


                                                                                       (19)
where all the scattering processes are operated independently as an approximation.

3. RESULT AND DISCUSSION




GaAs is a binary semiconductor compound from the AnB8-n families of Types III-V, which crystallise in the zincblende structure (lattice constant a=5.65A)[37], masses 12.4710-23 g and 11.610-23 g[38], Debye temperature  and . We present an analysis of the low-temperature lattice thermal conductivity (4-100 K) of GaAs nanobeams using the expressions presented earlier. Adjustable parameters are obtained for the doped and undoped samples that best fit the experimental data and then listed in Table 1. A 

Table 1. Values of parameters used in the calculation of lattice thermal conductivity of GaAs nanobeams


consistent result is achieved as shown in Figure 1, when compared with the experimental data of Fon et al.[31], i.e. close agreement is found. Fig. 1 also shows the measured lattice thermal
conductivity compared with that predicted with the Callaway integral-using the adjustable parameters- listed in Table 1. The temperature dependence of lattice thermal conductivity indicates that the new formula used in our calculation is applicable to doped and undoped nanobeams. Fig. 1 also shows that the Callaway model overestimates the lattice thermal conductivity values of GaAs nanobeam, that Callaway’s frame is obtained on the basis of Debye's estimation, which is excessively far from reality. Mingo et al.[17,18], suggested that the poor results acquired the Callaway model are attributed to the use of linearised dispersion relations. We believe that the significance of the present approach lies in realising a form that is a characteristic of a crystal, where the present expressions distinguish between the thermal conductivities of monatomic and diatomic lattices.

Fig. 1. Comparison between the lattice thermal conductivities of doped and undoped GaAs nanobeams and that obtain using Calaway model. The symbols represent the experimental data of Fon et al.[31], whereas the lines represent the theoretical calculation 


The curves to the predicted correction term are shown in Fig. 2, along with the results obtained from the Callaway integral. The temperature dependence of the percentage contribution of this term  is classified in    Fig. 3. These figures clearly demonstrate that 




the contribution of the correction term to the total lattice thermal conductivity is minimal, and can be disregarded. A similar behaviour was recently recorded by Awad[35,39-41] for three Si nanowire samples. Fig. 2 clearly shows that the Callaway model overestimates the values of the correction term for the doped and undoped GaAs nanobeams. Several interesting features are presented in Fig. 2, where a remarkable difference between the values of the correction term in the basis of the Callaway model and that determined in the present work, is noted.

[image: C:\Users\LG\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Word\DK.JPG]
[image: C:\Users\LG\AppData\Local\Microsoft\Windows\Temporary Internet Files\Content.Word\vvvvvvvv.jpg]Fig.  2. Calculated correction terms of doped and undoped GaAs nanobeams compared with the obtained theoretical results of the Callaway model. 
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Fig. 3. Percentage contributions of the correction terms of the doped and undoped GaAs nanobeams vs. temperature.
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Fig. 4. Influence of the absence of  scattering relaxation rates on the lattice thermal conductivities of the doped and  undoped GaAs nanobeams.





To clarify the magnitude of each scattering relaxation rate relative to the effect of other scattering rates, we plotted two dopant cases in Fig. 4 for the adoptd scattering relaxation rates. We can sensibly consider that lattice thermal conductivity below the  conductivity maxima region, is strongly influenced by nanowire size, which is spread over a wide range of temperatures. This finding is attributed to  phonon mean free path that is tuned by the nanostructure's cross section. Similar results have also been reported for nanostructure devices[42-45]. The effect of  on the measured thermal conductivity of the doped nanobeam is approximately twice higher than that on the  magnitude of the undoped nanobeam, thereby reflecting the major role of these scattering processes near the conductivity maxima. The results of the  curves of the nanobeam's lattice thermal conductivity indicate the significance of the three-phonon scattering processes at high temperatures. It generally begins to dominate starting at 50K. However, point defect scattering is typically frequency dependent. Thus, the efficient scattering of high-frequency phonons at high temperatures is reasonable. But, efficiency is reduced when temperature further increases due to the presence of  , which is frequency- and temperature-dependent. Moreover,  is controlled by Umklapp  processes rather than normal processes, and thus, is more effective in the undoped nanobeam structure. A similar behaviour was reported by Fon et al.[31] in their analysis of  the experimental results of GaAs nanobeams.


4. CONCLUSIONS

We implemented a model to investigate the lattice thermal conductivity of a diatomic nanostructure. Our model is found to be valid for GaAs nanobeam samples with different dopant profiles, and obtained within the range of 4-100K. The proposed model can be generally applicable to predicting the lattice thermal conductivity of nanostructure devices. The comparitive study shows the major differences with the results obtained using the Callaway model. We also demonstrate the importance of the correction term in this work i.e. small values can be disregarded in our calculation. Finally, nanobeam boundary scattering is determined to control the reduction of lattice thermal conductivity over a wide range of temperatures.

List of Symbols

a             Lattice constant
M(m)      Masses of atoms
q             Phonon wave vector

           Group velocity

    Density of phonon states
N            Nnumber  of primitive cells
V            Volume of primitive cells
   Maximum phonon frequency  

         Dimensionless parameter 

       Debye temperature

        Lattice thermal conductivity

       Phase velocity

       Correction term

        Total relaxation time

        Relaxation rate of Normal process

         Relaxation rate of Umklapp process

     Temperature gradient

     Boundary scattering relaxation rate

     point defects scattering relaxation rate

     3-phonon scattering relaxation rate
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