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Abstract 

 

Based on first-principles calculations and Boltzmann transport theory, we investigate the 

biaxial strain effects on electronic and thermoelectric properties of some group-III nitrides 

(BN, AlN and GaN) 2D honeycomb nanosheets. It ws found that direct-indirect band gap 

transitions occurred for BN and GaN nanosheets within the strain of ±6%; meanwhile, their 

band gaps are decreasing with the increase of tensile strain. By the total and projected 

density-of-states (DOS & PDOS) analyses, we also uncovered mechanism behind. 

Furthermore, it is found that only peak power factors of p-type GaN and n-type BN show a 

strong dependence on biaxial strain. Such differences of the strain-dependent thermoelectric 

performance among BN, AlN and GaN may be raised from the competition between 

covalency and ionicity in these 2D structures. Our research results provide a new avenue to 

optimize thermoelectric properties of 2D nanosheets by strain engineering. 

 

 

 

  



Introduction 

Thermoelectric (TE) materials have been attracting a lot of attentions in recent years 

because of their ability to convert heat energy into electricity with reduced pollution1-5. The 

efficiency of TE materials is defined as the dimensionless figure of merit, ZT = S2σT/κ. Here T, 

S, σ and κ represents for absolute temperature, Seebeck coefficient, electrical conductivity and 

thermal conductivity respectively4; and the thermal conductivity κ consists of the lattice 

thermal conductivity, κl  and the electronic component, κe. Among above equation, power 

factor (PF), σS2 is the key to achieving high thermoelectric performance.  

A high ZT is required for efficient conversion from thermal to electrical energy. Hence, high 

S, high σ and low κ are required for high ZT. However, there exist opposing interactions 

between the electrical conductivity and the Seebeck coefficient and/or thermal conductivity. 

Generally, increasing S will result in decreasing σ, while increasing σ also increases κ. 

Therefore, promoting ZT value is a big challenge work in science and technology. As Seebeck 

coefficient, electronic conductivity and thermal conductivity are also related to the electronic 

structures1, various strategies have been proposed to enhance ZT value. For example, the 

phonon-glass behaviors are found in caged compounds6, grain boundary7 and band 

convergence effects8. Besides, strong electron–phonon coupling by charge density waves9, 

liquid-like state10, and nanostructures designing3,11 methods were also demonstrated.  

In addition, TE power generation requires materials to be high efficiency and both chemical 

and thermal stable at high temperatures in oxide environments for ambient applications. 

III-nitrides, especially GaN fulfill these criteria and they are potential high temperature TE 

materials12-16. Their thin films17 and thin film based nanostructures18 have shown enhanced 

in-plane thermoelectric conductivity compared with the corresponding bulks. Meanwhile, BN 

honeycomb sheets have been approved to be a stable ionic monolayer19. As analogues, AlN 

and GaN 2D monolayers are predicted to be stable. According to Freeman20, their 

nano-films/sheets can undergo a transition from a wurtzite structure with sp3 tetrahedral 

coordination to a graphitic structure with sp2 trigonal planar coordination to remove the 

destabilizing dipole. In the other hand, applying strain is an effective approach to modify the 

physical properties of semiconductors. In this work, based on DFT calculations, we studied 

the electronic structures of BN, AlN and GaN honeycomb 2D nanosheets as well as the strain 

effects on the their photovoltaic and thermoelectric properties since electronic structures are 

closely related these properties. Our work should be helpful in promotion of new 2D 

nanostructure designing and TE materials. 

 

 

 

  



Computational Method 

Figure1 shows the schematic diagram of 2D monolayer of XN (X=B, Al, Ga). The vacuum 

space between the adjacent layers is about 20Å with a 60Ry cutoff energy for the wave 

function and a 12×12×2 Monkhorst-Pack grid for Brillouin zone (BZ) sampling. The geometry 

optimization and the ground-state properties are calculated using pseudopotentials 

implemented in Quantum Espresso21 code. The Perdew-Burke-Ernzerhof (PBE) 

parameterization of the generalized gradient approximation (GGA)22 is used for the 

exchange-correlation potential. Biaxial strains, defined as (a-a0)/a0, are applied within the 

range of ±6% from equilibrium constant a.  

 

 

Figure1: Honeycomb monolayer model for nitrides. The two different colored balls state for two different types 

of atom. c-axis is perpendicular to the monolayer plane. 

 

According to our calculation experiences on PbTe26,27, SnTe27, GeTe27 and ZnO 

nanofilms28, of which the calculation results are in good agreement with the experimental 

reports, we used BOLTZTRAP code within WIEN2K packages25, which is based on 

Boltzmann transport theory 23,24, to calculate the thermoelectric transports of these nitrides. A 

large number of k points (12,000) for whole BZ, and RMT × Kmax= 7 are used in the calculations 

for good convergence. In the full-potential calculations, the muffin-tin radii of 1.25 a.u., 1.65 

a.u., 1.80 a.u. and 1.30 a.u. are selected for B, Al, Ga and N atoms respectively. Although the 

band gap of semiconductor is underestimated within DFT-GGA calculations due to ignoring 

self-energy from many-electron interactions; the thermoelectric properties are mainly related 

to the curvature of bands29. The actual value of band gap does not affect appreciably on the 

thermoelectric property calculations. 

 

 

 

 

  



Results and discussion 

The geometrical relaxation results for these nitrides honeycomb 2D nanosheets with and 

without biaxial strain are shown in Figure 2. The lattice constants of BN, AlN and GaN at 

strain-free are 2.50Å, 3.11Å and 3.21Å respectively. Our GGA calculation results are very 

close to LDA results26. The bucking in Figure 2 is defined as the distance between two 

neighboring atoms along c-axis after relaxation. The initial distance of two neighboring atoms 

is set to 2Å, which is around 10% of the original distance (??). It is found that the atoms will 

go back to co-plane after relaxation, indicating that those 2D structures against c-axis strains 

are stable enough.  

 
Figure 2. Relaxation results for BN, AlN and GaN 2D nanosheets. Horizontal coordinate is the in-plane strain, 

and the bucking is defined as the distance between two atoms along c-axis. Superscript label b in each figure is from 

Ref30 

 

The DFT-PBE calculated high-symmetry along Γ-K-M-Γ band structures of BN, AlN and 

GaN nanosheets, with (±6%) and without strains, are given in Figure 3 respectively. It can be 

seen that all of these three nanosheets have indirect band gaps at strain-free situation, with the 

VBM at the K point, and the conduction band minimum (CBM) at the Γ point. This is the 

same as LDA results reported by Sahin26. While, at 6% strain (enlargement), the CBM of BN 

moves from Γ to K point; and the VBM of GaN moves from Γ to K point at -6% strain 

(compression).Interestingly, the AlN did not show such movements under strains.   

 



 
Figure 3.The band structures of BN, AlN and GaN nanosheets with and without strains. Here, we are only 

presenting the three of valence band maximum (VBM) and the three conduction band minimum (CBM). Solid green 

balls represent VBM and CBM of each compound, and VBM is set to 0 in all cases. Eg is the band gap of each 

semiconductor when strain-free state.  

 

For detailed analysis, we plot the electronic information at Γ-K-M k-pints for 

aforementioned structures (see Figure 4). It can be seen that the area within the band gap of 

BN nanosheet forms an arc shape along strain increasing from -6% to 6%. Such arc sharp is 

also reported in pervious works27&28 but the peak of the arc locates at different strains. Such 

difference may attribute to the different potentials. Figure 4(a) shows an indirect-direct band 

transition (from K-Γ to K-K), which is corresponding to the orbital variation of the VBM states 

when the applied tensile strain applied. At the same time, AlN nanosheet is found to keep 

indirect band gap and have a monotone but nonlinear decrease in band gaps with strain 

increases [Figure 4(b)], which agrees well with previous reports27&29. While, GaN nanosheet 

turns into indirect band gap area at strain of -4% when strain increased from -6%; and the band 

gap continues to decrease with the increase of strain. These results are consistent with previous 

work33. The decrease of the band gap can be attributed to the reduction of the orbitals overlap 

due to the enlargement of Ga-N bond under strains. Actually, for all of these three nitride 

nanosheets, band gaps decrease with the increasing of the tensile strain. 

 



 
Figure 4. The VBE and CBE at at Γ-K-M k-pintwith and without strains obtained from PBE method. a0 is the 

equilibrium lattice constant and VBE is set to be 0 eV. The blue section is indirect gap area, while purple area 

belongs to direct gap.  

 

To insight the causes of these change, we calculated total and projected density of states 

(DOS &PDOS) for BN, AlN and GaN nanosheets at different strains (Figure 5). It can be seen 

that for all three 2D nanosheets, the VBM are mainly composed of N-p orbitals, with a small 

contribution from the cation-p orbitals from X (X = B, Al and Ga). The total DOSs of AlN 

and GaN increase sharply near VBM, implying they are potential p-type 2D thermoelectric 

materials. The PDOSs of 2s, 2px, 2py and 2pz orbitals of X and N atoms are also presented in 

Figure 5, and the CBM of BN nanosheet is dominated by 2pz orbitals of B and N atoms at 

strain of 6%.While, at strain of -6%, bottom CBM is determined by the s states of B and N 

atoms. As for AlN, the top of VBM is dominated by 2pz states of N atom but CBM is 

determined by s states of Al and N atoms within the stain range ±6% [Figure 5 (e)]. Different 

situation has been found in GaN nanosheet, 2px and 2py states of N atoms dominate the top 

VBM at strain of -6%, but 2pz states of N atom mainly occupy VBM under other strain states. 

When a compressive strain applied, s-orbitals of Ga atom scale down and px-py orbitals grow 

upward to become the CBM. Such orbital occupation change within VBM and CBM under 

strains may be the reason of the direct-indirect bandgap transitions. 

 



 

Figure 5.The total (a)-(c) and projected (d)-(f) DOSs of BN, AlN and GaN nanosheets at the strain of -6%, 0% and 

6% respectively. We have not plotted GaN-d orbital in (f) because its contribution is trivial compared with s and p 

orbitals. Here, VBE is set to 0 eV. 

 

Since the photovoltaic properties of semiconductors are directly related to their band gaps, 

we can control/turn them by applying strain on these nitrides nanosheets to adjust their band 

gaps. As mentioned above, applying a compressive strain will shorten the bond lengths which 

increases repulsion between orbitals associated with bonded atoms and results in changes in 

VBM and CBM as well as the band gaps. In addition, Power factor (PF), σS2 is also closely 

related with DOS, therefore, it is very promising to obtain demanded thermoelectric properties 

by bang gap engineering, which can be implemented by strain controls.    

According to Boltzmann transport equation and its relaxation time approximation, the 

thermoelectric transport coefficients can be expressed as30 

 

 σ = 𝑒2𝑋0 (1) 



 
𝑆 =

−1

eT
(
𝑋1
𝑋0

− 𝜇) 
(2) 

 

where e is the magnitude of the elementary charge, T is the absolute temperature, µ is the 

chemical potential, and the integrals Xn(n = 0 or 1) are the functional of the transport 

distribution function31,32, which can be determined by the electronic structures and the electron 

scattering mechanisms of the materials. Using the electronic structure, we can calculate σ/τ and 

S as the functions of carrier concentration and temperature, T. As the relaxation time, τ is not 

easy to determine here, we focus on the term, σS2/τ; and assume τ to be a constant for the same 

semiconductor at same temperature. 

We plotted DOS and PDOS near VBM or CBM in Figure 6 where the energies below zero 

are valence bands, and the right part in each figure are conduct bands. It can be seen that 

n-type BN shows a sharper DOS than p-type BN [see Figure 6 (a)]. However, DOSs of AlN 

and GaN reveal a reversed tendency. Both AlN and GaN show a sharp increase of the DOS 

near the VBM, which suggests a possible enhancement of the TE performance. Meanwhile, 

BN has the highest DOS at the CBM, but its curve near VBM is the lowest among those three 

compounds. Seebeck coefficients are strong related to the DOS around VBM or CBM, the 

total DOS can reflect the thermoelectric properties roughly. Figure 6 (b)&(c) are the PDOS of 

cations and N atoms, respectively. Analysis of the PDOS revealed that the primary 

contributors to the curves close to the VBM are the N p states, while the peaks of BN near 

CBM are mainly attributed to the B p states. And d orbital of Ga is too small which can be 

igorable. 

 

Figure 6. Calculated DOS for XN (X = B, Al, Ga) at strain-free states. (a) total DOSs for BN, AlN and GaN; (b) 

Projected DOSs for s and p orbitals of cations; and (c) Projected DOSs for s and p orbitals for the N atom. 

 

The calculated electrical transport coefficients at 300K and strain-free sates are illustrated 

in Figure 7. Due to the electron doping, Fermi level shifted a little bit. It is seen that among 

n-type structure, the Seebeck coefficient of the BN is the best, while, p-type BN show lowest 

Seebeck coefficient in three p-type XN structures. All of these performances were consistent 



with total DOS in Figure 6. A comparison of Figure 7 (a) and Figure 7 (b) indicates that 

p-doping AlN and GaN exhibit better Seebeck coefficient than their n-doping structures. 

However, high Seebeck coefficient doesn’t mean high power factor, relaxation time must be 

considered in electrical conductivity calculations. The power factor of p-type BN in Figure 7 

(e) is larger than AlN and GaN at 1021cm-3, which may result from its higher σ/τ. For n-type 

BN, the power factor has a significant enhanced when carrier concentration exceeds 1020cm-3, 

and such enhancement may come from its high Seebeck coefficient in heave doping.    

 

Figure 7. Calculated electrical transport of honeycomb structure XN (X = B, Al, Ga) at 300K and strain-free state, 

as a function of carrier concentration. (a) p-type Seebeck coefficient, S; (b) n-type Seebeck coefficient, S; (c) 

p-type electrical conductivity with respect to relaxation time, σ/τ; (d) n-type electrical conductivity with respect to 

relaxation time, σ/τ; (e) p-type power factor with respect to relaxation time, σS2/τ; and (f) n-type power factor with 

respect to relaxation time, σS2/τ. 

 

The figure of merit, ZT can be calculated once τ and κ values are known. For comparison, we 

set τ = 10-14s as this value is comparable to most of 2D structures; and at the same time, we 

are looking κ value for honeycomb structured nitrides at room temperature. Since 

experimental data from direct measurements of κ value for 2D BN are not available, we use 

an in-plane value of 40Wm-1K-1 for a bulk BN nanosheets33 and 4.5W/mK for AlN which is 

experimental value for its film around 1000 nm34. For GaN, we use its nanowire’s data κ ~ 

4W/mK at room temperature35. Figure 8 presents the ZT values for those three nanosheets at 

300K and strain-free states. Although the ZT values are not very high, it has been enhanced 

much compared with bulk materials. For example, ZT value for bulk GaN is 0.0017 at 300K36, 

our calculation shows that ZT value of nanostructured GaN is about 14 times higher than 

bulk’s. The approximation was not accurate in this calculation, we believe the nanostructuring 

can improve thermoelectric properties much more than we presented. （因为 nanostructuring

对热导率的降低是很明显的，在文献 34 中，AlN 越薄，热导率越小，我们用的是 1000NM

的结果，但是真实的结果可能会更低，越低的热导率也就代表越高的 ZT???） 
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Figure 8. The calculated ZT values versus carrier concentration at 300K and strain-free states for these 2D nitrides. 

The relaxation time is 10-14s. 

 

We also investigated the thermoelectric properties of these 2D nanosheets at different 

temperatures. Here, relaxation time τ was also set to 10-14s for comparison, and κ can be 

obtained form the equation: κ = B/T37. According to experimental data we aforementioned, we 

plot the contour plots of the transport properties as a function of temperature and carrier 

concentration for three nitrides at strain-free states in Figure 9-11. The carrier concentration 

was exceeds to show the peak location of ZT, the darker color indicates a higher physical 

quantity. （我们选取的carrier concentration的范围是1019-1022，而不是图8中的1018-1021，

是因为 ZT 最大的位置处于 1021 之后，为了展现最大位置的 ZT，我们的 carrier 

concentration 选取范围会变化。 

 

Figure 9. Contour plots of the electrical transport properties as a function of temperature and carrier concentration 



for p-type and n-type BN monolayer at zero strain. (a)-(d) p-type BN monolayer: Seebeck coefficient S, electrical 

conductivity with respect to relaxation time σ/τ, power factor with respect to relaxation time σS2/τ, and ZT value. 

(e)-(h) n-type BN monolayer: Seebeck coefficient S, electrical conductivity with respect to relaxation time σ/τ, 

power factor with respect to relaxation time σS2/τ, and ZT value.  

 

 

Figure 10. Contour plots of the transport properties as a function of temperature and carrier concentration for 

p-type and n-type AlN monolayer at zero strain. (a)-(d) p-type AlN monolayer: Seebeck coefficient S, electrical 

conductivity with respect to relaxation time σ/τ, power factor with respect to relaxation time σS2/τ, and ZT value. 

(e)-(h) n-type AlN monolayer: Seebeck coefficient S, electrical conductivity with respect to relaxation time σ/τ, 

power factor with respect to relaxation time σS2/τ, and ZT value.  

 

 

Figure 11. Contour plots of the transport properties as a function of temperature and carrier concentration for 

p-type and n-type GaN monolayer without strain. (a)-(d) for p-type GaN monolayer: Seebeck coefficient S, 

electrical conductivity with respect to relaxation time σ/τ, power factor with respect to relaxation time σS2/τ, and 



ZT value. (e)-(h) for n-type GaN monolayer: Seebeck coefficient S, electrical conductivity with respect to 

relaxation time σ/τ, power factor with respect to relaxation time σS2/τ, and ZT value.  

 

 

According to Figure 9-11, the Seebeck coefficients continuously increase along with 

temperature, T, which resulting from the substantial band gap. (在文献 37中有一段解释如下，

Importantly, because of the substantial band gap, there is no bipolar conduction, and so the thermopower 

continues increasing with T to the highest temperatures, even at low doping. )That means high 

thermopowers can be obtained at reasonable doping level in high temperature, which has been 

pointed in a pervious calculation work on ZnO37. It is found that these monolayer 

wide-band-gap nitrides follow the same trend. As for ZT values, it is noted that n-type BN > 

p-type BN, p-type AlN > n-type AlN, and p-type GaN > n-type GaN. The total DOSs 

comparison between p-type and n-type  is given in Figure 6 (a). For all of those three 

monolayer nitrides, their ZT rase steeply along the increases of temperature, T and the peak 

points locate at relatively high doping level. One reason for such closely dependence of ZT on 

T is that the thermopower increases with T, another is that the lattice thermal conductivity 

decreases dramatically along the temperature T, and our approximation almost ignore the 

electronic thermal conductivity. Heave doping can improve electrical conductivity, so the 

peak ZT for our calculations always locates at 1021cm-3. The significant enhanced TE 

performance of those three monolayer nitrides indicates their potential high-temperature 

cadidates.  

 

Figure 12. Thermoelectric properties of monolayer nitrides (BN, AlN and GaN) with different strain at 300K, 

1020cm-3. (a)-(c) p-type: Seebeck coefficient S, electrical conductivity with respect to relaxation time σ/τ, power 

factor with respect to relaxation time σS2/τ. (d)-(f) n-type: Seebeck coefficient S, electrical conductivity with 

respect to relaxation time σ/τ, power factor with respect to relaxation time σS2/τ. 

 



 

Figure 13. Thermoelectric properties of monolayer nitrides (BN, AlN and GaN) with different strain at 1100K, 

1020cm-3. (a)-(c) p-type: Seebeck coefficient S, electrical conductivity with respect to relaxation time σ/τ, power 

factor with respect to relaxation time σS2/τ. (d)-(f) n-type: Seebeck coefficient S, electrical conductivity with 

respect to relaxation time σ/τ, power factor with respect to relaxation time σS2/τ. 

 

 

To study the TE performance under strain, we used the same τ and κ values at same 

temperature for comparison, which allows us to judge the ZT value by comparing power 

factor with respect to relaxation time σS2/τ. When biaxial strain applied, the TE properties 

vary as depicted in Figure 12&13, at 300K and 1100K, respectively. It is found that the trends 

in different temperatures are almost same. For p-type nitrides, TE performance of GaN has a 

strong dependence on biaxial strain, while BN and AlN only show weak dependence. More 

specific, the variation of p-type GaN thermoelectric properties is very obvious under 

compression. For p-type GaN, compression leading to the change of VBM which result in 

decreasing of hole’s effective mass, so the electric conductivity increases under compression 

increases. (这里的分析我还要再和老师商量一下，所以可能要之后才能给您回复)The 

Seebeck coefficient also influenced by DOS under compression. The variations of Seebeck 

coefficient and electric conductivity leading to the power factor’s changing under strain. As 

for n-type BN, the power factor follow an arc shape under strain within the range of±6%. The 

variations of Seebeck coefficient, S and electrical conductivity with respect to relaxation time 

σ/τ are plotted versus carrier concentrations (Figure 13 (b) and Figure 13 (d)). It shows that 

Seebeck coefficient exhibit an arc shape under strain; while, σ/τ stands in same line. As PF is 

nearly proportion to the square of Seebeck coefficient directly, it is not difficulty to understand 

that the PF of BN nanosheet should sensitively response to tensile/strain, which originates 

from the dependence of Seebeck coefficient on strains. And the Seebeck coefficient’s 

changing may be the results of the CBM’s changing in n-type BN under strain.  
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Figure 14. Relative peaks of PFs for BN, AlN and GaN nanosheets at (a)500K, (b) 700K and (c)900K, respectively. 

The PF peak at zero strain is set to be a reference. 

 

Power factor is a function of carrier concentration, n and temperature, T; so we select the 

highest point as the peak PF of each state. At the same time, we set the peak PF at strain-free 

sate as a reference (set to be a unit).The relationships between the relative peak PFs and strains 

of these semiconductors are given in Figure 14.It is seen that the strain influence on peak PF is 

ignorable for AlN, n-type GaN and p-type BN. However, n-type BN and p-type GaN show 

reversed tendency under strains, especially in the compression cases. For n-type BN, the 

relative peak PF follows an arc shape under strain within the range of±6%, and the peak located 

at strain-free point is about five times larger than the lowest. While, p-type GaN only shows an 

arc shape under compression, and the highest PF appears at the strain of -3%. 

Nanostructuring is a promising tool to enhance the PF and reduce the thermal conductivity 

of TE devices.11,382D structured GaN sheet should have better thermoelectric performance than 

bulk GaN．It is noted that P-type GaN nanosheet shows an arc shape under compression, and 

the highest peak PF at 500K is about 1.75 times larger than that of strain-free state. Besides, 

n-type BN nanosheet does not show any improved thermoelectric performance under strain; 

but it’s highest peak PF is about five times larger than the lowest one, indicating it is very 

sensitive to strains and implying it may be a very promising candidate as a strain sensor.  

To investigate the origin of such promoting, we plot DOS and PDOS for p-type GaN 

nanosheet under strain of -5% to -1% (Figure 15).  

 



 

Figure 15. (a) Total density of states (DOS) of p-type GaN nanosheet under strain of -5% to -1%; (b) pz states of N 

atoms; and (c) px+py states of N atoms. VBM is set to be 0 eV. 

 

It can be seen in Figure 15(c) that VBM of GaN nanosheet is mainly composed of N-p 

orbitals, especially N-pz states, with a small contributions from the Ga-p orbitals. Since 

transport performances are directly related to the electronic states near the VBM and the CBM, 

we also plot the N-p orbitals around VBM [Figure 15(a)].It is found that the total DOS at 

strain of -3%shows a sharper increase, that may lead to the distinction of the peak PF. Based 

on the DOSs in Figure 15(b)&(c), it can be realized that N-pz orbitals play an important role 

when the compression is larger than -3%; but along the further compression, px+py orbitals 

become predominated.  

 

Conclusion 

In summary, the electronic and thermoelectric properties of group-III nitrides (BN, AlN and 

GaN) nanosheets are investigated by first-principles calculations and Boltzmann transport 

theory. The strain effects on band structures of BN show similar variation to that of GaN but 

different from that of AlN. While, only n-BN and p-GaN doped nanosheets shows some 

difference to XN nanosheets in thermoelectric properties Compared with AlN, BN and p-GaN 

show both bizarre band gaps and thermoelectric properties on biaxial strain. There is a 

direct-indirect band gap transitions in BN and GaNnanosheetswith the increasing of the 

biaxial strain. For all of those three 2D nitrides, band gaps decrease when tensile strains 

increase. As for thermoelectric properties, we study the relative peak power factor under 

strain. The peak power factor of n-type BN and p-type GaN show strong dependence on 

biaxial strain, and a significant promoting of peak power factor of p-type GaN under 

compression can be found. The variation of the density of states in the different strains leads 

to the different thermoelectric performances of these 2D materials.Such difference is related 

to the competition between covalency and ionicitywithin these 2D compounds. Our 

calculations suggest a new way to optimize thermoelectric performance of nanosheets by 

strain engineering.  
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