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Abstract. We have studied the electron mobility in the AlN/GaN/AlN heterostructures with 

the nanometer scale thickness by taking into account multiple quantized electron subbands 
and the confined optical phonon dispersion. It was shown that the inter-subband electronic 

transitions play an important role in limiting the electron mobility in the heterostructures 

when the energy separation between one of the size-quantized excited electron subbands and 

the Fermi energy becomes comparable to the optical phonon energy. The latter leads to the 

oscillatory dependence of the electron mobility on the thickness of the heterostructure 

conduction channel layer. This effect is observable at room temperature and over a wide 

range of the carrier densities. The developed formalism and calculation procedure are readily 

applicable to other material systems. The described effect can be used for fine-tuning the 

confined electron and phonon states in the nanoscale heterostructures in order to achieve 

performance enhancement of the nanoscale electronic and optoelectronic devices. 

1.  Introduction 
As the size of the electronic devices continues to decrease the accurate description of the electron 

mobility in the systems with confined electrons and confined phonons acquires particular importance 

[1]. It is well known that the electron – phonon scattering rates can undergo modification in the 
hetero- and nanostructures with the size-quantized electronic states and bulk phonons. Lee and 

Vassell [2] have shown theoretically that the low-field drift electron mobility in the thin quantum 

wells or narrow conduction channels decreases below the bulk semiconductor limit due to the 
electron state size quantization. At the same time, there exits an intermediate range of the quantum 

well thicknesses where the carrier mobility is enhanced. Their calculation was carried out in the 

relaxation time approximation for a single electron band and bulk acoustic and optical phonons. 

Fonoberov and Balandin [3] found that the low-field electron mobility in silicon nanowires with the 
barriers made of the “acoustically hard” materials can be increased via partial suppression of the 

deformation potential electron –acoustic phonon scattering. The mobility enhancement is more than 

an order of magnitude at low temperature, and about a factor of two at room temperature [3]. The 
results were obtained for the nanowires with the size-quantized electron states and confined acoustic 

phonon dispersion, which was modified due to the elastic mismatch at the interface between the 

nanowire and the barrier materials. 
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In this paper, we examine the dependence of the electron mobility on the conduction channel 

thickness in the nanometer scale heterostructure by taking into account the (i) multiple size-

quantized electron subbands; (ii) dispersion of the optical and acoustic phonons in such structures; 

and (iii) inelasticity of electron scattering on optical and acoustic phonons. The calculations have 
been carried out for AlN/GaN/AlN heterostructure with the nanometer thickness of the layers. It is 

known that GaN and AlN can form both wurtzite and zinc-blende crystal structure. The electron 

mobility in wurtzite AlN/GaN/AlN structures is strongly affected by the built-in electric field due to 
the spontaneous and piezoelectric polarization [4]. To separate the effect due to the built-in field 

from the nanoscale size-quantization and phonon dispersion effects we considered the zinc-blende 

AlN/GaN/AlN system. The large energy of optical phonons in GaN and AlN helps to better elucidate 

the effect. 

2.  Theoretical Model 
We considered a generic three-layered heterostructure with the few nanometer thickness of each 

layer, which ensure the electronic state quantization and confinement of phonons. The electron 

relaxation rates were found from the solution of a system of the integral-differential Boltzman 
kinetic equations written as [5] 
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temperature, kB is the Boltzman’s constant,   is the electron energy, q is the phonon wave number, 
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 are the electron momentum in the initial and final states, respectively,   is the quantum 

number of the polar optical (interface or confined) or acoustic phonon modes, ˆ
e phH 

 is the 

Hamiltonian of the electron interaction with the optical or acoustic phonon normal modes, which is 

given by Frohlich Hamiltonian for the case of the optical phonon modes and the deformation-

potential Hamiltonian for the case of the acoustic phonon modes, ( )n  (n=1,2,3) is the kinetic 

relaxation time of an electron with the energy   in the subband n including intra- and intersubband 

scattering (nn’), where the index n’ = 1,2,3. After the kinetic relaxation times were determined, 
we calculated the electron mobility by extending the standard formalism [6] to include the inter-

subband and intra-subband transitions in the exited subbands, which led to the expression 

 

3
0 0

1 0

3
0 0

1 0

1
( ) ( )(1 ( ))

( ) ,

( )

n

n

n

B

n

n

m
f f d

e
T

k T
f d

    



  















 



 (2) 

where e is the electron charge, nm  is the effective electron mass averaged with the electron wave 

functions for the n-th energy level calculated by taking into account the electron penetration in the 

barrier layers [7]. The averaging procedure is needed in order to account for the finite wave function 
penetration to the barriers and the difference in the electron effective masses in the channel layer and 

the barriers. The details of the theoretical model and calculation procedure are reported by us 

elsewhere [8]. 
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3.  Results and Discussion  
After finding the size-quantized electron states we calculated the energy separation 

( , )nF sd N =
0

n F   between the confined states and the Fermi level as a function of the 

conduction channel thickness. The Fermi level position is determined by the given electron density. 

The maximum ( max ~110 meV) and minimum ( min ~66 meV) energies of the interface and 

confined optical phonons in AlN/GaN/AlN heterostructures set up the energy scale. The intersections 

of ( , )nF sd N  curves with the maximum and minimum phonon energies 
max,min  establish the 

approximate values of the channel thickness when the electron mobility reaches its maxima values 
for the given carrier density. In figure 1 we present the mobility dependence on the heterostructure 

channel thickness d for several sheet carrier densities sN . The results are shown for the temperature 

T=280 K. 

 
 

 

 
 

 

 

One can see in figure 1 (a) that the mobility increases with the decreasing electron sheet carrier 
densities. The non-monotonic (oscillator) behaviour of the electron mobility curves for all considered 

densities is explained by the interplay of the intra- and intersubband scattering processes. The solid, 

dashed, and dashed-dotted lines in figure 1 (b) correspond to the electron mobility calculated by 
taking into account three (n=1, 2, 3), two (n=1, 2) and one (n=1) electron subbands, respectively. The 

electron mobility calculated by including only the intra-subband transitions (11) increases 

Figure 1: Room temperature electron mobility in the heterostructure limited by the optical phonons 

shown as a function of the conduction channel thickness for the different (a) values of the sheet 
electron concentration and (b) number of electron subband included in the model. The non-

monotonic features are related to the enhancement of the inter-subband scattering when the energy 

difference between the subband and Fermi level coincide with the optical phonon energy.     
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monotonically with the increasing channel thickness d. The latter dependence agrees with the result 

obtained by Anderson et al. [9]. For the small d when ( )nF d >   and the intersubband transitions 

are absent, the solid, dashed and dashed-dotted curves coincide. Thus, the one-subband model 

calculation can only be valid for very thin channels (d<5 nm) when the subband separation is large 

(more than few kBT). The electron scattering with the optical phonon accompanied by the optical 
phonon absorption and electron transition to the exited subbands starts when the phonon energy is 

somewhat smaller than the energy difference ( , )nF sd N ) owing to the partial populating of the 

electron states above the Fermi level. The onset of the inter-subband transitions limits the mobility 

increase even for thinner channel layers when the relatively small part of the electrons undergoes the 
inter-subband transitions (see figure 1 (a)). One can see from figure 1(a) that the mobility attains its 

maximum value at d(Ns=10
13

 cm
-2

) = 3.9 nm; d(Ns=510
12

 cm
-2

) = 5 nm; and d(Ns=10
12

 cm
2
)=5.5 

nm. For the lower electron concentrations 
12 2 12 2( 5 10 ;10 )sN cm cm    the onset of the inter-

subband electron transitions appears at the larger thickness d due to the lager values of ( , )nF sd N . 

The values of the material constants required for mobility simulation in AlN/GaN/AlN material 

system can be found in Refs. [10-12]. 

4.  Conclusions 
We have found that the low-field electron mobility in AlN/GaN/AlN heterostructures limited by 

the polar optical phonons manifest oscillatory behaviors as a function of the channel thickness. The 

oscillations appear in the wide range of temperatures and carrier densities. The effect is explained by 

the inter-subband electronic transitions, which play an important role when the energy separation 
between one of the size-quantized excited electron subbands and the Fermi energy becomes 

comparable to the optical phonon energy. The described mechanism can be used for fine-tuning the 

confined electron and phonon states to achieve performance enhancement of the nanoscale electronic 
and optoelectronic devices. 

Acknowledgements 
The authors acknowledge the support of the US Civil Research and Development Foundation 

(CRDF) through the grant MOE2-3057-CS-03. The work at UCR was also supported, in part, by the 

DARPA – SRC MARCO Center on Functional Engineered Nano Architectonics (FENA).    

References 
[1] Balandin A A, “Phonon engineering in nanowires with the acoustically mismatched barrier shells: 

Implications for the carrier mobility and thermal management”, invited talk, Proceed. of Materials 

Research Society (MRS) Spring Meeting, San Fransiscso, California, April 2007; Balandin A A, 

Pokatilov E P and Nika D L 2007 J. Nanoelectron. Optoelectron. 2 140 

[2] Lee J and Vassell M O 1984 J. Phys. C: Solid State Phys. 17 2525 

[3] Fonoberov V A and Balandin A A 2006 Nano Letters 6 2442 

[4] Pokatilov E P, Nika D L and Balandin A A 2006 Appl. Phys. Lett. 89 112110; 2006 Appl. Phys. Lett 89 

113508; Fonoberov V A, Pokatilov E P and Balandin A A 2003 J. Nanoscience and 

Nanotechnology 3 253 
[5] Ando T, Fowler A B and Stern F 1982 Rev. Mod. Phys. 54 437 

[6] Ziman J M 1960 Electrons and Phonons (Oxford University, Oxford, UK) p 421 

[7] Pokatilov E P, Nika D L and Balandin A A 2004 J. Appl. Phys. 95 5626 

[8] Pokatilov E P, Nika D L, Askerov A S and Balandin A A 2007 J. Appl. Phys. 102 054304| 

[9] Anderson D R, Zakhleniuk N A, Babiker M, Ridley B K and Bennett C R 2001 Phys. Rev. B 63 245313 

[10] Komirenko S M, Kim K W, Stroscio M A and Dutta M 1999 Phys. Rev. B 59 5013 

[11] Vurgaftman I and Meyer J R 2003 J. Appl. Phys. 94 3675 

[12] Fonoberov V A and Balandin A A 2004 J. Vacuum Science and Technology B 22 2190 

PHONONS 2007 IOP Publishing
Journal of Physics: Conference Series 92 (2007) 012022 doi:10.1088/1742-6596/92/1/012022

4




