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The variations of the electron mobility (µ) with electron temperature (Te), electric field (E) and drift velocity (ud) for the 2DEG 
(2 Dimensional Electron Gas) channel of AlGaAs/GaAs HEMT (High Electron Mobility Transistor) have been investigated 
theoretically at low and moderate electric field regions. The results have been determined by using momentum and energy 
balance equations in the 2DEG at To=1.7 K lattice temperature under zero magnetic field. The results enable us to predict 
the electron temperature and mobility at various electrical field regions, which are very important for understanding of the 
transport mechanisms, performance of HEMT and other devices. The theoretical results which are obtained by including the 
acoustic phonon and the polar optic phonon scattering mechanisms are compared with the available experimental results. A 
good agreement is observed at the low field region. However, the experimental and the theoretical results seem to deviate 
at the high electric field region, which indicates that additional scattering mechanisms should be taken into account. 
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1. Introduction 
 
Over the last three decades, there has been a great deal 

of interest in the study of the transport properties of III-V 
heterostructures. The main attraction of heterostructure is 
the very high mobility of the 2DEG at low temperature 
[1]. The 2DEG in modulation doped AlGaAs/GaAs 
heterostructure exhibits a very high mobility because of 
spatial separation of electrons from their parent donors in 
AlGaAs. The advantages of using such a high mobility 
system are well known and applied to high-speed field 
effect transistor such as HEMT. Mobility enhancement in 
the modulation doped heterostructure was first achieved in 
1978 [2]. Since then, there have been many studies on the 
transport and scattering theories of the 2DEG in 
heterostructure [3-13]. The theoretically calculated 
mobility, differ from each other, depending on the 
theoretical models adopted in their calculations. In order to 
test the various theoretical predictions about the behaviour 
of mobility due to different type of scattering mechanisms, 
which type of scattering is predominant in a given sample 
of material, temperature and electric field range should be 
known. The earlier works dealt with various scattering 
processes at certain temperature and electric field range 
and they seldom made direct comparison between theory 
and experiment. However, their analysis explained only 
the electron temperature dependence at very low 
temperatures.  

In this study, we present theoretical results for the 
mobility of 2DEG electrons as a function of electron 
temperature, electric field and drift velocity. Momentum 

and energy balance equations are used to obtain the 
theoretical mobility results. The main contributions to 
momentum and energy loss of electrons are assumed to 
originate from acoustical and optical phonon scattering 
processes. Also, the expressions for the mobility and 
electron temperature of 2DEG are assumed to be of the 
same form as those of bulk GaAs. The experimental 
results of Ari et al[14] has been used, which were two 
different AlGaAs/GaAs HEMT samples, covering the 
2DEG sheet carrier densities ns1=2.65x1011 cm-2 and 
ns2=5.00x1011 cm-2.  

The theoretical calculation carried out by using the 
model given by Conwell et al [11], Segeer [12] , Lee et al 
[13] and Ari et al. [15] which include the acoustic phonon 
scattering through deformation potential and piezoelectric 
coupling and the polar optical phonon scattering. We have 
obtained a good agreement between theoretical results and 
experimental results especially at low electric field region. 
However, a disagreement is observed between theoretical 
and experimental results at high electric field region, 
which indicate that the accuracy of the assumptions 
concerning the electron-phonon interaction processes 
made in the theory should be questioned.  

 
 
2. Theoretical background 

 
In the materials of interest, mobility is high, indicating 

that the interaction of electrons and phonons may be 
treated by perturbation theory. It is possible that the 
fraction of excess energy leading to the heating of electron 
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of 2DEG can be known by using the power supply to the 
electronic system. The energy gained by an electron can be 
deduced from input power. It can be assumed that the total 
excess energy is converted into electronic thermal energy 
in obtaining electrical power input. The power supply to 
the channel of HEMT can be used to obtain the electron 
temperature, drift velocity and mobility as a function of 
electric field. In steady state, the joule input power per 
electron is to be equated to the power loss rate of electron. 
Thus, power loss of electrons can be taken equal to the 
power loss rate of phonons. 

A method of calculating the electric field and electron 
temperature dependence of mobility of warm electrons 
with simplifying of a Maxwell-Boltzmann distribution 
with an electron temperature Te consist of averaging 
momentum relaxation time over this distribution and 
calculating the mobility as a function of electron 
temperature, also calculating the relationship between the 
electric field E and electron temperature Te, from 
momentum and energy balance equations. The mobility 
and power loss terms can be given as, 
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The expressions for the various power loss rate 

terms
i

dtde , and mobility terms µj as a function of 

electron temperature Te, can be defined by considering 
different type of scattering processes.  

In order to obtain the electric field and electron 
temperature dependence of mobility, the energy and 
momentum balance equations are used. The main 
contributions to energy loss of electrons are assumed to be 
from acoustic phonon scattering due to deformation 
potential and piezoelectric coupling and inelastic polar 
optic phonon scattering mechanisms. We also assume that 
the distribution function of the central valley electrons to 
be a drifted Maxwell-Boltzmann distribution. We further 
assume the expressions for mobility and electron 
temperature are the same form as those bulk GaAs. In 
addition, the electron densities are assumed to be constant 
in the whole electric field range.         

We expect that the energy flow from the electronic 
system will be mainly through the acoustic phonon 
emission via deformation potential and piezoelectric 
coupling which dominant mechanisms of energy loss in 
AlGaAs/GaAs 2DEG channel for Te<40 K temperature 
range. The scattering of conduction electron by acoustic 
phonons requires the theorem of the deformation potential. 
The variation of conduction band edge with lattice 
constant can be taken linear for a small change in the 
lattice spacing as it occurs in an acoustic phonon. The 
change in energy of electron is proportional to the periodic 
dilation in an acoustic phonon. The factor of 

proportionality is the deformation potential constant of the 
conduction band.   

The power loss and mobility equations can be 
obtained by using the theoretical model of some 
researchers [11-13, 15]. In steady state, when all the 
acoustic modes are fully excited, the average energy loss 
per unit time of an electron to the crystal lattice due to 
acoustic phonon emission via deformation potential at 
temperature Te, is given by, 
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where h is the reduced fermi energy, Fj(h) are fermi 
integrals, D is the deformation potential constant, kB is the 
Boltzmann constant, r is the density of GaAs and m is the 
effective mass of electron.  

The mobility due to acoustical deformation potential 
for both degeneracy and non-degeneracy cases is; 
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where ul  velocity of sound and e is the electric charge of 
electron.  

Also, if a crystal consists of dissimilar atoms such as 
GaAs, the bonds are partly ionic and the unit cell does not 
contain a center of symmetry, electron may be scatter by 
the acoustic phonons due to piezoelectric coupling. The 
electron mobility due to this effect can be written as; 
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where, K2=0.052 is the electro-mechanical coupling 
coefficient of GaAs, e =1.16×10-10 F/m is the material 
dielectric constant of GaAs and eo is the free space 
dielectric constant.  

In polar semiconductors, the interaction of electrons 
with the optic phonons is known as polar optical phonon 
scattering which is dominant scattering process at Te>40 K 
for GaAs. To obtain the average rate of energy loss for all 
electrons, it is necessary to specify the distribution 
function. A distribution that has been found convenient to 
use in this connection is the drifted Maxwell-Boltzmann 
distribution. The validity of this distribution, which 
depends on the dominance of the electron-electron 
scattering over other scattering mechanisms in 
thermalising the electron distribution, is expected to hold 
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even a high field due to the high concentration of the 
2DEG electrons. Then, the average rate of change of 
electron energy due to polar optic phonon interactions is 
found:   
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and the mobility of electron, 
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where, eBoe TkX /wh= , oBoo TkX /wh= , the effective 

field strength Eo =5.95 kV/cm, optical phonon frequency 
wo=8.8×1012 Hz  for GaAs. Ko and K1 are the modified 
Bessel function of the second kind.  

 
 

3. Results and discussion 
 

The mobility of 2DEG electrons (µ) as function of 
electron temperature (Te) determined by using equations 
(1, 4, 5, 7), is shown in Fig. 1. The data in Fig. 1 enabled 
us to determine the variation of mobility with electric field 
by using energy balance equations. The variation of 
mobility as a function of electric field E has been obtained 
by using equation (2). The results are plotted in Fig. 2. For 
each electric field we have also simultaneously determined 
the drift velocity and assuming that the electron density is 
independent of electric field. The average electron energy 
increases above its thermal value and the drift velocity ud 
deviates from the value of the electric field for the lattice 
temperature To. The energy loss per electron is also given 
by deEdtd ue =  which are used to determine the drift 

velocity and electron temperature as a function of electric 
field. Then, we were able to obtain the drift velocity 
dependent mobility by using the values of power loss and 
plotted in Fig. 3. The theoretical results of electron 
mobility as a function of electron temperature Te, electric 
field E and drift velocityud were shown by continuous line 
curves in Figs. 1-3. The experimental results [15] have 
also been given in the Figs. 1-3 as the circles and the 
triangles.  
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 Fig. 1. The electron mobility (µ) versus electron 
temperature (Te) at lattice temperature of To=1.7 K 
under zero magnetic field. The triangles (ns1=2.65×1011 
cm-2) and the circles ( ns2=5.0×1011 cm-2) represent the 
experimental results [14]. The dotted line shows 
theoretical results due to polar optic phonon mechanism 
(po). The dash line shows the theoretical results due to 
acoustic phonon emission via deformation potential 
coupling (dp) and the dash dot line represents the 
mobility via acoustic phonon emission due to the 
piezoelectric coupling (pz). The total mobility (Total) are  
                                 shown by solid line.  
 
 
We have compared the theoretical results with the 

experimental results of mobility versus electron 
temperature curves as shown in Fig. 1. The agreement 
between theoretical and experimental results is reasonable 
good at low electron temperature. However, the results 
start to deviate from each other at high electron 
temperature, although, the shape of curves have the same 
characteristic. At high electron temperature range, the 
contributions from acoustic phonon scattering via 
deformation potential and piezoelectric coupling are much 
smaller than polar optic phonon scattering. Figure 1 also 
shows that, the experimental results of electron mobility 
almost does not change with electron temperature at low 
temperature region, but the mobility decreases rapidly 
where the optic phonon scattering mechanism start to 
dominate at moderate and high electron temperature 
region. However, the theoretical results show different 
behaviour. The theoretically obtained mobility gradually 
decreases with Te at low temperature region. At high 
temperature region, it decreases rapidly with electron 
temperature which is similar behaviour with experimental 
results.  
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 Fig. 2. The variation of mobility (µ) with electric field 
(E). The circles and the triangles show the experimental 
results [14]. The dotted line shows the theoretical 
calculation of polar optic phonon, the dash line shows 
the theoretical calculation of acoustic phonon emission 
due to deformation potential, and the dash dot line shows 
the theoretical results of acoustic phonon via 
piezoelectric  coupling.  The   solid  line  shows  the  total  
                                  mobility (Total). 

 
Fig. 2 shows that the mobility varies slowly with 

electric field E at low field region but rather rapidly with E 
at moderate and high field region. This behaviour can be 
explained as follows: the agreement at low field region 
reasonable good between theoretical and experimental 
results. Considering the good agreement between theory 
and experiments it was concluded that acoustic phonon 
mode scattering is the dominant energy loss mechanism 
for the 2DEG electron. This agreement also shows the 
validity of the assumption that the 2DEG acquires energy 
from the applied power before it has relaxed by the 
acoustic phonon emission.  

The agreement between theoretical and experimental 
results is not good at high electron temperature and high 
field region as at low field region which can be seen in 
both Figs. 1 and 2. The experimental results are higher 
than the theoretical results at high electron temperatures. 
The reason for this is that some different energy loss 
mechanisms may be involved in the scattering processes at 
this electric field region and these scattering mechanisms 
are no longer negligible. This shows that the other 
additional energy loss scattering mechanisms should be 
included in the theory. One possible mechanism is the 
intervalley scattering which is important at high field 
region. Another scattering mechanism is hot phonon effect 
which is also starts being effective process and it may be 
one of the reasons for the discrepancy between the 
theoretical results and the experimental results at high 
electric field region. These effects will lower the electron 
temperature and hence electric field for significant 
intervalley electron transfer for the same subband or 

between the neighbouring subbands. The other scattering 
mechanism could be the ionized impurity scattering which 
also affects the behaviour of electrons at this field region.  
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Fig. 3. Mobility (µ) versus drift velocity (ud). The 
triangles and the circles are for the experimental results 
[14]. The theoretical mobility results of optic phonon 
versus ud were shown by the dotted line. The dash line 
shows the theoretical mobility results of acoustic phonon 
via deformation potential versus ud. The mobility results 
of acoustic phonon due to piezoelectric coupling versus 
ud were  shown  by  the  dash  dotted  line. The  solid line  
         shows the total mobility versus drift velocity ud.   
 
Fig. 3 shows that, a good agreement obtained between 

theoretical and experimental results. At Te<40 K, the 
mobility is very slowly changing with drift velocity at 
acoustic phonon region. At Te>40 K region in where 
optical phonon scattering process is the dominant 
scattering mechanism, the mobility is rapidly decreases 
with drift velocity ud. We also compared the obtained 
results with other worker’s results [13, 16]. The results are 
consistent with each other for similar sample 
configurations. 

 
 
4. Conclusions 
 
We have investigated the variation of mobility of 

2DEG in AlGaAs/GaAs HEMT channel with electron 
temperature, electric field and drift velocity by using 
momentum and energy balance equations. The electron 
temperature Te is determined by a balance between power 
supplied to the electrons by the electric field and power 
lost by the electron to the lattice. We have determined the 
electron temperature as a function of electric field and 
correlated the changes in the electron temperature with 
changes in mobility determined simultaneously. The 
mobility begins to change slowly at moderate electric 
fields but than begins to decrease rapidly above Te >40 K 
where polar optic phonon scattering process dominates. In 
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this region, the electrons are heated by an applied field 
leading to a rapid rise in electron temperature Te and a 
reduction of electron mobility. At low electron 
temperature range, the theoretical results agree well with 
the experimental results. However, the results seem to 
deviate at higher electron temperature and hence high 
electric field. This deviation had been observed by using 
different theoretical model called electron temperature 
model [17]. The variation of mobility with electron 
temperature is qualitatively similar to the variation of zero 
field mobility with lattice temperature. However, there are 
substantial qualitative differences for Te>40 K which 
needs to be further investigated. The other scattering 
mechanisms added to the model, would be useful in 
obtaining a better understanding of the transport 
mechanisms.  

 
 
Acknowledgements  
 
The authors would like thank to the Erciyes 

University research fund for financial helps (project no: 
FBA-07-41).  

 
 
References 
 

  [1] H. L. Störmer, Surf. Sci. 132, 519 (1983). 
  [2] R. Dingle, H. L. Störmer, A. C. Gossard, W.  
        Wiegmann, Appl. Phys. Lett. 33, 665 (1978). 
  [3] B. K. Ridley, Rep. Prog. Phys. 54, 169 (1991). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  [4] P. J. Price, Surf. Sci. 143, 145 (1984). 
  [5] E.M. Daniels, B. K. Ridley, M. Emeny, Solid-State  
        Electron. 32, 1207 (1989). 
  [6] K. Lee, S. Shur, T. J. Drummond, H. Morkoç, J.  
        Appl. Phys. 54, 6432 (1983). 
  [7] A. J. Cross, A. J. Kent, D. Lehmann, Cz.  
        Jasiukiewicz, M. Henini, Physica B 263-264, 526  
        (1999). 
  [8] N. A. Zakhleniuk, B. K. Ridley, M. Babiker, C. R.  
        Bennet, Physica B 272, 309 (1999). 
  [9] J. Shah, Solid-State Electron. 32, 1051 (1989). 
[10] R. Gupta, B. K. Ridley, Solid-State Electron. 32, 1241  
        (1989).  
[11] K. Segeer, Semiconductor Physics: an introduction 7.  
        ed. Springer-Verlag, Berlin, 1999.  
[12] E. M. Conwell, Solid State Physics, Supplement 9,  
        edited by F. Seitz, D. Turnbull and H. Ehrenreich,  
        Academic, New York, 1967. 
[13] H. P. Lee, D. Vakhshoori, Y. H. Lo, S. Wang, J.  
         Appl. Phys. 57, 4814 (1985). 
[14] M. Ari, O. Turkoglu, Physica B 337, 199 (2003);  
        M. Ari, Ph. D. Thesis, Lancaster University, U. K,  
        1993. 
[15] M. Ari, H. Metin, J. Optoelectron. Adv. Mater. 11(5),  
        648 (2009). 
[16] J. Shah, A. Pinczuk, H. L. Störmer, A. C. Gossard, W.  
         Wiegmann, Appl. Phys. Lett. 44, 322 (1984).  
[17] M. Ari, O. Turkoglu, Physica B 348, 272 (2004). 
 
_________________ 
*Corresponding author: ari@erciyes.edu.tr 
 


