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Abs t rac t 

A new two dimensional numerical model for AlxGai^xAs/GaAs High Electron Mobility Tran
sistor with multisubband transport in the quantum well is presented. We previously extended 
the work of Widiger ' and reported a one-subband self-consistent Schrodinger-Poisson solver2 , 3 

in a two-dimensional numerical model for HEMT. In this paper we extend our previous model 
to a two-subband self-consistent model. We have incorporated an additional self-consistency by 
calculating the field-dependent, energy-dependent scattering rates due to ionized impurities and 
polar optical phonons for up to five subbands in the quantum well. These scattering rates are in 
good agreement with those reported by Yokoyama and Hess4 and are reported elsewhere in this 
Proceedings.5 

The two higher moments of Boltzmann Transport Equation are numerically solved for the two 
lowest subbands and the bulk system; six transport equations, four for the two subbands and two 
for the bulk system. The Schrodinger and Poisson Equations are also solved self-consistently. The 
wavefunctions obtained are used to calculate the ionized impurity scattering and the polar optical 
phonon scattering rates for five lowest subbands in the quantum well. The rates of transfer of 
electrons and their energies to and from each subband are calculated from these intersubband and 
intrasubband scattering rates. In this model we consider the electrons in the lowest two subbands 
to be in the quantum well forming the 2-dimensional electron gas, and the electrons in the third 
and higher subbands to behave as bulk electrons with no restrictions in their motion. 

I. Introduction 

Yokoyama and Hess4 reported that at 77°K, 98 percent of electrons in the quantum well reside in the 
lowest subband whereas at 300°K, the population of electrons residing in the lowest subband reduces 
to 68 percent. In fact, at 300°K close to 18 percent of electrons in the quantum well reside in the 
second subband with their motion restricted to two dimensions. Widiger1 reported a hydrodynamic 
transport model consisting of the two higher moments of Boltzmann Transport Equation (BTE) for 
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a HEMT structure in which the quantum well was treated by using a triangular well approximation. 
Widiger's model considered only the lowest subband in the quantum well and assumed that a group 
of closely spaced second and higher subbands have the property of a bulk system. We previously 
reported2,3 a two-dimensional self-consistent numerical model for HEMT in which the quantization of 
electrons in the quantum well was taken into account by solving Schrodinger and Poisson Equations 
self-consistently. In that model, however, we assumed that only the electrons in the first subband 
were quantized, and that the electrons in the second and higher subbands behave as bulk electrons 
with no dimensional restriction in their motion. This assumption, particularly at 300°K, in light of 
the fact that only 68 percent of electrons reside in the first subband, is not valid. 

In this work, we extend our previous One-Subband Self-Consistent Boltzmann Transport Equa
tion (OS-SCBTE) 2 , 3 model to a Multi-Subband Self-Consistent Boltzmann Transport Equation 
(MS-SCBTE) model. The two higher moments of Boltzmann Transport Equation are numerically 
solved for the two lowest subbands and the bulk system; six transport equations, four for the two 
subbands and two for the bulk system. The Schrodinger and Poisson Equations are also solved 
self-consistently. The wavefunctions obtained are used to calculate the ionized impurity scattering 
and the polar optical phonon scattering rates for five lowest subbands in the quantum well. The 
rates of transfer of electrons and their energies to and from each subband are calculated from these 
intersubband and intrasubband scattering rates. In this model we consider the electrons in the lowest 
two subbands to be in the quantum well forming the 2-dimensional electron gas, and the electrons in 
the third and higher subbands to behave as bulk electrons with no restrictions in their motion. 

II . Basic System of Equations 

The Poisson Equation is given by: 

d2V d2V a 

~a^ + W = -i^1'*)-"(*'»)] (1) 

where q is the electronic charge, c the dielectric constant, n the total electron concentration, and JVp 
the donor doping level. The Schrodinger Equation is given by: 

h* ffiMx) qV(Xiy)Aix)=Eii,.{x) (2) 
2m" dx2 

where m* is the electron effective mass, V(x, y) the electrostatic potential, and $,- the wavefunction 
corresponding to the eigenenergy E{ for the i"-th subband. 

The two higher moments of BTE: the particle conservation equation, and the energy conservation 
equation for the i-th subband of the one-dimensional quantum well are given by: 

(d(ni(x, 0) = V . ( _ / i i . B . ( X i t)VV(x) + vCZtaf*, 0)) + D ^ 1 ^ ) - B 1 ^ ^ ) »" = 1.2 (3) 
dt 

d(ni(x,t)Ei(x,t)) 
dt 

= -J.VV(x) + V.(-liE,ini^^)Ei^,t)S7V(x) + V(DEtini(x,t)Ei(x,i))) (4) 

In these equations n and J are the electron concentration and current, respectively. //,-, /?,-, HEJ, 
and DEJ are the mobility, and diflusivity of carriers, and energy flux, respectively. E is the average 



electron energy, and rtJ-, and TEJJ are relaxation times for carriers and their energies, respectively. 
TIUQ is the polar optical-phonon energy. The first four summation terms (e.g.: Z!j^t( }

T °}) ) m Eqs. 
(3) and (4) account for the rate of transfer of electrons and their energies to and form each subband. 
The last summation term ( — I ^ K ^ T ^ 2 2 " ) ^ ) ). in Eq. (4) accounts for the loss of energy by the 
electron to the polar optical-phonon. The details of the calculation of these scattering relaxation 
times are reported elsewhere in this Proceedings.5 

In the bulk (electrons in the third and higher subbands), the two higher moments of BTE are: 

-^ = V.(-,inVV + V(Dn)) + Gi t = l , 2 (5) 

®^JB. = -J.VV-nB + V.a(-iinEVV + V(DnE))+Fi t = l ,2 (6) 

where B is the energy dissipation factor, a is the ratio of /x to /ig. The term G{ is a generation 
like term that takes into account the transfer of electrons between the bulk and the first ( i=l) and 
second (i=2) subbands. The term F,- is a similar term that takes the rate of energy transfer between 
the bulk and the two subbands into account. 

III . Results and Conclusions 

The structure of the HEMT device used in our simulations is shown in Fig. ( la) . The doping level of 
GaAs is 1014cm -3, and the doping level of AlGaAs is 5.0xl017cm -3. The ij. — vjs characteristics of 
the device for three different gate biasing conditions: Vg= 0.45 V, 0.5 V, and 0.7 V are shown in Fig. 
( lb) . Also shown are those calculated by the OS-SCBTE model. In both cases, the slopes of the 
i — v curves decrease as the drain voltage increases, but the MS-SCBTE model predicts lower drain 
currents. This is due to the inclusion of the scattering rates in the transport of electrons which tends 
to reduce the electron concentration in the quantum well. With a gate bias of 0.7 V the MS-SCBTE 
model predicts that the onset of saturation in the drain current is about 0.8 V, whereas by prediction 
of OS-SCBTE model the onset of saturation occurs at around 1.2 V. 

The electron concentration in the first subband, second subband, and the bulk are shown in Fig 
(2). At 300°K, about 72 percent of electrons are in the first subband and 26 percent are in the 
second subband. These results agree with those reported by Yokoyama and Hess4. Our results show 
the significance of the contribution of the scattering of the electrons in the second subband to the 
channel conductance. The values of transconductance, gate capacitance, and unity gain frequency 
under various gate voltages are shown in Fig. (3), along with the results obtained from the previous 
OS-SCBTE model. It has been reported6 that the transconductance increases with the gate voltage 
at low voltage levels, and then decreases as the gate voltage is further increased. This effect was 
not shown by the OS-SCBTE model, instead, the transconductance decreased linearly with the gate 
voltage. Similar behavior is observed in the unity gain frequency characteristics. With the present 
model, we obtained lower transconductance and unity gain frequency which were overestimated in 
the previous model. At a gale bias of 0.625 V, we obtained a transconductance of 316 mS/mm, 
a gate capacitance of 17.68 pF/cm, and a unity-gain frequency of 28.44 GHz, compared to the 
transconductance of 520 mS/mm, the gate capacitance of 21.0 pF/cm, and the unity gain frequency 
of 39 GHz, reported earlier.2 
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Figure 1: (a) HEMT device simulated, (b) t'j - t^,. 
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Figure 2: Electron density in (a) bulk, (b) first and (c) second subband: u<,=0.7V and Vd3=0.5V. 
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ĜS (V) 
wo.oo toaoo 9oaoo 

*fes (V) 
IOOXO 100.00 900.00 

VGS (V) 

Figure 3: a) Transconductance, (b) gate capacitance, and (c) unity gain frequency: vdt=L0V. 




