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Abstract

A hot electron analytical model of quantum well high electron mobility transistor is
proposed. Our model takes into account the dependence of mobility on different scattering
mechanisms. The carrier scattering by polar optic phonons, acoustic deformation potential
and background ionized impurities are incorporated in the calculation of mobility considering
the carrier distribution to be heated drifted Fermi-Dirac distribution. The proposed model is
used to determine the drain current and transconductane of a AlyGa; xAs/GaAs quantum well
high electron mobility transistor. The results obtained using our model is found to agree with
experimental results thereby establishing the validity of the proposed model.

Keywords Quantum well; Carrier scattering; Carrier mobility.
PACS: 85.30.De; 73.21.Fg; 72.80.Ey.

1. Introduction

Considerable progress has been made since the first high electron mobility transistor
(AlxGa; xAs/GaAs HEMT) was introduced in the year 1980 [1] and many theoretical and
experimental research have been carried out to explain the operation of HEMT's. A model for
channel charge and current, as a function of gate and drain voltage, was first developed by
Delagebeaudeuf and Linh [2]. Lee et al extended this model to include the variation of Fermi
energy of the two-dimensional electron gas with density by using a linearized version of this
variation [3-6]. Despite all the experimental and theoretical breakthroughs, research in HEMT
continues to be of significant interest of researchers [7-8].

Since its invention, many analytical models of HEMT structure have been proposed
and developed using the drift-diffusion model which efficiently described the functionality of
such devices. Transport parameters, mobility (u,), Einstein coefficient (D,) etc. used in these
models are taken from experimental measurement results [9]. However, the situation is much
more complex for advanced HEMT structure. In a short channel HEMT structure, w«, and D,
are no longer material and field dependent parameters; they depend on microscopic physics,
on the structure of the device and even on the applied bias. Under these circumstances, deep
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understanding of electron transport is essential for the device engineers since different
transport parameters should be computed from first principles [10].

As stated above electron mobility is one of the most important parameter for
analytical modeling of HEMT structure and it depends on material parameters, structural
parameters, operational parameters as well as different physical phenomena [10]. With further
down-scaling of devices, some unavoidable physical phenomena will considerably modify
device performance [11]. Incorporation of these physical phenomena in analytical mobility
model is the major issue with current HEMT analytical modeling. Hot electron effect, sheet
concentration variation, inter-sub-band scattering, velocity over-shoot, ballistic transport etc
have very strong influence on the performance of short channel HEMT. Some issues related
to the short channel HEMT structure are as follows;

1. Due to high field in a short channel device, electron temperature is significantly
different from lattice temperature thereby establishing the hot electron condition [11].
Under hot electron condition, normal Fermi-Dirac distribution function is inadequate
to predict electron distribution in a particular sub-band.

2. 2-D carrier concentration or sheet concentration is a function of both the gate and
channel potential. Since the potential along the channel is not constant, there is
variation of sheet concentration along the channel.

3. Velocity overshoot occurs whenever there is a difference in the energy and
momentum relaxation times and the electron distribution is heated rapidly to energies
much greater than the steady-state average energy, especially at the drain end [12].

4. At low field, electrons in quantum well (QW) occupy the lowest sub-band. If the
applied field is sufficiently high, electrons gain sufficient energy and are transferred to
higher sub-bands via phonon or other scattering mechanisms; initiation of inter-sub-
band scattering.

5. Ballistic transport occurs when transport of carriers occur without any collision and
this happens when device dimensions are equal to or smaller than the scattering mean
free path for electrons [13].

Analytical mobility model should consider the above issues carefully for accurate modeling
of short channel HEMT structure. Many mobility models of HEMT have already been
proposed for accurate prediction of HEMT performance [14-19] but there is room for
improvement in the model through properly addressing the above issues related to advanced
HEMT structures.

Hot electron conditions are developed in a QW if the applied electric field is
sufficiently high (in the present case it is around 10° V/m) so as to cause a pronounced
derivation from Ohm’s low [20]. At these fields the drift energy of the carriers may be
compared to the thermal energy and the symmetric term is no longer the equilibrium
distribution at the lattice temperature [21-22]. In the presence of an electric field parallel to
the heterojunction interfaces, the carrier distribution function is heated drifted Fermi-Dirac
distribution for the carriers characterized by an electron temperature 7,, and a drifted crystal
momentum py [21-24]. The establishment of an electron temperature is evident from the
photoluminescent experiments [25-26]. Some mobility models incorporating the effects of hot
electrons and relevant scattering mechanisms have already been proposed and developed for
QW structures [21-23]. This model is generally known as hydrodynamic model which is
accurate but not suitable to be incorporated in the TCAD circuit simulator due to it’s time
consuming and numeric type of nature. On the other hand drift-diffusion model is less
accurate but suitable to be incorporated in the circuit simulator due to it’s less time
consumption and analytic type of nature. Same time it is difficult to incorporate different
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short channel phenomenon in drift diffusion model accurately, especially in HEMT modeling.
So, in the present case we have adopted a mixed mode approach for HEMT modeling. First,
we have derived a hydrodynamic mobility model based on energy and momentum balance
equations but our approach and assumptions are formulated in such a way that the mobility
model is fast converging and it’s nature is analytic. Then the mobility model has incorporated
in drift diffusion model to develop a QW HEMT analytical model. Different elastic and non
elastic scattering mechanisms are considered to calculate overall energy and momentum loss
rate. Present analytical model has used to study the electron transport phenomena through
current voltage and conductance analysis. Although the proposed model is applicable for
other HEMT structures, Al,Ga; As/GaAs HEMT structure is considered in this work to
simulate some results for comparison with experimental results to validate its accuracy.

2. Theory

The cross-sectional geometry and energy profile of a quantum well HEMT model is
shown in figure 1.
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Fig. 1: Cross-sectional geometry and energy profile of quantum well HEMT model.

The carrier concentration at any point in the conducting channel is modeled as a function of
gate to source voltage and channel potential. Current density at any point of the channel is a
function of carrier concentration, electron mobility and field at that point. The conducting
channel is formed by an undoped GaAs layer of thickness L; sandwiched between two
AlyGa; As barrier layers. Carriers in the channel are supplied by the homogeneously doped
AlxGa; 4As layer located at Lg from the well.

2.1 ng-Vys Model

The relationship between the two dimensional electron gas (2DEG) or sheet carrier
concentration (ns) and the applied gate voltage (V) in the quantum well using the charge
control model is given by [2];

n, = il
> oL, +Ly+AL

)(Vgs ~7,) (1)
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Where Lp is the donor layer thickness, L is the spacer layer thickness, AL (=8 A) is a curve-
fitting parameter representing the effective thickness of the 2DEG, and V7, is the threshold
voltage. The threshold voltage is given by;

eN
V,=¢,—AE, —2—"LD2 +AE,,(2)

&

Here, ¢, is the Schottky barrier height, AE¢ is the conduction band discontinuity, N; is the
doping concentration of the doped layer, ¢; is the permittivity of and 4Er¢ is another curve-
fitting parameter equal to 0 and 25mV at 300K and 77K respectively [3,4]. In the presence of
a drain bias #ny is given as;

gAlGaAs
= 4
ng e(LD YL +AL)( e Vi (x)) (3)

where V(x) is the channel potential. To include sub-threshold, moderate and strong inversion
region, eqn. (3) is modified as;

€ 4iGads B v -1
ng(x) = LD {1+ dexpl-B(,, -, -V (x))) (4)

The coefficients 4 and B are used to fit eqn. (4) to the charge resulting from an exact
numerical solution. Considering strong inversion we have used eqn.3 for further analysis with
less complexity.

2.2 Mobility Model

Improved carrier concentration and reduced ionized impurity scattering in the QW-
HEMT establish a strong electron-electron interaction, favouring a heated drifted Fermi-
Dirac distribution function for the carriers characterized by an electron temperature 7, and a
drifted crystal momentum p,[20-23]. In the presence of an electric field applied parallel to the

N
hetero junction interface, the carrier distribution function f (k) can be expressed as;

> hlp, |1k
(6t MBI ., .

N
where, fo(E) is the Fermi-Dirac distribution function for the carriers, p, is the drift crystal
momentum, 7 is Planck's constant divided by 2m, IQH is the two-dimensional wave vector of

the carriers with energy £, m* is the electronic effective mass and vy is the angle between the
applied electric field and the two dimensional wave vector IEH .

The energy and momentum balance equations obeyed by the carrier are;
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_KE) (6)

ep,Fim" +(dE/dt), = g

and

d
eF+{dp, | dr)_ =Pd (7)
‘ dt
Where (dp,/dt),., and(dE/dt),.,,, represents, respectively, the average momentum and
energy loss rates due to scatterings and () depicts the average energy of a carrier with charge

e. Knowing the value of ny and 7, at every point along the channel, dc mobility can be
calculated throughout the channel using the following two equations (detailed derivation
shown in Appendix):

T
. (x) _ by + b*l L (x) t b,ng(x) for F<F, )
m F,+m F(x)
and
Tc min
up = PO o p ©
C

2.3 Current Voltage Model

From the current density equation [27], the drain current is given as;

140 wess o) n, (00 KT 0 (10

Applying the boundary conditions 7(0)=17,R, atx=0and V(L.)=V, —1,(Rs +R,) at
x=L¢, the drain current in the linear region is derived as;
I3 [a,+m (R + R,)]—1 [wea,(Rg + R,)+2a,(Rs + R, Wy —m'V,s — m"FOLC](1 N

2 _
+a,V,; +wea,V, =0

Here, a, = 245t p, (V7 —y,,) - 24}, a, = E6st e _y 1o, Doltoun )
L; 2 eL, eL,

a, =a;(2R; +2RGR, + R)) Ly =L, +Lg +AL,VY =V, —1I,R;.w is channel width, L¢ is

channel length, Ry and Rp are the source and drain resistance, respectively. Taking the

derivative of I with respect to ¥, and equating it to zero, the saturation drain current /g, 1S

obtained as;

. = wea, +2aV,., * (12)
’ 2a,(Rg+R,)—m
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Considering velocity saturation and recalculating eqn. 10 with eqn. 9, the expression for the
saturation current can be calculated from
2 . [m"(2Rs +R,) —%(mg +2RGR, + R2)]

e

ds,sat
T

a (C/‘ * *
+Ids,sat[%(RS + R,V — Ry +Ry)aas—m F Lo —mV, ] (13)

sat
T

A4E yiGads 172
+ a4a5 Vdsat - Vds = O
2el,
min 8A/G1,1AS off kBTL
Here, a, = wep (T, ,n,y ), asz—eL [(Vgi‘ V) - ]

T
Now equating the value of 1, from equation 12 and 13 we obtained

a, €
2 2 4 4lGads 2 _
Via (@ga; — —aya,)+V,,(aa, —a,a,, +a,a; +2a,a,a5) —a,a,, +agag =0
T
(14)
wea, 2a,
Here, a, = ,

* 9 a = *
2a,(Ry +R,)-m" " 2a,(Ry +R,)—m

ay =[m" (2R + R,) - H540uts (OR2 L DR R, + R2)], a, = 4545k (R 4 R)~m" and
2elL, eL;
a,=QR,+Ry)a,a;—m F.L,.
Trans-conductance calculated for linear and saturation regions are given as;
_ Ids,lin [we(Rg + Rj,)a,, + 2V, (Rs + Rp)ay, ]
Smin = e(Ry + Ry )a, + 2V, (R; + R, )a,
and

(15)

wea,, +2a,V

dsat
sa = * 16
Emsa 2a,(Ry +R,)—m (16)
3 2b,e b.g?
Here, a. = AlGads b+ 2 AlGads Veff_V and @.. = ) AIGaAS.
1 eLT [ 4 eLT ( gs th)] 12 ezLi

In the present analysis, we have considered /;Rs((Vg and under this consideration V;ff =V
This consideration is proposed to avoid the formation of third order drain current equation

and related complexity.

3. Results and Discussion
Numerical results are simulated for AlyGa, xAs/GaAs QW-HEMT structure using the

parameters given in Table 1. To confirm the validity of the proposed analytical model
simulated results are compared with available experimental results [28, 29].
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Table 1: Parameters used for simulation.

Parameters Value
HEMT Model
AlGaAs, doping Conc. (m™) 2x10"®
D, 1.0eV
Lg 3nm
AL 0.5nm
Ly 30nm
EAIGaAs 1.07x10™"
AEc 0.286eV
w 100pum
Lc lum
Vsar 1.8x10° m/sec
Fc 350 KV/m
Rs=Rp 54Q
Mobility Model (ST unit)
Electron Effective Mass 0.61033x107!
;ongitudinal Elastic Constant(Nm™  14.03x10"
gcoustic Deformation Potential 17.6x10™"
Static Dielectric Constant 12.53
Optic Dielectric Constant 10.82

LO Phonon Angular Frequency 5.37x10"

The variation of sheet carrier concentration with gate voltage can be divided into three
regions: the sub-threshold region, the linear region and the saturation region. The linear
region corresponds to direct modulation of ng by the gate bias. The doped layer is almost
completely ionized in the linear region. In the saturation region, the doped layer is partially
ionized. Electric flux changes are shielded by this layer and the gate can no longer modulate
2DEG carrier concentration. Representing the three regions with a single equation needs
some careful fitting parameters. Variation of sheet carrier or 2-D electron concentration is
plotted using equation 4 (fitted with A=0.5, B=7) and results are shown in the fig. 2. The
results are in good agreement with the experimental results presented in Ref. 28.
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Fig. 3: 1-V characteristics for gate voltage range Vgs: -0.3 to 0.5 V with 0.2 V steps. Solid curves: our model,
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Figure 3 shows the variation of drain current with drain voltage for different applied
gate voltages. It is clear from the figure that the experimental results [28,29] and the outcome
of the analytical model are in good agreement. The variation of drain current with gate
voltage for different values of drain voltage is shown in figure 4. After a certain gate voltage,
sheet concentration starts to saturate and the effect of saturation is reflected on drain current
[30]. At low voltage hot electron condition may be relaxed which causes some deviation of

10"

L==3nmto 7 nm
Spacing Tnm

dots: experimental data.

simulated results from the experimental values.
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Fig. 4: Variation of drain current with effective gate voltage for different drain bias.
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Fig. 5: Variation of transconductance with gate voltage for different drain bias. Solid line: our model, Dots:
Experimental data.

The variation of trans-conductance with gate voltage is computed and compared with the
experimental results [28, 29] to substantiate the validity of our model and results are shown in
the figure 5. Our analytical model accurately predicted the value of maximum trans-
conductance.
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4. Conclusion

A field dependent mobility model, incorporating the variation of sheet carrier
concentration and electron temperature along the channel is developed. Our model
successfully predicted the electron mobility at every position along the channel under certain
assumptions. Some short channel phenomena have not been included in the present analysis
for simplicity but can be incorporated for enhancing the accuracy of advanced short channel
HEMT structure modeling. Our mobility model has been used in the Drift-diffusion carrier
transport model to calculate the drain current. The sheet carrier concentration, /I-V
characteristics and conductance of AlyGa; xAs/GaAs QW-HEMT structure are calculated. The
results obtained from our model are found to be in good agreement with experimental results
thereby establishing the validity of the proposed model. This analysis is very useful for
analytical model development of advanced short channel QW-HEMT structure as new and
unavoidable physical phenomena comes into picture with reduced device dimensionality.

Acknowledgement

Sanjoy Deb thankfully acknowledges the financial support obtained from School of
Material Science and Nanotechnology, Jadavpur University in the form of UGC Fellowship.

Appendix: Derivation of field dependent mobility 11" and 1’

The energy and momentum relaxation time for different scattering mechanisms are
calculated. The mobility model is then derived using the energy and momentum balance
equations. The scattering rate calculation for different scattering mechanisms is given in
section 4. The energy and momentum balance equations are given in sections B and C,
respectively. Finally, the calculation of mobility is given in section D.

A: Scattering Rate Calculation

It is assumed that the quantum well width and carrier concentration is not sufficiently high so
that inter-sub-band scattering can be neglected [20]. The channel length is considered not too
short and field not too high for generation of velocity overshoot and ballistic transport effect.
These affects can be incorporated in the present mobility model with modification of
scattering rate but deliberately avoided in the present model to reduce complexity.

A.1: LO Phonon Scattering Rate

Generalized scattering rate for LO phonon is given by [25];

2
Lyl 1, /
= m[zvq o Ej [d[q,da,1,,(q,.L, PIE' - E £ ho] (A1)
2 27[ 2 1 1 . / - _ . .
Where,|c| =—e"hw| — —— |, Final state electron energy £’ = E(kH *q, ), q,1s the phonon
v &, &

parallel wave vector , Ny is phonon occupation number, & and &, are the static and high

frequency dielectric constant, 7is the Planck’s constant divided by 2w, ® is the LO phonon
angular frequency.
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Scattering rate for LO phonon absorption process is given by;

a0 W%(E Do (B9 1,]

T T E
“ cos g +1
A P ‘o (A.2)

Scattering rate for LO emission process is given by;

1 _aw, )rd¢q+(E¢lzD[q+E¢é]+q (B0 (E,0) L, ] (A3)
fe 7 — cos’ g1
ho

(A4)
A.2: Acoustic Phonon Scattering Rate
Expression of acoustic phonon scattering rate is given as [31];
l _ 3(771*)1.5 ElzTi 1 Zﬁ\/f (qac)zsz(qac)dqac (A 5)
Ta 427°0°CLngeT. B°E | (¢“)? .
4B°E
Here S = and S(¢g“) is the two dimensional screening potential and is given as;
, (q™)
Slg™)=—= .
() + 21((¢*))
Here y em d
ere y = ——— an
2rg,eh’
ac 4 3 ac 272'2 872'4(1—6Xp—L qac )
H((q )): 2 2 ac\2 _qu + ac 12 ac\2 2( 2Z ac) 2
4r + L, (g*) )] 4 Lg* LVl +Lq"))

Here ¢“1is the scattering vector, E; is the acoustic deformation potential and C, is the

longitudinal sound velocity.
A.3: lonized Impurity Scattering Rate

Remote ionized impurity scattering is ignored in the present case and background ionized
impurity scattering rate is given as [32];

143



Subir Kumar Sarkar et a// Electron transport analysis in quantum. ..

1 7r3m*L3 Ne4 7 6x° 8x* X s %
1 _ J'{ e (exp(— 4x)+4(1-exp(- 2x){1 +2+22J_1H (A.6)

T im gesh® | pint pPrt 2p x* 47

[ax* + 32 (427 +39)+ 2729] o

2 *
emlL,

, 0 1s the scattering angle and N; is the background
27’ e, €
0“s

Here p = k|L,,x=pcost, =

ionized impurity concentration.

B: Energy Balance Equation
Energy balance equation of the carrier is given by;

ep,F/m" +(dE/dt) % (A.6)

scat

Energy balance equation is solved for non elastic scattering (LO Phonon scattering) and for a
degenerate system the solution will be [21-24];

Fp, = gl(Te’nS)
(A.7)

Here,

(m)ea)(gs oo) n [ _ _ho
T \/ /2ma, (NQ 1)h[,I2D(E’7;) o(EN1= 1,(E — hoo ) WE (A8)

N, j 12 (EN1-7,(E+ ha))]dEJ

and in the expression of g;,

-1

1= [a (Bl (B9)L M%}cowﬂ} d¢
b= Tortean e oo oo eors, ] [ o ¢—1Td¢

C: Momentum balance equation

(=}

Momentum balance equation is given by;

eF (x)+(dp, /dt),,, = dg’j (A.9)

The solution of the momentum balance equation for all elastic and non elastic scattering
mechanisms is given as [21-24];
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F d,
—=e‘17;‘1<ﬂ> = &,(T,.ng) (A.10)
pd dt scat

) . . . o
Here <ﬁ> is the average momentum loss rate for the all scattering mechanism and this is
scat

given as;

dpo\  _(dpa\ | [dpa) [Py (A1)
dt scat dt LO dt ac dt im .

Individual average momentum loss rate for different scattering mechanisms are given as;

LO phonon;
() vy 0] AR - (- ol

. ) (A.12)
N [ I (E)S BN~ £y (BN (£ + hw)]E%dEJ
Here, y, = (e —¢, )(m*)o‘5 |

8\/571-37125053800715/(3];\/%”1*@)

7r 2 E o
L= -HqZ (E’¢)] I2D[qf (E.¢).L, {\/(h_) cos’ ¢+ 1} cospdg and

0 @

¢

1= | a0 ol (B 011, ]+ (B9 Lol (B 00 1, ] .

....... H[ijcos%ﬁl} cos¢g dg
ho

Acoustic phonon;
: 2 VE [ ac V¥ o2 ac
o 0 O B o ) K i
) dg” fL(EN1- f,(E)JE2dE (A.13
<dt w W2m'n'CLngT,y BE @) g f(EN1- f,(E)] (A.13)
_4ﬂ2E
lonized Impurity;
dp, 72'2(m*)2L3ZN,e3 2
- — | /(E)f[1- £, (E)|EdE A.14
<dt >[m egesnsky,h°T, .([7( Volt -/, (E)] (A14)
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7(E)=?i{@+ﬁ+o.s[1eXp(4x)4(1exp(2x»[1+§+ 2x2 m

K| 7t @ x* 7
[4x4 +x° (4772 +3p)+ 2722pT2 do

Here, fy(E) is the Fermi-Dirac distribution function at electron temperature 7, and sheet
carrier concentration ng. Significances of other symbols used for mobility calculation are
given in Ref [21-24].

D: Mobility Calculation

For a fixed value of other parameters and known value of 7, and n,, we can calculate
gi(Te,ng), g2(Te,ng). Using equations A.7 and A.10 and representing them as a function of ng
and T,, we can write;

g(T,,ng)
pa(T, ng) = [=——= (A.15)
‘ ’ 8,(T,,ny)
From p4(T.,ns), mobility can be calculated using velocity-mobility-field relation;
T .,n
Hae = LACELR) (A.16)

m'F
Here F =F, + F(x) is the total field which consists of a low value component F, due to the
potential at the channel terminal at the source end (x=0) [33] and a variable component F(x)

av(y)

j due to the applied voltage between source and drain terminal.
X

given as (

From A.15 and A.16 we can write;

F =g (T,.n5)g,(T.,ng) (A.17)

This approach gives 2-D mobility as function of x and y but 7, ng and F are considered only
as functions of x so this will effectively reduce x(x,y), independent of y.

Now as we considered both 7, and n, varies with x, we have to present both the factors as x
dependent functions. For doing so, some simple assumptions are considered which are given
as follows;

max

1. Electron is at lattice temperature (7.=17) andng = ng™ , at the channel-source terminal
and ng¢™ (maximum sheet carrier concentration, at x=0) can be computed with eqn.3,
considering channel potential is zero. With 7.=7; andng = ng™ , Fy can be calculated
with eqn. A.17.

ii.  Along the channel electron temperature will increase and sheet carrier concentration
will decrease and at the saturation point channel will pinch off along with electron
velocity saturation.
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iii. The saturation point is very close to drain and at that pointng =ni"and nj™

(minimum sheet carrier concentration at x=L¢) can be estimated with eqn.3,
considering channel potential is equal to drain bias.

iv. At the point of saturation electron temperature is defined as critical electron
temperature (7) and this variation from 7, to 7 is considered to be linear along the

min

channel. For a considered value a critical electric field and computed value ofng"™,

critical electron temperature can be estimated from equation A.17.
v. At the point of saturation, F=Fc,n, = ni™ andT, = TS

vi. Beyond the saturation point, electron temperature saturates at critical electron
temperature (7, ) and sheet carrier concentration to its minim value

(ng™).

Now from eqn. A.16, mobility equation in the linear region can be written as;

yin = Pa (T, (x), 15 (%)) for F<F. (A.18)

m'Fy +m F(x)

Considering the boundary conditions on 7,(x) and ng(x) and using taylor series expansion and
eliminating the higher order terms the above equation can be rewritten as;

T max T max
Pa )+ (0, ~T) PTLI) ey a5
lin dT, dng
My = : ; (A.19)
m Fy+m F(x)
Farther simplification, the expression can be written as;
un = b, +b*17;(x)‘tb2ns(x) for F<FE, (A.20)
m F,+m F(x)
d T ’nmax d T ’nmax '
Here, b, = pd(dLT § ),b2 = pd(d; s and b, = p,(T,,ng™)—T,b, —ng™b,.
e 2D
Mobility beyond the saturation point is expressed as;
' Tc,nmin
:,'Zt :pd( e*FS ) fOl" FZFC (AZI)
m L

Mobility expressions given in A.20 and A.21 are used to calculate currents at linear and
saturation regions, respectively.
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