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This work first attempted to simulate the band edges of AlGaN/GaN high electron mobility
transistors �HEMTs� structures with Ga-face polarity at the heterointerface. The spontaneous and
piezoelectric-induced polarization fields as well as the effects of temperature on the electron band
parameters have been included into the modeling. In a second step, we calculated self-consistently
direct-current characteristics of AlGaN/GaN HEMTs without considering any defect. Calculations
were made as a function of doping concentration and Al composition. In the paper, the self-heating
in AlGaN/GaN HEMTs grown on SiC substrate before and after Si3N4 passivation was also
investigated revealing that: �i� power dissipation is induced due to the increase in drain bias, which
leads to a temperature rise of the two-dimensional electron gas in the channel, �ii� an enhancement
in drain current is achieved after Si3N4 passivation, �iii� the self-heating occurs even in AlGaN/GaN
heterostructures after passivation. Including thermal and trapping effects in transistor device model
can allow adjusting of some of the electron transport parameters in order to obtain optimized current
at the output. © 2009 American Institute of Physics. �doi:10.1063/1.3202317�

I. INTRODUCTION

GaN, AlN, and their ternary alloys are very promising
candidates for high power and high frequency
applications,1–11 due to their wide band gap, high thermal
stability, high electron velocity, and large breakdown electric
field. AlGaN/GaN heterostructures have recently been used
to develop high electron mobility transistors �HEMTs� aimed
at operating at high temperature.8–11 A peculiar feature of
AlGaN-based transistors with the wurtzite crystal structure is
the formation of a two-dimensional electron gas �2DEG� at
the AlGaN/GaN heterointerface, due mainly to spontaneous
and piezoelectric polarizations.11–20 Indeed, relatively high
electron densities can be achieved in AlGaN/GaN HEMTs
without doping intentionally the barriers. In doped AlGaN/
GaN heterostructures, the crucial problem is how to achieve
both a high electron transport and a high transconductance in
a transistor device based on this system. Back doping21,22 has
been suggested as a method to obtain high electron sheet
concentrations in HEMTs with thin barrier epilayers. As was
found, the use of this doping design led to an improvement
in the electron transport.

However, applications of AlGaN/GaN HEMTs are lim-
ited by the presence of defects. Among them, the electron
trapping states at the active surface zone can induce a col-
lapse in the drain-source current.23 As a result of this device
degradation, the output power considerably decreases and
hot electrons are captured by deep traps, which lead to the

formation of a virtual gate at the vicinity of the channel.24 A
number of works has been undertaken to the subject of trap-
ping effects by using different electrical characterization
techniques.25–28 As is also found in AlGaN/GaN HEMTs op-
erating at large biases, the high-power dissipation induces a
self-heating in the active layers. It results in an enhanced
phonon scattering, which causes a decrease in the carrier
mobility and in the electron saturation velocity as well. Evi-
dence of the self-heating effect is the observation of a nega-
tive differential conductance in the drain-source current. In a
HEMT device with small sizes and at relatively high current
densities, the self-heating does not only limit the electron
transport but also damages the gate. To overcome the self-
heating, AlGaN/GaN HFETs, and HEMTs have been pseudo-
morphically grown on sapphire, SiC, and bulk GaN as
substrates.29–32 Comparison of the HFETs investigated favors
transistors grown on SiC.30 This is assigned to the higher
thermal conductivity of SiC, which allows a better heat dis-
sipation from the active zone. On the other hand, different
designs have been used to tailor the electric field in order to
reduce the effect of self-heating. However, reliability and
performance remain subject of concern and interest. To fur-
ther optimize device designs, measurement of local tempera-
ture throughout active region, particularly in the channel, is
essential. Experimental works are being done to this end.33–36

As has been revealed from visible and ultraviolet micro-
Raman scattering measurements,34,35 the self-heating within
an operating AlGaN/GaN HEMT shows a gradient parallel to
the growth direction. More especially, the hot spot is found
to be located at the edge of the gate electrode and the tem-
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perature rise can attain 240 K over ambient under aggressive
functioning conditions. Theoretically, to obtain more accu-
rate characteristics from device simulations, the effect of the
self-heating has been considered.37–41

The aim of the present work is to investigate the effects
of self-heating on the transport properties of AlGaN/GaN
HEMTs. The subbands and their related envelope wave func-
tions as well as the relation of sheet carrier concentration and
the Fermi energy have been calculated self-consistently by
taking into account the piezoelectric and spontaneous polar-
izations. This has been used to simulate the current-voltage
�I-V� characteristics, by including the thermal effects. As an
experimental support, we have taken direct current �dc� char-
acteristics of AlGaN/GaN HEMTs grown on SiC substrate
measured at room temperature. From the relevant character-
istics, we deduced the temperature rise of the 2DEG as a
function of the drain bias for different gate voltages. We also
studied the electron transport in the same HEMT structures
after Si3N4 passivation. As a result, the current at the output
is found to be increasing with Si3N4 passivation, while the
self-heating remains to occur in passivated HEMT devices.
The paper is organized as follows. After a brief introduction,
we present, in Sec. II, the model formulation and results;
conclusions derived from the study are summarized in the
Sec. III.

II. THEORETICAL FORMULATION AND RESULTS

A. The band edges of AlGaN/GaN HEMTs at zero bias

The heterostructure to model consists of an AlGaN/GaN
HEMT with Ga-face polarity, being assumed to be grown on
a GaN underlayer. The existence of a large polarization field
at the AlGaN/GaN heterointerface gives rise to higher sheet-
carrier concentrations that occur in the GaN channel. The
bandgap edge of such a system can be simply computed if
there are no defects apart from the donor atoms. Residual
impurities are accounted as a uniform doping in the epilay-
ers. The heterostructure is considered at a temperature T and
no external electric field is applied at the output of the
HEMT device. Taking into account the polarization effects,
the total amount of polarization-induced sheet charge density
for a top/bottom AlGaN/GaN is given by19

� = �PPE�GaN� − PPE�AlGaN��

+ �PSP�GaN� − PSP�AlGaN�� , �1�

with

PSP�AlGaN� = − 0.09x − 0.034�1 − x� + 0.021x�1 − x�

and

PPE�AlGaN/GaN� = − 0.0525x + 0.0282x�1 − x� ,

where x is the Al composition and PSP and PPE denote the
spontaneous and piezoelectric polarizations, respectively.
Regarding the dependence of these parameters on tempera-
ture, only the change in spontaneous polarization has been
measured and is found to be small enough. Recent data give
a change coefficient with temperature of this polarization,
dPSP /dT, of the order of 0.91�10−6 for GaN �Ref. 42� and
7.5�10−6 C K−1 m−2 for AlN.42 For AlxGa1−xN, this coeffi-

cient can be assumed to vary linearly with the composition x.
This correction in the polarization due to a variation in tem-
perature is considered in our simulation. Another parameter
that governs the improved electron transport in AlGaN/GaN
HEMTs is the 2DEG sheet carrier concentration. The amount
of polarization-induced charge density being to the model as
well as the total 2DEG concentration can be calculated from
coupled Schrödinger and Poisson equations:

�−
�2

2

d

dz

1

m��z�
d

dz
+ VB�z� + VH�z� + VXC�z� + VP�z�

− ���kz����,kz
�z� = 0 �2�

and

�0

e2

d

dz
�r�z�

d

dz
�VH + VP� =

�

e
��z − z0� + ND�z� − n�z� , �3�

where z is the growth direction, m��z� is the electron effec-
tive mass at the bottom of the � conduction band, � is the
subband index, kz denotes the vector momentum parallel to
the z-direction, �0�r�z� is the total dielectric constant of the
host lattice, z0 is the interface position, VB�z� represents the
barrier potential due to the heterojunction bandgap disconti-
nuity, VH�z� is the effective Hartree potential related to
screened ionized donors, VXC�z� is the exchange-correlation
potential resulting from the many-body effects,43 VP�z� is the
polarization charge-induced potential, and ND�z� and n�z� are
the total density of ionized donors and the sheet concentra-
tion of confined electrons, respectively. In evaluating the po-
tential energy VB�z�, the AlGaN/GaN heterointerface is as-
sumed to be abrupt and the conduction-band offset is given
in Ref. 42. It is to be noticed that the temperature depen-
dence of the latter electron band parameter is included in the
band gap of the AlxGa1−xN material.42 The effective masses
of electrons are taken as 0.2m0 and 0.48m0 for GaN and AlN,
respectively,44 where m0 is the free electron mass. For Al-
GaN, the electron effective mass is deduced using Vegard’s
law. The Al composition as well as the doping concentration
in the AlGaN barrier are treated as parameters. Figure 1
shows a diagram of the epitaxial layers piling and the
energy-band profile for an AlGaN/GaN HEMT with Ga face
polarity. Calculation of the confining potential has been
made for a doping density ND=1018 cm−3, a channel width
dCH=31 nm, an Al composition x=0.22, a thickness of the
undoped AlGaN spacer di=3 nm, and a width of the doped
AlGaN layer dd=28 nm. The density of residual donors is
taken as NDR=5�1016 cm−3 in both GaN and AlGaN epil-
ayers. In the energy-band diagram, the subband energies, the
square of the eigenenvelope wave functions, and the Fermi
level calculated at T=300 K are reported. As also shown,
the 2DEG is located at the lower AlGaN/GaN interface in an
asymmetric triangular potential well with only the ground
and the first excited states E1 and E2 occupied. At this stage,
we have not taken into account the presence of eventual de-
fects such as those related to the surface states. Indeed, sur-
face states, if present, consist of several kinds of defects
having different ionization energies within the band gap. In
an HEMT device, these defects can behave as trapping cen-
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ters thus leading to a reduction in the 2DEG density. Here, to
simplify, the surface states are considered as a single species
with adjustable sheet concentration and discrete ionization
energy. They are also assumed to be ionized and their con-
centration is treated as a parameter. Let NSD be the total area
concentration of ionized surface donors, which should be
included in the charge balance equation. We calculated the
total density nS of the 2DEG as a function of NSD in the
range 0–5�1012 cm−2. It has been found that the amount of
confined electrons decreases from 1.26�1013 to 8.23
�1012 cm−2 as NSD increases. In the following, the density
NSD is fixed at 1�1012 cm−2.

B. Transport characteristics of ideal AlGaN/GaN
HEMT structures

As demonstrated above, the AlGaN/GaN HEMT simu-
lated shows only the first two subbands occupied at T
=300 K. Thus, the total density of the 2DEG accumulated in
the channel can be approximately expressed as

nS =
m�kBT

	�2 �log�1 + exp
EF − E1

kBT
�

+ log�1 + exp
EF − E2

kBT
�� , �4�

where kB and � are the Boltzmann and Planck constants and
EF is the Fermi energy. The self-consistent solutions of the
Schrödinger and Poisson equations give the subband ener-
gies E1 and E2 as a function of the Al composition x and the
doping density ND. On the other hand, the density of charge
depleted in AlGaN/GaN can be obtained using the assump-
tion of total depletion according to the relation45–47

nS =
��x�
ed

�Vgs −
EF

e
− Vth� , �5�

with

Vth =
Eb

e
−


Ec

e
+

eNd

2��x�
dd

2 −
�d

��x�
,

where ��x� is the x-dependent dielectric constant of AlGaN,
d is the total thickness of the barrier layer, Vgs represents the
applied gate bias, Vth is the threshold voltage, Eb denotes the
Schottky barrier height, and 
EC is the conduction-band dis-
continuity at the AlGaN/GaN heterointerface. Equations �4�
and �5� have to be solved simultaneously and the interfacial
sheet electron concentration is given by, for weak inversion,

ns = nS0 exp� e��x�
��x�KBT + nS0e2d

�Vgs − Vth −
n0ed

��x�
�� , �6�

with

nS0 =
m�kBT

	�2 �e−E1/KBT + e−E2/KBT� .

For strong inversion,

ns =
2m�e2d

�2e2dm� + ��x�	�2���Vgs − Vth�
��x�
ed

+ K� − K , �7�

with

K =
m�

	�2 �E1 + E2� .

It is worth noticing that the Fermi level EF lies at the bottom
of the subbands E1 and E2 for weak inversion and shifts up in
energy as the gate bias Vgs increases to achieve the strong
inversion regime. As shown from Eqs. �6� and �7�, the den-
sity of 2DEG is controlled by the bias voltage applied to the
gate. The source-to-drain current is the sum of drift and dif-
fusion currents and is expressed as follows:

Ids =
Ze�0

1 +
1

Fc

dV

dy

�ns�y�
dV

dy
+

KBT

e

dns�y�
dy

� , �8�

where y is the distance along the channel from the source, �0

is the low-field mobility, Fc is the critical electric field, Z is
the gate width, and V�y� is the effective gate voltage at po-
sition y. In modeling of the low-field mobility, we included
dislocation, ionized impurity, deformation potential acoustic
phonon, piezoelectric, and polar optical phonon scattering
contributions.48–51 Under this form, the dependence of �0 on
temperature is taken into account. The current Ids in the dif-
ferent operating regimes can then be determined using the
corresponding expressions for sheet carrier concentration
with the gate voltage replaced by the effective gate bias
Vgs−V�y� at position y. Equation �8� is integrated along the
channel length L with use of the boundary conditions: V�y
=0�=RsIds and V�y=L�=Vds− �Rs+Rd�Ids, where Rs and Rd

are the source and drain contact resistances and Vds is the
bias voltage applied to the drain with respect to the grounded
source. Accordingly, the current-voltage characteristics can
be derived from the following equations.

In weak inversion regime,
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FIG. 1. The conduction-band edge calculated for an AlGaN/GaN HEMT
with Ga-face polarity. In the plots are also reported the subband energies, the
envelope wave functions, and the Fermi level. The 2DEG is located at the
lower AlGaN/GaN interface, as schematically indicated in the inset.
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�Rs + Rd�
Fc

Ids
2 − �L +

Vds

Fc
�Ids

+ � 1

�
−

kBT

e
�Ze�0ns0 exp ��Vgs − �

��exp�− �RsIds� − exp − ��Vds − RdIds�� = 0, �9�

with

� =
e��x�

��x�kBT + ns0e2d

and

 = Vth +
ns0ed

��x�
.

For strong inversion,

�Rs + Rd

Fc
+ a�Rs

2 − Rd
2��Ids

2 − �L +
Vds

Fc
+ b�Rs + Rd�

− 2aRdVds�Ids − �aVds − b�Vds = 0, �10�

with

a =
�0Ze2m���x�

2m�e2d + 	��x��2

and

b =
2Ze2m��0��x�

2m�e2d + 	��x��2�Vgs −
kBT

e
− Vth −

K	�2

2m�e
� .

All of the parameters are defined above. Equations �9� and
�10�, coupled to those in Eqs. �2� and �3�, give self-consistent
solutions for the drain current in the AlGaN/GaN HEMTs
investigated. Using Eqs. �6� and �7�, we calculated the sheet
carrier concentration ns as a function of the gate bias Vgs for
various widths dd of the doped AlGaN layer. The results are
depicted in Fig. 2�a�. Calculations were carried out for x
=0.22, ND=1018 cm−3, and T=300 K. As shown from the
plots, the 2DEG density increases with Vgs and dd. Moreover,
the threshold voltage shifts toward increasingly negative val-
ues with increased dd. The reason for increased 2DEG sheet
density is the following: with strong polarizations, the
AlGaN/GaN HEMTs with thick doped barriers require less
drain biases to achieve a finite electron concentration. Figure
2�b� shows the 2DEG density ns versus the gate voltage,
calculated for different Al compositions. As can be seen,
higher Al mole fractions in AlGaN/GaN HEMTs result in
larger 2DEG densities. Such a trend can be explained as due
to improved carrier confinement. The slope of the ns-Vgs

plots corresponds to the gate capacitance. As is found, this
capacitance is more sensitive to the AlGaN layer thickness as
compared to Al composition. On the other hand, to examine
the relation between the sheet concentration of 2DEG and
the doping content, we computed the density ns as a function
of ND for parameters x and dd fixed at 0.22 and 28 nm. Two
peculiar features were revealed: �i� the 2DEG density in-
creases with doping concentration and �ii� the sensitivity of
sheet charge to the AlGaN barrier thickness is greater at

higher doping contents. It has to be noticed that larger dd and
smaller ND are more convenient, since both give lower gate
capacitance and reduced effects of deep traps related to
donors.

Based on this model for evaluating the 2DEG sheet den-
sity, our interest has also been focused on the electron trans-
port in operating AlGaN/GaN HEMTs. To this end, we have
the drain current using Eqs. �9� and �10�. Figure 3 shows the
current-voltage characteristics for different values of gate
bias, as calculated for an AlGaN/GaN heterostructure with
x=0.22, di=3 nm, dd=28 nm, L=0.3 �m, Z=100 �m,
ND=1018 cm−3, T=300 K, RS=0.5 � mm and Rd

=0.5 � mm. As shown from the characteristics, the satu-
rated drain current increases with increased gate voltage. In
the inset of Fig. 3, is reported the variation of saturated drain
current as a function of doping density at different Al com-
positions. The plots reveal enhanced drain current in increas-
ing the doping density and the Al mole fraction. It should be,
however, noted that the use of weaker doping concentrations
and high Al contents seem to be an appropriate way to
achieve improved electron transport in AlGaN-related
HEMTs. Additionally, to assess the microwave performance
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FIG. 2. The 2D sheet charge density in an AlGaN/GaN HEMT as calculated
vs the gate bias for different AlGaN layer thicknesses �a� and Al composi-
tions �b�.
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of a high-power transistor device, the transconductance and
gate conductance have to be analyzed and optimized. For the
AlGaN/GaN heterostructures to modelize, these parameters
have been evaluated versus the fundamental device param-
eters and applied bias voltages. Concerning the transconduc-
tance, the results obtained are: �i� higher transconductances
are expected to be attained at lower gate lengths and at
smaller barrier widths as well and �ii� at relatively high Al
compositions, the peak transconductance is found to be oc-
curring at lower gate voltages. High values of transconduc-
tance in GaN-based HEMTs are assigned to high carrier den-
sity due to strong polarization effects. As demonstrated
above, decreasing the thickness of AlGaN/GaN barrier is rec-
ommended to achieve a high transconductance. However this
leads to a decrease in both the total amount of donor atoms
and the 2DEG sheet concentration. To overcome this limita-
tion, the employment of a delta-doping instead of bulk dop-
ing in the AlGaN barrier epilayer would most probably give
higher sheet concentrations of 2DEG with a high transcon-
ductance. For the drain conductance, however, calculations
led to the following observations �i� the drain conductance
decreases with the increasing of in drain voltage and in-
creases with the gate bias, �ii� as the Al mole fraction is
increased, the drain conductance increases and is higher at
smaller gate lengths. As evidenced from the latter study, the
use of higher Al contents with relatively thin gates is essen-
tial to further improve the microwave performance of de-
signed AlGaN/GaN HEMTs.

C. The self-heating in AlGaN/GaN HEMTs

As established for GaN-based HEMTs, the AlGaN/GaN
band offset and spontaneous and piezoelectric polarization
fields occurring in the heterostructure create a quasi-2DEG
with relatively high free-carrier concentrations located in
GaN at the interface with AlGaN. Because the drain current
is subjected to flow in the 2DEG conductive channel, colli-
sional energy loss from electrons to the crystal lattice leads
to a local heating. Two main processes govern the heat dis-
sipation in operating AlGaN/GaN HEMTs: ionized defect

scattering and electron-phonon interaction. In polar semicon-
ductors such as GaN and AlN and their alloys, the electron
energy loss is primarily caused by the electron-phonon
mechanism. Due to the self-heating, the temperature profile
along the depth of the active epilayers is not homogeneous
and shows a z-dependent rise, 
T�z�, with respect to that in
equilibrium. On the other hand, the substrate has an impor-
tant role in evacuating the heat generated. Improving the heat
dissipation may be accomplished by using a substrate of
higher thermal conductivity. SiC substrates, indeed, offer im-
proved heat sinking into the channel and an efficient heat
removal through thermal contacts deposited on the top of the
HEMT devices. More accurately, to include thermal effects
resulting from the self-heating in calculating the output
current-voltage, the dependence of band offset, polarization
fields, and electron mobility on temperature should be ac-
counted for. Here, these parameters were defined with their
temperature dependence. Figure 4 shows the drain-source
current versus drain voltage investigated in our laboratory at
room temperature on a AlGaN/GaN/SiC HEMT with Al
composition x=0.22 and for a 140�0.25 �m2 gate. Mea-
surements have been performed at Vgs=0 V. It is apparent
that the saturation current exhibits a negative conductance at
large Vds. The decrease in current at higher drain-source volt-
age is due to the self-heating and especially results in a de-
crease in electron mobility. From experimental Vds-Ids data,
we deduced the temperature rise of the 2DEG. The procedure
adopted consists in determining T such as Ids

exp.− Ids
th.=0 for

fixed drain-voltage. In solving this equation, we considered
the normalized current characteristics relative to that at room
temperature. The results are illustrated in Fig. 5�a�. As can be
seen, the temperature rise increases with increased drain-
voltage in the 4–15 V range. In a second step, we investi-
gated the effect of the gate-bias Vgs on the temperature rise

T. As has been found, 
T shows an increasing trend as Vgs

increases, see Fig. 5�a�. The latter behavior can be explained
as resulting from the increasing of the electron sheet density
in the channel. The built-in electric field at the gate-source
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heterojunction also causes an increase in Vgs-Ids. Using poly-
nomial laws we fitted the Vds-dependence of the temperature
rise. Obtained analytical expressions are summarized in
Table I. In addition to self-heating, deep traps are also
present in the AlGaN/GaN heterostructure and can reduce the
microwave performance of designed HEMTs. Such trapping
effects occur both at the surface and in bulk of the GaN
epilayer. Opposite to bulk defects, the number as well as the
activity of surface trapping centers would be partly mitigated
during process by using an appropriate passivation. As can-
didates, SiO2, MgO, AlN, and Si3N4 can be used to passivate

GaN-based HEMTs.52–55 Much higher gate current has been,
however, found for Si3N4 passivation.55 In the present work,
we investigated the self-heating in an AlGaN/GaN HEMT
with Al composition x=0.22 before Si3N4 passivation. Ob-
tained dc characteristics at T=300 K are reported in Fig. 4.
Measurements were performed at Vgs=0,−1 and �2 V, re-
spectively. As clearly seen, for all the gate biases studied,
improvements in drain current are achieved after passivation
with Si3N4. The reason for enhanced electron transport is the
increase in sheet carrier concentration. This is mainly due to
the reduction in surface states. As for AlGaN/GaN HEMTs
before passivation, the self-heating is also observed in dc
characteristics after Si3N4 passivation. We calculated the
temperature rise 
T in the 2DEG channel versus Vds for
different Vgs, Fig. 5�b�. The plots reveal similar increasing
tendency of Vds−
T. In Table I, also reported are the fitting
laws of Vgs−
T as obtained for AlGaN/GaN HEMTs after
Si3N4 passivation. It is worth noticing that the local tempera-
ture in the 2DEG channel does not exhibit a significant
change, compared to that in AlGaN-related HEMTs before
Si3N4 passivation.

III. CONCLUSION

Direct-current characteristics of AlGaN/GaN HEMTs
have been calculated from self-consistent solutions of Schro-
dinger and Poisson equations. The effects of temperature on
the polarization and conduction-band discontinuity at the
AlGaN/GaN heterointerface have been taken into account in
the modeling. The numerical simulation has been made at
first without considering the self-heating and trapping ef-
fects. As the main result, AlGaN/GaN HEMTs with higher Al
composition are expected to show enhanced saturation cur-
rent when compared with the same doping concentration. A
charge control model based on a self-consistent analysis is
also reported to investigate the influence of thermal effects
on the drain-source current. For this purpose, we developed a
numerical method to evaluate the temperature rise in the
2DEG conductive channel. As an experimental support, we
used dc characteristics obtained at room temperature on
AlGaN/GaN HEMTs grown on SiC substrate. As is found,
the temperature rise depends on the bias voltages and does
not exceed 40 K. On the other hand, we studied the electron
transport in AlGaN/GaN/SiC HEMTs before Si3N4 passiva-
tion. As a result, the output drain current is seen to exhibit an
increasing tendency with passivation. The self-heating is ob-
served in AlGaN/GaN HEMTs after Si3N4 passivation as
well.
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FIG. 5. Temperature rise of the 2DEG in AlGaN/GaN/SiC HEMTs vs drain
voltage at different gate biases before �a� and after �b� Si3N4 passivation.

TABLE I. The fit of the 2GEG temperature rise vs drain voltage as obtained for AlGaN/GaN/SiC HEMTs
before and after Si3N4 passivation.

Vgs

�V�

2 DEG Temperature rise 
T
�K�

Before Si3N4 passivation After Si3N4 passivation

0 6.49–8.46Vds+2.27�Vds�2+0.165�Vds�3+0.004�Vds�4 −17.3+3.55Vds−0.01�Vds�2

�1 21.9–14.6Vds+3.03�Vds�2−0.21�Vds�3+0.005�Vds�4 −11.5+2.25Vds+4.95�Vds�2

�2 4.08−1.5Vds+0.09�Vds�2−0.011�Vds�3−0.0006�Vds�4 32.3−17Vds+2.96�Vds�2−0.19�Vds�3+0.0045�Vds�4
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