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Abstract

Sheet charge density of Al Ga, N/GaN 2DEG structure is analytically computed as a function of material composition. Strain relaxation factor, carrier
concentration and quantized length of the well are also taken into account for computation purpose. Both spontaneous and piezoelectric polariza-
tions are calculated as function of mole fraction and charge density is determined from the simulated findings. Results are important for calculating

electrical characteristics of HEMT.

Keywords: Mole Fraction, Piezoelectric Polarization, Quantized Length, Sheet Charge Density, Sheet Resistance, Spontaneous Polarization; Strain

Relaxation Factor

1. Introduction

High Electron Mobility Transistor (HEMT) is one of the preferred
research area” now-a-days for the device engineers due to the pos-
sibility of microwave and millimeter wave application. Among the
different materials, nitride based devices are used to form heterostruc-
tures owing to the higher bandgap, higher thermal conductivity, larger
breakdown voltage, higher electric field’. More precisely, Al Ga, N/
GaN material composition is suitable of high frequency and high
power operation®. By virtue of bandgap engineering, this composition
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is the choicest candidate for HEMT design owing to the formation of
Two-Dimensional Electron Gas (2DEG)>*.

Among the ITI-V materials, nitride based materials have exhibit the
polarization properties. Spontaneous polarization arises due to asym-
metric bonding and piezoelectric polarization arises due to mechanical
stress. Hence from design perspective of the heterostructure based
devices, it is better to include the effect of polarization while comput-
ing electrical parameters’™. Ambacher' and co-workers showed the
effect of structural parameter and material composition for nitride
based heterostructures on spontaneous and piezoelectric polarization
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induced by 2DEG. Works is also carried out to study the effect on sheet
charge density and well thickness'', where carrier—carrier and carrier—
phonon scattering effects are considered. Polarization effects on effects
on electronic and optical properties are also investigated'>.

Later, strain relaxation effect of AlGaN barrier layer on conduc-
tion band structure, electron concentration and 2DEG sheet charge
density is calculated by self-consistent solution of Schrédinger and
Poisson’s equation®. It is also shown very recently that strain effect can
be reduced by altering doping concentration in the heterostructure'.
Current-voltage characteristics are developed considering these effects
for HEMT and reported".

In the present paper, sheet charge density of Al Ga, N/GaN based
structure is calculated after evaluating polarization effect and the effect
of strain relaxation factor, carrier concentration and quantized length
are taken into consideration. Result will play important role for HEMT
design.

2. Mathematical Modeling

Strain (e) generated due to band-bending at the hetero-interface of
AlGaN and GaN is given by:

e= (1-r) (@16aN —AGan) (1)
2 AIGaN

where a is the in-plane lattice constant and r is the amount of strain
relaxation. The piezo-polarization component of AlGaN is given by:

P, (AlGaN)= 2£|:e31 —253 {Cl—3ﬂ (2)

C33

Therefore, the total polarization vectors for GaN and AlGaN are given by:

Py, (GaN)= P, (GaN) (3.1)
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Py, (AlGaN) = P, (AlGaN)+ P, (AIGaN) (3.2)

The total hetero-interface charges (o) can be computed for the AlGaN
surface and the AIGaN/GaN interface given as:

Oy = 1Pr, (AlGaN) —Pp, (GaN)] (4)
where the total piezoelectric polarization of AlGaN layer is given as:

P,,(AlGaN)= z[M] ( 613\

€37 —€33——
a(x) k 31 7¢33 C3s (5.1)
PSP(AlGaN) ==-0.052x—0.29 (5.2)
P, (GaN)==-0.029 (5.3)

where a(0) and a(x) are the lattice constants, c , and c,, are the elastic
constants, e, and e,, are piezoelectric constants. In the above expres-
sion, it has been assumed that GaN layer is fully relaxed.

The 2DEG density of the AlIGaN/GaN HEMT can be written as:

E& E&
Tp1GantalGaN — > @ + — AE (AlGaN)
0 q q (6)
: tagan + do
where the symbols have usual significances.
Sheet resistance of the 2DEG is given by:
1
Rpeet = qns—ﬂn (7)

3. Results and Discussions

Based on the mathematical formulation as mentioned in the previous
section of this paper, spontaneous and piezoelectric polarizations are
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first calculated as a function of material parameters. Figure 1 shows
the variation of Al concentration with spontaneous polarization for
the structure. The graph shows that spontaneous polarization varies
inversely with the Al concentration. Figure 2 shows the variation of
piezoelectric polarization where it is seen that the variation of Al con-
centration is directly proportional to the piezoelectric polarization.
The plot is made for three different strain relaxation factors (‘). With
the increase in the value of 7, it is observed that the slope of the line
monotonically decreases.

The total polarization is a sum of the spontaneous and piezoelectric
polarizations which provides Figure 3, which insinuates that the total
polarization is inversely proportional to the Al concentration. This is
due to the fact that GaN bulk is fully relaxed and, therefore, its polar-
ization vector contains only the spontaneous component Psp (GaN).
But for AlGaN layer, in addition to the spontaneous component Psp
(AlGaN), the piezo-polarization component due to the presence of
strain because of Al content in AlIGaN must be considered. The piezo-
polarization component of AlGaN is a function of strain and lattice
constant.

Figure 4 shows the total polarization charge density as a function of
mole fraction for different strain relaxation. The total hetero-interface
charge (0) is a function of total piezoelectric polarization, which, in
turn, depends on lattice constants, elastic constants and piezoelectric
constants of AlGaN layer.

As strain increases the amount of strain relaxation decreases.
As strain is directly related to piezoelectric polarization, so with
the decrease in the value of r, the total polarization charge density
increases at a constant value of mole fraction x. Therefore, we observe
an increase in the slope of the graph with the decrease in the value of
r. This is plotted in Figure 5. This is due to that fact that increasing the
carrier concentration enhances the probability of scattering and thus
sheet charge density decreases.
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Figure 1. Spontaneous polarization variation with mole fraction of
AlGaN.
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Figure 2. Piezoelectric polarization variation with mole fraction of
AlxGal-xN for different amount of strain relaxation.

Increasing the Al mole fraction of AlGaN barrier can increase
2DEG density. In an AlIGaN/GaN HEMT, the 2DEG sheet charge den-
sity approaches the net polarization charge density at AlGaN/GaN
interface with increasing AlGaN thickness. The polarization charge
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0.028

sheet resistance increases as it increases more quantum confinement,
thereby increasing the potential barrier. It is observed that the sheet
resistance of AlGaN/GaN HEMT is increasing from 3.17 per square
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Figure 3. Total polarization variation with mole fraction of AlGaN for
different amount of strain relaxation.

I I L
35 4 45 5 55
AlGa1,N Laver Thickness fm] = 107

1 L I
0044 T T T T T T 2 25 3

1

2

00421

Figure 5. Sheet charge density with AlGaN layer thickness for different
carrier concentrations.
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Figure4. Total polarizaction charge density variation with mole fraction
of AlGaN for different amount of strain relaxation.
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This is plotted in Figure 6. Moleracton
Figure 7 shows the sheet resistance profile with barrier layer thick- Figure.6. Sheet charge density of AIGaN/GaN based HEMT for different
ness. It is seen from the plot that with increasing barrier dimension, mole fractions.
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Figure 7. Sheet resistance with AlGaN layer thickness for different
carrier concentrations.

at x = 0 to 3.24 per square at x = 0.4. Again, by reducing carrier
concentration, sheet resistance increases as it lowers the conductivity.

4. Conclusion

Increase in Al mole fraction enhances the amount of spontaneous
polarization but piezoelectric polarization varies inversely. The spon-
taneous polarization, has a negative value and is greater in magnitude
as opposed to piezoelectric polarization. Change of Al mole fraction
enhances the 2DEG density greatly for an AIGaN/GaN-based HEMT
because of reducing the electron wave function penetration into the
AlGaN barrier layer and the larger effective AE_also increased the
2DEG density. The total polarization charge density increases with the
increase in mole fraction. However, it decreases with the increase in
the strain coefficient. The 2DEG sheet concentration at the Al Ga, N/
GaN heterojunction is sensitively dependent on the Al mole fraction,
which leads the GaN-based HEMT towards microwave and millimeter
wave applications.

- 160 I July 2016

5. References

1. Kuzmik J. Power electronics on In, . AIN/(In)GaN: Prospect for a Record
performance., IEEE Electron Device Letters; 2001 Nov; 2(11):510-2..

2. Higashiwaki M, et al. High-performance short-gate InN/GaN hetero-
structure field-effect transistors. Jpn J Appl Phys. 2006; 45:L843..

3. Lenka TR, Panda AK. Effect of structural parameters on 2DEG Density
and C-V Characteristics of AlGaN/AIN/GaN based HEMT. Indian
Journal of Pure and applied Physics. 2011 Jun; 49:416-22.

4. Pandey D, Lenka TR. Model development for analyzing 2DEG sheet charge
density and threshold voltage considering interface DOS for AIInN/GaN
MOSHEMT. Journal of Semiuconductors. 2014; 35(10):104001-4.

5. Kola S, Golio JM, Maracas GN. An analytical expression for Fermi level
versus sheet carrier concentration for HEMT modeling. IEEE Electron
Device Lett. 1988 Mar; 9(3):136-8.

6. Li M, Wang Y. 2-D analytical model for current-voltage characteristics
and transconductance of AIGaN/GaN MODFETs. IEEE Trans Electron
Devices.2008 Jan; 55(1):261-7.

7. Kranti RA, Haldar S, Gupta RS. An accurate charge control model for
spontaneous and piezoelectric polarization dependent two-dimensional
electron gas sheet charge density of lattice-mismatched AlGaN/GaN
HEMTs. Solid State Electron. 2002 May; 46(5):621-30.

8. Bykhovski AD, Gelmont BL, Shur MS. Elastic strain relaxation and piezo-
effect in GaN-AIN, GaN-AlGaN and GaNInGaNsuperlattices. Journal of
Applied Physics. 1997 Apr; 81(9):6332-8.

9. Zhang Y, Smorchkova IP, Elsass CR, Keller S, Ibbetson JP, DenBaars
S, Mishra UK, Singh J. Charge control and mobility in AlGaN/GaN
transistors: Experimental and theoretical studies. ]J. Appl. Phys. 2000;,
87:7981.

10.Ambacher O, Smart J, Shealy JR, Weimann NG, Chu K, Murphy M,
Schaff WJ, Eastman LF, Dimitrov R, Wittmer L, Stutzmann M, Rieger W,
Hilsenbeck J. Two-dimensional electron gases induced by spontaneous
and piezoelectric polarization charges in N- and Ga-face AIGaN/GaN
heterostructures. Journal of Applied Physics. 1999: 85(6):3222-33.

Recent Innovations in Computer Science & Communication Engineering



Raj Kumar and Arpan Deyasi

11.Park SH, Lee YT, Ahn D. Spontaneous polarization and piezoelectric effects
on intraband relaxation time in a wurtzite GaN/AlGaN quantum well.
Applied Physics A. 2000; 71(5):589-92.

12.Park SH, Ahn D. Spontaneous and piezoelectric polarization effects in
wurtzite [Math Processing Error]ZnO/MgZnO quantum well lasers.
Applied Physcs Letters. 2005; 87:253509.

13.Yan Y, Yue H, Jincheng Z, Chong W, Qian E Impact of strain relaxation
of AlGaN barrier layer on the performance of high Al-content AlGaN/
GaN HEMT. Science in China Series E: Technological Sciences. 2006;
49(4):393-9.

July 2016

14.Jeona HC, Leea SJ, Kanga TW, Park SH. Internal electric fields due to piezo-
electric and spontaneous polarizations in CdZnO/MgZnO quantum well
with various applied electric field effects. Physica B: Condensed Matter.
2012; 407(10):1550-2.

15.Charfeddine M, Belmabrouk H, Zaidi MA, Maaref H.,2-D theoretical
model for current-voltage characteristics in AlGaN/GaN HEMT's. Journal
of Modern Physics. 2012; 3:881-6.

Recent Innovations in Computer Science & Communication Engineering | 16l -





