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Abstract

AlGaN/GaN HEMTs has very high threshold voltage, which makes it un-suitable for
power devices and digital logic applications. In this study a polarization model for graded
channel AlGaN in AlGaN/GaN high electron mobility transistors (HEMTs) has been developed
by dividing the graded region into small numbers of elements, of constant Aluminum
compositions. The proposed model is further extended to find an expression of total charge
density due to non-vanishing polarization charge inside the graded region. A 3 dimensional
electron gas (3DEQ) is obtained in graded AlGaN/GaN HEMT structures. Predicted threshold
voltage for graded HEMTs is lower than in conventional HEMTs. Threshold voltage of the
graded device can further be tailored by using different Al composition in graded region.
Maximum channel current in graded HEMT device is lower than conventional HEMT. However,
with grading in AlGaN, one can grow with higher Al composition in AlGaN layer and can
enhance the performance of graded AIGaN/GaN HEMT.

Keywords : Threshold Voltage, GaN, 3-DEG, High-electron mobility transistors (HEMTs),
Polarization

1. Introduction

AlGaN/GaN high electron mobility transistors (HEMTs) are promising device for high
power and high frequency applications. In comparison to others III-V semiconductor material,
GaN material devices can operate at much high temperature, without degradation in
performance. Polarization field in GaN materials is much larger than other III-V compound
semiconductor materials. Strong polarization field in these materials can accumulate large
carriers (ng~10"" cm™) at AlGaN-GaN hetero interface [1]. Due to non-availability of GaN bulk
substrates, GaN devices are normally grown on SiC [2], [3], Si [4]-[6] and sapphire [7]-[10]
substrates. SiC is the most suitable material for GaN devices, with the lattice mismatch up to 3
%. The main drawback of SiC substrate is, its high cost. Device performance of GaN HEMTs
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can further be improved by adjusting growth condition and layer structure. Better performance
can be obtained by using high thermal conducting Diamond and SiC substrate materials [11].
Introduction of low temperature nucleation layer [12], annealing [13], Fe [14], delta doping [15]-
[17] greatly improved the power, performance and reliability level of AlIGaN/GaN HEMT.

Threshold voltage of AlGaN/GaN HEMTs is very large as compared to GaAs HEMT, which
makes it improper for high power switching supplies (SMPS) and digital logic circuits. The
threshold voltage of AIGaN/GaN HEMT can be tailored by choosing the different doping profile
and/or by reducing the thickness of AlGaN layer. AlGaN thickness required for the formation of
2DEG kept a limit on minimum thickness. Gate recessing technique can be used, for achieving
low threshold voltage device [18]. But, plasma induced damages [19] and control over few nm
etching, kept a limit on quality and size of recess area. Requirements of non leaky Schottky
barrier, kept an upper limit on doping density to go beyond 10" cm™ for silicon and 4x10* c¢m™
for germanium doping [20] for a crack-free n-epitaxial layer. Moreover, structural quality of
AlGaN layers typically degrades with increasing Al mole fraction [21].

In this paper, a polarization model for graded (Al composition) AlGaN/GaN HEMT is
developed. This model is used in ATLAS simulator for studying the effect of channel grading on
threshold voltage of AlGaN/GaN HEMT. At the end of paper a method of enhancing the Al
composition in AIGaN/GaN HEMT with grading is detailed studied.

2. Polarization model for Graded AlxGal-xN HEMT

Total graded region (of thickness = m) is divided into a large number of thin layers, t of
thickness dt (= m/t) with constant Al composition. We assumed the Divergence of Displacement
Vector (V.D) is zero inside this thin layer. Piezoelectric polarization for conventional AlGaN
layer on GaN is given by [22],

a,—a EC
Py =2 SaOO(Esl——? 13] (1)
33

where E;; and Ej33 are piezoelectric constants, and C3 and Css are elastic constants, ap and a;
are the lattice constant of un-strained and strained AlGaN layers respectively.

The total polarization in single thin layer is given by sum of spontaneous polarization, Py,
and piezoelectric polarization, Py,

F, = R‘pn +szn (2)

where n is variable varies from 1 to t.

The spontaneous and piezoelectric polarization for AlyGa; N layer on GaN as in [22] is
given by,
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Py =—0.09x,, —0.034(1-x,,) +0.021x,, (1 - x,) 3
P,., ==0.0525x, +0.0282x, (1-x,,)
Total polarization in n® layer is given by
P, =—0.0492x, —0.0593x,, —0.034 4
where x, is Al composition in n™ layer and given by,
% = (Xma n;xmin)n (5)
where m (m=t dt) is total thickness of AlGaN graded layer.
Total polarization of n™ layer is given by,
P, = —0.0492Mn2 _0.0593 Fmax “min) | 34 (6)

m m

The total polarization (P,), spontaneous polarization (Psp,) and piezoelectric polarization (Pp)
with respect to different Al composition are shown in Fig. 1.

Net polarization at n™ interface can be given by

Ptol,n =F_-F (7)
2
o 0.0492(2n —1)(Xpax — Xmin) +0.0593 (*max = *min) @®)
> m2 m

The polarization charge density calculated by this model for t=15 nm and t=30 nm for Al
composition varying from 0% to 30% are shown in Fig. 2. Different charge distribution plots are
obtained for different values of t, but the total charge per unit distance from gate is same for all
cases. And for 30 nm the total charge density of 1.38 x 10" °cm™ in obtained in both of above
cases.
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Fig. 1.: Spontaneous, piezoelectric and total polarization for different Al compositions
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Fig. 2.: Polarization charge density calculated by model for Aluminum composition varying
from 0% to 30% , Polarization charge density for (a) t=15 and (b) t=30

3. Simulation of graded AIGaN/GaN HEMT

ATLAS from M/s Silvaco has been used for simulating graded AlGaN/GaN HEMT.
Polarization model has been for including the effect of polarization in graded region of
AlGaN/GaN HEMT. The schematic of graded AlIGaN/GaN HEMT on sapphire used in this study
is shown in Fig. 3. The gate length is 1 um. The source to gate and gate to drain spacing are 2
and 3 pm respectively. Al composition in AlGaN layer is varied, usually from 0 to 30 %. The
input device/simulation parameters used in this study are listed in table 1. Conduction band
offset between GaN and AlGaN is kept as 0.79. External thermal lumped resistance of 5 x 107
K/Wem?® was used to include the effect of thermal spreading due to the sapphire substrate. To
compare graded HEMTs with conventional HEMTs, we also simulate conventional HEMT,
MESFET and gate recessed AlGaN/GaN HEMTs with ATLAS.
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Source Gate Drain

Fig. 3: Schematic of graded A1GaN/GaN High Electron Mobility Transistor

Table I. Device and Materials Parameters Used for Simulation

Parameter GaN AlGaN
Gate metal work function (eV) - 5.1
Gate metal barrier height (eV) - 1.3
Electron mobility (cm”/V-s) 300 250
Hole mobility (cm”/V-s) 10 5
Thermal constant, K (cm-K/W) 0.666 1.47
Heat capacity constant, A (J/K-cm’) 1.97 1.54
Heat capacity constant, b (J/K*-cm’) 0.00036 0

Heat capacity constant, d (J K/cm’) -3.7x10° 0

4. Results and Discussion

I-V and transfer characteristics obtained for conventional and graded AlIGaN/GaN HEMT
devices are compiled in table 2. The transfer curve, l¢s-Vg for graded and conventional HEMT
devices are shown in Fig. 4. The threshold voltage for graded HEMT with Al composition from
0 to 30 % is -3.5 V and for conventional HEMT it is -8 V. By varying the composition from 0 to
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30 then again to 0 %, threshold voltage of graded HEMT decreases to -3 V. The threshold
voltage of graded HEMT device can be further tailored down by varying the Al composition.

Table II Result Extracted from Different Devices

Sr. Device Al compo- | I max | gy Threshold

No. sition (x) (mA/m (mS/mm) Voltage (V)
m)

1 Conventional 30 650 150 -8

2 Graded 0to 30 425 136 -3.5

3 Graded 0to 20 247 128 -2

4 Graded 10 to 30 206 100 -2.5

5 Graded 0-30-0 248 102 -3

6 Graded 0-30-10 251 88 -4

7 Graded 0-30-15 334 120 -4

8 Graded 0-30-20 378 126 -4.5

9 Graded 0-30-25 414 130 -5

10 Graded 0-30-30 420 132 -5.5

11 Graded 0 to 45 620 145 -5.5

Maximum transconductance, g, of 136 mS/mm is obtained for graded HEMT with Al
composition varying from 0 to 30%. Maximum channel current, I4; of 425mA/mm is obtained in
this device. Maximum transconductance of 150 mS/mm and maximum channel current of 650
mA/mm is obtained for conventional HEMT. The fall in the maximum channel current in the
graded device may be due to the formation of channel in AIGaN, where the carrier concentration
is high and carrier transport in this region is largely influenced by ionization impurity scattering
at room temperature. Device heating occurs in both devices, which degrade the performance of
the device and thus cause a negative differential conductance region in, I-V curves as shown in
Fig. 5. The conduction band edges of conventional and graded HEMT are shown in Fig. 6 and
Fig. 7 respectively. A 3 Dimension electron gas (3DEG) with region thickness of 15 nm in
AlGaN, is obtained in the band diagram of graded HEMT. This thickness is abnormal compared
to the region thickness of the order of 2 — 3 nm in 2DEG conventional HEMTs.
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Fig. 4: Transfer curves for Conventional (x=0.3) and Graded AlIGaN/GaN HEMT (Xin=0
and Xpax=0.3).
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Fig. 5: I-V Characteristics for Conventional (x=0.3) and Graded A1GaN/GaN HEMT
(Xmin=0 and Xp,a,=0.3).

Conduction band diagram for doped AlIGaN/GaN MESFET with x=0.3 nm and 100 nm
AlGaN layer is shown in Fig. 8. A 3 dimension electron gas is observed when doping exceeded
10" ¢m™. Graded HEMT band diagram looks equivalent to doped channel MESFET band
diagram. The graded device shows high mobility and better performance than MESFET due to
low ionized scattering.
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Fig. 6: Conduction band edge of Conventional AIGaN/GaN HEMT
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Fig. 7: Conduction band diagram of the graded device with Al composition varying
from 0 to 30%
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Fig. 8: Conduction band edge of MESFET for ng = 10"

Maximum Al composition, up to which a high quality strained AlGaN epitaxial layer can
be grown on GaN buffer, is 30 to 35%. The increase in the dislocation density, beyond this mole
fraction is related to the lower surface mobility of Al species in comparison to Ga species. This is
due to the higher bond strength between Al and nitrogen, in AlGaN (2.88 eV), in comparison to
GaN (2.2 eV). Furthermore, for Al composition beyond 35 %, the lattice mismatch between GaN
and AlGaN is so high that it results in stress, and further degrades the performance of the device.
However, with the graded layers we can grow higher Al composition material with low
dislocation density and stresses. With higher Al composition, total polarization charge in 3DEG
increases, which results in the increase in the drain current.
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Fig. 9: I-V characteristics of Graded device with higher Al composition
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The I-V characteristics of graded AlGaN/GaN HEMT device with Al composition
variation from 0 to 45 % is shown in Fig. 9. The maximum drain current of 620mA/mm and the
maximum transconductance of 145 mS/mm are obtained in this case.

Threshold voltage of graded structure can be further reduced by gate recessing. The
simulation has been done for graded AlGaN/GaN HEMT structure with gate recessing. The
threshold voltage of recess structure depends upon the recessing depth and a enhance
performance (Threshold voltage of +0.5V) is obtained at gate recess of 25 nm in graded structure
with Al composition varying from 0 to 65%. This structure shows maximum channel current of
175 mA/mm at Vg
=1V.
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Fig. 10: Effect of gate recessing in Graded AlGaN/GaN HEMTs

5. Conclusions

We have developed a polarization model for graded AlGaN layer. This model is used to
extract characteristics of graded AlGaN/GaN HEMT. Output characteristics of graded AlGaN
channel HEMT is compared with conventional HEMT and MESFET. Threshold voltage of the
graded device is found to be lower than that of conventional HEMT device. The threshold
voltage of the graded device can be further tailored by varying the Al composition and by using
different grading profiles. One may obtain reduced threshold voltage up to + 0.5 V by gate
recessing up to 25 nm, which make enhancement-mode AlGaN/GaN HEMT which suitable for
SMPS and digital logic circuit. A 3DEG with abnormal region thickness of 15 nm is obtained in
graded AlGaN/GaN HEMT device. The higher Al composition > 45 % can be grown with
graded Al1GaN/GaN HEMT device and the performance of graded channel device can be further
increased with low threshold voltage.
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