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We present a temperature dependent analytical model for GaN HEMT with quaternary alloy AlyIn,Ga,N
barrier layer. HEMTs are also known as Heterojunction field effect transistors (HFETs). Change in the
ambient temperature of device and the self-heating effects vary its threshold voltage and performance.
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1. Introduction

Owing to the excellent show in high power and high frequency
devices, a broad share of nanoelectronics industry is full of alloys
based on nitride compound semiconductors. Nitride semiconduc-
tors have properties like wider band gap, greater breakdown volt-
age, high saturation velocity and an exclusive property of in-built
spontaneous polarization. This unique property inclines to create
two dimension electron gas (2DEG) in High Electron Mobility Tran-
sistors (HEMTs), resulting in venerable characteristics of these
heterostructures [1]. However, the performance of AlGaN/GaN
HEMTs degrade because of the lattice mismatched of AlGaN, and
cause the strain in the AlGaN based spacer layer. Enhancement in
Al mole fraction, causes possibility of crystal imperfection owing
to lattice mismatch between AlGaN and GaN layers. It may lead
to cracks and dislocation.

Lately, device with the AlIInN/GaN material combination has
been proposed by researchers. With higher Indium composition
in barrier layer and with lower barrier thickness, same 2DEG den-
sity can be achieved with reduced interfacial stress. However,
despite the higher Igmax, low breakdown voltages have been
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reported on the AlInN/GaN-based devices [2]. To overcome this
problem quaternary semiconductor is introduced. It resolves the
problem of lattice mismatch in heterostructure. Designer can
adjust lattice parameter by varying the composition of AllnGaN.
Compromise between high breakdown voltage and high drain cur-
rent density is managed using AllnGaN/GaN heterointerface. Such
interfaces may replace the traditional ternary-N/GaN heterojunc-
tions. Quaternary AllnGaN spacer layer contributes significantly
in enhancing the 2DEG density and boost the drain current density
and transconductance (g,) because of its large spontaneous polar-
ization and low sheet resistance [3-9].

Analytical models provide beforehand insight in the device
characteristics like I4-Vgq, gain, transconductance, threshold volt-
age, device channel temperature etc. Ambient temperature and
self-heating effect cause variation in energy bandgap, Schottky
barrier height and the threshold voltage, thus, affecting overall per-
formance of HEMTs. Therefore, the device temperature in crucial
parameter to determine the overall performance of device.

We here investigate the effect of temperature variation on Alln-
GaN/GaN HEMT characteristics. We further work on our earlier
basic model proposed in ref. 10 to incorporate here the tempera-
ture effects. Temperature dependent value of threshold voltage
Vr and V- I characteristics are explored here.

Selection and peer-review under responsibility of the scientific committee of 2022 International Conference on Recent Advances in Engineering Materials.

Please cite this article as: K. Thorat Upadhyay, N. Pande and M.K. Chattopadhyay, Temperature dependent analytical model for transfer characteristics of]
GaN HEMTs with Al,InyGa,N barrier layer, Materials Today: Proceedings, https://doi.org/10.1016/j.matpr.2022.06.228



https://doi.org/10.1016/j.matpr.2022.06.228
mailto:mkorwal@yahoo.com
https://doi.org/10.1016/j.matpr.2022.06.228
http://www.sciencedirect.com/science/journal/22147853
http://www.elsevier.com/locate/matpr
https://doi.org/10.1016/j.matpr.2022.06.228

K. Thorat Upadhyay, N. Pande and M.K. Chattopadhyay

Gate Source

v

Drain

2DEG

Substrate

Fig. 1. AliInGaN/GaN HFET device structure.

2. Description of the device structure

Fig. 1 shows the cross sectional view of our HFET device. It con-
sist of a barrier layer which can be of a ternary alloy AlGaN or qua-
ternary AllnGaN on GaN buffer. Fig. 2 depicts the energy band
diagram of the device. A polarization difference at the interface
causes a net positive charge and formation of a conduction channel
at GaN layer of HEMT [11].

3. Model description
3.1. Threshold voltage calculation for AllnGaN/GaN heterostructure

Temperature dependent threshold voltage for AllnGaN/GaN
HEMTs can be expressed as.

nqd; oi
Vi(T) = @y(T) - AE(T) - THCmean _ T g, g, M)

Where ¢5,(T) and AE(T) are the temperature dependent height
of Schottky barrier and the conduction band discontinuity respec-
tively. ny is the doping concentration, ¢ is the permittivity of Alln-

GaN, damcev is the thickness of AllnGaN layer and
Oint = PGaN - PAllnGaN-

Paiincan = Pgp (AlxlnyGazN) + Pp,(AliIn,Ga,N) (2)
where Psp(AlxInyGazN) is spontaneous polarization and

Py, (AlxlnyGaZN) is piezoelectric polarization due to AllnGaN barrier

AlInGaN
a GaN

Quantum Well

Fig. 2. Energy band diagram of heterointerface in AllnGaN/GaN HFET.
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layer. Spontaneous polarization Py, (AlJn,Ga,N) can be reproduced
with the help of interpolation model and can be expressed as.

Py (AldnyGa;N) = X.Pg,(AIN) + y.Pg,(InN) + z.Pg, (GaN)

+ baican-Z.X + bingan-Y-Z + bainn Xy

+ baimcan-X.y 2 3)
where baican, bincan, bamy are bowing parameters of ternary alloy.
Py (AlIn,Ga,N) = x.Py,(AIN, 1) + y.Pp,(InN, n) + z.Py;(GaN, ). (4)

where # is basal strain.
Temperature dependent conduction band discontinuity can be
defined as.

AE(T) = 0.7(E(AlINGaN, T) — E¢(GaN, T)) (5)

Temperature dependent energy band gap for quaternary Alln-
GaN is expressed as.

E,(AlINGaN, T) = x.y.E(AlInN, T) + y.z.E-(InGaN, T)
+x2.E(AIGaN, T)

E}(AlINN, T) = S.Eg(InN,T) + (1 — $)Eg(AIN, T) — 5(1 — $)baumy
E'(InGaN,T) = tEg(GaN,T) + (1 — t)Eg(InN, T) — (1 — t)byucan

EX(AIGaN,T) = u.Eg(AIN, T) + (1 — u)Eg(AIN, T) — u(1 — t)bacaw

_(A=x+y) (A-y+27 =~ (1-x+2)
2 ’ 2 ’ 2
E,(AIN,T) :7%%312
E(GaN,T) = 7%%.51
E(InN, T) = 7%2;15;2“.994

Threshold voltage shifts with the temperature due to change in
Schottky barrier height with temperature. On the basis of thermio-
nic emission model, Schottky barrier height can be written as.

KT, (SA'T?

p(T) =—In (6)
q Ip

where A" is effective Richardson constant as can be expressed as.
1,2

A - qnhm3 k

where m* is effective mass of AllnGaN, k is boltzman constant and h
is plank’s constant.

3.2. Sheet charge density model

The 2DEG sheet charge density n at the position k in the chan-
nel, can be achieved by resolving the one dimensional Poisson’s
equation and is represent as.

ny(T) = &(Vg — Vi(T) — Vi — Er/q) /qd; (7)

where d;, Vj, and Er is total length of AllnGaN and GaN layer, chan-
nel potential at distance k and Fermi level respectively.
Sheet charge density ng, as a function of Vg, can be expressed as.
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where Vg, = Vy — V1 (T), A = €/qdaimcen and B =A/qD.

3.3. Drain current model

The drain current of HEMT can be formulated using.
Iy = quyWns v

where W, v, 1, is width of the device, drift velocity and low vertical
field mobility respectively. By incorporating the current I, under the
area of source to drain, a simplified expression for the drain current
can be realized as.

la=(aptegW/L){ [(A+D)(n? ~n3) /24D] + (29 (n3"* = n3/*) /5) + KT (ns ~ np) /g }
9)

where n; and ny is the charge carrier concentrations at the source
and drain respectively. L is the gate length. Therefore, n; is calcu-
lated as equation (8). The np can be calculated by considering the
saturation voltage and effective mobility which can be explained
in the section 3.4.

3.4. Model for saturation voltage

The modeling for saturation voltage are given in the literature
[12], which can be represented as.

Vsaw = v5Vio/ |05 + (btegVeo /2L) | (10)
where pef is the effective mobility and v is the saturation velocity.
Loy = ,uo/(l 6 Vg + t2V§0>(1 1 t5Vy)

where ty, t; and t; are the fitting parameters.

Saturation voltage creates the variation in drain voltage of
devices, which can be calculated as Vg for Vg < Vg and
approaches Vg, for.Vy, = Vg

Verp = Vsar [1 —In [] + exp(] - Otvéls/vsat)]/ln(l + e)] (1])

where a, Vg is the transition width parameter and effective drain-
source voltage[10]. The charge carrier concentration at the drain, np,
is deliberate using equation (8) by changing V, with
Voo = Vo — Vegp.

3.5. Self-heating effect (SHE)

In HEMTs, the self-heating effect happens when channel is
excited due to dissipated power. It affects the working of the HEMT
unfavorably. Therefore, it is required to incorporate the self-
heating effects by calculating the change in channel temperature.
An expression for channel temperature is given by [13] as.

1 (1 (Pyss(T) /4Po)*

T T) = Tsw +T 12
channel( ) (1 — (Pdiss(T)/4P0)4 sub sub ( )
where P, = % Pgiss(T) = 13V, is power dissipation, K(T,) is

nlg

thermal conductivity and tg,, is thickness of substrate. Temperature
of subtract is also varies linearly with the dissipated power
Toup = 300 + APgiss(T). First Iq is calculated at room temperature
using equation (9). Power dissipation is calculated with product of
Iq and corresponding Vg4, which gives the channel temperature. At
this channel temperature and ambient temperature, various param-
eters are calculated. These are substituted in model to calculate the
final I4-Vq4 and I4-V, characteristics.
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4. Result and discussion

To authenticate our model, we applied it on the experimental
devices with ternary alloy AlGaN and quaternary alloy AllnGaN
at barrier layer. The model was applied on experimental data pro-
posed in ref [14] with ternary Alg,4Gag 76N barrier layer of thick-
ness 25 nm. In proposed model, the mole fraction of In is
considered as 0% to validate the data with ternary alloy. Experi-
mental device is unpassivated and has gate width W = 15 um
and gate length L = 1.5 pm, other parameters of device are men-
tioned in Table 1. Fig. 3 shows the drain current characteristics
with respect to drain voltage of ternary AIGaN HEMT at
Vg = 1.5 V and different temperature. It is observed that with the
increase in temperature the drain current of device decreases. At
the room temperature T = 300 K, our model shows good agreement
with the experimental results reported in [14]. Also with decrease
in gate voltage Vg to — 0.5 V, the drain current also decreases, as
depicted in Fig. 4. It can also be inferred from Figs. 3 and 4 that
because of self-heating effect, the drain current decreases in satu-
ration region with increase in drain voltage.

Table 1
Model and Device Parameters.
Parameter name (units) Parameters
Device-A Device-B
(AlGaN (AllnGaN
barrier layer) Barrier layer)
AlGaN/GaN AlInGaN/GaN
Depicted in Figs. 3, 4 Fig. 5,6,7
Al mole fraction in Barrier 0.26 0.66
Layer x (Unitless)
In mole fraction in Barrier Layer y - 0.14
(Unitless)
Barrier Layer Thickness (nm) 25 103
Gate Length L (um) 1.5 1
Gate Width W (um) 15 100
Low Field Mobility zp (cm?/V-s) 950 1790
t1 (1/Volt) -0.875 —0.0805
t, (1/Volt?) 0.28 0.0805
t3 (1/Volt) 0.65 0.08
Source-Gate region resistance Ry (Ohm) 0.6 0.6
Drain-Gate region resistance Ry (Ohm) 0.6 0.6
Transition width parameter o (unitless) 0.1 0.9
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Fig. 3. Drain current - Voltage characteristics of HEMT at V, = 1.5 V, Al 24Gag 7N at
different temperature.
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Fig. 4. 14-V4 Characteristics of HEMT at Vy; = -0.5 V, Alp24GagzN at different
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Fig. 7. 13-V4 Characteristics of Alggglng14Gag20N HEMT at V; = — 0.5 V and at
different temperatures.

For validation of model on quaternary barrier layer, we have
applied proposed model on experimental device reported in
ref.15, with quaternary alloy Alggslng14GagaoN barrier layer of
thickness 10.3 nm. Gate length of HEMT L = 1 um and width of
device W = 100 pm, other parameters are defined in Table 1.
Fig. 5 shows the I4-V, characteristics of devices at Vg = 10 V at dif-
ferent temperatures. It can be observed from Fig. 5 that the thresh-
old voltage of device varies with the variation in ambient
temperature. Variation in temperature caused the change in Schot-
tky barrier height and polarization of semiconductor which affects
the V-I characteristics of device.

On increase in temperature, threshold voltage shifted towards
positive value and drain current decreased. Model calculations
show good agreement with the experimental result at T = 300 K
reported in [6]. Figs. 6 and 7 show the I4-Vq4 characteristics of qua-
ternary HEMTs with Vg = 1.5 V and — 0.5 V respectively.

5. Conclusion

We suggested a temperature reliant analytical model for qua-
ternary AllnGaN/GaN HFET. Threshold voltage, an important device
parameter, of the HFET changes with the change in the ambient
temperature. Along with the ambient temperature, self-heating
effect vary the channel temperature which cause the variation in
threshold voltage and performance of device as well. Our computa-
tional results agree well with the available experimental findings.
Thus, demonstrating the effectiveness of our model. It can be uti-
lized to simulate the quaternary alloy AllnGaN based devices
before fabrication.

CRediT authorship contribution statement

Kavita Thorat Upadhyay: Validation, Formal analysis, Investi-
gation. Neha Pande: Writing - original draft, Visualization.
K. Manju Chattopadhyay: Conceptualization, Writing - review &
editing, Supervision.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.



K. Thorat Upadhyay, N. Pande and M.K. Chattopadhyay

References

[1] M.A. Khan, J.W. Yang, G. Simin, R. Gaska, M.S. Shur, H.-C. zur Loye, G.
Tamulaitis, A. Zukauskas, D.J. Smith, D. Chandrasekhar, R. Bicknell-Tassius,
Lattice and energy band engineering in AllnGaN/GaN heterostructures, Appl.
Phys. Lett. 76 (9) (2000) 1161-1163, https://doi.org/10.1063/1.125970.

[2] J. Kuzmik, Power electronics on InAIN/(In) GaN: prospect for a record

performance, IEEE Electron Device Lett. 22 (11) (2001) 510-512, https://doi.

0rg/10.1109/55.962646.

H. Hahn, B. Reuters, A. Wille, N. Ketteniss, F. Benkhelifa, O. Ambacher, H.

Kalisch, A. Vescan, First polarization-engineered compressively strained

AlInGaN barrier enhancement-mode MISHFET, Semicond. Sci. Technol. 27 (5)

(2012) 055004, https://doi.org/10.1088/0268-1242/27/5/055004.

Y. Liu, H. Jiang, S. Arulkumaran, T. Egawa, B. Zhang, H. Ishikawa, Demonstration

of undoped quaternary Al In Ga N/ Ga N heterostructure field-effect transistor

on sapphire substrate, Appl. Phys. Lett. 86 (22) (2005) 223510, https://doi.org/
10.1063/1.1942643.

N. Goyal, B. Iiiiguez, T.A. Fjeldly, Analytical modeling of bare surface barrier

height and charge density in AlIGaN/GaN heterostructures, Appl. Phys. Lett. 101

(10) (2012) 103505, https://doi.org/10.1063/1.4751859.

[6] N. Ketteniss, L.R. Khoshroo, M. Eickelkamp, M. Heuken, H. Kalisch, R.H. Jansen,
A. Vescan, Study on quaternary AllnGaN/GaN HFETs grown on sapphire
substrates, Semicond. Sci. Technol. 25 (7) (2010) 075013, https://doi.org/
10.1088/0268-1242/25/7/075013.

[7] B. Reuters, H. Hahn, A. Pooth, B. Holldnder, U. Breuer, M. Heuken, H. Kalisch, A.
Vescan, Fabrication of p-channel heterostructure field effect transistors with
polarization-induced two-dimensional hole gases at metal-polar GaN/AlInGaN
interfaces, J. Phys. D: Appl. Phys. 47 (17) (2014) 175103, https://doi.org/
10.1088/0022-3727/47/17/175103.

[3

[4

[5

Materials Today: Proceedings xxx (Xxxx) Xxx

[8] B. Reuters, A. Wille, N. Ketteniss, H. Hahn, B. Holldnder, M. Heuken, H. Kalisch,

A. Vescan, Polarization-engineered enhancement-mode high-electron-

mobility transistors using quaternary AllnGaN barrier layers, ]. Elec. Mater.

42 (5) (2013) 826-832, https://doi.org/10.1007/s11664-013-2473-7.

C.B. Soh, SJ. Chua, S. Tripathy, S.Y. Chow, D.Z. Chi, W. Liu, Influence of

composition pulling effect on the two-dimensional electron gas formed at Al y

In x Ga 1-x— y N/ Ga N interface, ]. Appl. Phys. 98 (10) (2005) 103704, https://

doi.org/10.1063/1.2132090.

[10] K.T. Upadhyay, M.K. Chattopadhyay, Al composition and AlxInyGazN layer
thickness dependent new analytical model for IV characteristics of
AlxInyGazN/GaN HEMTs, Mater. Today: Proc. 19 (2019) 205-208, https://doi.
org/10.1016/j.matpr.2019.06.700.

[11] X.-G. He, D.-G. Zhao, D.-S. Jiang, Formation of two-dimensional electron gas at
AlGaN/GaN heterostructure and the derivation of its sheet density expression,
Chinese Phys. B 24 (6) (2015) 067301, https://doi.org/10.1088/1674-1056/24/
6/067301.

[12] Yigletu, FeteneMulugeta, SourabhKhandelwal, Tor A. Fjeldly, and
Benjaminlfiiguez. “Compact charge-based physical models for current and
capacitances in AlGaN/GaN HEMTs.” IEEE Transactions on Electron Devices 60,
no. 11 (2013): 3746-3752. DOI: 10.1109/TED.2013.2283525.

[13] M.K. Chattopadhyay, S. Tokekar, Thermal model for dc characteristics of
algan/ganhemts including self-heating effect and non-linear polarization,
Microelectron. J. 39 (10) (2008) 1181-1188, https://doi.org/10.1016/j.
mejo.2008.01.043.

[14] S. Arulkumaran, T. Egawa, H. Ishikawa, T. Jimbo, Y. Sano, Surface passivation
effects on AlIGaN/GaN high-electron-mobility transistors with Si02, Si3N4, and
silicon oxynitride, Appl. Phys. Lett. 84 (4) (2004) 613-615, https://doi.org/
10.1063/1.1642276.

[9


https://doi.org/10.1063/1.125970
https://doi.org/10.1109/55.962646
https://doi.org/10.1109/55.962646
https://doi.org/10.1088/0268-1242/27/5/055004
https://doi.org/10.1063/1.1942643
https://doi.org/10.1063/1.1942643
https://doi.org/10.1063/1.4751859
https://doi.org/10.1088/0268-1242/25/7/075013
https://doi.org/10.1088/0268-1242/25/7/075013
https://doi.org/10.1088/0022-3727/47/17/175103
https://doi.org/10.1088/0022-3727/47/17/175103
https://doi.org/10.1007/s11664-013-2473-7
https://doi.org/10.1063/1.2132090
https://doi.org/10.1063/1.2132090
https://doi.org/10.1016/j.matpr.2019.06.700
https://doi.org/10.1016/j.matpr.2019.06.700
https://doi.org/10.1088/1674-1056/24/6/067301
https://doi.org/10.1088/1674-1056/24/6/067301
https://doi.org/10.1016/j.mejo.2008.01.043
https://doi.org/10.1016/j.mejo.2008.01.043
https://doi.org/10.1063/1.1642276
https://doi.org/10.1063/1.1642276

	Temperature dependent analytical model for transfer characteristics of GaN HEMTs with AlxInyGazN barrier layer
	1 Introduction
	2 Description of the device structure
	3 Model description
	3.1 Threshold voltage calculation for AlInGaN/GaN heterostructure
	3.2 Sheet charge density model
	3.3 Drain current model
	3.4 Model for saturation voltage
	3.5 Self-heating effect (SHE)

	4 Result and discussion
	5 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	References


